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ARTICLE INFO ABSTRACT

Keywords: The rise of Local Energy Markets (LEMs) and increasing local flexibility present a key research question: How
Decision analysis do local flexibility and LEM operations impact merchant-regulated transmission investments? This paper intro-
Transmission investment duces a novel tri-level framework to integrate local market dynamics into transmission investment decisions.

Local energy markets
Flexibility
Tri-level optimization

The framework models the sequential operations of the WSM and LEMs, adhering to their respective network
constraints, and includes a regulatory mechanism that incentivizes profit-driven Transmission Companies
(Transcos) to make social welfare maximizing investments while accounting for local refinement costs. The tri-
level optimization problem is asymptotically approximated by a mixed-integer second-order cone programming
problem. Our findings from three case studies reveal that the provision of local flexibility substantially
reduces reliance on conventional energy generation supplies. Additionally, transmission investment decisions
are influenced by the levels of flexible generation and consumers, while adhering to network constraints.
Moreover, the tri-level model enhances Transcos’ awareness of the sequential interactions between the WSM
and LEMs, enabling them to make investment strategies that are responsive to the changing dynamics of local
markets.

1. Introduction

Over the last few decades, the power system paradigm has undergone significant changes as distributed energy resources (DERs) have rapidly
been adopted [1], including renewable resources, electric vehicles, and flexible loads. These resources are primarily located in local distribution
grids and have led to a significant increase in local flexibility [2]. As a result, passive consumers have transformed into prosumers who can modify
their energy usage patterns to provide local flexibility services [2]. To address the intermittent and fluctuating nature of DERs, local energy markets
(LEMs) have emerged as a platform for active prosumers and non-active consumers to trade energy in the distribution network [3]. Recently, many
studies have focused on designing decentralized energy trading platforms, such as peer-to-peer energy markets [4-6] and transactive energy systems
(see the definition in [7]), with the goal of incentivizing local flexibility and coordination between prosumers, primarily for creating operational
value. However, there is still a lack of research on the impact of LEMs on transmission system planning, as reviewed and discussed in [8].

The coupling between the Wholesale Market (WSM) and LEMs can be broadly divided into designs based on the WSM Locational Marginal
Prices (LMP) signal [9-13], the interface flow between transmission and distribution (T&D) networks [11,13,14], and bidding prices [12]. For
instance, Schmitt et al. [9] proposed different LEM configurations, responsive to the WSM LMP signal, and Lezama et al. [14] introduced a
LEM framework with a cascading coupling to the WSM. However, despite the detailed modeling of local operations and interactions with the
WSM, some approaches such as Schmitt et al. [9], Lezama et al. [14] and Lezama et al. [15] fail to account for distribution network constraints,
potentially leading to impractical energy trading outcomes. To address this issue, several studies have incorporated optimal power flow techniques
for distribution networks, such as second-order cone programming (SOCP) [13] and LinDistflow [16]. Nevertheless, only a few studies have focused
on the integration of LEMs into transmission investments, taking into account their coupling to existing markets. For example, recent research
by Fuentes Gonzalez et al. [17] highlights the growing significance of local market operations and community energy initiatives in generation
and transmission expansion planning, utilizing biform games and linear production games frameworks. Liu et al. [12] considered the coordinated
operation of transmission and distribution networks, with the upper-level transmission system operator (TSO) problem determining dispatch and
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Fig. 1. The proposed tri-level framework.

investment decisions. Alvarez et al. [16] formulated the operation of the Distribution System Operator (DSO) grid and microgrids as a bilevel
framework, with the TSO also acting as the centralized planner, operating and planning the transmission network. However, prior studies [12,16,17]
adopt a centralized transmission planning paradigm. In contrast, our paper adopts an alternative approach, examining a transmission investment
framework that combines merchant and regulatory perspectives.

