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Abstract

This thesis addresses the challenges posed by the increased penetration of renewable energy
sources, particularly the reduction in system inertial response, which affects post-fault fre-
quency dynamics. The research focuses on integrating interconnectors as alternative flexibility
providers alongside traditional synchronous generators. A novel modelling setup is introduced
for interconnectors that allows them to provide both energy and inertia-dependent primary
frequency response simultaneously, marking a significant shift from traditional operations that
only manage energy flow. The thesis also explores the economic and operational impacts of
these multi-service interconnectors within competitive market environments. It contrasts two
market paradigms: a centralized approach, where the interconnector is operated to minimize
system operational costs, and a market-based approach, where the interconnector functions as
profit-maximizing, privately-owned asset. The advantages of the multi-service model across
these market paradigms are analyzed and compared using common market indicators such as

social welfare and interconnector revenues.

The research further employs a sampling-based methodology to evaluate system performance
under varying conditions, specifically analyzing the impact of wind and demand variability on
interconnector operations. Additionally, the thesis explores the impact of incorporating ancil-
lary services from different system layers on interconnectors. It investigates the synergy and
interaction between Demand Side Response (DSR) from Thermostatically Controlled Loads
(TCLs) and flexible interconnectors to achieve enhanced system performance under proposed
market paradigms. The research finally extends to more complex network topologies, such
as multi-area systems in a meshed network, exploring both regulated and market operations.
Using the enumeration method to capture the market behaviour and estimate the market equi-
librium, it offers insights into the planning, operation, and market strategies for interconnectors
in realistic power system topologies, highlighting their potential to enhance the security and

efficiency of low-carbon power systems.
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Chapter 1

Introduction

1.1 Background and Thesis Context

1.1.1 Decarbonization and Challenges in the Power System

Climate change has increasingly raised the global concerns and attentions which urge gov-
ernments around the world to take initiatives and implement effective decolonization actions
to reduce the COy emissions. The IPPC global report, released in 2019, amplified this ur-
gency, signaling a transformative moment in our collective approach to the environment [1]. In
response, the European Commission (EC) has committed to a significant reduction in green-
house emission, targeting at least 55% reduction by 2030 compared to the baseline level in 1990,
and realizing no net emissions of greenhouse gases by 2050 [2]. Meanwhile, the UK, having
made remarkable progress in mitigating greenhouse gas emission since 1990, aims to achieving
climate-neutral by 2050, which is in line with the EU target [3]. The 26" UN Climate Change
Conference of the Parties (COP26) which is held in Glasgow in 2021, accentuated the impor-
tance of the world reaching Net Zero emission by 2050. The goal is pivotal to limit the global

temperature rises within 1.5 degree, the benchmark that is set out in Paris Agreement [4].

The energy supply sector in Great Britain (GB) was the predominant contributor to greenhouse

gas emissions until 2016, with the high combustion of fuels in electricity generation. After the
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improvement in technology, the accelerated growth of renewable generation, and the transition
to low-carbon content fuels, e.g., gas, the emission from the energy supply sector have drastically
reduced by 70% between 1990 and 2022. It was estimated that the energy supply sector
accounts for 21% GB’s emission in 2020 [5]. However, this transformation was accompanied by
a concerning rise in the transport sector. Since 2016, the transport emission has overtaken the
energy supply sector and become the primary contributor to emissions. Alarmingly, there has
been a stagnation in the reduction in this sector, with only 5% reduction of emissions between

2019 and 1990 [5].

To address these challenges, the Climate Change Committee (CCC) raised the climate am-
bitions for the GB, particularly targeting the electricity sector to attain net-zero emission by
2035. The CCC lays out that the decarbonization of the heat and transportation sector will be
supported by the carbon-zero electricity system. Consequently, a surge of approximate 50% in
electricity demand is anticipated over the next 15 years, which poses substantial challenges for

the future electricity grid.

In this context, the off-shore wind has emerged as the backbone of the GB electricity system,
expanding from the initial promise of 40GW in 2030 to 100GW or more by 2050 [6]. Such an
influx of clean electricity can significantly contribute to the high emission sectors, including

energy supply and transportation.

1.1.2 Requirements for Flexibility

The transition towards Renewable Energy Sources (RES) based electricity sector signifies the
major shift from the current fossil-fuel based paradigm. However, the inherent characteristics
of these two power sources introduce fundamental changes in the power system operation.
Conventional generations, characterized by synchronous generators, stores substantial kinetic
energy within their rotating mass. This kinetic energy provides the system with rotational
inertia that is a crucial aspect in supporting system stability. Conversely, RES, particularly
wind and solar generations, interface with the grid through power electronic converters. Under

standard configurations, this setup either lacks rotational inertia or decouples its inertia from
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the grid, which impedes the provision of inertial response to the system during load changes
and other disturbances [7]. The average annual inertia has fallen by 40% in the last decade due

to the replacement [8].

The resulting low inertia poses several challenges to the power system operation. One of the
primary concerns is related to the frequency stability. The system characterized by insuffi-
cient inertia witnesses accelerated frequency dynamics, leading to large post-fault frequency
deviations and associated rates of change [9]. Such dynamics can trigger undesirable events,
including unexpected load-shedding due to large frequency deviation, or the disconnection of
generators through the Rate of Change of Frequency (RoCoF) sensitive protection scheme,
which would further exacerbate the issue [10]. As a consequence, the requirement for system

flexibility increase, particularly for the services related to system balancing.

The security and reliability of the power system require the balance between the supply and
demand to maintain the system frequency as close as possible to its nominal level (50 or 60
Hz). In GB, the National Grid Electricity System Operator (ESO) bears the responsibility
to ensure the adequate generation on standby to maintain the system frequency at 50Hz with
a permissible deviation of 1% under any credible circumstances that may cause frequency
variations. Various circumstances necessitate different types of frequency responses. These
services can be classified into dynamic frequency services, which is refers to the continuously
provided service that is procured to manage the second-by-second system frequency variation,
and the non-dynamic response, which is typically the service that is triggered by predefined

frequency thresholds [11].

Tradition real-time system balancing services are carried by the flexible synchronous generators
running part-loaded, which significantly undermines both the production efficiency and the cost
efficiency. Such inefficiencies are further exacerbated during the off-peak hours, particularly
when compounded by a high penetration of RES. In addition, the non-renewable, low-carbon
technologies, like nuclear plants, play a significant role in electricity sector, primarily to meet the
emission targets. Despite their contribution, these technologies lack the operational flexibility

that is inherent to the existing gas turbine units, such as Open Cycle Gas Turbines (OCGT) and
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Combined Cycle Gas Turbines (CCGT). If such flexible conventional generation remains the
only source of response services, the cost of integrating RES will rise, simultaneously limiting
the ability of the system to accommodate RES output. Therefore, it becomes imperative to

explore alternative and cost-efficient means for maintaining system balance and stability.

Many studies have explored the challenges arising from the growing penetration of variable
RES, emphasizing the increasing demands for flexibility and stability issues that future power
systems will face [12] [13] [14]. Work [15] examined the potential solutions from the emerging
flexible technologies in the future GB power system, and broadly classified the primary sources

of ancillary services into four categories from different system layers:

a. Generation side: the enhanced flexibility from the synchronous generator (shorter required
commitment time, lower minimum stale generation, and higher maximum response capa-
bility), coupled with the investigation into the feasibility of RES in providing ancillary
services (frequency response provision from variable speed wind turbines), are identified

as possible solutions to address the increased operational challenges.

b. Networks: cross-border interconnectors, which connect electricity systems of neighbour
countries, enhance system security by offering pathways to access more efficient resources
and services across an expanded geographical area, thereby overcoming local constraints.
This work specifically evaluates the value of the flexible operation of the interconnector
in ancillary service provision and evaluate their contributions to the overall stability and

efficiency of the power system.

c¢. Demand side: under the wide concept of smart grid, the flexible demands allow con-
sumers, ranging from industrial operation to residential households, to contribute to the
ancillary provision cost effectively. Common flexible loads options, including smart home
appliances, electrical vehicles with smart control strategies, flexible heat pump and HVAC
loads, etc., are widely investigated and explored in demand side response (DSR) initia-
tives. This work adopts Thermostatically Controlled Loads (TCLs) as a particularly
promising solution to augment system flexibility and contribute to the delivery of ancil-

lary services.
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d. Other technologies: such as the energy storage, which stands as the one of the most
efficient and versatile solutions to provide ancillary services. The broad spectrum of the
storage technology enable it to offer a range of services, from reserves, frequency supports

to peak demand reduction.

1.1.3 Value of Electricity Interconnectors: Current Practice

Electricity interconnectors, which facilitate the flow of electric power between areas, present
significant socio-economic value. They hold the potential to reshape the way power systems
produce, transfer and consume energy, aiming to enhance system energy efficiency, reduce
operational costs, strengthen system supply security and promote cost-effective integration of
renewables. In this thesis, the flexible operation of the interconnector is introduced as the

viable option for the power system economic and secure operation.

European Commission identified five contributions that electricity interconnectors would bring

[16]:

e Price stabilization: One of the pivotal contributions of electricity connectors is the re-
duction in electricity prices as well as price volatility. By enabling the integration and
utilization of advanced and efficient energy technologies, they allow systems to exploit
more cost-efficient complementarities that exist within the diverse energy portfolios across

Europe and reducing the local pressure during the event, such as demand spike.

e Optimal utilization of renewables: Interconnectors are instrumental in the effective dis-
tribution of renewable energy. They ensure that energy generated from renewable sources
can be dispersed over a broader grid, mitigating the need for curtailments. The enhanced

integration and utilization of renewables foster a more sustainable energy future.

e Enhanced security of supply: An interconnected energy system ensures that each area has
diversified electricity sources, effectively reducing their dependency on local or indigenous

production. This diversification inherently increases the security of the energy supply.
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e Fostering Cooperation: Interconnectors pave the way for a more integrated electricity
market across FEuropean Member States. This integration fosters cooperation, aligning
policies, tariffs, and strategies, thus promoting a unified vision towards energy manage-

ment.

e Industrial and Economic Opportunities: The development and maintenance of intercon-
nectors provide a boost to the industrial sector, offering job opportunities. They reinforce
the leadership of Europe in sustainable, low-carbon sectors, fostering innovation and tech-

nological advancements.

In light of above-mentioned advantages and low-carbon targets, it is imperative for Europe to
intensify its inter-country electrical connectivity. The EU has set the goal for interconnection
to achieve a minimum of 15% by 2030 to prompt EU nations to synergize their electricity

productions [16].

For island power systems, where the operation faces higher cost and security requirement to
transit to the low-carbon system due to their inherent geographic characteristics, the role of
interconnectors becomes more crucial. Taking the GB as a case in point, as of 2023, the GB
electricity market has 6GW interconnector capacity resorted to France, Netherlands, Belgium,
Northern Ireland and Republic of Ireland [17]. The government has set the progressive roadmap,
targeting an expansion of the interconnector capacity to 18GW and expects the cost saving of
£20bn from 2020 to 2045 [18]. Moreover, the strategy is aligned with GB’s environmental com-
mitments. The enhanced interconnection is anticipated to substantially decrease the carbon
footprint associated with Great Britain’s energy consumption by facilitating the import and
export of clean energy across Furope. The internal estimation indicates that the use of inter-
connectors linking Great Britain with Europe could lead to a reduction of 100 million tonnes
of carbon emissions within Britain from 2020 to 2030, highlighting the environmental benefits

of enhanced cross-border energy collaboration [18].

With the advantageous position, the Ireland has the most potent wind resources with highest

average wind speed in Europe. The significant renewable potential, also introduce intricate
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challenges in energy management. If left unaddressed, this issue could lead to wind curtailment,
manifesting the under-utilization of wind potential, and also system instability. In this context,
the interconnector has been demonstrated as the pivotal asset in Irish power system from
the market perspective in lowering domestic electricity prices [19] [20]. Beyond the economic
dividends, a theoretical exploration unveils the potential of interconnectors in mitigating wind
curtailment scenarios [21]. The interconnector can not only optimize energy utilization but also

consolidate Ireland stature in European renewable energy landscape.

1.1.4 Market Reformation

To foster the evolution of the energy system, the European Network of Transmission System
Operators for Electricity (ENTSO-E) has investigated into the challenges and opportunities
for the electricity system from both the operational and market viewpoints, offering a set of
solutions to ensure a secure transition to low-carbon system. The fit-for-purpose market design

is essential to effectively support the rapid transition of energy system.

The ENTSO-E, comprising 43 TSOs, has developed a market design vision for 2030 in response
to the challenges on the congestion management issues and seek efficient solutions to reconcile
the market outcome [22]. TSOs are dedicated to establishing a proficient and smoothly-operated

Internal Energy Market (IEM), emphasizing the significance of cross-border trading.

Currently, two primary regulatory frameworks coexist for the development of cross-border in-
terconnectors: the regulated model and the merchant model. In the regulated model, inter-
connectors are treated as part of the regulated asset base for Transmission System Operators
(TSOs). Conversely, in the merchant model, a third-party developer takes on the responsibility
of proposing and developing the interconnector project, often driven by higher incentives. To
mitigate investment risks while maintaining attractive incentives, hybrid models like the "Cap

and Floor’ regulatory framework have been proposed in some cases [23].

As of 1 January 2021, the GB is excluded from the EU’s IEM, and the EU-UK Trade Co-

operation Agreement has been provisionally applicable. The interconnector on the borders of
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GB and Europe cannot be managed with the EU market coupling tools. This highlights the
necessity for development of new arrangement for the power trading over interconnectors. In
this context, the market-based operation and development of merchant interconnector can be

the viable solution for the future market.

In GB, interconnectors already operate as stand-alone companies with regulatory approval,
rather than centrally organized transmission infrastructures seen in other European cases. [17].
Non-regulated merchant interconnectors (e.g. ElecLink between France and GB [24]) also co-
exist in the interconnector regulatory setup of the European Union. Under EU Electricity
Regulation 2019/943, TSOs are expected to promote non-discriminatory, market-based solu-
tions for the development of energy exchanges and the coordinated allocation of interconnector
capacity. This includes the integration of balancing and reserve services, reinforcing the tran-

sition to the low-carbon power system [25].

1.2 Problem Statement and Research Scope

The research scope of this thesis encompasses the in-depth examination of the flexible operation
of interconnector in the future low-carbon power system. In particular, this thesis is centered

around the role of interconnector inhabit under different market paradigms.

Currently, the principal function of cross-border interconnectors, especially within the GB and
EU regions, revolves around facilitating the energy trade. However, the potential for intercon-
nectors to provide flexibility - crucial for the low-carbon power system, remains untapped, espe-
cially on a commercial scale. Under the prevalent deregulated market environment, it is antici-
pated that the capacity allocation of interconnectors will be determined by non-discriminatory,
market-based solutions. These solutions are projected to integrate ancillary services, ensuring

a fair and sustainable energy market.
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1.3 Original Contributions

In the context of the problem background and research scope identified, the original contribu-

tions of the thesis are summarized as follows:

1)

Multi-service operation model for interconnectors

The development of a novel paradigm for the operation of interconnectors, which envis-
ages simultaneous allocation of the interconnector capacity for exchange of energy and
frequency response services. The proposed framework aims at enabling the potential role
of interconnectors as key assets in the safe and efficient operation of the decarbonized
systems in the future. The multi-service and flexible operation of the interconnector is
determined within a holistic framework that accounts for the scheduling decisions of the
connected power systems under inertia-dependent FR constraints. To assess the effective-
ness and economic viability of this new operational paradigm, a cost-based centralized
approach (CA) is adopted as the benchmark framework. This approach establishes the
lower bound of the operational cost, serving as a critical reference point. It involves an ex-
plicit evaluation of the value of energy and FR services exchanged over the interconnector.
By comparing the performance and costs associated with the novel multi-service frame-
work, a clearer and comprehensive understanding of the benefits and potentials offered by
by this innovative framework can be obtained. This insight is crucial for facilitating the
effective deployment and management of interconnector assets within the future modern

power grids.

Market-based operation framework for interconnectors

Introduction of novel market-based approach (MA) to characterise the interconnector as
a profit-seeking entity aiming to optimize its revenues. The interconnector in this model
acts as a business entity, rather than a regulated asset. The results of this market-based
operation are then systematically compared with those derived from the centralized ap-
proach. Such comparative analysis illuminates the distinct outcomes that emerge from

the market-driven operational strategy of the interconnector, including key differences
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of variations in pricing, efficiency, and social welfare. This MA not only outlines the
economic behaviors of the interconnector as a business entity but also captures the dy-
namic interactions among various agents within the interconnected system. By focusing
on these interactions, the MA offers novel insights into how individual interconnector eco-
nomic decisions and market power influence the overall efficiency, and profitability from
the benchmark centralized scheduling decision. This approach thus promises to provide a
deeper understanding of the interconnected energy system’s operational dynamics under

market-driven incentives.

Impacts of wind and demand variability on interconnector Operations

Proposal of a sampling-based methodology that allows to assess, under the proposed
multi-service operational paradigm, the impact of wind and demand variability on inter-
connector operation. This assessment is particularly relevant in the context of renewable
energy integration, where wind variability poses a significant challenge to system stabil-
ity. Pre-investigated scheduling approaches are considered: a centralized approach, and
a market approach. To implement the assessment, simulations have been carried out
considering randomly sampled GB wind and demand profiles. These profile sets serve as
inputs to model the variability inherent in the wind production and customer demand
patterns. The simulation outcomes are then analyzed based on key operational and eco-
nomic metrics. By assessing these metrics, the methodology aims to provide a detailed
understanding of how wind and demand variability affect interconnector performance,

especially under different market paradigms.

Investigating the simultaneous allocation flexibility from demand side TCLs

and interconnectors

Integration of additional layer of flexibility from the demand side. The research delves
deeper into understanding the intertwined relationship and simultaneous allocation flex-
ibility from multi-sources across the system. Considering the considerable amount of
energy involved in the system and homogeneous distribution of the devices, Thermostat-

ically Controlled Loads (TCLs) are introduced as the key provider of the Demand Side
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Response (DSR). The TCLs, which include devices such as air conditioners, refrigerators,
can adjust their consumption in response to the power grid status, thus helping with the
grid stability. These services are assessed under both CA and MA. By examining the
effectiveness of integrating demand-side flexibility via TCLs within these two operational
frameworks, alongside the flexible interconnector, the research aims to offer a compre-
hensive understanding of how different layers of system flexibility interact under various
market paradigms. The study aims to reveal the synergies that emerge from coordinating
flexibility across these distinct components, enhancing the overall stability of the power

system.

5) Accommodating multi-service operational paradigm for the interconnector in

multi-area power systems with a meshed network topology

Extension of the novel modelling framework to the multi-area power systems with a
meshed network. The expansion reveals the advancement in the complexity and applica-
bility of the framework. In this extended framework, the focus is on assessing the value of
the proposed multi-service framework within this complex network structure. Addition-
ally, the self-interested behaviors of the interconnector — how it operates to maximize
its own benefits while interacting with multiple systems — are analyzed. To effectively
tackle the challenges presented by this complex topology, an effective enumeration method
is employed. This method is crucial for solving the independent strategies of the inter-
connectors and for determining the market equilibrium numerically. The enumeration
method allows for a detailed consideration of nonlinear interplays between relevant deci-
sion variables (in particular between prices and capacity allocation decisions) in a mesh

connected topology.

1.4 Thesis Outline

The reminder of the thesis are organized into five technical chapters, in consistent with the

contributions listed above.
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Chapter 2 investigates the potential contribution that interconnectors can provide to effi-
ciently support the security of interconnected power systems. The proposed modelling setup
introduces a radical paradigm shift in the operation of the interconnectors and in their inter-
actions with multiple markets. The performance of the interconnector and the operation of
the connected areas is formulated as the traditional Unit Commitment (UC) problem, where
the link is the regulated transmission asset and coordinated centrally with power systems to
minimized the total operational cost. For the sustainable energy future, collaboration between
the EU and UK is essential in the energy transition process. The EU-UK Trade and Cooper-
ation Agreement highlights the importance of the effective cross-border trading mechanism to
support the expansion and integration of the renewable energy sources. A case study of the
GB-France systems is adopted in this thesis to assess the value of interconnectors in improving

system efficiency and security under the multi-service paradigms.

Chapter 3 evaluates benefits and impact of this new multi-service methodology with typical
market indicators (e.g. social welfare and interconnector revenues) under also a market-based
framework where the interconnectors are privately-owned assets with self-interested objectives.
The same case study of the GB-France systems is adopted for the comparison between the
system performance under MA and CA results in Chapter 2. By modelling the interconnectors
as “price-maker” instead of the regulated assets, the proposed work quantifies the potential

inefficiencies of market solutions while considering key elements such as capacity withdrawing.

Chapter 4 adopts a sampling-based methodology to assess the impact of wind and demand
variability on the short-term operation of the interconnectors, evaluating the sensitivities of
relevant operational and economical metrics with respect to wind availability and demand levels.
A comprehensive set of case studies is developed considering the GB-France interconnected
systems. The study has shown that particularly relevant differences can arise between CA and
MA as a result of capacity withdrawing by the interconnector when the GB net demand level

is low.

Chapter 5 introduces the flexible demand, Thermostatic Controlled Loads (TCLs), to the

multi-area power system connected through interconnectors. The work comprehensively an-
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alyzes the synergy and distinctions between utilizing TCLs and interconnectors to provide
frequency services from different levels. In the market realization setting, the traditional cen-
tralized mechanism is then extended to the market-based mechanism to integrate the flexible
TCLs and interconnectors in simultaneous energy-FR markets, where the interconnector and
demand side TCLs are all treated as active market participants. The case studies illustrated
that the inclusion of the independent demand side participant exerted downward pressure on

the marginal profit of the merchant interconnector.

Chapter 6 investigates the techno-economic benefits of interconnectors that operate in a multi-
area power network and whose capacity can be utilized for simultaneous exchange of power and
fast-frequency services. The centralized approach is used as benchmark against an alternative
market-based paradigm where interconnectors can act as profit-seeking agents that maximize
their collected congestion surplus. An effective enumeration method is adopted to numerically
solve the MA problem and determine the market equilibrium solution. This methodology allows
to account for all the nonlinear interplays between the relevant decision variables in a meshed
network topology. This novel methodology is applied to a model of an interconnected Great
Britain-France-Ireland multi-area system, quantifying the potential benefits on system efficiency
of multi-service interconnectors and assessing the impact of their self-interested scheduling on

the system operational costs.
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Chapter 2

Value of Interconnectors Operating in
Simultaneous Energy-Frequency

Response Markets

This chapter investigates the potential contribution that interconnectors can provide to effi-
ciently support the security of interconnected power systems. The proposed modelling setup
introduces a radical paradigm shift in the operation of the interconnectors and in their interac-
tions with multiple markets. The model enables a simultaneous allocation of the interconnector
capacity for the exchange of energy and of inertia-dependent primary frequency response. The
detailed inertia-dependent frequency response constraints are deduced and included in the UC
model for the allocation of sufficient frequency response. The operation is analysed under a
centralized approach where the interconnector is operated to minimize total system operational
cost. A case study of the GB-France systems captures the key structural differences between
the linked areas, and quantitively assesses the value of interconnectors on system efficiency and

security.
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2.1 Introduction

Chapter 1 provided a comprehensive overview of the background and context that motivate
the thesis topics, with a particular focus on the role of the cross-border interconnector in the
low-carbon power system. This chapter begins by exploring the operational capabilities of the
interconnector to provide frequency services in response to challenges posed by the low-carbon

system.

The decarbonization of the electricity sector plays a fundamental role towards the implemen-
tation of ambitious national and international targets on greenhouse emissions’ reduction. An
increasing penetration of renewable energy sources (RES) is therefore replacing conventional
fossil-fuel generation [26] [27]. RES output is typically uncertain and intermittent. In addition,
most of the RES are connected to the grid through power electronic converters. Under standard
configurations, this setup impedes the provision of inertial response [7], paving the way to large
post-fault system frequency deviations and associated rates of change [9]. As a consequence,
the requirement for ancillary services, especially Frequency Response (FR), increases. If con-
ventional generation remains the only source of response services, the cost of integrating RES
will rise, while limiting the ability of the system to accommodate RES output. The intercon-
nections between electricity systems can contribute to the mitigation of these issues. Under
traditional paradigms, interconnectors have been proved to alleviate the RES uncertainty and
variability by enabling energy exchanges between interconnected areas. This operation boosts
the efficiency of the energy markets in the connected systems, improving the security of supply

and ensuring greater flexibility [28] [20].

In traditional operation paradigms based only on inter-area energy exchanges, the intercon-
nector does not directly tackle the security issues related to increasing RES penetration and
reduced inertial response. The security and operation of interconnected low-carbon power sys-
tems could be substantially improved if the capacity of the interconnector were used not only for
energy exchange but also for the provision of FR. A practical example of such valuable contri-
bution is represented by the system split event occurred on 8 January 2021 across Continental

Europe (CE) Synchronous Area (SA) [29]. In response to this event, the HVDC link between
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GB SA and Nordic SA provided FR to CE SA. The Skagerrak, the 4 HVDC interconnector
linking Norway and Western Denmark, designates 15% of its transmission capacity exclusively
for the exchange of ancillary services [30]. However, in accordance with current practice, the
capacity of the interconnector for ancillary services is utilized only after energy dispatch or
reserved in advance to a certain extent, which does not adequately capture the potential value
of these services. The study [23] particularly highlights the importance of integrating inter-
connectors into broader energy markets and the trend towards balancing traditional energy
trading with ancillary service provisions. More details on the technical framework and actual

control strategies to enable a regular and consistent FR provision by HVDC links are addressed

in [31], [32].