Merchant transmission investment represents a significant stride towards the deregulation and liberalization of the electricity industry [18],
and has been adopted in Australia, Argentina, and Brazil [19]. Nonetheless, ongoing discussions persist regarding the potential of merchant
investment to achieve equivalent levels of social welfare compared to centralized planning [20]. To this end, the merchant-regulated investment
model is proposed and is a promising approach for transmission companies (Transcos) to invest in transmission infrastructure with profit motives
and regulatory compliance [21]. This model allows for the Transco’s private initiative, planning, ownership, and execution of investments with
regulatory incentives, providing several benefits to Transcos [22]. The H-R-G-V (Hesamzadeh-Rosell6n-Gabriel-Vogelsang) mechanism proposed
in [22,23] is an incentive merchant-regulated mechanism to promote efficient investment in transmission infrastructure while assuring social
welfare maximizing. This mechanism is based on price-cap regulation [24] and surplus subsidy [25], which provides economic incentives to
Transcos to invest efficiently by compensating a regulated incentive fee depending on their contribution to economic benefits from their investment.
Furthermore, subsequent research [26] extended the H-R-G-V mechanism by incorporating future generation resources such as wind generation
and battery storage systems. This extended approach further enhances the efficient jointly optimal investments in large-scale battery-storage, wind-
generation, and the transmission network. Despite considering renewable generation, local market operation and the impact of flexible generation
located in local grids were not addressed both in [26] and previous research [22,23,27,28]. This transformation necessitates a game-theoretical
framework that can effectively manage network expansion planning while accommodating the rising local flexibility.

The key contributions of this paper are threefold. First, this paper contributes to the field of transmission network investment by introducing
an innovative merchant-regulatory mechanism based on the H-R-G-V framework, which considers local market operations and acknowledges the
inherent lumpy nature of transmission investments. The proposed mechanism provides an efficient solution that accounts for LEMs refinements
while maximizing social welfare. Second, the interaction scheme between the WSM and LEM is integrated into the transmission planning problem,
enabling both flexible and non-flexible users to coexist in local grids while ensuring transmission and distribution network constraints are complied
with. This model is a tri-level optimization and is reformulated as a Mixed-Integer Second-Order Cone Programming (MISOCP) problem. Finally,
our tri-level optimization framework effectively captures the sequential interactions between the WSM and LEMs. Unlike traditional transmission
planning models that often overlook local market dynamics, our approach integrates local refinements and flexibility into the decision-making
process, reducing the risks of over- or under-investment in transmission assets when LEM operations diverge from the initial WSM nominations.

The rest of the paper is organized as follows: Section 2 presents the problem formulation and Section 3 introduces the tri-level optimization
and its reformulation as a MISOCP problem. Results for case studies are given in Section 4. Lastly, Section 5 concludes the paper.

2. Problem formulation

In this section, the general tri-level framework and assumptions will be explained in Section 2.1. The mathematical model for the three levels
of the problem will be illustrated in Sections 2.2, 2.3, and 2.4. Lastly, a comprehensive discussion of the tri-level model will be presented in
Section 2.5.

2.1. The tri-level framework and model assumptions

Fig. 1 depicts a tri-level block diagram that outlines the interaction between the Transco, the WSM, and LEMs. The upper-level problem
corresponds to the long-term transmission investment problem, while the middle-level problem corresponds to the WSM clearing. Finally, the
lower-level problem pertains to LEMs clearing.

In this paper, we assume that local resources can effectively participate in the upstream market by aggregating through a non-profit entity
known as the Local Market Operator (LMO). The LMO represents local users and submits local offer/bid curves to the WSM on their behalf,
thereby enabling them to either buy the required energy or sell their excess energy to the upstream market. The WSM is cleared to maximize the
social welfare, considering bids and offers from upstream Generation Companies (GENCOs), Transmission Network Loads (TNLs), and the local
offer and bid curve. Upon clearing the WSM, several variables are determined, such as the power produced by GENCOs, the accepted demand for
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TNLs, transmission line flows, market prices, and the nominal import/export active power between the upstream network and the local network.
This WSM clearing and interactions are referred to the first stage. In the second stage, local flexible users will revise their bids and offers based on
the new forecasts. The LEMs are cleared by the LMO to determine the assigned quantities and local nodal prices. We assume that imbalance costs
are levied on the acquisition of active power that deviates from the initial dispatch determined in the first stage. This initial dispatch is referred
to as the nominal dispatch in the subsequent sections.

Similar to the work of Lezama et al. [15] and Paredes et al. [29], this study employs a sequential framework where the LEM is modeled as a
phase that occurs after the clearing of the WSM. Our approach begins with the aggregation of local bids into the WSM, ensuring more accurate
market conditions and determining the desired power injection and consumption across both upstream and local levels. By first allocating resources
on a larger scale through the WSM, the model ensures that the most cost-effective energy sources are utilized. This step is crucial as it determines a
baseline/nominal dispatch for further local refinements. Subsequently, the LEM refines local allocations with respect to the nominal dispatch, focusing
on matching the updated local supply with local demand while considering the network constraints. We also assume that consumers are price-takers
who do not have sufficient market power to strategically influence prices, with the relaxation of this assumption left for future work.

There exists a market structure where LEMs are cleared before the WSM, which can also be integrated into our tri-level framework. This bottom-
up approach enables local entities to efficiently manage their resources, with the outcomes of LEM clearances directly influencing subsequent WSM
operations. However, we have chosen a WSM-then-LEM sequence because it enhances the co-optimization of resources across the transmission
and distribution levels in the WSM stage. Our approach prevents inefficient dispatch scenarios where transmission-connected resources might not
compete effectively with those at the distribution network level. However, there is an interesting research question regarding the impact of market
clearing sequences on upper-level transmission investment decisions, which we intend to explore in future work. Nevertheless, this paper is the
first attempt to model the sequential operations of national and local markets in merchant-regulated transmission network planning, demonstrating
the critical role of flexibility in local grids and dynamic market conditions on transmission investment decisions.

This paper assumes that traditional non-flexible consumers and active participants equipped with DER technologies coexist in the local
distribution grids [30]. The flexible participants are capable of adjusting their consumption and generation patterns and providing services to
the upstream grid. To model power flows in high voltage (HV) transmission networks, the proposed framework employs the DC optimal power
flow (DC-OPF) approximation [31], while SOCP relaxation methods are utilized to model power flows in medium voltage (MV) and low voltage (LV)
distribution networks [32]. In the absence of sufficient conditions, the second-order cone constraint may remain binding in specific instances, yet
this scenario does not universally guarantee exactness. The implementation of an ex-post procedure for feasibility recovery [33] will be subject to
future research. In this paper, reactive power is not taken into account in the transmission network, while it is explicitly modeled at the distribution
level. We assume that reactive power can be imported/exported from the point of common coupling (PCC).

In this study, we align with the perspective that ‘network expansion investments are likely to be lumpy,” as discussed in [34]. This concept was
substantiated through a detailed analysis of merchant investments, with a focus on practical challenges encountered in real-world scenarios. The
concept of ‘lumpy expansion’ indicates that power line capacity expansion are restricted to specific, discrete increments, rather than arbitrary
values, as detailed in [30,35]. Our methodology applies this concept to candidate line expansions. We introduce the set f,, j» Tepresenting the
capacity ratings for candidate lines /.