An iterative solution of a unit commitment problem including interconnectors is proposed
in [33]. Techno-economic challenges faced by a multi-area European power system are proved
to be partially solved by HVDC interconnection in [34]. An assessment of the economic benefits
of cross-border interconnections is presented in [35] for the South Asia region, demonstrating
their substantial short-term operational benefits and the associated long-term investment sav-
ings. Another work in [36] highlights the significant potential benefits of interconnection in the
Northeast Asia power grid, including enhancing the cost-efficiency, increase use of RES, and
reducing emissions. The study indicates that planning for grid interconnection should carefully
consider the balance between initial costs and future fuel price trends, which have shown to
significantly impact economic outcomes. The paper [37] examines the electricity trade between
GB and its neighbouring countries in 2030, assessing 20 different scenarios that varied in gen-
eration mix, capacity factors, interconnector reliability, and focusing specifically on the impact
of fluctuations in import prices and interconnector capacities. Model in [38] emphasizes that
trading between regional electricity markets is crucial for effective cost management in the
integration of RES. The case of the GB-France interconnector is analysed in [39], where it is
shown that interconnectors between the two countries can substantially reduce the aggregate
system operation cost and reduce wind curtailment. Similar conclusions are reached in [40] for
the interconnection links between power systems in remote islands, emphasizing the impact of

interconnectors on an efficient reserve allocation between the different areas. Slightly different
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conclusions are drawn in [20] for the case of the GB-Ireland interconnection, where the small
marginal benefit of additional DC link capacity in terms of wind curtailment reduction is coun-
terbalanced by a substantial improvement in system adequacy. The impact on energy prices
of the GB-Ireland interconnection has also been analysed in [41]. Moreover, the paper [42]
explores the role of the interconnectors in the remote islands, taking the Spanish Canary and
Balearic archipelago as case study. The work highlights the crucial role of the interconnector
especially in improving the grid resilience by integrating the reserve constraints. The value of
a flexible operation of interconnections was investigated in [43]. The economic indicators are
not directly linked to the generation decisions e.g. the system inertia. This is improved in [44]
where the energy flows are related to the inertia-dependent frequency response requirements
in the connected areas. Finally, a formulation of the energy market, including both AC and

HVDC lines, is proposed [45].

The papers mentioned above focus mainly on the flexible operation of the interconnector for
energy exchange between connected areas. This chapter aims to address this limitation and
advances the state of the art through the development of a novel paradigm for the operation
of interconnectors, which envisages simultaneous allocation of the interconnector capacity for
exchange of energy and frequency response services. This framework enables the potential role
of interconnectors as key assets in the safe and efficient operation of the decarbonized systems

of the future.

The main contributions of this Chapter are summarized as follows:

a. Development of inertia-dependent frequency response constraints ensure the dynamic evo-
lution of post-fault frequency adheres to security thresholds, including the Rate of Change
of Frequency (RoCoF), nadir frequency, and Quasi-Steady-State (QSS) frequency. The
process of integrating these constraints into the existing Linear Programming formulation

is illustrated.

b. Derivation of the new operational paradigm includes the simultaneous allocation of ca-

pacity for both energy exchange and frequency response services. The modelling of the
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multi-service and flexible operation of the interconnector is determined within a holistic
framework that accounts for the scheduling decisions of the connected power systems
under inertia-dependent FR constraints. A cost-based, Centralized Approach (CA) is
adopted, with an explicit evaluation of the value of energy and FR exchanged over the

interconnector.

c. Introduction of the novel modelling framework that accounts for key features of the inter-
connected systems, considering different generation mixes and including detailed inertia-
dependent constraints for the allocation of sufficient frequency response. This allows to
capture the key structural differences between the interconnected systems and to perform
a quantitative analysis of real cases, such as the GB-France interconnection considered in

case study.

This chapter is structured with analytical deduction of the inertia-dependent FR constraints,
the qualitative description of the operational paradigms considered, and the setup and mathe-
matical formulation of the centralized UC model. The performance of the proposed paradigms
is evaluated in a case study of the GB-France systems. Finally, the conclusions and future

potential model expansions follows.

2.2 Modelling the Inertia-Dependent Frequency Response

2.2.1 Dynamics of Frequency Evolution and Security Standards

The frequency dynamics is the significant signal indicator showing the power balance in sys-
tem. Large power imbalance with no rapid, effective remedial actions will results in disastrous

disconnection of demands, even cascading system blackouts.

Frequency control aims to control the evolution of frequency following contingencies within the
allowed security threshold (Fig. 2.1). According to the GB Security and Quality of Supply
Standard (SQSS), the standard for initial transient post-fault frequency evolution are specified

in the condition of maximum infeed loss:

51



-0.1

-0.2

-0.3

-0.4

Af(

-0.5

-0.6

-0.7

-0.8

RoCoF

Frequency at nadir

Frequency at quasi-steady-state |

/

0 5 10 15 20 25 30 35 40 45 50
Time(s)

Figure 2.1: Post-fault frequency dynamics.

e The Rate of Change of Frequency (RoCoF) reaches the peak after disturbance, and is
limited by the system inertia. The most sensitive value of RoCoF must be no larger than
0.125 Hz/s under any circumstances to avoid triggering the RoCoF protection mecha-
nism. The UK national grid updates the standards for newly commissioned generation

sites after July 2016 with the limit of 1Hz/s over 500ms.

e The primary frequency response should limit the frequency deviation at nadir less than

0.8H z, preventing the undesired under frequency load shedding.

e The intermediate value of frequency at Quasi-Steady-State (QSS) should be stabilized by

the further primary response to be above 49.5H z within a minute.

The generalized time evolution of frequency deviation can be deduced from the swing equation,

and expressed as the generation-load power mismatch:

dAf (1)

2H
dt

+D-L-Af(t) =) AP,(t) — APL(t) (2.1)

geg

where the H[MW s/ H z] is the system inertia, D[%/H z] is the load damping coefficient, L[ M W]
is the system demand level, AP,(t) the change in generator production following the load change

APy,
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The governors start to respond once the power imbalance occurs. To avoid unnecessary op-
eration, the generator governors only respond when the frequency deviation Af exceed the
frequency dead-band A fpp. The response R, is assumed to be linearly increase with time, and

modelled by the fixed slope until the response is fully delivered.

0 ,ift <tpgp
AP,(t) = T (t—tpp) iftps <t <Ty+tps (2.2)
R, ift>Ty+tps
\

2.2.2 Frequency Response Constraints

Equation (2.2) models the primary frequency response, and by integrating the swing equation
(2.1) the post-fault frequency evolution, and constraints related to the above-mentioned stan-
dards can be deduced. The detailed mathematical derivations are based on the work [10], and

are explained as follows:
1) Rate of change of frequency (RoCoF)

The RoCoF standard specifies the maximum allowed frequency changing rate following the fail-
ure. During this initial seconds of inertia response, the governor response is not fully activated
and can be neglected according to (2.2). Therefore, the frequency deviation at ¢ = t¢,.; (usually
500ms) can be derived by solving the swing equation, and should be limited to meet the SQSS

by introducing the total system level frequency response R.

[AF @)l izrer < |AfF" (2.3)
R-t2,—4-H Ty Afl6" —2- APty - Ty > 0 (2.4)

Under the given level of maximum generation loss, the system minimum inertia should satisfy
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the requirement of maximum RoCoF.

o Lacg Hoo P - Ng? — AP Hpe | Appes
_ o i (2.5)
fO 2A rcf

where, AP/*** is the maximum infeed loss, A ref 18 the RoCoF maximum requirement, H,, is
the inertia constant of synchronouse generator g and H}'** is the inertia of infeed generation

loss.
2) Frequency at nadir

The frequency nadir is the point at which the minimum frequency is reached during the transient
period. The nadir frequency depends on the inertia and governor response and load damping
effect. By integrating the primary frequency response service in (2.2) into (2.1), the frequency

deviation evolution can deduced:

e When t < tpp, the frequency deviation can be computed for a specified initial condition
Af(0)=0:

Af()] = 2E - (1= e

e When t >= tpp, the frequency deviation can be solved as the function of ¢

5 Dy R-(t—
IAF(t)] zAfDBJr(%JrTQng)-(l—e 27 (t=ton)) (;d.%m)

The time when the nadir occurs, denoted as ¢,,44;- can be determined by solving %’;(t) =0, and
it follows that the |Af(t = tpaair)| yields:
AP, 2-R-H 2-R-H
Af(t= tna ir )| — A + — + = -lo < = = ) 2.6
[Af( dir) | IpB D T, D2 g T, D AP, +2-R-H (2.6)

where D = D - L, AP, = AP — D - fpg. Given the criteria IAf(t = thagir)] < A finaz, the

constraint for the frequency deviation at the nadir condition can be formulated as:
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2-R-H ( 2-R-H
——— - log

— < D* (Afmaz — Afpp) — D - AP, 2.7
T, Td-D-APL+2-R-H)_ (85 fos) A

where, Af, .z is the allowed maximum drop of frequency of nadir, H is the system inertia, D
is the damping effect and R is the system primary frequency response.

Note that, H - R = gx is the unique solution of the monotonically decreasing function (2.8), for

any given value of Py, D, A fos and A frez-

2. g ~ - -
— -1 _ = =D (Afpaz — A — D AP 2.8
Og(Td-D-APL+2-q*> (Af fpB) L (2.8)

Hence, for any given couple of {H, R} such that H - R > ¢, automatically satisfy that
|Af<t = tnadir)| < Afmaz-

The constraint (2.9) represents the bilinear term R - H and this particular formulation makes
it a rotated Second-Order Cone constraint since R and H are strictly positive variables. This
formulation, being quadratically constrained, is manageable by commercial solvers because
the constraints lie within convex feasible regions. Nonetheless, to adapt the problem to fit
within the frameworks of standard linear or quadratic programming, linearization techniques are
commonly employed to approximate this constraint as a series of linear constraints. Considering
specific points xt = {H!, R\}, VI € {1,--- ,m;} such that g(H!, R!) = ¢;, the constraint (2.9) can

be linearized into (2.10).
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¢'(Hy;, R;) = g(H!, RY) + gu(H; — H!) + gr(R; — RY) (2.10)

3) Quasi-Steady-State frequency

The frequency recovered depends on the total delivered primary frequency response within the
delivery time. Af9% is denoted as the maximum allowed quasi-steady state frequency deviation

after primary frequency response action responding to the generation loss. Under the quasi-

steady-state, the frequency level reaches a constant level and the RoCoF value is approximated

zero. The provision of the response must hold the deviation level |Af| < |Af%* | which
quantifies the corresponding response:
R> AP — D . PP Afoss (2.11)

As shown above, the constraints (2.4) and (2.11) are linear constraints, while the constraint (2.9)
requires the proper linearization to fit in the linear programming model for the computational

efficiency. For more in-depth derivations, readers may refer to [10] and [46] for further details.

2.3 Simultaneous Exchange of Energy and Frequency

Response through the Interconnectors

2.3.1 Technology Discussion and Assumptions

Although the operational paradigm proposed in this work is technology-neutral, it is most likely
that its technical implementation in a realistic setting would utilise HVDC lines, given their

operational flexibility and their widespread use for long-distance cross-border connections. This
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sub-chapter provides a detailed discussion on the technology aspects of HVDC in relation to

the proposed operational framework for interconnectors.

The two technologies commonly adopted for HVDC interconnections refer to Line Commutated
Converters (LCC) and Voltage Source Converters (VSC). Overall, LCC is a more mature tech-
nology and it is often used in bulk power transmission applications, given its high efficiency
performance [47]. On the other hand, VSC guarantees higher controllability, with increased
flexibility in both active and reactive power control. However, this is achieved at the expenses of
increased converter losses [45]. The utilization of pulse width modulation (PWM) techniques in
VSC to control the gate switching frequency of the insulated gate-controlled transistors (IGBT)
results in higher switching losses compared to LCC. As a rule of thumb, the losses of a typical
LCC converter are equal to about 0.7% of the total transmitted power, while this percentage

is higher (about 2-3%) in the case of VSC systems [45].

In the context of this work, which envisages bidirectional exchange of energy and FR between
the interconnected power system, the VSC technology appears to be more suitable for the

following reasons:

e The application of PWM techniques on the self-commutating switches IGBT allows for

flexible control of voltage and power in VSC [48].

e The VSC is capable of instantaneous power reversal within 50-100ms, without the need

to change the DC voltage polarity, which is instead necessary with LCC technology [48].

e The VSC ensures faster responses compared to LCC, allowing to rapidly adjust the power

output to provide frequency support [49] [50].

The VSC is more suitable for multi-terminal configurations, whereas the LCC is generally used

in systems with no more than three terminals [48] [51].

Moreover, in accordance with the modelling assumptions in similar works (e.g. [52], [53]), the
proposed methodology neglects the impact of HVDC losses on the social welfare and intercon-

nector revenues. In addition, the two-area system adopted in this work lets the power flows
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across the interconnector to be univocally defined. This property may no longer be maintained

in presence of meshed DC-networks which require additional modelling features.

Finally, the effectiveness of the flexible interconnector is assessed based on a benchmark that
assumes 100% availability, thus neglecting the impact of planned maintenance and unexpected

outages.

2.3.2 Model setup

The proposed methodology focuses on multi-area power systems connected by interconnectors.
A realistic example that fits in this framework is the GB power system, which can only resort
to HVDC interconnectors with Ireland and Continental Europe (e.g. France) due to the long
distances involved and the presence of maritime borders. Unlike with AC lines, if two power
networks are only connected via DC links they are asynchronous, i.e. their frequency dynamics

are decoupled.

In order to focus on the key qualitative aspects of the proposed multi-service paradigm, this
work analyses the specific case of two areas connected by a single interconnector. The schematics
of this setup are in Fig. 2.2. Each area is modelled as a single busbar power system, thus
neglecting internal network topology constraints. Synchronous generation, RES and inflexible

loads are connected to each of the two busbars.

The capacity F™* of the interconnector (sum of the dark and grey area in Fig. 2.2) can

Area A Area B
")
qw Interconnector JJ'UJ-JIJ:I

Inflexible
loads
Fr  Frequency response (post fault)
_________ <2 __ _ _____ )
o
Renew.:ble, - v «—> _ Pin
generation Power flow (regular operation)

Ssynchronous
generation @— —@
Figure 2.2: Schematics of the two-area power system connected by an interconnector.
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be repartitioned to: enable bidirectional power flows F? during regular operation (dark grey
area in Fig. 2.2), and simultaneously maintain a power headroom F" for primary frequency
response (FR) [10] (light grey area in 2.2). It is worth noting that the direction of F" can be
concordant or opposite to the one of FP. If the post-fault FR headroom is allocated in the
opposite direction of the pre-fault power flow, the provision of FR will be firstly met by the
reduction of power flow F? in the opposite direction, and then by the power flow of F” units
in the required direction. Moreover, the FR service considered in this work lies in the context
of short-term primary frequency control reserves [54]. Hence, the time window to evaluate
the frequency dynamics after rare and severe generation outages occurring in the two areas
is limited to few tens of seconds, i.e. until the frequency is stabilized at the quasi-steady-
state value. The second-by-second control of frequency deviations or regulation services (i.e.
automatic generation control [55], not even in place in the GB system) are out of scope in this
paper. Finally, the operation of the power system under the proposed setup will be analyzed
under two different approaches. This chapter focus on the system operation perspective under
the new proposed simultaneous multi-service model. The analysis is carried out under the
Centralized Approach (CA). In the next chapter, the work delves into the market value of the

interconnector and assess its operation based on the Market Approach (MA). ¢

2.3.3 Traditional Centralized Approach (CA)

Under the CA, the operation of the different system entities in Fig. 2.2 (i.e. the areas A and
B and the interconnector) is coordinated centrally in order to minimize the total operational
cost or equivalently (under the hypothesis of demand inflexibility) maximize the overall social
welfare. A single Unit Commitment (UC) optimization problem determines, i). the relevant
UC generation decisions (i.e. commitment, dispatch levels and FR allocation) in Area A and
Area B, and ii). the repartition of the interconnector capacity between F? and F". Moreover,
the requirements for FR are evaluated separately for each area. These are calculated against
the maximum local generation outages, which are assumed to be independent of each other and

non-simultaneous. In this way, each area is operated according to the typical N-1 standard.
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2.3.4 Model Assumptions of the UC Problem

The UC problems considered in this multi-service framework are formulated as deterministic,
linear programming (LP) optimization problems. For each generation technology 7 € {1,---,60},
the size of the single plant is assumed to be significantly smaller than the total installed capac-
ity G'**. The commitment decisions can be therefore extended to the whole generation fleet
by continuous variables H, € [0, 1] which denote the online percentage of GI"**. The proposed
LP formulation is able to properly represent the fundamental system-level scheduling require-
ments as presented in [56]. The cost sustained by a generator for providing FR is assumed to
correspond to the opportunity cost of not providing energy. For simplicity, the inter-temporal
constraints like generation ramping are not considered, allowing for addressing the dispatch-
ing problem on an instant-by-instant basis. Moreover, differently from UC problems based
on mixed integer linear programming formulations [46], the LP approach allows to calculate
meaningful price signals for energy (74, 75) and FR headroom (p4, pp). These quantities are
computed as the Lagrange multipliers of the relevant constraints in the UC. In fact, the LP
formulation enables the Lagrange multipliers to maintain their useful economic interpretation
of shadow prices, i.e. marginal savings/costs for the system following unitary variations in the
constraints. More details about the mathematical implementation are in Chapter 2.3.5. It is
worth emphasizing that the methodology presented in this work concerning the optimal repar-
tition of the interconnector capacity can be easily extended to more complex UC formulations,
as the fundamental interactions between the entities and the methodology for the calculation

of the associated solution remain unaltered.

2.3.5 CA Formulation

As explained in Chapter 2.3.3, the optimal system operation with the CA is determined through
a single UC problem. At each single time instant ¢t € {1,-- -, T}, the UC minimizes the total

system operational costs.
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s ke{A,B} 7=1

(%
min{ S S At(ay, Hys Zv;gxwkﬁpkjﬂkﬁp,gﬁm}

(2.12)

Considering a generic time step ¢, let us define & = {Hg,, Pir, Ri.r, FP, F"}; as the set of

decision variables Vk € {A, B} and V7 € {1,...,6}. In particular, Hj , is the commitment

decisions of technology 7 in area k. Py, and Ry, represent the generation dispatch level

and the allocated FR, respectively. Moreover, oy, [£/MWh] is the generation no-load cost,

whereas i, [£/MWHh] and v, [£/(MWh)? are generation production costs. Without loss

of generality, we assume the same number 6 of generation technologies in two areas. Since the

proposed UC does not include inter-temporal constraints, it can be solved independently at

each time step t of length At across the horizon T'. This allows to drop the time dependence

from the notation for the remainder of this paper. The UC objective function (2.12) is subject

to the following constraints, which are evaluated for Vk € {A, B}:

mazx
Pk,‘r =+ Rk,T < Hk,TGk’T
mazx
Rk,‘r S 7’Ic,”r]?k,”r k,m
max
Rk,T S Sk,T(Hk,TGk-,T — Pk,T)

max
JURERS & [ C N &

Ry > AGy — Dy LA f°

2AGka0'k - l/kQﬁfk — 4Af£080'kf{k S 0
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(2.13a)

(2.13b)

(2.13¢)
(2.13d)
(2.13¢)
(2.13f)

(2.13g)

(2.14a)

(2.14b)



qr — [:IkRk S 0 (2.140)

_Fmer < [P 4 Fr < frmes (2.15)

The equalities (2.13a) and (2.13b) represents the supply/demand balance in each area, assuming
that a positive value of F? implies a power flow from Area B to Area A. The inequality (2.13c)
implements the LP approximation of the UC problem, replacing unit commitment decisions for
individual plants with the continuous variable Hy, ., which represents the online percentage of
the entire technology fleet. Constraint (2.13d) imposes that the sum of power generation and
FR provided by each technology cannot be greater than the online capacity Hy, G'f*. The
provision of the primary frequency response is limited by the maximum capacity of response
the generator can provide, and adjustments based on the slope when the generator’s output
is near its highest possible levels as shown in the Fig.2.3. The inequalities (2.13e) and (2.13f)
accordingly limit the amount of FR, considering a maximum headroom 7, Hy, i (2.13e)
and linking the allocated FR with P . through the slope s, (2.13f). To avoid trivial solutions
that could result from the proposed LP formulation, in which the unit commitment decisions
for a single unit are relaxed and extended to continuous variables for the generation fleet, the
constraint (2.13g) prevents specific scenarios with large FR and no generation output, lets the

generation dispatch Py ; be p times higher than the FR headroom.

FR headroom ®

Slope

Minimum stable generation Generator capacity

Figure 2.3: Response characteristics of the synchronous generator.
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The set of constraints (2.14) derived based on the Chapter 2.2.1, ensures the post-fault security
of frequency in each area following the corresponding generation loss AGy. Constraint (2.14a)
deals with the quasi-steady frequency deviation Af?**) also accounting for the contribution
of the load damping Dj. The RoCoF is maintained above a secure threshold A f/°¢ through
(2.14b). Note that vy is the time interval for RoCoF calculation and oy the delivery time for
FR [46]. Finally, (2.14c) ensures that the frequency nadir is above Af;"**. For each system
condition (e.g. Ly, AGy, o), there is a unique value of the function g = I:ka%k such that the
frequency deviation at nadir Af7% equals Af"**. The implementation of (2.14c) in the UC
model relies on linearization techniques are described in Chapter 2.2.1 based on the work [10]

and [46]. Additional information regarding the derivation and implementation of equation

(2.14) can be found in reference [10].

The quantities Ry, and Hj in (2.16) denote the system-level FR and total post-fault inertia,

respectively, and are defined as:

9
RA = ZRA’T + F" (2.16&)
=1
A 0
Rp=)» Rp.—F" (2.16b)
T=1
1 &
Hy = %(Z hier Hi - Gi7" — i AGy,) (2.16¢)
T=1

As for FP, a positive value for F" implies FR allocated in Area B and provided to Area A.
It can be noted that }A%A + ]—?B = Zf_zl Rar+ Zf_zl Rp ;, representing the overall system FR
supplied by the flexible generators from both areas, constrained by their physical limits in
(2.13d)-(2.13g). Finally, (2.15) imposes feasibility limits to repartition of the interconnector

capacity.

In this CA formulation, the prices 7, and py, (for electricity and FR, respectively) in area k are
defined according to the classical notion of shadow prices. In particular, the electricity prices 74

and mp correspond to the Lagrange multipliers associated to power balance constraints (2.13a)
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and (2.13b). Similarly, the FR prices p4 and pp are determined as the Lagrange multipliers of

the active constraint in (2.14), evaluated for k = A and k = B, respectively.

2.4 Case Study

This section compares the key features and outcomes of the CA under the multi-service frame-
work and under traditional energy-only framework in some relevant case studies. A 24h opti-
mization horizon is chosen for the simulations, considering T = 48 time periods and At = 30
min as time step. In the simulation environment, the Area A represents the aggregate GB
system, whereas Area B mimics the power network in France. The generation mix in the two
systems reflects typical 2030 low carbon scenarios, with the main characteristics of the gener-
ation presented in Table 2.1. Taking into account the realistic generation mix in France and
GB, along with their traditional operational characteristics associated with technologies, two
different technologies are summarized and considered in both areas: synchronous generation
(t=1), is able to provide inertial and frequency response (such as gas and nuclear), and wind
generation (7=2), which does not provide any ancillary service [56], [46]. Table 2.1 shows that
the total generation capacities in GB and France are similar. However, the partition between
the synchronous and wind technologies are noticeably different, in line with actual trends [39].
Wind integration in GB is higher than that in France, which instead relies more on synchronous

generation.

Relevant parameters and the operational characteristics of the synchronous generators are taken
from [57], [46]. The wind and load profiles utilized for the two areas are presented in Fig. 2.4
as the blue area and purple line, respectively. They are taken from [10], [58], and refer to a

typical winter week day.

The other relevant system parameters are Dyp=1/50s, 14,=0.5s, f;°°=0.5Hz (for both areas)
04=10s, op=15s, Af$*=0.5Hz, Af}*=0.2Hz and AG,=1.8GW and AGp=1.5GW [44], [52].
The capacity of the interconnector is set to F™**=5GW, on the basis of existing interconnector

projects and planned new developments by 2030 [34]. The values of the parameters above
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Figure 2.4: GB (A) and France (B) generation mix and demand profile under CA.

Table 2.1: Generation characteristics

Synchronous Wind
GB(A) France(B) GB (A) France (B)
Capacity G’ MW] 65000 85000 40000 15000
FR headroom 7, 0.1 0.1 - -
FR slope s, 0.4 0.3 - -
Constant of inertia hy , [s] 4 6 - -
No load cost,ay, , [£/MWh] 7 3.5 0.5 0.5
Cost, By, [£/MWh] 25 10 1 1
Cost, e, [£/MW?2h] 2.5e-3 5e-4 2.5e-4 2.5e-4

are used in the Base Case (BC), whose results are presented in 2.4.1. Simulations have been

implemented in MATLAB R2019a on Intel®) i7-8565U CPU, 1.80GHz processor with 64GB

RAM.
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2.4.1 Base Case

The generation/demand balance for France and GB under CA is presented in Fig. 2.4. It is
worth highlighting the different generation mix in the two systems, with greater penetration
of wind in GB and a larger contribution of synchronous generation (particularly nuclear) in
France.