2.2. Middle-level problem: WSM clearing

The middle-level problem is a standard WSM clearing problem, taking into account the aggregated local bid curves. The WSM clearing problem
is specified in Problem (1).
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The objective function of the WSM clearing problem (1a) is to maximize the social welfare. Nodal power balance in year ¢ and operation period s
is modeled by (1b) and (1c). Eq. (1b) defines the active power balance constraints for transmission network nodes which are not directly connected
to distribution networks, i.e., Vb € B\ B"". On the other hand, the power balance constraint is modeled in Eq. (1c) for the case where there are local
grids connected to transmission node b, b € B'™. The dual variables , ; , associated with these two constraints are the WSM clearing prices according
to the marginal pricing scheme. Constraints (1d) to (1g) impose maximum and minimum quantity limits for aggregated generation, aggregated
demand, GENCOs and TNLs, respectively. Constraints (1h) to (1j) define the active power flow and set the flow limit of the transmission line /. The
binary variable bel i is the lumpy expansion decision determined in the upper-level problem. The product },;c, ¥ ics bel ,-F’, ; determines the
selected amount of lumpy expansion from 7 € {2, ...t} where ¢t € T since the investment decision is irreversible. (1k) and (11 define the range of
voltage phase angle of transmission bus b. The reformulated WSM clearing problem is presented in Appendix C, which provides a representation

of the aggregated local supply curves C:’fi(g:’fi) and demand curves U8 (d7%%).

2.3. Lower-level problem: LEMs clearing

The lower-level problem (2) concerns the LEMs clearing process, which involves determining the local dispatch and prices based on the nominal
dispatch obtained from the WSM clearing results.
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The objective function (2a) maximizes the local social welfare while accounting for the active and reactive power trades with the transmission grid
at the substation level. A penalty term M |p, o, — (d,%}" — g/$3")| imposes an imbalance cost on the active power injection p, , that deviates from
the nominal dispatch dffi* - gffi*. The revenues (or costs) from selling (or buying) the excess (or deficit) reactive power g, , at the slack bus are

computed based on the price ct"s 0’ Constraints (2b)—(2c) define the active and reactive power injections for Vn € W b+ of the local market connected

to the transmission bus b, b € B". Constraints (2d) and (2e) enforce Kirchhoff’s first law, where the sum of power inflows and outflows should
be equal to the power injection for active and reactive power. Egs. (2f) and (2g) impose the limits on active power flows over the distribution
line, where parameters F; ;o and F;;, set the maximum power flow leaving node i and j over the line (i, j) € L, respectively. Constraint (2h)
enforces the voltage magnitude for dlstribution node i € N b+ . Eq. (2i) is a technical constraint to ensure that the obtained power flows are exact
(see Lemma 2 in [32]). Eq. (2j) ensure the Hermitian property of the matrix W {t,s, i, j, b}. Egs. (2k) and (2]) state the limits for voltage auxiliary
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variables, and Eq. (2m) is a second-order cone constraint to ensure the positive semi-definite property of the matrix W{t s,i,j,b} [30] The dual
variables associated with Wt”w . Wtw p Wisiin = Wisjin/2 and W, + W, ;;,)/2 in (2m) are ;1”, s ER r[t“ b, €ER ’7;5, » € Rand
Yisijp 2 0, Tespectively. The maximum and minimum quantity limits for flexible consumers and generators are defined by (2n) and (2q) for active
and reactive power. The reformulated LEM clearing problem, which addresses the absolute term in the objective function (see Eq. (2a)), is presented

in Appendix D.
2.4. Upper-level problem: the Transco investment problem under regulatory incentives

In this section, we introduce an extension to the existing H-R—-G-V mechanism [22,23], taking into account the operations of LEMs. We assume
that the Transco is making investment decisions based on the anticipated effects these decisions will have on both WSM and LEM operations.
The regulated Transco is a profit-maximizing merchant transmission investor [36], who aims to maximize its profits through a two-pronged
approach [22]. Firstly, it seeks to expand transmission lines and generate revenue by collecting merchandising surplus. Secondly, it receives
compensation in the form of an incentive fee, established by the regulator, for maximizing the social welfare. The incentive fee is determined
by the regulator based on the surplus increase due to line investments [22]. In addition, we extend the H-R-G-V mechanism by assuming that any
deviation in local injection power leads to a penalty in the form of the LEM imbalance costs, which are factored into the total surplus. As a result,
any deviation from the nominal scheduling power determined in the WSM clearing can lead to a reduction in total social welfare. Therefore, the
Transco considers the final results of LEMs to make an informed decision regarding the appropriate investment expansion strategy. The upper-level
problem is the Transco’s long-term planning problem, and is mathematically presented in Problem (3).