Table 2.2: Multi-service VS. energy-Only cases comparison

Energy+FR  Energy-only

System operational cost (M £) 151.80 151.98
Congestion surplus (M £) 12.02 11.18
Average line utilization for energy (%) 92.88 98.38
Average line utilization for FR (%) 7.12 0
Average line utilization (%) 100 98.38

This basic case starts from comparing the system performance and interconnector behaviour
under the traditional energy trading only model and the proposed multi-service model that
includes the simultaneous exchange of energy and FR service. Table 2.2 offers the compari-
son metrics. With the introduction of FR services over the interconnector, there is a slight
improvement in the overall social welfare in this case. This is achieved by utilizing the more
cost-efficient FR resources instead of the expensive local services, thereby reducing the total
system operational cost by approximately 0.15% . However, the efficiency of the link utilization
has been improved, from 98.38% in the energy-only case to 100% after providing FR services.
As shown in Fig.2.5, the residual part of the interconnector capacity in the energy-only case
between 02:00-07:00 has been fully used under the multi-service framework, and the capacity

is optimally allocated between FP and F.

2.4.2 Impact of Varying Interconnector Capacity

The base case study is carried out under the realistic scenario where the links capacity between
GB and France is only 5GW. In the context of the integrated Europe market, future will see
rapid progress in the construction of cross-border interconnectors. The multi-service paradigm

has been further analysed under scenarios with various interconnector capacity levels in this

66



6000

5000t ==y NSRS P .
A EEAREN 7
\ - _I
4000 \ T

- “FP (enegy-only)

g 3000 —FP (multi-service)| |
= —F" (multi-service)
~ 2000 h
1000 f’—\\ / .
OA .............................. —_
-1000 | ! I | | !
00:00 04:00 08:00 12:00 16:00 20:00 24:00

Time (h)

Figure 2.5: The capacity repartition of the interconnector under the multi-service model and
energy-only model.

section. The simulation results have been summarized in Table 2.3. Compared to the separated
system operation (0GW case), the system operational cost can be substantially reduced with the
support of the interconnector. The cost of operation is the highest, up to 167.22£, when there
is no link between the two areas, and can be reduced to the minimum possible value of 136.5.£
in the cases where there is no more congestion over the link (30GW and 50GW cases). The
cost saving can be up to around 20% with the support from the multi-service interconnector.
However, this value in social welfare does not monotonically increase with the interconnection
capacity. The same operational costs are observed in the case with 30GW and 50GW link
capacity. The zero congestion surplus under these two cases indicates that the prices of both
services between two areas have become equal, and no area holds the price advantages over the
other. Electricity and FR services have been optimally dispatched for the whole interconnected
power system. Once the maximum social welfare is achieved, any additional expansion of the

interconnector is redundant.

Table 2.3: Sensitivity analysis on the link capacity under multi-service framework

0GW 2GW 5GW  10GW 30GW  50GW

System operational cost (M £) 167.22 160.2 151.80 142.73 136.50 136.50
Congestion surplus (M £) 0 6.42 12.02 12.64 0 0

Average line utilization (%) - 100% 100%  100% 57.84% 34.71%
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2.4.3 Impact of Varying Wind Capacity

This section answers the question that how the interconnector contribute to the system under
the high-wind penetrated, low-inertia scenarios. Table 2.4, compared the system performance
between the model with energy-only interconnector the model with multi-service interconnector
under different GB wind installation levels. The link capacity continues to be assumed at the

constant value of 5GW.

Firstly, the low carbon power system with higher wind penetration is characterized with the
benefit of low operational cost from the total system perspective, while this advantage is further
amplified if the interconnector can function as the additional FR provider. From the Table 2.4,
the operational cost is reduced by 38.5% in the multi-service model when the installed wind
capacity increases from 40GW to 100GW, while the corresponding saving in the energy-only
model is 35%. The congestion surplus collected by the interconnector may drop in the high wind
scenarios, as the cheaper wind production reduces the marginal production cost of electricity

in GB, possibly leading to the decline in the price spread between the linked systems.

The case studies give the numerical comparison between the GB wind curtailment levels from
the current setup to the future high-wind setup. The contributions from the multi-service link
increase when more wind production is available. Particularly in the case with 80GW wind
capacity, with the facilitation of the interconnector providing FR service, the GB system can

almost avoid wind-curtailment and improve the total social welfare from the low carbon system.

Table 2.4: Sensitivity analysis on wind installation level in GB

40GW  80GW  100GW
Energy+FR 151.80 100.04  93.36
Energy only 151.98 104.06  98.72
Energy+FR 12.02  3.34 4.26
Energy only 11.18 3.84 5.19
Energy+FR 0 0.4 14.83
Energy only 0 7.61 19.13

System operational cost (M £)

Congestion surplus (M £)

Average daily wind curtailment (%)

Fig. 2.6 displays the outcomes of interconnector capacity allocation results under these three

scenarios. In the base case setup where GB has the installed wind capacity of 40GW, both

68



the energy service and the FR are imported from France to GB due to the more economical
electricity prices stemming from the low-cost nuclear plants and the cheaper FR prices ben-
efit from the higher penetration of synchronous generators. With the progress in GB wind
installation, reduced energy prices in GB reverses the direction of the power flow during the
low net demand hours. In the scenarios where GB has 80GW of installed wind capacity, the
French system imports electricity from GB for the majority of times over the day. Increasing
in the installed wind capacity (100GW) amplifies this trend. Due to the increasing reliance
on the wind generation, the low-inertia power system in GB system highlights the enhanced
requirements for FR via the interconnector, which helps to mitigate potential curtailment in

the wind generation.
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Figure 2.6: The capacity repartition of the interconnector under cases with different GB wind
installation level (a) 40GW (b) 80GW (c¢) 100GW.

2.5 Conclusion

This chapter models and analyses the multi-service framework of the interconnector. Under this
setup, the interconnector accommodates the service of delivering FR in addition to its primary

function of transmitting electricity. By employing the advanced HVDC technology, the flexible
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controllability in the power and rapid response enable the feasibility of the frequency support

from the future cross-border interconnector.

The framework is assessed under the standard centralized scheduling method, considering the
value in providing FR services from the system perspective. Case studies take the interconnector
linked GB-France power system, offering a comprehensive analysis of the contribution under
various scenarios. By leveraging these functionalities on the interconnector, the multi-service
interconnector has been demonstrated in overall system benefits, link efficiency, especially under

the high RES future scenarios.

The multi-service framework is developed by including the scheduling model with inertia-
dependent constraints, serving as the benchmark model for the further investigation in the
following Chapters. Another significant research topic is in the realm of regulatory framework.
The next chapter focuses on the realm of regulatory frameworks for the multi-service inter-
connector. An alternative market-based method is proposed for the conventional centralized

coordination method, moving the pathway towards the more liberalized market.

2.6 Future Works

This chapter explored the multi-service framework for the interconnector. Building upon this
line of research, the discussion on the flexibility of the interconnector can be extended to en-
compass additional levels, including reserve services and enhanced frequency response, among
others. Furthermore, to advance the development of a flexible interconnector, a deeper exam-
ination of technology feasibility and the implementation of effective control mechanisms are
necessary. These elements are crucial for optimizing the interconnector’s functionality and

ensuring its adaptability to changing energy demands and market conditions.
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Chapter 3

Market-Based Operation of the

Multi-Service Interconnectors

Following the investigation in Chapter 2 on the role of flexible cross-border interconnectors
1mwvolved 1n improving power system efficiency, this chapter delves into the benefits and impacts
of the proposed multi-service operational framework under another market paradigm: a market-
based scheduling approach. In the proposed market approach, the interconnectors are privately-
owned assets with self-interested objectives, instead of the requlated assets to optimize the whole
social welfare in the centralized approach. The solution of the market approach is characterized
as the Nash Equilibrium of a competitive game. By modelling the interconnectors as “price-
makers”, the proposed work quantifies the potential inefficiencies of market solutions while
considering the interconnector market driven behaviour such as capacity withdrawing. The
same case study of the GB-France systems is adopted to quantitatively analyse and compare
the system and market outcome between the traditional centralized approach and the proposed
market approach by adopting typical market indicators (e.g. social welfare and interconnector

revenues).
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3.1 Introduction

Beyond the initiative aim at improving the system efficiency for the environmental and energy
concerns, the governments globally tend to take steps towards the deregulation of the electric-
ity market and encourage competitive practice. Within the deregulated context, it becomes
essential to investigate the business strategies and models of various market stakeholders. A
significant advantage of a decentralized market framework is its flexibility, which guarantees
compatibility with emerging technologies. This adaptability facilitates the integration of in-
creasingly prevalent flexibility resources, such as demand response, energy storage, enabling

them to independently determine their optimal strategies for offering services [59].

The model in Chapter 2 advances the operational paradigm of the interconnector for the future
low-carbon power system by including the FR service exchange alongside its primary function
of energy exchange. Except the operational paradigm, analytical and qualitative advancements
in market paradigms and clearing models are also required to effectively integrate multi-service
provision of interconnectors in system operation. This chapter advances the research by exam-
ining potential market designs for the multi-service interconnector within a competitive market

environment.

Sufficient interconnector capacity is crucial for the goal of establishing a single EU electricity
market, as outlined in Directive 96/92/EC. EU legislation permits two types of projects of new
interconnector instruction, public and private. These include regulated projects carried out by
ENTSO, and projects implemented by commercial investors [60]. The EU acknowledges the
importance of interconnectors as a promising solution to the energy trilemma and promotes

the development and reliance on private and non-regulated merchant interconnectors [61].

There were many studies have discussed about the merchant approach to the transmission asset
development. The benchmark study [62] expands the scope of the competitive electricity market
by incorporating market-based investments in the transmission sector. The work conducted by
Joskow in [52], evaluated the merchant transmission investment model in comparison to the

monopoly issue in electric transmission, discussing both the advantages and disadvantages of
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the regulated and merchant models. Paper [63] summarizes and compares the challenges and
outcomes associated with two different approaches to transmission development: merchant
and regulated transmission. It indicates the higher efficiency shown in the market approach
than the regulatory ones and also highlights the importance of the regulation in creating the
supportive environment that promotes transparency and competition. The work in [64] presents
a specific structure that incorporates a merchant framework, enabling the inclusion of generation
companies in transmission investment. A game-theoretic model is employed to determine the
equilibrium of merchant strategies among various generation companies. The analysis indicates
that the potential for increased profits from generation can significantly motivate investment
in transmission. Works in [65] and [66] explored the similar topic by incorporating generation

into the transmission planning model.

Currently, electricity interconnectors already operate in GB as stand-alone companies with
regulatory approval, rather than centrally organized transmission infrastructures [17]. Non-
regulated merchant interconnectors (e.g. ElecLink between France and GB [24]) also coexist
in the interconnector regulatory setup of the European Union. However, further significant
progress is required. The above-mentioned research primarily focuses on the long-term planning
of the interconnector, with less emphasis on the short-term operational aspects. According to
EU Electricity Regulation 2019/943, the TSOs are expected to promote non-discriminatory
market-based solutions for the development of energy exchanges and a coordinated allocation

of the interconnector capacity, considering also the integration of balancing and reserve services

[25].

Compared to centralized paradigms, market solutions can offer better scalability, improved
efficiency with partial information and higher robustness [67]. On the other hand, it is necessary
to investigate whether they also introduce a relevant reduction in social welfare, which might
be caused by the decision by the privately-owned interconnectors to withdraw capacity for
higher revenues. Analyses on this topic would constitute a stepping stone for a revision of the
current regulatory framework and a full implementation of a combined energy-FR, operational

paradigm [16].
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The main contributions of this Chapter are summarized as follows:

a. Introduction of the novel market-based approach to characterise the interconnector as
a profit-seeking entity aiming to optimize its revenues. The interconnector acts as a
business entity, rather than a regulated asset. This proposed market approach captures
the economic behaviours of the different agents within the interconnected system and

provides novel insights into their interactions.

b. Incorporate the market-based framework into the multi-service framework outlined in
the Chapter 2. The framework discusses the interactions among the independent players
in the competitive market. Moreover, the market-based operational paradigm has been
developed under the same hypotheses and assumptions of the centralized one, allowing
a quantitative assessment of the contribution of the interconnectors to the overall social

welfare and of the potential inefficiencies introduced by the market-driven behaviour.

This chapter is structured with the proposal of the market-based model for the multi-service
interconnector, including an analytical derivation of the formulation. It characterizes the market
outcome as the Nash equilibrium and outlines the final implementation scheme. The case study
compares this model within both centralized and market-based frameworks, consistent with the
discussions in Chapter 2. Additionally, the chapter concludes with further discussions on the

transmission loss and availability of the interconnector and potential future works.

3.2 Market Approach (MA)

Under the MA, the two areas and the interconnector forming the system in Fig. 2.2 are
modelled as separate independent entities. Their operation is the result of market interactions
as illustrated in Fig. 3.1. In particular, the optimal generation decisions relevant to Area A
and Area B are determined via two separate UC problems. The independent market clearing

processes in area A and B can be converted from social welfare maximization problems into
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UC-Area A

Solution ¢, of the UC (A, Pa)

problem in area A, based on

the interconnector strategy
FP,F"

Interconnector
Revenue maximization problem

(FP,FT) Solution ¢,y of the revenues
maximization problem of the interconnector,
based on the area dependent energy and

UC-Area B FR prices w4, p4, Tg, P5

Solution ¢j of the UC
problem in area B, based on
the interconnector strategy
FP,FT

Ty, PB)

Figure 3.1: Implementation scheme of the MA.

equivalent operational cost minimizations (i.e. UC problem) under typical assumptions of

perfect competition and demand inelasticity [57].

The interconnector operates as a profit-seeking entity that, on the basis of the price signals in
the two areas (w4, mp for power and pa, pp for FR), allocates its capacity F™* to optimally
profit from the congestion surplus associated to the exchange of power F? and FR headroom
F". In this context, it should be emphasized that, the interconnector has been modelled as a
price-maker entity that optimally allocates its capacity considering the impact of its decisions
on the UC solutions of Area A and B and the resulting prices. In addition, although the
optimal decisions of each of the three entities are computed separately, their optimal solutions

are interdependent.

As in Fig. 3.1, the optimal decisions in area A and B depend on the capacity allocation of
the interconnector, which in turn is affected by the energy and FR prices associated to the UC
solutions. Hence, the solution of the MA is expressed as an equilibrium: the interconnector
decisions (FP*,F™ ) are optimal for certain prices (7*,p* ) and, in turn, they induce those very

same prices when considered in the UC problems.
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3.2.1 Analytical Formulation for Area A and B

The UC formulation for the MA is slightly different than in the CA case, as it considers the
generation units in each area separately. However, all the fundamental assumptions in Chapter
2.3.4 still apply. The generation scheduling decisions in area A are determined through the

following optimization problem:

0

@A(Fp, FT) = min At(ozA,THAﬂ— Zix + /BA,TPA,T + ’VA,TPEl TAt) (31)
Hy,Pa,Ra p— ’ ’

subject to constraints (2.13), (2.14), evaluated at k = A. Differently from the previous case,
F? and F" are not decision variable of the problem but rather fixed quantitates which are
determined separately by the interconnector, as detailed in Chapter 3.2.2. The minimized
operating cost ¢4 in Area A can be thus parametrized by the interconnector decisions F? and
F". Specifically, the price m4 and ¢4 can be derived from the marginal cost and marginal saving
of the system according to the unit variation of the fixed quantities F? and F". Similarly, the

UC problem for area B can be described by:

0

pp(FP FT) = min > At(op Hp G5 + BprPpr+v5- P A) (3.2)
e =1

subject to constraints (2.13), (2.14) evaluated at k = B, and with F’? and F" as fixed quantities.
As for Area A, ¢p denotes the minimized operational cost in Area B as a function of the

interconnector operational decisions F? and F".

3.2.2 Analytical Formulation for Interconnector

At any time ¢, the interconnector determines the optimal repartition of its capacity between

FP and F" in order to maximize the associated congestion surplus. Denoting by 74 and mp

77



the prices of energy in area A and B, and by p4 and pp the prices of FR, the interconnector

problem is expressed as:

OINT = argmax (w4 —7wg)FP + (pa — pp)F" (3.3)

TATB,PAPBFPFT

subject to:

_ fmaz < FP 4 FT < [maz (34)
Opa(FP F"

A = —% (3.5a)
Opp(FP, F"

ny = 22U 1) (3.5b)
Dpa(FP, F"

pa = —% (3.5¢)
dop(FP, Fr

The revenues of the interconnector are given by the sum of, i). the product of the energy
price differential between two areas and the exchanged energy, ii). the product of the FR price
differential between area A and B and the FR headroom. The revenue due to the power transfer
F? implies actual flow from one area to the other. Conversely, the revenue linked to the FR
headroom F" is related to the service availability. Here, the actual provision of the service is

not required.

The constraint (3.4) limits the allocation of F? and F" within the maximum capacity F™*,
whereas equation set (3.5) are introduced to model the price-making approach of the intercon-

nector. Note in fact that the prices in at which the congestion surplus is evaluated correspond
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to the shadow prices of power and FR in the two areas. In particular, 7, corresponds to the
marginal cost of providing one additional unit of power, i.e. the marginal reduction of system
operational costs when an additional unit of power is provided by the interconnector. This
variational cost appears with a minus sign in (3.5a) and a plus sign in (3.5b), since the positive
sign of F? is associated with energy flow from area B to area A (with a cost increase in the
former and a cost reduction in the latter). Similarly, py corresponds to the marginal saving of
fulfilling the frequency requirements when one additional unit of FR is provided by the inter-
connector. The same sign convention of the energy prices in (3.5a) and (3.5b) also apply in
the present case to the FR prices in (3.5¢) and (3.5¢). By considering 7, and p; as decision
variables in problem (3.3)-(3.5) and accounting explicitly for their relationships with the UC
in areas A and B, the proposed modelling framework considers a strategic behaviour of the
interconnector that explicitly takes into account the impact of its operational decisions on the

UC of the interconnected areas and on the resulting price signals.

It is interesting to note that the MA solution, as characterized by equations (3.1)-(3.5), ac-
tually corresponds to the Nash equilibrium of a competitive game where three self-interested
agents (the two independent power systems and the HVDC) autonomously determine their
operational strategies (unit commitment decisions and capacity allocation of the HVDC) in
order to maximize their own objective function (equation (3.1) and (3.2) for system A and B,
equation (3.3) for the interconnector). At the equilibrium of the MA solution, each of the three
independent agents cannot unilaterally modify their operational strategies in order to improve

its objective function.

It should be noted that the existence and uniqueness of the MA solution (or equivalently of its
associated Nash equilibrium) are guaranteed in the 2-area case analysed in the present work
but such result does not in general hold true when more complex cases (e.g. meshed networks
or network with losses) are considered. We wish to emphasize that this is not related to the
novel operational paradigm presented in Chapter 2, but it is rather an intrinsic limitation
in the analysis of competitive market-based interactions between agents in meshed networks.
This limitation has already been discussed in the literature: a detailed analysis on this point

is presented, for a slightly different problem, in [68]. It is shown here that, under very general

79



assumptions and in presence of network constraints, a pure Nash equilibrium and a market
solution might not exist. Other analyses on this point, considering for example the effect of

nonlinearities, can be found in [69] [70] [71].

The issues on the existence of a MA solution can be overcome by introducing the notion of
approximate or e-Nash equilibria. This is an established mathematical concept that allows to
relax the best-response condition of the individual competitive players. At this approximated
solution, the potential payoff improvement of each agent, deriving from a unilateral change of
its own strategy, is limited to a (small) fixed quantity e. With this alternative formulation, the
e-Nash equilibrium and the associated MA solution are such that the improvement in the payoff
of each agent, deriving from a unilateral change of its own strategy, is limited to a (small) fixed

quantity e.

The e-Nash equilibrium is an established mathematical notion that allows to relax the best-
response condition of the individual competitive players and allows to obtain an approximated

Nash equilibrium in cases where a precise equilibrium might not exist.
For a formal definition [72] [73], consider the n-player game characterized by the tuple (V, K, u),
where:

e N is a finite set of n players, indexed by i;

e X = X x..x X,, where X; is the set of strategies available to player i;

Each vector x = (x1, 3, ...,x,) € X is called a strategy profile;

e u = (uy,..,u,) where u; : X — R is a real-valued utility (or payoff) function for player i.

The equilibrium notion can then be formally defined as follows:

Definition 1 (e-Nash equilibrium): A strategy profile x = (z1, 3, ..., ) is an e-Nash equi-

librium for e > 0 , if for all players i and for all strategies a} # x;, u;(;, T(—s)) > ui (2}, x(_5)) —€.
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Under the definition of e-Nash equilibrium, each player ¢ cannot improve its payoff u; by more

than the (small) quantity e if it changes its strategy from z; to /.

The existence of the e-Nash equilibria is always guaranteed for some sufficiently large € [72],

whereas an example of its application in an electricity market context is presented in [74].

3.2.3 Model Framework and Implementation Scheme

In previous works the outcomes of competitive interactions between self-interested agents were
usually determined through iterative resolution of the optimization problems of the individual
entities. However, these approaches generally exhibit large computational times and conver-
gence issues. To avoid these drawbacks and to explicitly consider the price-making strategy of
the interconnector, the resolution procedure presented in this work adopts a one-shot scheme.
The MA solution is directly obtained through the MATLAB fmincon routine for nonlinear
optimization, considering explicitly the profit-maximization problem of the interconnector in
equation (3.3) as the objective function and accounting implicitly for the autonomous UC de-
cisions in areas A and B through the inclusion of equations (3.5) as nonlinear constraints,
characterizing the prices as the Lagrange multipliers returned by the resolution of (3.1) and
(3.2) with the MATLAB quadprog routine. A schematic representation of the resolution pro-
cedure is presented in Fig. 3.2, together with an indication of the key interactions between the
decision variables. In particular, the proposed method is able to consider at once two different

elements:

e Impact of capacity allocations on prices: the operational choices of the interconnector
(i.e. the capacity allocation variables F? and F") have a non-negligible impact on the
prices of energy (ma,mp) and FR (pa,pp) in the two areas. This effect is characterized
analytically through equations (3.5) expressing the prices as the marginal variations of

the UC costs in area A and B.

e Impact of prices on capacity allocations: in turn, the price signals have a direct effect on

the congestion revenues of the interconnector, as they modify the spreads collected for
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Interconnector optimization problem (fmincom implementation)

Objective function: select capacity allocation (FP, F) to maximize revenue
(my —mg) FP + (pa — pp)F™

FDET max
AT A,PATCB,PB

Subject to:

C T T T

R ———— : Linear constraints: :
I € price m an I | e . . . . . | poSssooooos
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! the exchanged ! * Variational definition (3.5) of prices 7y, g, P4, P5 1 UC in area A !
! energy F p‘and i !'and B and the :
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1

prices 7 and p

resolution of (3.1) and (3.2) with quadprog routine:
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_ 0ga(FP, F") __ qp(FP,F7)

Pa = 9FT i PB = 9F"

Figure 3.2: Schematic representation of the resolution procedure for the MA approach and of
the key interactions between the decision variables.

energy and FR headroom. This is modelled explicitly in the objective function (3.3).

3.3 Case Studies

This chapter compares the key features and outcomes of the CA and the MA in some rele-
vant case studies. Case setups in Chapter 2 sill apply in this case study. Table 2.1 provides
the characteristics of the generation technologies in two areas, and the system parameters are
Dy=1/50s, v,=0.5s, fi°*=0.5Hz (for both areas) 04=10s, op=15s, A f9°=0.5Hz, Af£*=0.2Hz
and AG4=1.8GW and AGp=1.5GW [44], [52]. Simulations have been implemented in MAT-
LAB R2019a on Intel i7-8565U CPU, 1.80GHz processor with 64GB RAM. The computational

time, in all cases, is about 1s for the CA and 127s for the MA.

Results from the CA that are assessed in the last chapter are compared with solutions from the
proposed MA. Sensitivity analyses on the impact of interconnector capacity, generation costs,
and maximum infeed loss, with ad hoc modifications of relevant parameters, are presented in

Chapter 3.3.1 to 3.3.4.

82



3.3.1 Base Case - Comparisons between CA and MA

The generation and demand balance profiles in GB and France under MA are presented in
Fig. 3.3. These profiles display minor differences compared to the CA profile shown in Fig.
2.4, attributable to the distinct scheduling solutions derived from the two approaches. The
allocation of the interconnector capacity in the CA and MA case are compared in Fig. 3.4. The
power flow FP from France to GB remains always positive in the CA and MA case. Similarly,
the FR availability F" is always greater than zero in both cases. Hence, power flows from
France to GB through the interconnector and, in case of a generation fault in GB, FR would
follow the same path. It is worth emphasizing that, in the chosen framework, the security of
the interconnected systems is evaluated separately and therefore the generation in France has
separately allocated enough FR to secure the French system in case of frequency events there.
Note that the allocation of the interconnector capacity for FR is particularly relevant when the
GB net demand (i.e. total demand minus wind generation) is lower. For instance, the typically

low levels of inertia overnight entail high FR requirements.

Both the CA and the MA allocate part of the HVDC capacity for FR. In the early hours,
the share of capacity dedicated to FR is higher/lower than the one for energy in the MA/CA,
respectively. In later hours, the net demand in GB is higher and the FR requirement are less
demanding, although an increase in wind availability is reported between 12:00 and 16:00 (Fig.
3.3). The interconnector is used only to exchange energy in the CA. Conversely, in the MA,
a small part of the interconnector capacity is allocated for FR when GB wind generation is

higher, confirming the tendency to allocate more FR than the CA.

Fig. 3.5 displays another metric to compare the CA and the MA i.e. the price differentials of

power and FR availability exchanged over the interconnector. These are defined as:

(5p=7TA—7TB (36&)

5R = PA — PB (36b)
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In the CA (dashed lines), the condition dp=05 holds when FR is allocated through the intercon-
nector (night hours). If this were not the case, the objective function of the UC problem (2.12)
could be improved simply by allocating more capacity to the quantity with higher differential.

Note that, after 07:00, this balance between energy and FR allocation to ensure equal price
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Figure 3.3: GB and France generation mix and demand profile under MA.
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Figure 3.4: The capacity repartition of the interconnector in the CA and MA.
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differentials cannot be achieved as the exchanged energy has reached F™%"; as a result, the two

price differentials diverge.

Some differences are reported under the MA, where the allocation of the HVDC link is de-
termined in order to maximize the congestion surplus and the revenues of the interconnector.
It can be seen in Fig. 3.4 that, in this case, an increasing share of interconnector capacity is
allocated to FR in night hours and early afternoon. By withdrawing capacity for the exchange
of energy, the interconnector is able to significantly increase the energy price differential dp

(blue solid line in Fig. 3.5).

In the intervals 07:00 - 11:30 and 16:30 -22:00, the solutions of the two approaches are equal.
In these hours, the large share of synchronous generation committed in the GB has i) increased
74, the marginal cost of energy in GB and ii) reduced the value of FR in GB as consequence of
the increased amount of system inertia. Hence, the energy price differential dp is significantly
greater than the FR one dg, even without capacity withdrawing. The full HVDC capacity is
allocated to energy also in the MA.

Table 3.1: Base case results

Daily system operational cost (M £) Daily line revenue (M £)
CA MA CA MA

151.80 152.17 12.02 12.25

The total system operational cost and interconnector revenues for the two analysed scenarios

are in Table 3.1. In the MA, the daily interconnector profit, i.e. the congestion rent collected
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Figure 3.5: Electricity and FR price differentials in the CA and MA scenarios.
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over the line for the exchange of energy and FR, reaches 12.25 M£. This is 1.91% higher than
the same quantity evaluated in the CA solution. This is expected, since the MA explicitly
models the interconnector as a self-interested profit-maximizing agent, whereas, in the CA,
the interconnector is managed to maximize social welfare and does not receive any revenues.
As a result, in the MA the capacity allocated for energy is reduced with respect to the CA
case during low inertia periods in GB, in order to induce a higher energy price differential and
achieve higher interconnector revenues. This is suboptimal in terms of overall social welfare:

the system operational costs in the MA are 0.24% higher than in the CA.

As discussed, the proposed modelling paradigm advocates the utilization of the interconnector
capacity for the joint exchange of energy and FR between connected systems. In order to
assess the potential benefits of this new approach with respect to established frameworks with
exclusive exchange of energy, the results of the two cases are compared in terms of system costs

and line revenues/utilization in Table 3.2.

Table 3.2: Multi-service VS. energy-only exchange over the interconnector

Energy+FR  Energy-only

System operational cost (M £) 1\0/[? 12;?(7) igégi

Line revenue (M £) 1\0/[? ggg ﬂglﬁ

Average line utilization for energy (%) 1\0/[? 3332 ggig
Average line utilization for FR (%) 1\(/3[? 27i ‘1022 8

Average line utilization (%) ﬁi 188 ggiz

Note also that the proposed Energy+FR paradigm allows full utilization of the line capacity,
with a +1.6% and a 4+ 9.2% utilization rate with respect to the energy-only case in the CA and

MA solutions, respectively.
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3.3.2 Impact of Varying the Interconnector Capacity

Referring back to the findings from Chapter 2.4.2, the social welfare does not exhibit a consis-
tent upward trend with unlimited expansion of the link capacity. Drawing from these results,
the sensitivity of the line utilization, systems operational costs and line revenues to the inter-

connector capacity is assessed in Table 3.3 for four values of F™* limited within 10GW.

As expected, a larger F* allows a more efficient sharing of resources between the two systems
and ensures lower operational costs in the CA case. With respect to the case with no line (0
GW) system operational costs are reduced by 4.20%, 9.22% and 14.65% with a line capacity of
2GW, 5GW and 10GW, respectively. The system operational cost in the MA scenario follows a
similar trend, going from 167M£ in the case of no interconnection to 145M£ when the maximum
line capacity of 10 GW is considered. The differences with the CA become more relevant as the
line capacity increases, since there are more opportunities and incentives for the interconnector
to withdraw capacity and increase congestion revenues, especially for energy exchange. This
becomes particularly relevant in the case with 10 GW, where the line utilization rate for energy
goes from 85% in the CA to 64% in the MA and the overall used line capacity is withdrawn by
about 12% in the MA. As a result, the interconnector achieves a 21.8% increase in revenues, at

the expense of a 1.2% increase in generation costs.

Table 3.3: Results of sensitivity study on interconnector capacity

Interconnector Capacity 0GW  2GW  5GW  10GW
CA 167.22 160.20 151.80 142.72
MA 167.22 160.24 152.17 144.46
CA 0 6.42 12.02  12.64
MA 0 6.44 12.25  15.40

System operational cost (M .£)

Line revenue (M .£)

Average line utilization for energy (%) ﬁﬁ : gg?; 2;22 2§§S
Average line utilization for FR (%) ﬁﬁ ] 25133 271' 1022 ;Zgé
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3.3.3 Increasing Synchronous Generation Costs in France

Two alternative scenarios with different generation costs are constructed and compared to the
Base Case (BC) results. The parameters ap -, S5+, 75, of the production costs of synchronous
generation in France vary from the values assumed in the BC (Table 2.1), to those in Case 1
(5£L/MWh, 20£ /MW h, 2e — 3£ /MW h?, respectively) and in Case 2 (7£/MWh, 25£ /MW h,
2.5¢ — 3£ /MW h?). The resulting daily system operational costs, line revenues and line utiliza-
tion are in Table 3.4. As expected, the system operational cost increases from the BC to Case
1 and Case 2 in both CA and MA as generation becomes more expensive. Interestingly, the
interconnector revenue and the line capacity utilization reach their minimum values in Case 1
and then increase again in Case 2.

Table 3.4: Sensitivity to the thermal generation cost in France

Base case Case 1] Case 2
CA 151.80 298.61 341.81
MA 152.17 299.45 342.42
CA 12.02 3.03 11.10
MA 12.25 4.36 11.75
CA 100 75.72  88.63
MA 100 58.12  85.66

System operational cost (ML)

Line revenue (ML)

Line utilization (%)

To explain this trend, it is useful to analyse the energy price differentials in Fig. 3.6. In the BC,
the inequality dp = (m4—mp) > 0 holds at all times, with generators with lower production cost
in France providing energy support to GB through the interconnector. In Case 1, dp becomes
negative (mp > m,4), although the production cost of synchronous units is France is still lower
than in GB. Note that the French demand profile is generally higher than the GB one (Fig.
3.3). Moreover, the absolute value of dp is relatively low; the potential support and value of

the interconnector are thus reduced.

The line capacity utilization drops from 100% of the BC to 76% of Case 1 in the CA, with
a 74.8% reduction in line revenues. The line utilization is further reduced in the MA case
(58.12%), since the interconnector withholds capacity to increase price differentials and collect
higher revenues. In Case 2, the values assumed by dp are remarkably lower than zero. Compared

to Case 1, the higher price differential ensures increased line revenues and line utilization (e.g.
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89% in the CA). This is seen in the hourly capacity allocation in Fig. 3.7. As the synchronous
generation costs in France increase from the BC to Case 1 and Case 2, the direction of the

power flow gradually reverses. In Case 1, the power flows from GB to France.

However, the overall amount of power flowing through the line is lower than the BC, where the
entire capacity was dedicated to power flows in most hours of the day. In Case 2, with higher
electricity prices in France, the capacity allocated for power exchanges from GB to France
(negative values in the Fig. 3.7) is higher than in Case 1 at almost all times, leading to a higher
utilization rate. Note that the allocation of FR is not significantly affected by the changes to

the generation costs.
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Figure 3.6: Energy price differentials for different generation cost in France (MA).
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Figure 3.7: Capacity allocation of the interconnector for different cost parameters of thermal
generation in France (MA).
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3.3.4 Changing the Maximum Infeed Loss in GB

This section evaluates the impact of lower (1500 MW) and higher (2100 MW) infeed loss AG 4
in GB with respect to the set value of 1800 MW in the BC. The daily system operational costs,
interconnector revenues and the average capacity utilization under the CA and the MA are

presented in Table 3.5.

Table 3.5: Sensitivity to the maximum infeed loss in Great Britain

Maximum infeed loss 1500MW  1800MW  2100MW
. CA  150.13 151.80 153.65
System operational cost (M £) MA 15047 15217 154.00
CA 12.34 12.02 11.89

Line revenue (M £) MA 1259 12.25 12.16

CA 92.92 92.88 92.58
MA 80.73 78.98 78.73
CA 7.08 7.12 7.42
MA 19.26 21.02 21.24

Average line utilization for energy (%)

Average line utilization for FR (%)
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Figure 3.8: Interconnector capacity allocation in the MA case, for different values of maximum
infeed loss in GB and for increasing values of system inertia.

When moving from AG4 = 2100MW to AG4 = 1500M W, the system operational cost de-
creases by around 2.3% in the CA and MA, since lower levels of inertia are needed. At the
same time, a higher infeed loss leads to lower line revenues, as a larger share of its capacity is
utilized for FR, which is exchanged at a lower price differential. In the CA case, the average
line utilization for FR goes from 7.08% to 7.42% as the maximum infeed loss increases. This
percentage further increases in the MA, as the interconnector reduces the capacity allocated

for energy in order to increase its price spread and achieve higher revenues.
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The allocation of the HVDC capacity is presented in Fig. 3.8 for the different cases, to further
emphasize its relationship with the frequency requirements of the interconnected systems. The
results over the 24h interval have been reordered according to increasing values of GB system
inertia (x-axis). As expected, lower inertia levels correspond to a higher utilization of the

interconnector for exchange of FR availability (as the FR requirements in GB increase).

A similar trend occurs when the impact of the maximum infeed loss is considered: for equal
values of system inertia, more capacity will be allocated for FR when AG 4 is higher. Albeit the
monotonicity trends are evident, there are some small oscillations in the values of energy and
FR allocation. These are generally caused by different system conditions (e.g. inertia levels)
in France, which impact the MA solution in correspondence of similar values of GB inertia. It
is worth noting that capacity allocation of energy and FR does not change uniformly as GB
inertia increases, and some small jumps appear in the line. For adjacent points in the plot,
they have close GB inertia level. However, the corresponding system inertia levels in France for
such points may vary significantly due to the specific demand and generation profile at those
time, which impacts the scheduling decisions and prices. Thus, possible variations in energy

and FR prices finally lead to slight difference in the capacity allocation.

3.4 Conclusion

This chapter presented a novel market-based framework to quantify the potential impact of
interconnectors on the efficiency and security of interconnected systems, considering the pos-
sibility of simultaneous exchange of energy and frequency response services through the lines.
Under the proposed market approach, the interconnector is modelled as a self-interested agent
aiming to maximize its profit. This novel setup is proposed and validated as a potential alter-
native to a traditional centralized approach in Chapter 2 where the interconnector is centrally
operated to minimize the total system operational costs. Results have shown how interconnec-
tors can improve social welfare by enabling a mutual exchange of resources between systems

with different characteristics and generation mixes. These benefits are marginally reduced in a
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market setup where the interconnectors withdraw their capacity to achieve higher price spreads

and thus increase their revenues.

The results in this work call for a revision of the current regulatory framework which acknowl-
edges the importance of multi-service allocation of interconnection capacity in a competitive
market framework. The analysis also showed that the proposed multi-service framework, if
compared with the existing energy-only paradigms, can ensure lower system costs and, at the

same time, higher revenues for privately-owned interconnectors.

For simplicity, in order to better highlight the main qualitative aspects of the proposed novel
paradigm, the analytical formulation presented in Chapter 2 and 3 considered exclusively two-
area systems. While the extension to a generic radial system is straightforward, the more
complex adjustments in the modelling framework are required to account for meshed networks.
Chapter 6 gives one example of the modelling extension to multi-area system with meshed

topology. This will be expand in the future for a more detailed and comprehensive analysis.

3.5 Future Works

This work can also be extended for a wider spectrum of ancillary services characterizing the
interconnector operation. The interplay between the inter-area flexibility provided by intercon-
nectors and flexibility provided locally by other assets (e.g. battery storage) will be analyzed in
a market-based approach. Similarly, the agent-based modeling framework can be considered to
include modelling of other relevant assets in the interconnected power systems. In particular,
the competitiveness of interconnectors against profit-making supply companies is subject of

ongoing work.

For simplicity, in order to better highlight the main qualitative aspects of the proposed novel
paradigm, the analytical formulation presented in Chapter 2 and 3 considered exclusively two-
area systems. While the extension to a generic radial system is straightforward, the more
complex adjustments in the modelling framework are required to account for meshed networks.

This extension introduces various possibilities for participant roles, such as a distinct business
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interconnector entity for all links, several profit-oriented interconnector agents, and a mix of
regulated and business interconnectors. An initial evaluation that considers both regulated and
business interconnectors within a meshed network topology has been proposed and examined

in Chapter 6.

Other discussions regarding the transmission losses and the availability of the interconnector

are considered and will be incorporated in the future steps.

3.5.1 Incorporating the Cost of Losses

Consistently with other high-level analyses on the transmission infrastructure [52], [53], the
initial modelling framework presented in this work does not account for the impact of losses on
social welfare and interconnector revenues. From a qualitative point of view, it is reasonable
to expect that, if losses are considered, a larger share of the interconnection capacity will be
dedicated to FR purposes, since this requires only the allocation of the line capacity (with the
exception of the actual service provision following a frequency event) and therefore does not
correspond to any power losses. Specifically, under a CA, the costs for losses are sustained by
the central entity in charge of scheduling the system (e.g. the system operator). Under the

MA, the owner of the HVDC link has to sustain its own cost for losses.

The current modelling framework will be extended to provide a quantitative evaluation of this
aspect through the inclusion of non-linear (e.g. quadratic) constraints to account for the impact
of losses. This is not a critical challenge, as the resulting non-linear optimization problem
could in general be reformulated and solved as a second-order cone programming problem.
An alternative option is to incorporate HVDC losses by exploiting the results presented in
Section IT and TV of [45], which proposes linear or piece-wise linear formulations of the losses
related to the HVDC technology. As in the previous case of extension to meshed networks, it is
worth noting that the novel multi-service methodology proposed in our work does not introduce

additional layers of complexity towards the integration of losses.
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3.5.2 Impact of Outages

The formulation presented in this work followed a deterministic approach where the availability
of the relevant components (not only of the interconnector but also of the generators) is assumed
to be fixed and known a priori. However, in reality, the available capacity of the interconnector
might vary over time as a result for example of planned maintenance or unexpected outages.
The positive effect on social welfare by employment of interconnector will be attenuated if
one considers the interconnector subject to any possible unavailability since the sharing of
resources between connected systems will inevitably reduce. However, it is still reasonable to
assume that the key conclusions of the results still hold: the simultaneous exchange of energy
and FR improves total social welfare, while the adoption of market-based framework reduces

social welfare by withdrawing capacity utilization.

The modelling framework presented in this paper will be expanded in order to quantitatively
analyze this issue. In particular, the UC formulation in (2.12) to (2.16) can be replaced by an
alternative stochastic model where the commitment of the generation units and the allocation of
the regulation resources required for system security takes explicitly into account the potential
failures of the different system components and the associated uncertainties. Alternatively,
the deterministic solution obtained with the current methodology in this work can be tested
ex-post in a stochastic scenario, evaluating the impact of unplanned outages through Monte

Carlo simulations.
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Chapter 4

Assessment of the Impact of Wind and
Demand Variability on the Flexible

Operation of Interconnectors

This chapter delves into the impact of wind and demand variability on the short-term op-
eration of the interconnectors. The underlying modelling approach adopts frameworks pro-
posed in Chapter 2. The framework envisages the simultaneous cross-border exchange of power
and inertia-dependent frequency response services through the interconnector. Two operational
paradigms, including the centralized approach in Chapter 2 and market approach in Chapter
3 are discussed. To assess the impact of varying wind availability and demand levels on the
operation of interconnectors, a sampling-based methodology is employed, focusing on analyzing
the sensitivity of both operational and economic metrics. A comprehensive set of case studies is
developed, specifically examining the interconnections between Great Britain and France. These
studies highlight the benefits that interconnectors can provide across a diverse array of system
conditions, demonstrating their critical role in enhancing grid stability and efficiency under

fluctuating renewable inputs and consumer demands.

96



4.1 Introduction

As the penetration of RES in power systems increases significantly to reach decarbonization
targets, the variability of the RES power output has become a critical issue [75]. As discussed in
the previous chapters, the stability of the power system is critical for the secure and continuous
operation, which is crucially related to the system inertia. RES, notably, do not contribute to
the system’s inertia due to their connection to the network through power electronics. Moreover,
the oscillations and the uncertainties in RES generation, along with the fluctuation in the
demand side pose a growing impact on power system operation, as increased balancing resources

will be required to match demand and supply and regulate the system frequency.

Regarding the impact of RES variability, [76] proposed a novel technique that combines physical,
statistical and economic elements in order to assess the sensitivity of the GB power system
with respect to the most relevant weather-related variables, i.e. wind availability and power
demand. A probabilistic approach is adopted in [77] to assess the impact of wind integration
within a market framework, applying Monte Carlo simulations to model the variations in wind
and demand. The research [78] examines how integrating wind power generators affects the
transient stability of a power system, taking into account various system load conditions. It
seeks to understand the connection between system transient stability and different levels of
net-load. The paper [79] explores the influence of load variability modeling on power system
transient stability by examining various Probability Distribution Functions (PDFs). It proposes
guidelines for selecting the most suitable PDF's for this purpose. The impact of wind variability

was assessed in [80] with regard to the Ireland-GB interconnected system.

Possible scenarios, characterised by high RES availability and low system demand are par-
ticularly challenging for system security. Reduced levels of inertia and frequency regulation
resources could further hinder a cost-effective RES integration [81]. Therefore, this chapter
continues to discuss the impact of the variability from power systems on the proposed opera-

tional and market model of the interconnector in the Chapter 2 and 3.

Two scheduling approaches, consistent with the model in Chapter 2 and 3, are considered:
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under a centralized approach, the interconnector is operated to minimize system operational
costs. Alternatively, under a competitive market approach, the interconnector is modelled
instead as a profit-seeking business asset. Case studies make use of a simple but yet effective
model of the GB-France interconnected power networks. Simulations have been carried out
considering randomly sampled GB wind and demand profiles as inputs for the two scheduling

approaches, evaluating the results on the basis of key operational and economical metrics.

The analytical formulation and modelling framework underlying this work has been presented

in Chapter 2 and 3 also in the publication [82]. The contributions from this chapters include:

a. Implementation of a detailed statistical sampling method that utilizes historical data to
comprehensively evaluate the performance of the interconnector across a range of system
conditions. This method enables a nuanced understanding of how the interconnector

functions under diverse scenarios.

b. Detailed quantitative assessment of how variations in demand and wind conditions af-
fect the performance of the interconnector, focusing on crucial operational and economic
metrics. This analysis provides insights into the interconnector’s efficiency, profitability

in response to fluctuating energy supply and demand under different market paradigms.

This chapter is organized as follows: Chapter 4.2 provides the description and formulation of
the centralized and market approaches for interconnector operation. Chapter 4.3 shows the
detailed methodology of the sensitivity analysis with respect to wind availability and demand
levels. The case study of the GB-France system is presented in Chapter 4.4, while the conclusive

remarks follows at the end.

4.2 Model Formulation

The model developed in this chapter is consistent with Chapter 2 and 3. It consists in two

power systems as shown in Fig. 2.2, which are connected through a single interconnector. A

98



key feature of this model is that the interconnector not only enables the exchange of energy
between the two areas, but it also allows mutual provision of FR. This framework, in its
simplicity, allows to capture the fundamental relationships between the identified sensitivity
factors relevant to both power systems (i.e. the variability of wind generation and demand)

and the interconnector’s operation.

On the basis of the modelling framework already introduced in [82], the optimal and secure
operation of the interconnector is determined by means of two different methodologies, a cen-

tralized approach (CA) and a market approach (MA).

4.2.1 Centralized Approach (CA) and Market Approach (MA)

Under CA, the optimal system operation in the two areas is centrally coordinated via a single
unit commitment (UC) problem. The objective of the MA is to minimize the whole system
operational cost by optimally scheduling generations and allocating interconnector capacity.

The UC assumptions and formulations are consistent with equation (2.12) to (2.16).

In MA, the power system and the interconnector are modelled as independent profit-seeking en-
tities that determine their operational decisions in order to maximize their own profit. Chapter
3.2 deduced the mathematical formulation of MA, from equations (3.1) to (3.5). The outcome
is then characterized as the Nash equilibrium of the competitive game, where no agent can
improve its profit by changing its strategy unilaterally. The interactions among self-interested

agents and numerical implementation of the MA is described in Fig. 3.1 and 3.2.

4.3 Assessment Methodology

In order to evaluate the effect of demand and renewable generation variability on the operation
of the interconnector, the optimal repartition of the link capacity (utilized for both energy
exchange and FR allocation) has been calculated for a wide range of system conditions over a

fixed time window of 24 hours. The sensitivity analysis has been performed for both the CA
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and MA, adopting the total system operational costs and the interconnector’s revenues as key

metrics, accordingly.
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Figure 4.1: Comparison of demand levels (top) and wind half-hourly generation (bottom)
between France and GB. Red and blue traces represent the half-hourly average values for
France and GB, respectively. The blue boxes correspond to the 25*-75 percentiles of the GB
profiles, whose minimum and maximum half-hourly values are indicated in black.
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Figure 4.2: Hourly frequency plot of GB net demand (demand minus wind generation) in the
considered dataset.

Areas A and B are intended to represent the GB and France power systems, linked by a single
interconnector. Furthermore, the assessment of the wind and demand variability pertains only
the GB system, whereas these quantities have been kept fixed in France. The GB demand and
wind daily profiles have been taken from a large dataset of n = 20 annual scenarios (with 30

min granularity) of wind availability and demand consumption for 2030 [43]. The variability
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of the GB system demand with respect to its average half-hourly values (blue solid line) is
highlighted in the upper side of Fig. 4.1 by indicating the 25" -75!" percentiles (blue boxes)
and the minimum-maximum values (black dashes) of demand at each half hour. A constant
load profile (red curve) is considered for France, instead. The same graphical convention is
utilized in the lower side of Fig. 4.1 for wind generation in the two systems, showing a high

variability of the possible wind realisations in GB at each time step.

Furthermore, the figure shows that GB is characterized by higher average wind levels and lower
demand levels than France. The distribution of the GB net demand (demand minus wind
available generation), evaluated on an half-hourly basis, is presented in Fig. 4.2. The net
demand assume values between -7.8GW and 48.2GW, with a mean of 22.6GW and standard

deviation of 9.8 GW.

In the reminder of the chapter, for simplicity, we will denote by SD;; and SW;; the GB
demand and wind generation samples (respectively) for the i** 30-minute interval of year j.
The quantities SD and SW correspond therefore to matrices of dimension ngy x 20, where
ngg = 17520 quantifies the number of 30-minute intervals in one year. A detailed description
of the sampling-based methodology adopted to perform the sensitivity analysis is summarized
in Algorithm 4.1. In Phase 1), the dataset for demand and wind is divided in 4 different groups,
in order to perform separate analyses in each season of the year and highlight relevant seasonal
trends in the operation of the interconnector. In Phase 2), for each of the four seasonal periods
(indexed by m), N different daily samples s are generated. For each of them, distinct demand
and wind profiles (S D™ and S Ws(m), respectively) are randomly extracted from the available
dataset. The CA and MA problems presented in Chapter 2 and Chapter 3 are then solved for
each sample, considering Sng) and SWS(m) as demand and available wind generation in the
GB system, respectively. Finally, in Phase 3, a representative yearly dataset is built, combining

N, elements from the sampled data in each of the four seasons.
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Algorithm 4.1 — Sampling-based methodology

1) Initialization

e Partition available demand datasets into four seasonal groups
of equal size, with m =1,...,4:
SD™ = {SD;; :npyy-1-(m—1) <i<ngy-1-m,j€l,.20}

e Partition wind dataset SW into seasonal groups SW ™ with
m = 1,...,4, through the same procedure detailed in the
previous point, replacing SD; ; with SW ;.

e Define sample size: N

2) ) Sample selection and numerical simulations
form=1:1:4
fors=1:1: N

e Extract a random 24h demand profile SD™ and wind profile
SW™) (with 30-minute resolution)
SD™ = {[SDugs41,j, - SDas.(s41),5] C SD™
SWE™ = {[SWis.s14, - SWags11)5] © SWY

e Calculate the associated CA/MA solution o™ / o™ by solv-
ing equations (2.12)-(2.16) / (3.1)-(3.5), replacing the GB
demand vector L, with SD™ and the GB available wind

maxr

generation G'}%. ; with swim.
3) ) Yearly aggregated results

e Build a representative yearly sampling of results, selecting N,
random samples from each seasonal group:
~ 4 N, m S 4 N, m
SD = U, U2 SDgl ) and ST = U= Uiy SWél :
e Evaluate the associated yearly aggregated results for the CA
and MA solutions ¢{™ and (™, respectively)
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4.4 Case Studies

This Chapter presents the numerical results arising from the application of the CA and MA
formulations (Chapter 2,3) and the proposed sampling-based method (Chapter 4.3) to the GB-
France interconnected system. The model has been validated over a dataset of N=1000 random
combinations of wind and demand samples in each season. A total of N, = 500 samples has
been selected in each season to build yearly profiles with 2000 samples. The main parameters
of the generation technologies are kept consistent with case studies in Chapter 2 and 3, and are

listed in Table 2.1.

For simplicity, only two distinct generation technologies have been considered: synchronous
generation, which is, capable of providing inertial response and FR, and wind generation, which
does not provide any ancillary service. Other system parameters are taken from [83], [25], with
Dy=1/50s, v,=0.5s, f;°°=0.5Hz (for both areas) 04=10s, op=15s, Af4*=0.5Hz, Af£*=0.2Hz
and AG4=1.8GW and AGg=1.5GW. The rated capacity of the HVDC interconnector between
GB and France is 5GW [84].

Seasonal and yearly aggregated results are presented in Chapter 4.4.1, with a particular focus
on the MA. A detailed comparison of the interconnector’s performance under CA and MA is
provided in Chapter 4.4.2, whereas Chapter 4.4.3 assesses the correlation of wind and demand

level against simulation outputs.

4.4.1 Seasonal and yearly aggregated results

Table 4.1 reports the mean p, the standard deviation o and the relative standard deviation u/o
of the wind and net-demand levels in GB. In accordance with Algorithm 1, the data referring
to n years are grouped in four seasons, each corresponding to three months of the year (e.g., S}
contains the profiles from January to March). Note that the wind generation output is higher
in the autumn and winter months, whereas higher (relative) variability is experienced in spring
and summer. The net demands exhibit similar trends, even if the relative standard deviation

is in general lower.
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Table 4.1: Seasonal wind and net demand level

Mean (GW) Standard deviation (GW) Relative std (%)
Sy 830.66 403.73 48.60
S 5975.08 356.07 61.92
Wind Ss 531.35 337.22 63.45
Sy 823.45 430.68 52.28
Yearly 690.11 403.79 58.51
Sh 1164.09 446.71 36.45
S 1075.23 378.52 35.20
Net Demand Ss 1048.11 348.64 33.26
Sy 1071.58 457.29 42.67
Yearly 1108.61 401.74 36.24

The CA and MA solution has then been calculated for each of the N = 1000 yearly de-
mand/wind profile contained in the input data. The relevant stochastic metrics (mean and
standard deviation) of the resulting daily system operational cost and line revenue exhibit con-

sistent trends between CA and MA between CA and MA. Due to this redundancy, only the

MA solutions are detailed in Table 4.2.

Table 4.2: Operational cost and line revenue results under MA

Standard
Mean (M £) deviation (M.£) Relative std (%)
Sh 181.77 50.16 27.60
S 164.46 38.56 23.45
Daily system operational cost Ss 159.89 34.68 23.57
Sy 172.66 50.31 29.14
Yearly 170.07 44.49 26.16
S 17.61 9.45 53.66
S 15.38 7.44 48.37
Daily line revenue Ss3 14.59 6.75 46.26
Sy 16.15 9.29 57.52
Yearly 15.97 8.34 52.19

Generally speaking, the system costs follow the same trends of the net demand: when the share
of total demand that needs to be supplied by synchronous generators is higher, the system
costs increase accordingly. Note also that the relative standard deviation of the system costs is
generally lower if compared with the same metric for the net demand, as lower generations costs
associated to high wind penetration are counterbalanced by higher costs for system security

(more inertia and FR needs to be allocated). In terms of daily revenues collected by the
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Table 4.3: Yearly aggregated results under CA and MA

Mean Standard deviation Relative std dev.(%)

Daily system CA 169.86 44.61 26.26
operational cost (M£) MA 170.07 44.49 26.16
CA 15.68 8.64 55.12

Daily line revenue (M£) MA 1597 .34 52.19

interconnector, these are generally higher in seasons with high net demand in GB, as larger

energy price differentials can be captured.

4.4.2 Yearly-aggregated results under CA and MA

Having evaluated the general trends of the input data and their relationship with the perfor-
mance metrics of the MA, the analysis has then focused on the comparison between the CA and
MA solutions. The stochastic metrics of the daily system operational costs and line revenues
for the two approaches are reported in Table 4.3, considering yearly-aggregated results as de-
termined in Phase 3 of Algorithm 4.1. As expected, lower operational costs are obtained in the
CA (-0.12% on average with respect to the MA) since in this case the system costs are explicitly
minimized by a centralized coordinator. However, it can be seen the overall costs of the market
approach are only slightly higher. Moreover, the standard deviation in the two approaches
does not exhibit significant differences, suggesting that the adoption of market solutions for the
operation of interconnectors does not lead to higher cost variability with respect to centralized
frameworks. The comparison of the daily line revenues, reported in the bottom part of the
table, has considered the value of ¢ry7 (defined in (3.3) for both CA and MA, albeit such
revenue is not actually collected by the interconnector in the CA scenario. The results show
that the interconnector in the MA, acting as a profit-seeking agent, can modify its capacity
allocation with respect to the CA (i.e. by withdrawing capacity) in order to achieve higher
revenues. At the same time, it appears that the margin for revenue improvement through these

self-interested strategies remains limited (only +1.85% on average).

For a more detailed comparison of the interconnector strategies in the two approaches, the

capacity allocations for energy and FR in the two scenarios are plotted as a function of net
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demand in Fig. 4.3, considering that the flows F? and F" take positive values if the associated
quantity is exchanged from area B (France) to area A (GB). Purple and blue dots shown in
the scatter plots correspond to the simulation results under CA and MA respectively, based
on sampled input wind and demand profiles. For each sample, average half-hourly capacity

allocation decisions are considered.
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Figure 4.3: Line capacity allocation in CA, MA for different GB net demand level.
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Figure 4.4: Electricity and FR price differentials between GB and France in CA and MA for
different GB net demand level.

One of the most evident trends in Fig. 4.3 is that, both in the CA and MA, more capacity
is allocated for energy transmission when the net demand in GB is higher. This is reasonable
in the CA, since it is cheaper to fulfil the demand by transferring energy from France rather

than using the more expensive GB synchronous generators. To analyse the same trends for the
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MA and motivate its differences with respect to the CA, it is useful to consider the energy and
FR price differentials between the two areas, which are reported in Fig. 4.4 and are defined as

follows:

Am =74 —Tp (4.1a)

Ap=pa—ps (4.1b)

Note that, when FP? is positive (i.e. energy is exchanged from France to GB), the amount
of capacity allocated by the interconnector is generally lower in the MA than in the CA. At
the same time, as highlighted in the zoomed section of the left plot in Fig. 4.4, the price
differential A7 is slightly higher in the MA. This difference can be explained by the self-
interested behaviour of the interconnector in the MA, which withdraws capacity in order to
increase price differentials and therefore achieve higher revenues. The same trends occur (with
opposite sign) for low values of net demand, when F? is negative and energy is exchanged from

France to GB.

Note that the interconnector’s capacity is fully used for energy exchange when net demand is
over 18GW in the CA, while the line is saturated for net demand values above 22GW in the MA,
due to the capacity withdrawing. Once the line is saturated (net demand is above 18GW /22GW
for purple and blue dots), Ax keeps growing because of the increasing GB demand. Conversely,
Ap starts to drop as a result of lower FR prices in GB: since the line is fully utilized, more
synchronous generation is brought online to accommodate the local net demand, thus reducing

FR requirements.

4.4.3 Correlation Assessment

A correlation analysis has been conducted to assess if there exists a relevant linear relation-

ship between the input data (wind generation and demand) and the key performance metrics
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of the simulation (operational costs, line revenues and capacity allocations). The estimated
coefficients, together with the coefficient of determination R?, are provided in Table 4.4. The
R? is the statistical measure that indicates the proportion of the variance for a dependent vari-
able explained by one or more variables in a regression model. The general definition of the

coefficient of determination R? is:

R=1- Z(y—_y)z (4.22)

>y — )2

where y; is the observed data set, g; is the fitted value from the regression model, and y is the
mean of the observed data. These values can be computed manually based on the regression
analysis, or calculated directly using the certain linear regression function, such as fitlim in
Matlab. The most relevant correlation concerns operational costs and line revenues, for which
the R? coefficient is equal to about 0.95 in both the CA and MA. As expected, the variation
in system costs can be almost entirely explained by the associated changes in the input data.
When wind is lower and demand is higher, more synchronous generation needs to be brought
online, leading to higher costs (and vice versa). This explains also the strong correlation that
has been obtained for the rotating inertia in GB. Note that lower values of R? are obtained
instead for the metrics that quantify the differences between CA and MA, since in these cases
more complex dynamics are at play. A more detailed analysis on this point is provided in Fig.
4.5 and Fig. 4.6, where differences in line revenues and costs are plotted as a function of energy

capacity withdrawing and GB net demand, respectively.

From the left plot in Fig. 4.5, it is straightforward to note the monotone increasing relationship
between the withdrawing capacity percentage and the line revenues. The more the intercon-
nector is able to reduce its line utilization (thus inflating the price differential), the more its
revenues will increase. However, it is worth emphasizing that this monotone relationship is not
linear, as the increase of the energy price differential in the interconnector objective function

(3.3) is accompanied by a variation in the opposite sense of the exchanged energy. Similar
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Table 4.4: Correlation of wind and demand with computed metrics

Coefficient  Coefficient
(Wind) (Demand)  R?

. CA -104.04 125.36 0.950

Operational cost (£) MA 10378 12509 0.951

Line revenue (£) CA -20.864 21.962 0.961

MA -19.955 21.253 0.948

Inertia-GB (MW s?) MA -0.054762 0.047782  0.986

Line revenue differentials (£) MA-CA  0.90992 -0.70446  0.59
Difference in operational cost (£) MA-CA  0.25955 -0.27064  0.39

Difference in
Energy Capacity allocation (%)  M&CA  6.1531e-06 -5.7435e-06 0.603
Difference in

FR capacity allocation (%) MA-CA  -5.4445e-06 5.0513e-06  0.491
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Figure 4.5: Line revenue and operational cost differentials between CA and MA for different
levels of GB net demand.

considerations can be made for the operational cost, albeit a more significant linear correlation
can be found in this case. From the left plot in Fig. 4.6, it can be seen that a linear correlation
exists between net demand and line revenue differences when GB net demand is lower than
18 GW. At higher values, the line becomes saturated, with negligible differences between MA
and CA. The line saturation also explains the change in the correlation sign between GB net

demand and differences in operational costs, displayed in the right plot of Fig. 4.6.
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Figure 4.6: Line revenue and operational cost differentials between CA and MA for different
levels of energy capacity withdraw in MA.

4.5 Conclusion

In this chapter, a sampling-based method is adopted to assess the impact of wind and demand
variability on the short-term operation of interconnected power systems. A comprehensive
modelling framework is used, considering simultaneous exchange of energy and FR services
through the link, and comparing the outcomes of two distinct operational approaches (central-
ized and market-based). Simulations have been run under different combination of sampled
seasonal wind and demand profiles in GB, comparing the aggregated yearly results between
two approaches. The study has shown that relevant differences between CA and MA when the
GB net demand level is low, since the interconnector has more incentive to withdraw capacity
for energy exchange when operating independently and pursuing self-profit. As the net demand
level increases, the line capacity is saturated in both cases (CA and MA), and results become

identical.

4.6 Future Works

Future work will expand the model to encompass meshed networks, incorporating a broader

spectrum of ancillary services. Futher effort will evaluating sensitivities with respect to addi-
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tional external factors (e.g. generator or line outages).

Furthermore, it is anticipated that a stochastic scheduling model will be developed to enhance
the optimization of service allocation. The model will specifically address the uncertainties
associated with wind variability, fluctuating demand, and potential outages, ensuring a more

robust and efficient distribution of resources.
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Chapter 5

Flexible Operation of Multi-Service

Interconnectors with Thermostatically

Controlled Loads

This chapter introduces an additional source of flexibility from demand side Thermostatically
controlled loads (TCLs) to the multi-service model in Chapter 2 and Chapter 3. The adoption of
this category of flexible demands is due to their significant contribution from both residential and
commercial sectors. In comparison to technologies like storage, the majority of the TCLs are
already in place, positioning them as the pivotal and practical choice in case study for providing
demand side response. The TCLs in this model provide the same services with the interconnector
enerqy and ancillary services, which are energy arbitrage under reqular operation, and frequency
response under generation outages. However, the interconnector facilitates the cross-border
service exchange, while the TCLs offer services locally. The work provides the comprehensive
analysis of comparing the contributions of interconnectors and TCLs flexibility from different
layers of system, under both a centralized approach and market approach. The former considers
the both the interconnectors and TCLs as centrally-operated assets; the latter envisages them
as profit-seeking private entities. This model is applied to the GB-France, HVDC-connected

system, with the flexible TCLs only functioning in the GB.
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5.1 Introduction

The transition to the low-carbon sustainable power system requires the incorporation of the
Renewable Energy Resources (RES). This revolution in energy sector promises the reduction
in green house gas emission, but also poses intricate challenges to the system stable and secure
operation due to the intermittent nature of the RES. In this evolving landscape, the flexibility
should be considered in a more holistic manner. Alongside the traditional ancillary service
resources from synchronous generators, this thesis has discussed the possibility of using the
transmission interconnector to provide FR service in Chapter 2 and the related market oper-
ation in Chapter 3. This chapter directs the considerable attention toward the multi-layered

enhancement in the system flexibility by including demand side solutions.

Demand Side Response (DSR) can merge as a viable and innovative alternative for the grid
stability. Studies [85] and [86] provided reviews of the current status and key aspects of the
Demand Side Response (DSR) program, covering topics including the market, pricing schemes,
regulatory frameworks, and implementation methodologies. The dynamic control of in the
large-scale responsive demand is capable of replacing some of the spinning reserves, relieving
pressure for part-loaded generators and contributing to the frequency stability in a more cost
effective way [87]. Thermostatically Controlled Loads (TCLs), such as refrigerators, heating
system, dishwashers, air conditioners, is the important class of responsive electrical loads that
can be integrated in the DSR. The control of these devices through their ON-OFF states,
allows the management on their energy consumption and can be adapted to provide various
forms of flexibility including energy arbitrage and frequency response. Paper [88] demonstrates
that the TCLs, due to their vast population and capability of being controlled simultaneously,
hold great potential for providing demand response services such as fast regulation services.
It further indicates that TCLs potentially offer a more cost-effective solution compared to
other energy storage technologies. Therefore, this work selects the TCLs as participants in
the DSR and provide short-term frequency response. Yet, the individual device capacity is
not significant enough to pose influence on the power system performance. To realize the

benefits from the flexible TCLs participation, the proper aggregation model is widely discussed
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to evaluate effectiveness of the DSR.

The paper [89] aggregates the collection of TCLs as the stochastic battery model. The work
in [90] develops the leaky storage model, exploring the potential of TCLs for short-term demand
response. The optimal service portfolio for TCLs are solved by incorporating TCL dynamics
into the optimization framework. The leaky storage model serves as the basic framework for
the aggregated TCLs scheduling model in [91]. This work investigates the benefit of flexible
TCLs by optimizing the scheduling of a diverse set of TCLs in an advanced stochastic unit
commitment model, accounting the post-service energy recovery process. The TCLs in [92] are
aggregated through a neural network approach considering parameters of ambient temperature,
voltage and frequency, and the paper proposes a hierarchical management framework for the
micro-grid operation. The paper [93] proposes using aggregated TCLs as a solution to the
challenges presented by renewable energy source fluctuations in isolated microgrids, employing

both a virtual battery model and frequency transient model.

The intricate control algorithms to manage the large numbers of individual demand for provid-
ing aggregated flexibility to the system is essential for realizing the DSR. The commonly adopted
control strategies can be classified into centralized method and decentralized method [94]. The
work [95] proposed a fuzzy-PI-based supervisory controller to centrally coordinate the demand
response and secondary frequency control, mitigating the effects of communication delays in
traditional centralized control approach. The aggregated control strategy is designed in [96] for
the a large group of air conditioning loads, and the centralized control for the TCLs aggrega-
tors are discussed in [97]. The decentralized load control algorithm appears to be the efficient
solution to release the pressure of the communication. The decentralized control methods have
been derived in [98], [99]. The paper [100] introduces a novel stochastic control algorithm for
accurate regulation of a large group of devices in the decentralized manner. The work in [101]
discusses the potential of aggregated TCLs to arbitrage wholesale electricity market prices under
the time-dependent tariff using non-disruptive load control. The less infrastructure-dependent
alternative energy storage model is proposed and compared to the optimal benchmark model.
The effective storage model in [89] characterising the flexibility of aggregated TCLs, is coupled

with a priority-stack-based control strategy, indicating the vast potential of TCLs in providing
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grid regulation services.

The above-mentioned works discussed the efficiency that the DSR brings to the system with
proper modelling and control strategy. The study in [44] proposes security constrained unit
commitment formulation to substantiates the advantages from incorporating the HVDC inter-
connectors and TCLs. However, the model in this study focuses solely on assessing synergistic
flexibility through centralized coordination. It does not capture or discuss the market behavior
of flexibility resources. To address this research gap, this chapter explores the synergy and
interaction between interconnectors and TCLs across various market paradigms. The main

contributions of this Chapter include:

a. Introduction of the comprehensive model of aggregate flexibility from the TCLs, concep-
tualized as a dissipative storage unit known as the leaky storage model. This model, which
captures the high-level flexibility of the storage unit, is designed to facilitate integration

into optimization formulations.

b. Proposal of the optimization model that incorporates interactions between flexibility re-
sources across different system layers, specifically between TCLs and interconnectors.
Building on the multi-service model discussed in previous chapters, all flexibility resources

are designed to simultaneously provide energy services and primary frequency response.

c. Evaluation of the techno-economic benefits and competition between flexibility resources
under the comprehensive market-based model. It develops detailed business models that
position demand-side and transmission-side flexibility as profit-seeking entities and quan-

tify their value across different market designs.

This chapter outlines the model and control of TCLs configured as the aggregated leaky storage
model, which is integrated into the power system scheduling model with the interconnector
serving as a flexibility provider. It then introduces and examines the market interactions
between demand-side and transmission-side flexibility, treating them as business agents within
a market-based framework. To maintain consistency and enable comparisons with discussions

in previous chapters of the thesis, the model is evaluated using the same GB-France case study.
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This assessment illustrates the impact of business demand-side agents on the independent

interconnector.

5.2 Modelling and Control of the Aggregated Thermo-

statically Controlled Loads

This chapter investigates two principal DSR services within the framework of TCLs modelling:
the energy arbitrage and the frequency response (FR). Energy arbitrage focuses on the strategi-
cal management of demand-side responsive appliances, shifting power consumption from periods
of peak demand to off-peak demand hours, thereby facilitating a redistribution of the demand
profile. On the other hand, the FR service involves a prompt reduction in the aggregated power
usage in response to a sudden shift in grid frequency, thereby restoring the balance between
power generation and demand, and effectively preventing the system frequency from dropping
beyond tolerable boundaries. This allows responsive demand, such as TCLs, is able to dynam-
ically respond to the real time pricing and balancing the supply and demand. Giving rise to
these abilities, the responsive demand is considered as the cost-effective, and dynamic sources
of flexibility than conventional static demand management methods and frequency response

sources.

Based on works [90], [91], this chapter summarizes key features in the TCLs modelling and how

to embed them in the optimization model.

5.2.1 Aggregated TCL Modelling

The typical TCL operates in two states, an on state where the appliance’s motor is consuming
power, and an of f state where the power usage is minimal. The control of the TCLs is
implemented around the set point value with deadband threshold. If the temperature exceeds

the upper deadband limit, the system initiates cooling by activating the cooling mechanism.
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Conversely, if the temperature drops below the lower deadband limit, the system switches to a

heating mode.

The temperature evolution of the thermostatically controlled appliance z is typically described

by the first-order temperature model:

where n* the device thermal time constant, and s* is the binary variable showing the state
of the device, with 1 for on and 0 for off. The term T7;, — T, incorporate the physical
model of heat exchange, where T}, are asymptotic cooling or heating temperature, and 77
are ambient temperature. Following the linearity of the dynamic thermal model, the aggregated
model, accounting for the dynamics of the average temperature of the population under the

assumption of identical characteristic of devices (including T, T,ff,n), can be expressed as

(5.2).

% 2 dT;(t) B _% 2 %[T%) = Loy +8°(t) - (Togy = Ton)] (5.2)
dﬂ—y) - _%[T(’f) = Tops + () - (Tops = Ton)] (5.3)

Considering the assumption of identical parameters among devices, the superscript x can be
dropped in the aggregated model (5.3). The hypothetical aggregated model generalizes the
population state as the fraction of devices in on state, as (t) = + >, S*(t) € [0,1]. The

average temperature of the aggregated devices group (T'(t)) can be essentially approximated as

the temperature of a single, large appliance with a fluctuating cooling rate.

The work [90] shows that different capabilities of heterogeneous TCLs can be combined to form
a single envelop model. To provide a more instructive understanding of the TCLs flexibility for

system level applications, the aggregated thermal model is effectively expressed as an energy
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storage unit in the power system context. The average temperature T'(t) is reinterpreted with
the aggregated energy level S(t), and the energy level and the evolution of energy unit is then

described as:

S =S+ PO (54)

The selection of the effective envelop thermal time constant 7 for the aggregated model are
illustrated in [90] by identifying and choosing the most restrictive effective time constant among
all appliance. The unit dissipates its stored energy at an inherent rate of 7, which is then

replenished by the power consumption P(t). The P(t) is defined by the aggregated consumed

power »_ P*(t).

Unlike the battery unit, the TCLs model cannot physically discharge electricity. Instead, it
can only increase/decrease the energy consumption compared to the steady-state value. This
work follows the control strategy proposed in [100] where the action of TCLs are coordinated
by the TCLs controller in a decentralized manner. To ensure the function of the TCLs units,

the physical limit for the aggregated model is bounded by the individual devices [90].

A N

Spin = max Sy < S(t) < Spae = min Sy (5.5)
Poin =max P2, < P(t) < P, = min P, (5.6)

The implementation of the demand response for either the energy arbitrage or other ancillary
services should not interfere with the primary cooling or heating capabilities of appliances.
Setting only temperature limits for energy and power consumption is inadequate for achieving
this goal, as appliances may simply operate continuously at these temperature boundaries,
thereby undermining their temperature regulation capabilities. Hence, it is essential to regulate

temperature fluctuations of appliances average out to zero over a defined time window w,
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aligning demand response efforts with the preservation of TCLs” operational efficiency. Given
the linearly related population-average temperature and stored energy level, this can be equally

expressed as (5.7). The in-depth explanation can be found in [90].

%/S(t) dt =S, (5.7)

5.2.2 Demand Side Response Formulation of TCLs

In line with the formulation in Chapter 2 and 3, the coordinated optimal scheduling of energy
and FR from adaptive TCLs are incorporated in the system scheduling problem with the
interconnector. Similar to the service provision from the interconnector, two distinct services
are considered in the scheduling model, energy arbitrage during regular operation and frequency
services under contingencies. This work considers TCLs enabling the allocation of the primary
frequency response (for up to 30s) in support for the maximum infeed loss following the criteria
discussion in Chapter 2.2.1. The real-time balancing service and other medium-term services

are not included in this analysis.

The TCLs controller tracks the reference power profile that makes the devices to deliver its
energy arbitrage and FR simultaneously while meet its normal cooling service constraints of
appliances [90]. The energy arbitrage saves money from the actual power variation over the
time window, while the FR is the reserved capacity that is not called under the contingency.
The availability fees is paid to the TCLs" FR regardless of whether the service is delivered
or not. Based the the fundamental characteristics of aggregated TCLs, this section includes
the TCLs response model that mathematically consists of a set of linear constraints on the

energy /power consumption as well as the provision of FR.

Given a generic time window w consisting of T' steps within the time interval At, the discrete
energy level § = {S’t}tT:1 is formulated in the problem as decision variables. The S; and S,

represent the energy level at the beginning and end of interval ¢, where the corresponding P;
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implies the constant power consumption in each single time interval t. The reinterpretation of
the TCLs model by 5.4 as the leakage storage unit allows the straightforward integration in the
optimization model. The storage unit depletes the energy in the rate of 47!, and is restored
through power consumption P(t). This captures the dynamic process of energy dissipation
and replenishment within the storage unit. The energy evolution equation in discrete form is

derived from (5.4) by assuming the constant power consumption level in each time instant:

At

S =S e T+ P (1—e ) (5.8)

The energy arbitrage commitment leads to the actual energy profile changing over the defined
time window, while the secure operation requires the device to maintain sufficient margin of en-
ergy and power at all times for the deliverability of frequency services. The power consumption

over time interval ¢ can be derived by inverting (5.8) with energy levels S; and Sy, ;.

The mathematical constraints (5.9) are implemented for the DSR and also ensures the primary

cooling function.

Pmin S Pt S pmax (593)
Smin S St S gmax (59b)
0< R <P, —Pon (5.9¢)
1 T-1 B
?[alsl + Z St + CLQST} = S() (59d)
t=2

The optimization should meet the TCLs temperature boundary explained in the previous sec-
tion. The regulation operation cannot exceed the energy and power limit (5.9a) and (5.9b).
With regard to the FR service, the provision is enforced by (5.9¢) to ensure adequate reserve

for FR and power for operation. For the normal function of the TCLs demand, the temperature
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fluctuation over the time window 7" can be revert from (5.7) to discrete expression (5.9d) by

integrating (5.4). The value of parameters ay, as can be derived: a; = (35 — 3, az = (% — )0
by adopting v = e~ and g=mn-(1- 6_%). It worth pointing out that a; + a; = 1. The

detailed mathematical derivation is illustrated in [91].

5.3 Optimal Scheduling of Multi-Service Interconnector

and TCLs

The interconnected power system bears the same framework in Chapter 2 and Chapter 3, where
the interconnector operates as both a regulated assets that aims at enhancing the total system
benefit, and a merchant asset that targets profit maximisation from the congestion surplus.
Beyond the interconnector and traditional generations, the two-area model framework in this
Chapter is summarized in Fig. 5.1, and showcases the inclusion of TCLs. The capacity of the
interconnector will be optimally allocated between the power flow and FR, while the flexible
TCLs are capable of offering flexibility in peak load shaving and FR. Each power system is
modelled as the single bus bar system and neglects the internal transmission networks. To
analytically assess the quantitative benefits that the DSR could bring synthetically with the
multi-service interconnector, this work include the flexible TCLs in the Area A. The Area B

still embraces only the inflexible loads with both synchronous generators and RES.

Two scheduling approaches are discussed in the following sections. First, the Centralized Ap-
proach (CA) is derived as one Unit Commitment problem to optimize multiple aspects, includ-
ing the generation commitment and dispatch, TCLs operation and the interconnector capacity
allocation. This conventional CA provides the lower bound on the total system operational
cost. Alternative Market Approach (MA) is also adopted by viewing the aggregated TCLs as
profit-seeking business assets and coordinates the DSR from the payment-maximization/cost-

minimization business perspective.
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Figure 5.1: Schematics of the two-area interconnected power system with DSR.

5.3.1 Centralized Approach (CA) Formulation

Following Chapter 2.3, the UC problem is formulated as a deterministic, linear programming
(LP) model by including the continuous variable H, € [0, 1] to represent the percentage com-
mitment level of the generation fleet. The LP model enables the efficient calculation of the
corresponding power and FR prices by adopting the Lagrange multiplier of the associated

constraints.

The CA formulation is adapted from Chapter 2.3.5 and are listed in equations (5.10) to (5.14)
by introducing new decision variables S{¢Y RL¢L for the TCLs energy level and reserved
FR headroom by the TCL unit. The set for decision variables in the UC problem & now is
redefined as: & = {Hy.., Prr, Rir, FP, F7, S1EE RYCLY. The demand side aggregated TCLs
are modelled as the price-taking battery like storage unit, which makes the payment for the

electricity consumption. The flexibility provision from TCLs are mapped as constraints in the

UC model, based on the essential features in Chapter 5.2.

The optimization problem is considered on a generic day, with time interval of At=30 mins
with T" = 48 time steps, covering 24-h horizon. The objective function of the UC is to minimize

the total system generation cost:

T 0
HEDZ{ > At(anHir G + BisPrr + M P A Y (5.10)
t=1 ke{A,B} T=1
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subject to the power system operation and security limits(5.11), (5.12), TCLs operation bound-
aries (5.13), and interconnector constraint (5.14). It is worth noting that, the original UC for-
mulation proposed in Chapter 2 does not include the inter-temporal constraints, which allows
the drop of the time dependence notations (subscript ¢) from the decision variables. While, in
the battery-like storage model, the constant power consumption PX’?L for a given time interval
t is computed by (5.8). This equation introduces the inter-temporal relationships between the
energy level S at the beginning and end of time interval (S, S;11). In the following equation
set (5.13), the decision variables is denoted with the time-dependent subscript t, where ¢t € T.
However, the time-dependent variables SZ;?L, RictL do not introduce impacts on the remaining

of the formulation. To enhance the clarity, other constraints including equations (5.11), (5.12)

and (5.14), for the specific time step t, still omit the notation t.

With the inclusion of new flexible demand TCLs in area A, the optimization not only needs
to meet the TCLs operation limits, but requires consider the impact on the system scheduling.
Considering the two functions that the TCLs perform, energy arbitrage and FR services, the
modifications on the formulation are embodied on the demand balance constraint (5.11a) by

PTCL and the frequency service constraints (5.15). The aggre-

including the flexible demand
gated system frequency response R4 has three separate sources, from traditional generators

SY_, Ra, from the interconnector exchange F” and from aggregated TCLs RECE.

iPAﬂLF”—LA—P}CL:o (5.11a)
=1 ;

> Pp.—F'—Lp=0 (5.11b)
=1

0< Hy, <1 (5.11c)

Phr+ Rir < Hy, GPo (5.11d)

Rir < rpr Hy G (5.11e)

Rir < 81 (Hp 7 GUE — Prr) (5.11f)

Pk Hir G < P (5.11g)
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Ry > AGp — DpLpAfE?
QAle/kUk - VkQRk — 4Af]:oc(7k]f[k é 0

Qk_]f[kRk <0
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STCL < SZ;CL < STCL
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0 < RTCL < PTCL PTCL

A,min

alsTCL + Z STCL + CLQSTCL] STCL

1 e
TCL _
Pii™ = - —ar A T & Sag

_Fmax S Fp + F?" S Fmax

0
Roa=) Ra,+F + Ry

T=1
0
Rp = Z Rp,—F

Hy, = therr e — hiAGy)
=1

fo

(5.12a)
(5.12b)
(5.12¢)

(5.12d)

(5.13a)
(5.13b)

(5.13¢)

(5.13d)

(5.13e)

(5.14)

(5.15a)

(5.15b)

(5.15¢)

The constraint set (5.11) bounds the power system dispatch from the power system level.
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(5.11a) and (5.11b) defined the local power system supply/balance constraints. Equations
(5.11c) to (5.11g) constrain the upper and lower bound of dispatch level of each technologies and
limit the combined power and FR provision within the generators’ technical limits, including
the generator maximum capacity (5.11d), FR provision headroom (5.11e) and slope (5.11f).
(5.11g) is to constrain the power dispatch level p times higher than the generator headroom,

in order to avoid invalid dispatch results .

The power system post-fault frequency security should be guaranteed by constraints (5.12)
which are set based on SQSS standards for quasi-steady-state frequency deviation, RoCoF,
and frequency deviation at nadir. The allocation of the frequency services from synchronous
generators, interconnector, and TCLs are defined in (5.15) which should be optimized under

the sudden maximum loss of generation.

The service allocation limits referring to the aggregated TCLs and the interconnector, are
listed in the constraint set (5.13) and (5.14). The implementation of energy arbitrage and FR
under generation loss should not exceed the operation limits (5.13a)-(5.13c), and also ensure
the normal cooling function without affecting the customers’ comfort level (5.13d). The rated

interconnector capacity limit is reflected in (5.14).

5.3.2 Market Approach (MA) Formulation

Considering the independent business characteristics of the interconnector and TCLs, the pro-
posed MA in Chapter 3 is extended to taking the aggregated flexible demand TCLs as another
market player instead of just the price-taking inelastic loads. In this configuration, the model
treats independent power systems (designated as area A and B), the interconnector, and the

flexible demand of TCLs in area A, as depicted in Figure 5.1, as separate profit-seeking agents.

To emphasize the value of the business flexible demand in providing DSR, the market framework
includes the aggregated, price-responsive TCLs model that optimizes the power consumption
profile and reserve FR capacities according to the timely prices. The TCLs aggregator exchanges

the information of STl RIYL with the interconnected market-based power system model in
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Figure 5.2: Interactions among market participants in MA

Chapter 3, in which the interconnector and the linked power systems determine the optimal
solutions for their own benefits and the outcome is characterized as the market equilibrium. The
interactions among the self-interested demand side TCLs, the interconnetor and the involved
power systems are summarized in Fig. 5.2. For the clarity in discussion, the MA model
developed in Chapter 3 will be referred as the interconnected market model in the following

paragraphs.

In the whole model, the aggregated TCLs operate as the independent business asset that opti-
mize the energy consumption (S{¢L) and FR service (RY°L) over the time window depending
on the relevant market electricity and FR availability prices (w4, pa) from the interconnected
market model. On the basis of the (S{¢L, REIYF), the interconnected market model proceeds the
market clearing to find the optimal solution following the implementation procedure described

in Fig. 3.1.

In the interconnected market model, the quantities of energy level ST°L and FR RLCL are

the fixed quantities for the power system A. The independent power system A and B optimize
the dispatch decisions based on the fixed profile of S{¢F and RYCL, and and offer the local
electricity and FR prices considering the link capacity allocation results (FP, F") which are in

turn affected by the price signals from power systems.

The final market equilibrium can be found by the iterative interactions between the independent

TCLs and the interconnected market model.
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A. Analytical formulation for aggregated TCLs

The cost function of the flexible TCLs at time interval ¢ is defined by the sum of two

terms, 1) the electricity cost, which is calculated by the product of amount of consumed

power and the electricity prices, and 2) the availability fee from offering FR, which is

calculated by the product of the amount of reserved capacity for FR and the associated

FR prices. The objective function of the self-interested TCLs is to minimize the cost

function p7cy, across the time window 7', and can be formulated as:

SOTCL(WAa pA min Z At{?TA TCL — pAR£CL}t (516)

STCL RTCL

The local TCLs optimization should be subjected to the the operation feasibility con-

straints (5.13).

B. Analytical formulation for the interconnected market model

1)

Interconnector
As the independent merchant asset, the formulation of interconnector in Chapter
3.2.2 is recalled as following. The interconnector optimizes its capacity repartition

between F? F" to maximize the congestion surplus:

OINT = arg max Z At{(ma — ) FP + (pa — pB)F" 1 (5.17)

TATBPAPBEP T T

The congestion surplus is summed by the 1) the revenue from the energy exchange;
2) the revenue related to providing FR service availability. The optimization problem
(5.17) is defined as the price-making process, where the interconnector formulation
optimizes the decision variable set (74,74, pg, pg, F?, F"), subject to the link capac-

ity limit (5.14), and the power system marginal prices 7, py.

Area A

Differently from the CA where the interconnector and TCLs operation are optimized
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centrally, the independent power system A carries out the self-scheduling based on
the fixed quantities of interconnector strategy F?, F'", and fixed power consumption
and FR profiles PT¢F RLCL from the independent TCLs aggregators. The UC op-
timizes the generation dispatch (Ha, P4, R4) through the optimization problem ¢4

which is parameterized by the independent decisions (F?, F", STCL RTCL),

T 0
TCL pTCL :
ea(FP F" 8370 Ry ):HH}DIDR E E At{aaHa GR5 + BarPas
A FA, 1A
t=1 7=1

+ 4. P3 At} (5.18)

The operation is subject to local generator and FR constraints (5.11) to (5.12),

evaluated at k = A.

Area B
The same derivation of UC formulation in power system B, keeps consistent with
the model for area A, but only takes the interconnector strategy FP, F" as fixed

quantities. The constraints are evaluated at kK = B in (5.11) to (5.12).

0
pp(FP.F") = min > At{ap Hp GBS + Bp-Ppr + v5-Ph At} (5.19)

Hp,PB,RB
=1

5.4 The Implementation of the MA

To find the equilibrium in the competitive market, the numerical resolution of the coordination
between the price-responsive TCLs and the interconnected power system, is performed with
the iterative approach. The direct implementation of the iterative interactions in Fig. 5.1

introduces the computational difficulties and convergence issues. This section presents details
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in the iterative process to find the market equilibrium .

The iterative procedures for the MA implementation is illustrated in Algorithm 5.1. To avoid
the lumpy updates on the variables over the iteration process, which brings the high possibility
in the convergence failure, two methods to solve the challenges are adopted in the numerical
implementations. First, the updated variables over the iteration are reprocessed by the con-
servative convex combination between the new computed solutions (my, pr, SEL, RLCL) and
the input values 7y, pi, §£CL , RECL . This step efficiently constrains the update step in each

iteration round not varying significantly and moving in the optimized direction, in order to

reach the final convergence. The combination are formulated as, Yy € [0, 1]:

Ta=y-ma+ (1—y)- 74, (5.20)
pa=y-pa+(1—y): pa, (5.21)
SE =y SE (1 —y) - SEOF, (5.22)
R =y RICM + (1 —y) - REF, (5.23)

To ensure a stable iterative update of the TCLs profile and avoid unrealistic power profile, the
quadratic term \(PT¢F — PICL)? that penalizing the power deviation from the steady-state
value is introduced in the objective function (5.16). This term penalizes the power derivation
and prevents power consumption profile from excessive fluctuation. The objective function can
be formulated as (5.24). To facilitate a quantitative comparison of the two approaches, the
same penalty term has been integrated into the objective function for the CA approach (5.10)
within the case study. This integration allows for a detailed quantitative analysis in subsequent
case studies. It is important to note that the penalty term does not exist in the scheduling

process, particularly under the CA. Instead, this term is included solely to facilitate numerical

convergence and to provide a basis for quantitative comparison in the case study.

S[I;CL’R[T;CL

T
¢rer(Ta, pa) =  min Z At{WAPZCL - pARECL + )\(PZCL - PoTCl)Q}t (5.24)
t=1
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Algorithm 5.1 — Iteration steps in Market approach
1) Initialization

- Define the input quantities for independent agents with the
tilde sign as 7y, pg, STCL, RICE Vvt € T

- Assign initial state value of the profit-seeking TCLs:
fg%]“ = O,RE%L =0,VteT

2) Iteration procedures

- Calculate the prices 74, pa by solving the optimization prob-
lem (5.17), (based on the implementation scheme explained
in Fig. 3.2), with the defined initial input quantities ST¢L =
STCL RICL _ RTCL.

- Calculate the convex combination of the price signal (74, pa)
by (5.20) and (5.21).

- Compute the resulting TCLs profile STL RLCL from (5.24)
based on 74 and pa.

3) Check the convergence

IF
e, = |STCL — STCL| < ¢ and e, = |RYCF — STCL < ¢, for
VteT,

Return the equilibrium solutions:
SZ;CL* — S/I_;CL RZCL* _ RzCL

ELSE 3 .

Repeat the Step 2) with the updated STEF, RYCL values ac-
cording to (5.22) and (5.23).

5.5 Case Studies

The GB-France HVDC-connected power system model is adopted as case study in this Chap-
ter. The area A and area B, represent GB and France aggregated system respectively with
the deterministic demand profiles selected from a typical weekday. Relevant technology pa-
rameters considering the typical 2030 low carbon scenarios are kept consistent with previous
chapters and summarised in Table 2.1, and the system parameters are Dy=1/50s, v4,=0.5s,
f1¢=0.5Hz (for both areas) o4=10s, op=15s, Af§°=0.5Hz, Af5°=0.2Hz and AG,=1.8GW

and AGp=1.5GW [44], [52]. The capacity of the cross-border interconnector is assumed consis-
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tently in this work with 5GW. The parameters related to the price-responsive flexible demand
TCLs are summarized in Table 5.1 from the data in [90]. Through a trial-and-error process,

the parameters for implementing the iteration are chosen to be € =0.5, A=0.05.

The generic 24 hours optimization horizon with time step At=30mins is chosen for the simu-
lation. Both CA and MA are running and compared according to the simulation setup in the
following section 5.5.1. Another case study that discussed the value of introducing DSR from

TCLs are presented in Chapter 5.5.2.
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Figure 5.3: Wind and Demand Profiles in GB (A) and France (B).

Table 5.1: TCL parameters

TCL TCL TCL TCL TCL TCL
SA,max SA,min SA,O PA,ma:): PA,min PA 0

(GWh) (GWh) (GWh) (GW) (GW) (GW) (Z)
12.9 10.7 11.8 6.4 1.3 2.4 5

3] a2

0.4917 0.5083
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5.5.1 Base Case

The case study starts from comparing the base case results from the CA and MA. To analyse
the time-variant performance, the GB and France demand and wind profile are provided in
Fig.5.3. The traditional CA solves the system scheduling to minimize the total short-term
operational cost, while the MA finds the market equilibrium through the market interaction
among independent players. The interconnector behaviour is firstly compared in Fig. 5.4. Dur-
ing the low net demand hours according to Fig.5.3(22:00-07:00, and 12:00-16:00), the merchant
interconnector allocates more capacity to the FR by withdrawing the capacity for power ex-
change in order to maximize the congestion surplus. The conclusion for the market-operation
of independent interconnectors in Chapter 3 still hold after introducing the flexible demand

TCLs in area A.

The following part focuses on the TCLs operation features and the differences between the CA
and MA. Fig. 5.5 gives the power profile and FR services allocation of aggregated TCLs, in
which the blue line is the power level, and the red line refers the reserved capacity for FR.
It is worth noting that the power consumption of TCLs generally responds to the local price
signals in area A, which is given by Fig. 5.6. During the hours 8:00-12:00, and 16:00-22:00, the
aggregated TCLs decrease its electricity consumption due to the increasing electricity prices
during the peak demand hours (Fig.5.3). The allowed capacity for FR is allocated accordingly
without violating the TCLs PZ¢L limit, and is driven by the less demanding FR requirements.
Concordantly, the interconnector allocates full capacity to the power import from the France
to GB over these time slots. Accordingly, in the low inertia hours (22:00-08:00, 12:00-16:00),
which is characterized by the lower net demands, the relative lower electricity prices presented
in Fig.5.6 drive the TCLs to consume power for recovering temperature in order to maintain
the average energy level and satisfy the demand side comfort requirement. In these hours, the
relative higher FR prices in area A, along with more power capacity margin remained for TCLs

to adjust their consumption, motivate both the interconnector and the TCLs to increase the

capacity allocation for FR.

It worth noting that, the resulting market operation of the TCLs and interconnector, leads to
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Figure 5.7: The energy profile of TCLs

a higher electricity prices, and lower FR prices during the low net demand hours (22:00-07:00,
and 12:00-16:00) in Fig. 5.6. The resulting power, FR and energy profiles in Fig. 5.5 and Fig.
5.7 show that, under the MA, independent self-interested TCLs reduce the variation of power
profile. The self-adaption behaviour of TCLs minimizes its payment to the power system. In
the final results, the daily operational cost of the independent aggregated TCLs is 11.46M £

over 24h, saving 1.26M £ in total than that in the CA.

5.5.2 Comparison Between Models with/without Flexible TCLs

The following results described the impact of employing the flexible TCLs on the interconnected

power system, by comparing the results between models shown in Fig. 2.2 and Fig. 5.1.

The numerical daily results from the system level are given in Table 5.2. From the power system
operation perspective, with participation of the flexible demand TCLs, the total operational
cost can be further reduced in both CA and MA by around 0.5%. However, the self-interested
behaviour of the interconnector and DSR from TCLs make the total interconnected system
sustain losses in social welfare (higher operational cost than CA). Regarding the interconnector
operation, the congestion surplus of the link from the electricity and FR trading is reduced due
to the TCLs’ flexibility in FR provision and the energy arbitrage. In Table 5.2, the intercon-
nector’s revenue is shrunk by 2.3% and 1.3% under CA and MA. Compared the inefficiency

of line utilization rate in the energy-only model, the line utilization rate in the multi-service
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framework all reach 100% with/without including the flexible operation of the TCLs. In ad-
dition, the capacity of the link used for reserving headroom for FR is reduced significantly
after introducing flexible TCLs, which means that the FR support from the adjacent area less

demanding because of the efficient and cheap option of local sources.

Table 5.2: Model with/without TCLs

TCL+Interconnector Interconnector only
Energy+FR Energy+FR  Energy-only

System operational cost (M £) I\C/[i 12(1)2111 E;?g 12;32

: CA 11.74 12.02 11.18

Line revenue (M £) MA 12.09 12.25 11.91

Average line utilization CA 96.8 92.88 98.38

for energy (%) MA 84.2 78.98 90.76
Average line utilization CA 3.2 7.12 0
for FR (%) MA 15.8 21.02 0

: T CA 100 100 98.38

Average line utilization (%) MA 100 100 90.76

To better understand how the inclusion of profit-seeking TCLs in a multi-service market impacts
the interconnector, the capacity repartition results under MA are compared between the model
with /without TCLs, as shown in Fig. 5.8. It can be noticed that during the low demand periods
(from 22:00 to 7:00 and also between 12:00 to 16:00), the merchant interconnector augments
its energy import from France to GB while simultaneously reducing the capacity allocated for
FR. This is due to the presence of TCLs in the MA, which drives up the GB local electricity

price and depresses the FR price. This motivates the independent interconnector prioritize the
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Figure 5.8: The capacity repartition of the interconnector in the model with/without TCLs.
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services for FP to maximize the congestion surplus.

5.6 Conclusions

This chapter is built upon the multi-service model discussed in Chapter 2 and Chapter 3 that
treated the interconnector as the solution for the flexibility provision. In this chapter, the
work extends the model by integrating a new dimension of flexibility - demand side resources.
The aggregated TCLs are picked as the representative example that is able to participate in
the energy arbitrage activities under the regular operation and also FR under the case of the
infeed loss. The comprehensive conceptualized leaky storage unit model is discussed as the
high-level presentation of the large group TCLs, facilitating the integration into the proposed
optimization model for both CA and MA. Comparative case studies are presented against the
works in Chapter 2 and 3, offering a deeper understanding of the of the flexibility provision

from different dimensions and the their mutual interactions.

In the CA, instead of treating all loads as inflexible demand, the TCLs in area A are allowed
to provide flexibilities. Results substantiate the contribution of the coordination of the inter-
connector and flexible demand to enhance overall social welfare. This chapter also investigates
the value of flexible TCL from the market perspective, thereby complementing the analysis
provided in Chapter 3 by introducing another market player from the demand side. Enabled
to participate in the market clearing process, the TCLs model is motivated to accrue the total
benefit from gaining availability fee from providing FR, and reducing electricity costs from en-
ergy arbitrage over the defined time window. With the ability of leveraging the demand profile
and supporting frequency service, the TCLs positively affect the local electricity and FR prices.
Meanwhile, the price differentials between regions are the driving force for the merchant inter-
connector, reaping benefit from the congestion surplus. The additional local business flexibility
provider TCLs exerts downward pressure on the revenue margin remained for the intercon-
nector. The link therefore adapts the strategy accordingly to maximize its profit, effectively

responds to the dynamics from the generation side and demand side.
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Taking a comprehensive view of the interplay between transmission side and the demand-side,
this study highlights the future pathways for the interconnector development, especially for
the merchant interconnector. The planning and operation decisions of the link cannot only
follow the conventional market indicators, but should require a broader understanding of the

interactions among different stakeholders.

5.7 Future Works

In the next step, the work could broaden the scope of frequency services from primary frequency
response to encompass a wider range, including secondary responses facilitating the frequency
recovery to quasi-steady-state, and high frequency responses to positive frequency deviations

from both the interconnector and demand side responsive loads.

Additionally, the new ancillary services - enhance frequency response, already implemented in
Great Britain, are expected to be included in the research. Demand side response, interconnec-
tors, and battery storage systems are all capable of providing these services. The provision of
multi-speed frequency response services among various resource stakeholders and their interac-

tions will be evaluated across different market frameworks.
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Chapter 6

Market-Based Operation of
Interconnectors in a Multi-Area Power

Network with Meshed Topology

The chapter assesses the techno-economic benefits of interconnectors that operate in a multi-
area power network and whose capacity can be utilized for simultaneous exchange of power
and fast-frequency services. The optimal repartition of the interconnection capacity is initially
computed with a traditional centralized approach proposed in Chapter 2, where the intercon-
nectors are modelled as network assets contributing to the minimization of aggregate system
operational costs. The centralized approach is then used as benchmark against an alternative
market-based paradigm in Chapter 3 where interconnectors can act as profit-seeking agents that
mazimize their collected congestion surplus. This novel methodology is applied to a model of an
interconnected Great Britain-France-Ireland multi-area system, quantifying the potential ben-
efits on system efficiency of multi-service interconnectors and assessing the impact of their

self-interested scheduling on the system operational costs.
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6.1 Introduction

This chapter extended the works in Chapter 2 and Chapter 3, considers a modelling setup of
multi-area systems with a meshed topology connected through interconnectors. The study is
inspired by the ongoing research trend of applying the multi-service operation model to in-
creasingly intricate network structures. This would open up to the modelling of multi-service
interconnectors operating in a multi-area network characterized by a meshed topology. The
development of a modelling framework to test the operation of multi-service interconnectors
within meshed networks represents the basis to explore the effectiveness of future network de-
velopment plans. In fact, the revised Regulation on Trans-European Energy Networks of the
European Union (EU) [102], which entered into force in June 2022, operationalizes the ambi-
tions set in the EU offshore strategy [103]. It includes new infrastructure categories for hybrid
offshore grids and radial lines, as well as permitting provisions to accelerate the scale-up of
meshed offshore grids. Another fundamental motivation for the proposed work involves the
assessment of the potential benefits for interconnectors that operate under a market-driven,
profit-seeking framework rather than following the traditional top-down paradigm which envis-

ages a centralized coordination of the network asset.

The research gaps in the flexible operation of the interconnector and also their market paradigms
are summarized and discussed in the Chapter 2 and 3. Such as the authors in [39] investigate
a flexible operation of the interconnector between GB and France in order to integrate RES
whilst reducing system operational costs and carbon emissions. The methodology developed
in [33] characterizes the techno-economic operation of interconnected transmission systems and
coordinates power transfers through HVDC links. The work in [45] presents a framework for
including both Alternating Current (AC) and HVDC losses in a zonal or nodal market pricing
mechanism. The study [104] investigated the influence of electricity prices in one country on
those in neighboring countries, selecting Switzerland as the case study because of its consider-
able capacity for cross-border trading. However, the references above neglect the possibility of
allocating interconnector capacity to ancillary services. Another research stream investigates

the simultaneous scheduling of power and reserves via interconnectors under a centralized, cost-
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based approach. The authors in [43] introduce a methodology for evaluating potential economic
benefits of utilizing the emergency power control functionality of HVDC links for the provi-
sion of fast frequency containment reserves. However, the assessment of inertial and frequency
response requirements is not directly incorporated in a power system scheduling model. A
cost-based and centralized scheduling model to compute the value of multi-service operation of
interconnectors in multi-area power systems is investigated in [44]. Under the same centralized
approach, the methodology in [105] assesses the optimal value for the allocation of inter-area

power flows and frequency response of HVDC and AC interconnectors in a two-area system.

The economic value stemming from the decentralized operation of a multi-area system is an-
alyzed in [106] and [83]. These works adopt a Lagrangian relaxation approach to solve the
multi-area economic dispatch problem in a decentralized manner. The simultaneous power-
reserve trading considering wind uncertainty in an interconnected multi-area system is pre-
sented in [107]. Although implementing a market-based decentralized scheduling formulation,
the interconnectors in the above-mentioned papers are still treated as network assets. In prac-
tice, they do not explicitly determine the inter-area power flow exchanges. This represents a
clear limitation affecting business opportunities and relevant industry actors. In fact, system
operators are actually requested to put in place solutions which acknowledge the flexibility of
interconnectors in competitive markets [25]. This would not be limited to inter-area power
exchanges but it would also include balancing services. An initial attempt to model and quan-
tify the market value for interconnectors is presented by the authors in [82]. Their proposed
methodology is applied to a two-area system, analyzing the self-interested operation of the
tie-line. This simultaneously allocates its capacity for power exchanges and frequency response
(FR) provision in order to maximize its collected congestion revenues. The nonlinear interplays
between the decision variables, which represent an intrinsic feature of market-based clearing
formulations, can be handled in [82] thanks to the simple topology of the network under exam.
The extension of this formulation to more complex and realistic [103] meshed topologies is not
straightforward. Particularly, the existence of a unique market equilibrium, which holds in the
two-area model presented in Chapter 3, is not guaranteed in a more complex meshed multi-

area model where the operational decisions of one interconnector affect indirectly the power
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flow and therefore the congestion surplus on other lines. Moreover, the numerical calculation
methodology adopted in Chapter 3 for the two-area case is in general unable to deal with this

increased complexity and alternative resolution approaches need to be implemented.

In summary, the literature review highlights an important research gap. In fact, none of the
references above addresses the three following modeling features, simultaneously: i) a multi-
service (power and FR) operational paradigm to allocate the interconnector capacity, ii) a
market-based formulation that allows the interconnectors to operate independently to maximize
their revenues and iii) the methodology to account for complex inter-area synergies, typical
of power systems with a meshed network topology. This work is focused on developing a
comprehensive model framework that considers both operational and market advancements
within a multi-area system. Such setup can accommodate several realistic cases such as the

Great Britain (GB) - France -Ireland system or the potential development of a large multi-area

HVDC network in the North Sea and the Baltic Sea [108].

The main contribution of this Chapter are summarized as follows:

a. Extension of the novel modelling framework capable of accommodating the multi-service
(power and FR) operational paradigm for profit-seeking interconnectors in multi-area
power systems with a meshed network topology. The proposed Market Approach (MA)
methodology, which characterizes interconnectors as revenue-maximizing independent
agents, is compared with a traditional Centralized Approach (CA) where the intercon-

nectors are network regulated assets.

b. An effective enumeration method to numerically solve the Market Approach (MA) prob-
lem and determine the market equilibrium solution. This methodology allows to account
for all the nonlinear interplays between the relevant decision variables (in particular be-
tween prices and capacity allocation decisions) in a meshed network topology. The upper
bound on the approximation error of the proposed approach is expressed as a function of
the selected discretization step, allowing to achieve the desired trade-off between solution

accuracy and computational complexity.
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c. Simulative implementation of the proposed methodology on a representative model of the
multi-area GB-France-Ireland system. A comprehensive set of case studies is developed
to compare the Market Approach (MA) solution with the Centralized Approach (CA)
in terms of social welfare and of the potential system inefficiencies introduced by the
self-interested operation of the interconnector in the MA. The benefits of a multi-service
framework with respect to a power-trading-only approach are also estimated. Results
concerning the operation of the link between France-Ireland, currently under construction,

may serve as reference solution for its future operation.

The Chapter is organized as follows: Chapter 6.2 illustrates the main modelling features of
the meshed multi-area power system. Chapter 6.3 presents the mathematical formulation of
the CA and MA. The details of the proposed enumeration method for the MA resolution are
in Chapter 6.4. Numerical assumptions and relevant results are illustrated in Chapter 6.5.

Finally, Chapter 6.7 provides conclusive remarks and discusses ongoing and future work.

6.2 Modelling and Assumptions

The optimal multi-service operation of interconnectors is assessed considering an insightful
three-area power system characterized by a meshed topology. The schematic of the network
model is represented in Fig. 6.1, which is extended from Chapter 2. The topology configuration
is basic but highly representative, with meshed connections linking every area to its adjacent
counterparts. This model serves as the underlying framework for the in-depth investigation and
allows for a comprehensive examination of the interconnector dynamics and system performance
within the meshed network topology. Each area is modelled as an equivalent single-bus bar
network characterized by synchronous generation, renewable generation and inflexible demand.
All connections between areas are via HVDC interconnectors and no AC link is considered. It
follows that all areas remain asynchronous, i.e., the frequency dynamics in each area are all
decoupled. Moreover, a single-equivalent interconnector may account for all the links between

each pair of areas.
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Figure 6.1: Schematics of the multi-area power system with a mesh topology.

The multi-service paradigm keeps consistent with Chapter 2, and is adopted for managing the
interconnectors envisages the possibility to allocate the lines’ capacity to a twofold purpose.
It is assumed that the capacity of each link can be used for power exchange FP and for the
provision of primary FR, denoted by F", between connected areas. The former quantity F?
refers to actual inter-area power flows occurring during regular operation of the power system.
The latter term " pertains to FR exchanges which only occur in presence of a fault e.g. an
infrequent, large infeed generation loss in one area. As a result, an important consideration
for frequency services is that interconnectors maintain sufficient power margins at all times to
ensure the deliverability of the FR they have committed to. It is worth emphasizing that the
inter-area provision of FR via interconnectors would let the assets in a certain area contribute
to the local frequency regulation in the other areas, with no impact on the local frequency
dynamics. The delivery of FR support via interconnectors is designed to ensure that assistance
in frequency regulation is provided where it is needed without disrupting the local area’s fre-
quency equilibrium. Considering each area in Fig. 6.1 separately, it is reasonable to assume
that the points of connection of the two relevant interconnectors might actually be placed at
different geographical locations. Hence, this setup envisages the use of individual converters
and associated control systems. It follows that the directions of the power flows in each link can
be set independently. Furthermore, the direction of any power flow through the interconnec-
tors is driven by the price differential between the two areas; in general, power will flow from
the area characterized by a lower price towards the one with higher price. Given the strong

interplay between the price for electricity and the price for FR, both depending on the actual
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commitment and dispatch of the system, it is relevant to simultaneously optimize the allocation

of FP and F" of each link.

To this end, the impact of network topology on power flows is assessed by means of the asso-
ciated incidence matrix A. The number of rows of 4 equals the number of areas N, which are
indexed by ¢ € N with N' = {A, B,C'}. The number of columns of M equals the number of
links M which are indexed by m € M with M = {1,2,3}. The generic element A, ,, in the "
and m'™ column of A specifies whether the link m and the area i are connected, and can be

expressed by:

1 if area ¢ is the sending end of link m
Aim =4 -1 if area 4 is the receiving end of link m (6.1)
0 otherwise

By this convention, the incidence matrix for the network topology in Fig. 6.1 can be expressed
by the matrix A. The power exchange has a positive sign when occurring from area A to B

(Link1), from B to C (Link2) and from A to C (Link3).

A=|-1 0 1 (6.2)

The operation of the interconnectors is investigated under two different setups, the centralized

approach (CA) and the market approach (MA).
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6.3 Formulation

The CA is formulated to obtain a benchmark solution of the optimal operation of the inter-
connected system in Fig. 6.1. Under the CA, all interconnectors are operated as regulated
assets. The generation commitment and dispatch decisions in Area A, B and C and the ca-
pacity repartition of Linkl, Link2, Link3 are scheduled simultaneously by solving a centralized

security-constrained UC problem to minimize the total system operational costs.

In this thesis, the Unit Commitment (UC) is consistently presented as a deterministic, linear
programming optimization problem. To achieve this result, binary variables for typical on/off
commitment of generators are relaxed and formulated as continuous variables. In fact, the
commitment decisions of the generic technology = € X in area i can be expressed with H; , €
[0,1] which indicates the fraction of total generation capacity which is brought online. The
proposed UC is evaluated over the discrete time interval T, considering a time step At. However,
the formulation does not include inter-temporal constraints and it can therefore be solved
independently at each time step. On this basis, the time index is dropped in the rest of this

chapter for improved readability of the notation.

Furthermore, the UC considers the allocation of ancillary services to be deployed in response
to an infrequent, large infeed generation loss. The mutual allocation of IR and FR at each area
ensures that the local Rate of Change of Frequency (RoCoF), frequency nadir and the quasi
steady-state frequency deviation remain above specified thresholds, respectively. Synchronous
generators are the sole providers of IR. Since the areas are asynchronously interconnected,
it is not possible to exchange IR between areas. Hence, in case of a frequency event in one
area, there will be no support from the IR from other areas. Moreover, FR in one area can
be provided by the local synchronous generators and by the interconnectors connected to that
area. These assets are able to rapidly modify the actual inter-area power flow to provide FR and
alleviate the underfrequency condition. Other types of ancillary services, such as the second-
to-second frequency regulation in normal operation or other long-term contingency reserves are

not considered in this work.
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6.3.1 Centralized Approach (CA)

The decision variables of the UC problem correspond to the following set:

\IICA = U {Hi,azalj’i,xaRi,x?stFgl} (63)

ieN,z€ X VmeM

where N, X, M denote the set of areas, generation technologies and interconnectors, respec-
tively. For each area i € N and generation technology = € X, H; ,is the share of generation
committed capacity, P, the dispatch level and R, , is the allocated FR headroom. Moreover,
for each link m € M, FP? is the capacity allocated for cross-border power exchange, whereas

F’ is the capacity allocated for cross-border FR exchange.

The objective function F(Ve4) of the CA formulation is defined in the right-hand side of (6.4)
as the total system operation costs over a single time period. This corresponds to the sum
of two distinct components, multiplied by the considered time interval At: (i) the no-load
generation cost expressed as the product of ¢ ,[£/MWh] and the on-line generation capacity
Hi» Gia, and (i) the generation production cost, where ¢/ [£/MWh] and ¢, [£/(MW )?h]
multiply the dispatch level and its square value, respectively. Note that no explicit cost term is
included in the objective function for the provision of FR. In the case, for example, of generation

technologies, these costs are implicitly accounted for as the financial loss for increasing the on-

line capacity to maintain a certain power headroom for FR.

The UC problem under the CA is therefore characterized by the following optimization problem
(6.4)-(6.8):

min F(¥o4) = min At e Hiy - Gig+cl P+ - P? 6.4
( CA) Tea ZZ( 1,2 ) ) 1,T ) 1,T z,x) ( )

Yea
ieN zeX
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subject to:

> Pu— Y Aim-Fb =1L Vie N
zeX meM
0<H,<1 Vie NV e X
P.+Ri.<H, G, Vie NVzr € X
Ri@ Sri,x'Hi,:c'Gi,x VZGNVZBGX
Ri,az SSZ":C'(HZ"J;'GZ',I—PZ"x) VZENV.TGX
:ui'ri,x'Hi,x'Gi,xSPi,x VZENV-TGX
R > AG; — D; - L - Af Vie N
2AGZ“V1"Ui—ViQ'Ri—élAffoc-Ui-fIi§O Vie N
RZ:ZRi,I_ZAlm E; Vie N
reM meM
- 1
i = hig+ Hig - Gip — hiAG; Vie N
—F,<F.+F <FE, Vm € M

(6.5a)

(6.5b)
(6.5¢)
(6.5d)
(6.5¢)

(6.5¢)

(6.7a)

(6.7D)

(6.8)

Constraint (6.5a) enforces the supply/load balance in each area i € N. The synchronous

and renewable generation at each area can be higher/lower than the local demand L;, thus

accounting for the power exchanges over the interconnectors. Constraints (6.5b)-(6.5f) refer to
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technical capabilities of generators. For each area i € N, (6.5b) follows from the definition of
H,; . as the fraction of online generation capacity with respect to the total installed capacity
of technology z. The dispatch level and FR headroom are limited in (6.5¢) by the maximum
on-line power capacity H; , - C_?W. The FR allocation R; , is bounded by (6.5d), which considers
the maximum percentage headroom for FR, parametrized by 7; ., and by (6.5¢), which links
R; , to the dispatch level by means of the slope s; ,. Constraint (6.5f) aims at preventing trivial
solutions with large FR and zero generation output by imposing that P, is p; times larger

than the maximum available FR.

The frequency-related constraints (6.6) ensure sufficient allocation of IR and FR to maintain,
in case of a generation fault in any area i, quasi-steady-state frequency (6.6a), RoCoF (6.6b)
and frequency nadir (6.6¢) above specified thresholds. The mathematical formulation of these
constraints is presented in [82]. The equality (6.7a) provides a compact expression of the system
level FR required at area i, while (6.7b) denotes the allocated post-fault system inertia at area

i. Finally, (6.8) ensures that the capacity limits of the different lines are not violated.

6.3.2 Market Approach (MA)

Under the MA, a generic interconnector m € M is operated as an independent, profit-seeking
asset. It autonomously determines its capacity allocation in order to maximize the collected
congestion revenues ©,,. Such revenues are defined as the sum of two terms in (6.9). Denoting
by 7; the electricity price in area 7, the first term is the product between the power flow FP?
and the electricity price differential between the areas connected by the link m. The second
term extends this structure to the FR allocation F) and the corresponding differential of the

prices p; between the interconnected areas:

iEN iEN
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Given the meshed topology of the network in Fig. 6.1, the self-interested operation of a profit-
seeking interconnector may influence the formation of both the electricity and FR prices in all

system areas.

To accommodate the realistic scenario where cross-border interconnectors are typically regu-
lated transmission assets, the MA assumes that only one of the M interconnectors in Fig. 6.1
operates as a profit-seeking merchant asset, representing a potential future participant in the
market. This choice allows the investigation of the new proposed MA paradigm for a single link
m € M, focusing on the effect of its profit-seeking operation on the scheduling and economics
of the rest of the interconnected system. The rest of the assets forming the multi-area system

in Fig. 6.1 is thus managed in a centralized coordinated manner.

A. Integrated system operation under the MA
In order to compute the centralized optimal operation of the system while taking into
account the market-based operation of the interconnector m the UC methodology and
the associated optimization problem (6.4)-(6.8) in Chapter 6.3.1 are modified as follows.

The set of decision variables W 4 is replaced by:

Vs = U {Hiz, Piay Rie, B3, FL (6.10)

iEN,EX YmeM

The former decision variables F? and FZ of problem (6.4)-(6.8) are replaced by fixed
exogenous quantities F? and F". Constraint (6.8) is only evaluated for all m € M, where
M = M\{m}. As a result of these changes, it is possible to characterize the solution of
the UC and the associated electricity prices m; and FR prices p; as functions of the external
parameters F? and F", i.e. the operational decisions of the profit-seeking interconnector
m. In the subsequent analysis, the electricity price and FR are indicated as II(FP?, F")

and I'(F?, F"), respectively.

B. Maximization of the Congestion Revenues

In the considered MA framework, the independent profit-seeking link m determines in-
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dependently its capacity allocation on the basis of the price signals of the interconnected
areas in order to maximize the congestion revenues ©,,. In other words, if F? and F" are
fixed exogenous quantities for the modified UC problem, these are indeed the decision

variables in the revenue-maximization problem (6.11)-(6.12) solved by link m:

- P A r A )
max 6., anag At (Fm Z A -mi+ F), Z A pz) (6.11)
ieN ieN
subject to:
—Fp < FP 4+ F" < Fy, (6.12)

Constraint (6.12) accounts for the capacity limits of the link m. As in the previous
case, it is possible to characterize the optimal solution of (6.11)-(6.12) as a function of
the considered prices m and p, denoting the capacity allocation for power exchange and
FR provision as 7,(m, p) and 7, (7, p), respectively. Note that 7,(m, p) and v, (7, p) are
expressed as general functions of the system prices for compactness and simplicity of
notation. However, in practice, they only depend on the price signals of the areas j

connected by the self-interested link, i.e., such that A,z # 0.

. Characterizing the M A solution as a market equilibrium
On the basis of the analytical framework presented in the previous subsections, the solu-
tion of the MA can now be defined as the set of quantities (FP*,F"* 7*,p*) that fulfill the

following equations:

FP* =~ (7%, p*) (6.13a)
F™ = (7", p") (6.13b)
7 = TI(FP*, F™) (6.13¢)
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p* =T (FP* F™) (6.13d)

From (6.13a) and (6.13b), in the MA solution the capacity allocations of the self-interested
link are optimal for the price signals 7* and p*. In turn, conditions (6.13c) and (6.13d)
indicate that such prices are the ones associated to the solution of the UC problem when
the capacity allocations FP* and F™ are considered for the independent link m. In other
words, the MA solution corresponds to a competitive market equilibrium where each
player (i.e., the profit-seeking link and the rest of the system) cannot unilaterally change
its operational strategy in order to obtain a better payoff. An example of the interactions

arising between the different agents in the specific case of m = 3 is presented in Fig 6.2.

(g, ¢, P, PC)

The integrated power system

Inter-area Unit Commitment
(g, me) = H(gprﬁ;) !
(pg.pc) = T(F), Ff) Independent Interconnector
Link 3
Operation of the Interconnector
%;%Ep (¢ — 1) + F3 (pc= pi)

Subject to: (6.12)

(75, F§)

Figure 6.2: Interactions between the integrated power system and the independent merchant
interconnector (taking Link3 as example) under the MA.

6.4 Numerical Solution

Market interaction problems like the one formulated in Chapter 6.3.2 exhibit relevant nonlin-
ear interplays between the decision variables involved. For example, the congestion revenues
of the profit-seeking interconnector in (6.11) are expressed as the product of its capacity al-

locations and the price differentials for electricity and FR between two different areas. These
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prices depend in non-trivial ways from the optimal UC solution which, in turn, under the re-
alistic hypothesis of price-making interconnectors, is affected by their allocation choices. The
methodology in [82] proposed a direct resolution for this type of problems, characterizing the
price formation as a nonlinear constraint of the interconnector profit optimization, utilizing the

MATLAB Nonlinear Programming (NP) solver fmincon to calculate the desired solution.

The extension of this approach to the current more complex problem, which considers multi-area
systems with a meshed topology, is not straightforward. Depending on the chosen numerical
tolerances and problem parameters, the solver might not be able to provide a solution or return
solutions that vary sensibly with respect to the chosen initial conditions. This strongly hints
that, within the considered analytical framework, existence and uniqueness of the optimum

solution might not be guaranteed.

An alternative enumeration method has been adopted in order to numerically estimate the
market equilibrium solution. A grid of discretized values G is defined for the set of feasible

interconnector strategies. For a fixed discretization step AF', the grid G can be defined as

follows:
G:={(FF,F"): 3n, e N: FP = —F 4 n,AF
n, eN: F" = —F + n,AF (6.14)
—~F<FP+F <F}
(FP*, F"™) = arg max At (Ff,’Z Z —Aim T+ F), Z —Aim pi) (6.15)
(Fv.Fr)eG ieN ieEN
subject to:

—an < FP+ F" SFm
7w =II(F" F") (6.16)
p=T(F? F")
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Figure 6.3: Graphical representation of the proposed enumeration approach for the calculation
of the approximate market solution.

A graphical representation of the proposed method is in Fig. 6.3, where the candidate solutions
in the discretized domain G are represented as the projections of the discretized grid points
onto the continuous curve of the congestion surplus 6. Note that (FP*, F™) in (6.15) can be
calculated with a simple enumeration approach, evaluating the objective function for each pair
(FP,F") € G, with a computation complexity of O(1/AF?). Under the assumption of the
objective function in (6.15) being Lipschitz continuous with Lipschitz constant A, it is also

possible to provide an upper bound on the approximation error of the proposed approach:

0" — O(F7, ) < Y24, (6.17)

e

where © is the theoretical solution of the MA and ©(FP*, F™*) denotes the objective function
in (6.15) when evaluated at the approximate discretized solution (FP*, F™). The practical

implementation follows steps in Algorithm 6.1.
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Algorithm 6.1 — Enumeration method

1) Iterative evaluation:

- Enumeration counter:
k=0

for (FP,F") e G

-k+—k+1
- <F£>FI:)F(FP7FT)

- Solve the UC formulated in Chapter 6.3.2 with (F} and F})
as fixed input quantities and evaluate the associated prices
me = I(EY, Fy), pr = T(FY, FY).

- Calculate the congestion surplus © according to the expres-
sion in the right-hand side of (6.11):

end
end

2) Evaluation of optimal solution

- Find the index k* and associated solution (FP* F™) =
(F, ,fy F 4 ) that maximizes the cqllecﬁed congestion surplus ©:
O™, F™) > O(F, FY), V(I F)eG

- Return the approximated solution (FP*, F™*)
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6.5 Case Studies

The methodology proposed in Chapter 6.3.1 (i.e. the CA) and the novel formulation in Chapter
6.3.2 (i.e. the MA) have been successfully tested considering the GB-France-Ireland intercon-
nections. The characterization of the three power systems and interconnectors refers to possible
2030 low-carbon scenarios. The interconnectors between GB and France and between GB and
Ireland are currently in operation, while a first interconnector between Ireland and France is
under construction [109]. The selected GB-France-Ireland system is shown in Fig. 6.4. In ref-
erence to Fig. 6.1, the three meshed areas A, B and C mimic the GB, French and Irish system,
respectively. The rated capacity of the three links Fy =5GW, Fy = 1GW, Fy = 0.7GW is in
accordance with existing and planned infrastructure in 2026 [109], [110]. Two general types of

generation technologies are considered in the simulation:

a. Gas and nuclear generators are merged into a single synchronous technology, providing
IR and FR, considering a weighted average of their relevant technical parameters that

accounts for the relative penetration level of the two technologies in each power system.

b. Converter-interfaced wind generators in standard configuration, which are unable to pro-

vide IR and FR.

Figure 6.4: Graphical representation of the considered GB-Ireland-France case study.
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Figure 6.5: Wind and demand profiles in areas (a) GB (b) France (c) Ireland.

Table 6.1: Characteristics of synchronous and wind generation

Synchronous Wind
GB(A) France(B) Ireland(C) GB (A) France(B) Ireland(C)

Installed Capacity Gy . [GW] 65 85 8 40 15 4

FR headroom r, 0.1 0.1 0.1 - - -

FR slope s, 0.4 0.3 0.4 - - -
Constant of inertia hy ;. [s] 4 6 4 - - -

No load cost,c), , [£/MWh] 7 3.5 7 1 1 1
Cost, ¢y, [£/MWh] 50 20 50 2 2

Cost,¢’, [£/(MWh)?] 2.5e-3 5e-3 2.5e-3 le-3 le-3 le-3

Characteristics and parameters of generation technologies are listed in Table 6.1 [82], [44]. It

is worth emphasizing that the size of Irish system is significantly smaller than the other two.

The main primary source for synchronous generation in GB and Ireland is gas, whereas France
generation mix mainly consists of nuclear synchronous power plants. Thus, the generation
cost of synchronous units in France is lower than in GB. Overall, the ratio between wind and
synchronous installed capacity is lower in France than in GB and Ireland. The flow through
the interconnector is significantly affected by the mix of energy generation sources, loads and
RES level. Consequently, for this case study, we selected typical deterministic profiles for wind
and demand in each area to serve as reference results. These profiles are selected from [44] and

plotted in Fig.6.5.

The parameters of the frequency security constraints considered in the case study are selected
according to the national practice and frequency standard defined by the grid operators in
GB, France and Ireland. Based on [10], [111], [112], [113], the chosen numerical values are the

following:
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e Load-damping rate: D;=1/50s.

e Time window to assess the RoCoF: v;,=0.5s.

o Allowed frequency deviation within v;: f/°°=0.5Hz
e FR frequency time: 04=10s, op=15s, 0c=>5s.

e Maximum allowed frequency deviation at QSS: Af%*=0.5Hz, A f£*=0.2Hz,

AfI5° =0 5Hz.

e Maximum generation loss: AG4=1.8GW, AGp=1.5GW and AGc=0.5GW.

Simulations are carried out in MATLAB 2020b with an Intel(R) i7-7820X CPU, 3.6GHz pro-
cesser and 64 GB RAM. The numerical calculation of the solution for a single time period

requires about 0.35 seconds and 64.97 minutes for the CA and MA problems, respectively.

6.5.1 Focus on the France-Ireland Link - Base Case

The base case evaluates the operational choices of Link3 connecting France and Ireland under
the CA and MA paradigms. The focus on Link3 is interesting since this interconnector is still
under construction and the comparison between CA and MA may actually provide relevant

insights for the future development and management of the France-Ireland link.

The aggregate daily system operational cost and the congestion surplus associated to each
interconnector under the two approaches are compared in Table 6.2 and Fig. 6.6. In particular,
from the left to the right side, the bars in Fig. 6.6 illustrate the variation, in absolute terms,
between the MA and CA solutions referring to the overall system operational cost and the lines’

revenues. The numbers over each column express these variations in relative terms.

Results indicate only a minor increment (0.02%) in the system operational cost when imple-
menting the MA (blue bar). However, the switching to a MA allows the Link 3 to significantly

increase its revenue (+89% - grey bar) compared to the same result under the CA.
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Table 6.2: Daily system results

Daily operational cost (M.£) Daily link congestion surplus revenue (M.£)

CA MA CA MA
Linkl 11.142 11.117

154.41 154.44 Link2 2.567 2.759
Link3 0.273 0.516

The operational choices of Link3 under MA have a small impact on the revenues of the other
two links, with a 0.22% reduction and a 7.4% increase in the revenues of Linkl and Link2 with

respect to the CA (red and black bars, respectively).

Fig. 6.7 compares the repartition of the interconnector capacity between power flow FP and
FR F" in the CA and MA solutions. By convention, a positive sign refers to power flows
from GB to France (Linkl), from GB to Ireland (Link2) and from France to Ireland (Link3).
In the case of Linkl and Link2, F? and F" are generally negative quantities both in the CA
and MA solutions, implying that GB would often import power and procure FR from France
and Ireland. Especially during high demand periods in GB (e.g., from 6am to midnight - see

Fig.6.5), both links are almost fully used to support the demand in GB.

In the case of Link3 in Fig. 6.7(c), although relevant differences in operational strategies can
be noticed, the direction of flows is generally concordant in the MA and CA, implying that the
operation of the interconnector is highly driven by the system operational requirements. The

power flow F} changes its direction during the day. During the night (from 00:00 to 05:00), the

0.25

7.48%

0.2
0.15

0.1

0.05 0.02%

. - -0.22%

Variation between MA and CA [M£]

-0.05

W system operational cost  Mlink 1 revenue  Mlink 2 revenue  ®link 3 revenue

Figure 6.6: Daily variations in system operational cost (blue), link 1 revenue (red), link 2
revenue (black) and link 3 revenue (grey) between MA and CA. The numbers represent percent
variations.
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Figure 6.7: Interconnector capacity allocation for (a) Linkl (b) Link2 (c¢) Link3.

wind availability in Ireland significantly decreases (Fig. 6.5 (c)), and Ireland imports power
from France (positive FY). After 06:00, both demand and wind availability in Ireland increase,
the resulting cheaper local electricity prices reverse the power flow direction, and Ireland starts
to export power to France. However, the low demand level and relatively high wind power
availability in Ireland requires higher allocation of FR, locally. The exchange of FR availability
on Link3 remains always from France to Ireland. In this case, where the flows F} and F} have
opposite directions, the fulfillment of post-fault FR should be firstly met by the reduction of
negative F} from area Ireland to France, and then use the reserved the headroom (positive F})

from France to Ireland.

To better explain the different performance of the interconnectors in Fig. 6.7, the price differ-

entials between linked areas are introduced in Fig. 6.8. Note in Fig. 6.7 (c) how the capacity

{a) Link1 (b) Link2 (c) Link3
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Figure 6.8: Electricity and FR availability price differentials between linked areas (a) Linkl
(France-GB) (b) Link2 (Ireland-GB) (c¢) Link3 (Ireland-France).
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withdrawing (particularly in terms of FR allocation FY) performed by Link 3 in the MA leads
to a significant increase of the price differential between France and Ireland in Fig. 6.8 (c¢). The
different operational strategy of Link3 under the MA also impacts the interconnected network
operation on Linkl and Link2. The increase in power and the reduction in FR exchange from
France to Ireland at night (before 6 am) implies more power and less FR support from GB
to Ireland (Fig.6.7 (b)). The variation of capacity allocations of Link2 and Link3 affects the
scheduling of both the GB and France system, as well as the power flows between them. Hence,
a slight reduction in power flow F} and an increase in FR F] from France to GB during the
early hours of the day can be noticed in Fig. 6.7 (a). After 6 am, both Linkl and Link2 are fully
used for power transmission as the price differentials of power in Fig. 6.8 (a), (b) between these
areas are significantly larger than those of FR, becoming the dominant factor in determining

the capacity allocation.

6.5.2 Operation of Linkl and Link2 under MA

This section performs the analysis and comparison between CA and MA, already presented in
the base case of Section 6.5.1, for two alternative scenarios. In Case 1, the Linkl1 is selected as
the single interconnector operating independently in the MA solution (i.e.,,» = 1). Similarly, in
Case 2, is assumed that Link2 operates independently under the MA (m = 2). As in the initial
analysis presented in Section 6.5.1, each new case assumes that the rest of the power system
(with the exception of the independent link) is operated in a centralized manner through the
resolution of a single UC problem. The daily operational costs and revenues of the cases under

exam are shown in Table 6.3.

Table 6.3: Market-based operation on different lines

MA CA
Case 1 C(Case 2 Base case
Independent link Linkl  Link2 Link3 -

Operational Cost (M£) 154.72 15442  154.44  154.41
Link1 revenue (M.£) 11.321 11.150 11.117  11.142
Link2 revenue (M.£) 2.692  2.570 2.759 2.567
Link3 revenue (M.£) 0.266  0.313 0.516 0.273

162



The conclusion highlighted in Chapter 6.5.1 are still valid for the other two cases considered
here. Compared to the CA solution, it is possible to increase the congestion surplus of the
independent link by withdrawing part of its capacity at the expense of a higher operational
cost. The largest system operational cost occurs in Case 1 (+0.3M £ with respect to the base
case), i.e. when Linkl is the line operating independently under the MA paradigm. This is
due to the fact that Link1 is the line with the largest capacity and therefore has more margins
to withdraw power and FR provision in order to induce higher price differentials and increase
its line revenues when operating independently. As a result of this capacity withdrawing, price

differentials between GB and France will be larger.

In Case 2, Link2 (between GB and Ireland) is the line operating independently under the MA
paradigm. This interconnector improves its revenues only by 0.1% when compared with the CA
case, with a resulting increase in total operational cost smaller than 0.01%. In this case, the price
spreads between GB and Ireland are marginally affected by the change in operational strategies
of Link2. Linkl and Link3, which are coordinated by the centralized optimizer together with
the UC of the interconnected areas, are optimized to minimize power and FR price differentials
between GB-France, and Ireland-France. Hence, simply changing Link2 capacity allocation
strategy cannot significantly maximize the link profits. Note that the Link2 revenue in Case 2
is even smaller than in the base case and in Case 1, since the price differentials between GB
and Ireland may be impacted more significantly by adjusting the operation of the other two
links. The solution from MA in Case 2 is very close to the CA optimum, and the independent

Link2 only has a very small incentive to change its strategies.

6.5.3 The Value of Providing Inter-Area FR

This section analyses two additional case studies to assess the impact and additional value of the
envisaged multi-service paradigm for interconnectors that exchange both power and FR avail-
ability. The current traditional operational approach, which only envisages power exchanges in
normal operation of the interconnector (Case A), is compared to an alternative multi-service

operational paradigm (Case B). In this latter case, the two interconnectors that already exist
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in practice (Linkl and Link2) maintain a business-as-usual approach (power exchange only),
while Link3 allows simultaneous exchange of power and FR. Cases A and B are also compared
to the base case results analyzed in Chapter 6.5.1, where all the three links provide both power

and FR. Relevant results are presented in Table 6.4.

Table 6.4: System results in Case A and Case B relative to base case

Case Study  Operational Cost (%) Linkl revenue (%) Link2 revenue (%) Link3 revenue (%)

Case A CA +0.40 -8.06 +0.48 +36.23
MA +0.38 -5.30 -5.96 -26.75

Case B CA +0.23 -8.08 -6.14 -2.24
MA +0.23 -7.90 -5.32 +9.84

The Case A, where FR can only be allocated locally in each area and not exchanged over
the interconnectors, exhibits the highest system operational cost, with around 0.4% increase
with respect to the base case, both in the CA and MA. The revenues obtained by operating
Link3 under the MA are reduced by 26.75% with respect to the base case. This demonstrates
that the simultaneous exchange of power and FR availability not only allows a more efficient
system operation but can also represent a significant source of additional revenues for privately-
operated lines. It should be emphasized, however, that the FR revenues in the MA depend on
the topology of the grid and the characteristics of the interconnected areas. For example, in
the considered setup, the revenues collected by Linkl and Link2 are reduced only by about 5%

when exchange of FR availability is not considered.

These considerations are further supported by Case B, which envisages a multi-service operation
only for Link3 and represents an intermediate scenario between the business-as-usual operation
of Case A and the novel paradigm analyzed in the base case. In the Case B scenario, the
increased flexibility in the operation of Link3 reduces the system costs with respect to Case
A. However, these remain 0.23% higher than in the base case where full operational flexibility
of all the lines is considered. Operating Link3 under MA, in this case, produces the highest
revenue among all three scenarios, since Link3 can exploit the competitive advantage of being

the only line capable of providing FR to its interconnected areas.
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6.6 Discussions

Under the realistic GB-France-Ireland cross-border interconnected power system, the assump-
tion is made that the connection points of different links in the same system may have different
geographic locations. Therefore, they are equipped with different control systems and no co-
operation is required. This configuration is suitable for the system linked by the independent

merchant interconnectors, where one’s control and operation are independently of one another.

Another modelling framework considering meshed topology is commonly adopted as the HVDC
network, in which the two or more links are sharing the same connection node. In this scenario,
the controlling methodology might change. For example in [114] in the context of long-term
transmission planning, it is necessary to explicitly include the HVDC nodal voltages as decision
variables to properly express and univocally define HVDC power flows in a meshed network. In
fact, the HVDC power flow between two generic nodes may depend on the difference between
the squared values of the corresponding nodal voltages. Hence, the introduction of voltages as
decision variables may require the inclusion of quadratic constraints in the optimization prob-
lem. A wide range of approximation and linearization techniques (e.g. linearly approximated
power flows in [114]) is available to facilitate the extension to meshed networks and different
computational methods and solvers can be utilized to obtain a solution in these more complex

scenarios.

6.7 Conclusions

This Chapter presents a novel methodology to assess the optimal operation of interconnectors in
multi-area power systems with a meshed topology. In the considered framework, each link can
simultaneously allocate its available capacity for power flow exchanges between the connected
areas and provision of FR. This approach promotes a more efficient inter-area utilization of the
low carbon resources (e.g. wind generation) whilst guaranteeing secure post-fault frequency

dynamics in each area under low inertia scenarios.
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The operation of the interconnectors is studied under two paradigms. The first traditional ap-
proach, proposed as benchmark solution, envisages interconnectors that are centrally operated
to minimize the total multi-area system operational costs. The second market approach models
instead the interconnectors as profit-seeking agents that autonomously determine their oper-
ation in order to maximize their congestion revenues. By strategically withdrawing capacity,
interconnectors under the market approach induce higher price differentials between the linked
areas and thus increase their collected line revenues. The numerical complexities associated
to the evaluation of the market solution in meshed networks have been overcome by means
of a simple but yet effective enumeration method which provides an approximated numerical

solution.

The novel methodology has been applied to the realistic case study of a three-area meshed
network which mimics the power systems of GB, France and Ireland. Results have shown that
the profit-seeking behavior of a merchant interconnector tends to maximize its revenues by
withdrawing capacity and increasing price spreads between the interconnected areas, leading
to relevant increments in the collected revenues. Nonetheless, this mechanism is responsible
only of a minor reduction of the total social welfare. For this reason, the proposed merchant
approach can indeed represent a valid alternative to traditional centralized paradigms. The im-
plementation of a market-oriented framework may realistically enable better scalability, higher

robustness and improved efficiency with partial information.

Two elements stem from the considerations above. First, the game-oriented formulation of the
MA ensures that no single interconnector can improve its revenues by further increasing its
capacity withdrawing. In other words, barring collusions between players, the negative impact
of market interactions on the overall social welfare will not exceed the one in the presented
assessment. Second, the considered scenarios already refer to merchant interconnectors with
a significant market power; no other line in fact operates between the interconnected areas
and they have a significant amount of available capacity to be allocated for power exchange
and FR. At first glance, under the considered assumptions, it is reasonable to infer that, in
future realistic scenarios, the market power exercised by the interconnector will be comparable

to the one considered in the present assessment and the same will hold for the impact of
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merchant operation on the overall social welfare. However, this result calls for a detailed
investigation in future works, possibly considering in an explicit manner also the competition

between interconnectors and other flexible assets.

Moreover, if one considers single interconnector switching from a centralized to a market
paradigm, the magnitude of the associated line revenue increment is significantly impacted
not only by the rated capacity of the considered link, but also by the sizes and generation
features of each area. Due to the meshed network topology, the self-interested operation of a
merchant link may not only increase its revenue but also boost the congestion surplus associated

to other centrally-coordinated links.

Overall, the assessment of the methodology and the results presented in this work suggest a
relatively small impact of merchant paradigms on the actual social welfare. This metric can
represent a useful indication in the development of new and ad-hoc policy and regulation mea-
sures regarding the most suitable schemes and frameworks for the realization of interconnector

assets.

Finally, the comprehensive case studies quantified the additional value of operating intercon-
nectors in order to provide inter-area FR, compared to traditional paradigms based on the sole
exchange of power during regular operation. The insights of this paper provide strong evidence
for a review of the current techno-economic operational paradigms of interconnectors, opening

up to a multi-service allocation of interconnection capacity in a competitive market framework.

6.8 Future Works

The proposed modelling framework is being extended to accommodate more complex scenarios,
considering larger networks and an increased number of interconnectors. To this end, the efforts
will focus on enhancing the scalability and performance of the proposed methodology, improving
the current enumeration approach or implementing alternative numerical techniques to ensure

a timely and efficient computation of the solutions.
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Future work will also quantify the impact of the market power of profit-seeking interconnectors
on system efficiency under a wider range of conditions. This will be achieved by analyzing the
competitive interactions between multiple merchant interconnectors. Similarly, the proposed
approach represents the basis for quantifying the competitiveness of other flexible technologies,
such as demand side response, storage and synchronous compensators, with respect to mer-
chant interconnectors. Moreover, the deterministic formulation in this work could be extended
with stochastic features and take into account different types of uncertainties, associated for
example to the RES output or to the availability of interconnectors and generators. The opti-
mal repartition of the interconnection capacity will also consider additional ancillary services,

such as operational reserves or capacity market outcomes.

A more comprehensive model will consider the costs associated to network losses in the opti-
mal scheduling process. Furthermore, the current model considers inertia provision only from
conventional synchronous generators. Future work will assess the possibility by wind turbines
of contributing to system security by providing synthetic inertia. Finally, aside from the con-
sidered short-term operation, the long-term interconnector planning and investment problem

will also be analyzed from both system and market perspectives.
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Chapter 7

Conclusions and Future Works

7.1 Conclusions

This thesis focuses on the evaluation of the value of the flexible operation of the cross-border
interconnector in the low-carbon modern power systems, especially in the context of increas-
ing demanding for FR services. To this end, the research directions includes, 1) coupling the
inertia-dependent FR service into the interconnector energy exchange operation, 2) proposing
and quantifying the market-based operation of the merchant interconnector in the competitive
market, 3) analysing the impact of variability from the demand and intermittent RES gener-
ations on the multi-service operation of interconnector under different market frameworks, 4)
integrating the flexibility from the demand side and exploring the synergies and interaction
between the TCLs and the interconnector in offering different levels of flexibility, 5) extending
and assessing the multi-service paradigm and market operation under more complex, realistic

meshed networks. The conclusions from each technical chapter are summarized as follows:

I. Operational frameworks
One of the pioneering contribution in this work is the development of the multi-service
framework for the interconnector which is not only operated for the conventional energy

trading, but facilitates the exchange of frequency services as well. This innovative step
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I11.

recognizes that the interconnector can function more than just the transmission asset to
transfer the power to leverage diverse-located generation. They can also serve as the flex-
ibility assets that contribute to both efficiency and security of the power system. Chapter
2 deduces the analytical centralized formulation as the Centralized Approach (CA), with
the inertia-dependent frequency constraints to guarantee the post-fault frequency devia-
tion level within the secure criteria. Case studies quantify the value of the multi-service
interconnector in reducing total system operational cost, reducing wind curtailment and
improving facility’s efficiency. These contributions are amplified in the future low-carbon

landscape with high-RES penetrations, and more interconnectors integration.

Market perspective and competition

The thesis further progresses by proposing the novel market-based operation paradigm
of the interconnector. In this new mechanism, the interconnectors actively participate
in the market clearing as the profit-seeking entities that autonomously determine their
operation in order to maximize their congestion revenues, instead of being treated as the
passive transmission component which is managed centrally for the purpose of the whole
interconnected power system. The principle of the market-approach is more aligned with
the operation mechanism in the liberalized power market. As demonstrated in Chapter 3,
the independent merchant interconnector modelled as the price-maker as the Market Ap-
proach (MA), and the performance is compared to the benchmark CA solution presented
in Chapter 2. It has been demonstrated that, by strategically withdrawing capacity, in-
terconnectors under the market approach induce higher price differentials between the

linked areas and thus increase their collected line revenues.

Impact of variability

By adopting the sampling-based method, the significant aspect in the low carbon system,
the net demand level, has been further explored for its influences on the interconnected
system. The thesis compares the impact of wind and demand variability on the short-
term behaviour of the interconnector operation between the centralized an market-based
operation framework. Compelling case studies in Chapter 4, under different combination

of sampled seasonal wind and demand profiles in GB, provide substantial indications
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of how the variability in renewable energy and demand level affect the interconnector
strategies and related revenues when it operates as the regulated asset and the merchant
asset. The findings indicate a strong correlation between the behavior of the merchant
interconnector and the net demand level in Great Britain. In scenarios characterized by
high wind availability and low demand, the merchant interconnector, which is capable
of offering multiple services, tends to reduce its capacity for energy exchange in favor of

pursuing self-profit.

Interaction among flexibility across multiple dimensions

This thesis further builds the model integrating flexibility from different dimensions, in-
cluding the generation side, the transmission side, and also the demand side. The demand
side aggregated TCLs, capable of energy arbitrage and providing FR, has been equivalent
to the leaky storage model to be embedded in the optimization formulation. Comparative
case studies in Chapter 5 offer the deep understanding of the synergy and competition

between the interconnector operation and the demand side response under CA and MA.

Simulations quantitatively demonstrate the mutual contribution of flexible operation of
TCLs and interconnector in improving the system benefits and efficiency. Beyond inves-
tigating the value of the interconnector and TCLs as regulated assets, the thesis further
ventures into the market dynamics when the two types of assets join the market clear-
ing as independent profit-seeking agents in the competitive market. The inclusion of the
market-based, flexible TCLs impacts the local electricity and FR prices, restricting the
capability of the business interconnectors to optimize their strategies for maximizing the
revenue. The symbiosis between the interconnector and the demand side response, pave
the pathway for the future development of the merchant interconnectors with understand-

ing interplays among multi-layer stakeholders from power systems.

. Extension to the multi-area model under meshed network

Finally, the last research topic is the extension of the model from a single-link, two-
area power system, to the multi-area power system connected in the meshed topology.

The tapestry of interconnectivity among power systems allows the sharing of resources
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over a wider geographic scale and amplifies the benefit that the interconnectors could
bring. However, the meshed network model also introduces another layer of complexities,
especially in considering their market interactions and in finding the market equilibrium.
The interdependence among the interconnectors in the meshed network, requires the

independent merchant interconnector to hold a more holistic view of the system dynamics.

This chapter adopts the three-area, meshed connected Europe power systems as case
study, offering valuable insight into the applicability of the multi-service interconnector
under both centralized and market approach. In Chapter 6, the simple but yet effec-
tive enumeration method helps capture the nonlinear interplay between relevant decision
variables in the meshed network and avoid the numerical complexities in evaluating the
market solution. Results have shown that the profit-seeking merchant interconnector
tends to maximize its revenue by withdrawing capacity. The analysis reveals that un-
der a game-oriented market allocation, no individual interconnector can increase profits
by further reducing its capacity, thus limiting negative impacts on social welfare. The
scenarios studied involve powerful merchant interconnectors with no competition in their
operating areas, suggesting the significant market power and impact on social welfare.
Moreover, the business behaviour and the line revenue of the interconnector is not merely
affected by its own capacity rate. The size and characteristics of the linked power systems
and their scheduling status, have significant impact on the magnitude and increment of
the link profit. In turn, the self-interested behaviour of the merchant interconnector has

the potential to boost the congestion surplus collected by the other regulated links.

In conclusion, the proposed multi-service framework for the interconnectors plays a significant

role in facilitating the transition to the more cost-efficient low-carbon power system. The inter-

connectors enhance social welfare by enabling a mutual exchange of resources between systems

with different characteristics and generation portfolios. These benefits can be maximized in the

CA, providing the most economical solution for the system operation. However, these benefits

are marginally reduced in the MA where the interconnectors operates as the self-interested

profit-seeking entities.
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With the ongoing competitiveness in the electricity market, the MA is expected to be more
common in the future. In the MA, the interconnectors operate as merchant entities and can op-
timally profit from the congestion surplus. When compared to the CA solution, the MA might
in principle correspond to slightly lower social welfare, caused by their decision to withdraw
capacity for higher revenues. However, the drawbacks of MA are compensated by advantages,
such as better scalability, improved efficiency with partial information and greater robustness.
In addition, the existing scenarios account for a merchant interconnector possessing a substan-
tial amount of capacity and market power. The evaluation of the methodology and findings in
this study indicates a relatively minor effect of merchant paradigms on actual social welfare. It
is reasonable to infer that the market power exerted by the merchant interconnector and the
impact on the overall social welfare will be comparable to the present assessment. Notably, in
the cross-border trading, the CA bears more limitations in aggregating details of generation

portfolios from different counties, providing efficient large-scale calculations.

The incentives for the transition from the centralized to market-based operation are influenced
by various factors, as evidenced by the findings in Chapter 4 to Chapter 6. These chapters high-
light the impacts from the RES variability, the interplay between additional market flexibility
provider, and the complexities introduced by the meshed network topology. The market-based
merchant interconnector has more incentives to improve the line revenue, in the condition of
low net demand (high RES), and less competitions. When the interconnector is involved in
the multi-area system connected in the meshed topology, the magnitude of the associated line
revenue increment is impacted not only by the rated capacity of the considered link, but also
by the sizes and generation attributes of each connected area. The meshed topology poten-
tially allows the self-interested behaviour of a merchant link to simultaneously increasing the
congestion surplus both of their own and of other centrally-coordinated links. Comprehensive
case studies in this research can serve as a valuable guide in creating new and specific pol-
icy and regulatory measures concerning the most appropriate schemes and frameworks for the

development of interconnector assets.
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7.2 Future works

This thesis lays a strong foundation for the further expansions in multiple directions. Main

possible extensions are summarized as following:

I. From the flexibility perspective:
Firstly, the role of the interconnector can be enhanced to provide extensive ancillary ser-
vices, which are crucial for maintaining system stability and reliability. These services
include such as reserve capacities and dynamic frequency regulation, positioning the in-
terconnector as a highly flexible asset within the grid. To meet the multi-service intercon-
nector target, substantial advancements are necessary in several key areas of the power
system infrastructure, including sophisticated control systems, communication networks

to meet the evolving service requirements.

The Multi-Purpose Interconnector (MPI) is emerging as the next-generation solution in
interconnector technology, enhancing operational efficiencies far beyond traditional mod-
els. Unlike conventional interconnectors that solely facilitate electricity sharing between
countries, MPIs allow clusters of wind farms to directly connect to the interconnector
itself. This integration significantly boosts operational efficiency. The benefits of MPIs,
including their enhanced flexibility, have been widely recognized and will be further ex-

plored in the next step.

II. From the modelling perspective:
With the prevalence of the renewable resources, accompanying by increasing uncertain-
ties, and the availability of the existing assets, the stochastic model will offer higher value
to the efficient and accurate scheduling. More comprehensive stochastic models can ex-
plicitly account for the random nature of RES, as well as potential failure rates of system
infrastructures. By simulating various possible outcomes, based on the specific scenarios
and available information, the optimization can further consider the proper methods in-
cluding robust optimization, Monte Carlo Simulation, chance-constrained optimization,

scenario-based optimization.

175



I11.

IV.

VI.

From the planning perspective:

In addition, this thesis focuses on the short-term operation of the interconnector, high-
lighting the operational functionality and efficiency. While the planning and investment
are significant aspects for the future development of the interconnector grid. Specifically,
the market-based model for the investment and planning offers substantial values for the
privately constructed merchant interconnectors. The future work will be extended to
the long-term investment problem, balancing the incentives and risks associated with the

both the regulated and private investment.

From the market perspective:

The liberalized modern power system, encourages the competitive interactions among
different stakeholders in the power system and achieving higher market efficiency. The
agent-based model in this work looks into the interaction between the business behaviour
of the interconnector. Future works can be extend to the discussion on the interconnector
under one or different stakeholders. Another research direction is expected to consider
the competitiveness of the interconnector against a wide range of demand side response,

and also the profit-seeking generator companies from the supply side.

. From the methodology perspective:

The market interactions among players in the competitive power system, are captured
using the agent-based modelling, which is characterized by the difficulties in capturing the
complex, nonlinear interactions. Along with the increased complexity in power system
structure and active market players, the agent-based model faces challenges in increasing
problem complexity and computational complexity. The advancement in the analytical
model and methodologies are required. With the significant progress in the field of ma-
chine learning, the data-driven approach appears to be the alternative efficient method

to solve the multi-agent problem under the competitive environment.

From the low-carbon perspective:
The future work is expected to include a wider range of low carbon scenarios. The con-

tribution and benefit of the flexible interconnector will be explored in greater depth,
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especially in the context of linking the multiple low-carbon power systems characterized
with diverse RES, such as wind, solar photovoltaic, hydropower, etc,. These technologies
leverage the clean energy from different geographical, meteorological, environmental ad-
vantages. The advantages of multi-service interconnector is anticipated to amplified and

bring higher values in transition towards future low-carbon power systems.
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