gl )
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Eq. (3a) represents the objective of the Transco who aims to maximize its profit over the investment period 7. The Discounted Present Values
(DPV) of the profit of the Transco is expressed by using the discount rate r. The objective function (3a) consists of the sum of the merchandising
surplus M S, and the incentive fee @, minus the line expansion costs C, and the first year imbalance costs IC,_,. Specifically, the merchandising
surplus M S,, line expansion cost C, and local imbalance costs IC, are represented in Egs. (3b), (3c) and (3d), respectively.

The starred terms represent the optimal solution of the middle-level WSM clearing problem and lower-level LEMs clearing problem (see Fig. 1).
The optimal solutions of middle-level WSM clearing (which depends on the upper level variables) such as nodal prices ”:s,b and cleared quantities
dzfi*, :’fi*, '\« & s are used to compute the merchandising surplus M.S,. The expansion cost C, includes fixed investment cost Klf ™ and
variable costs K. The term F;; is the lumpy expansion on line /, and the line capacity can be increased (expanded) only by a finite set of
discretized quantities 7 =U et F,; [35]. IC, represents the cost incurred to offset power imbalances (w.r.t. injections scheduled at the WSM
by the first stage) for LEM b’s operations in year ¢ and operation period s. The two auxiliary variables ztl”;b and zf’; , are primal variables of the
lower-level LEM clearing problems used to replace the active power deviation.

The incentive fee @, is calculated based on load surplus S,L (Eq. (3e)) and generator surplus StG (Eq. (3f)) and is subject to regulatory
constraints (3g) and (3h). Let A®, represent the change in the value of @, from year 7—1 to year ¢. Specifically, this can be mathematically represented
as A®, = &, — ®,_,. Similarly, the changes in values for other variables are defined as A4S} = S} — S , oS¢ =S¢ - S% , AIC, = IC, - IC,_,

The time scaling factor ¥ is to match the yearly investment period with (hourly) operation perlods The investment decisions are made through
binary variables u,;, and Egs. (3i) and (3j) ensure that the decision to expand line / is taken only once for investment period 7 and the investment
is irreversible. Another binary variable bF is introduced to determine the lumpy expansion of the candidate line / in the investment period t € 7.
It is assumed that no expansion is perforrned in the first year, i.e., u,_;;, =0 and ®,_; = 0.

Lemma 2.1. The Transco’s profit-maximizing investment strategy under the proposed incentive mechanism leads to social welfare maximization, taking
into account the imbalance costs of LEMs. The proof can be found in Appendix A.
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2.5. Discussion on the tri-level framework

The tri-level optimization framework is crucial for capturing the sequential interactions between the WSM and LEMs in merchant-regulated
transmission expansion planning (TEP). While these two separate markets operate independently, they are linked through a sequential clearing
process. This sequentiality influences market outcomes and has a significant impact on transmission investment decisions. Unlike traditional models
that utilize single-level (see Section 2 in [35]) or bi-level [28] approaches, our tri-level model successfully captures this sequence in market structure,
which these traditional frameworks cannot address. Given the rapid rate of DER integration and the increasing share of flexible users in LEMs, our
model offers a solution for long-term network planning to ensure that the transmission grid is properly reinforced to handle these changes.

Moreover, traditional TEP models fail to account for the sequential operations of the WSM and LEMs, remaining unresponsive to evolving local
conditions. In the proposed framework, the WSM is cleared, and local dispatch nominations are determined based on aggregated and approximate
data. These nominations do not fully reflect the detailed costs and specifics of local networks. As a result, assuming no deviations from the nominal
dispatch can be inaccurate. Our tri-level model addresses these limitations by improving Transco’s awareness and responsiveness to local market
conditions, while accounting for the sequential clearing processes of the WSM and LEMs. This model mitigates the risks of over- or under-investment
in transmission assets by integrating local refinements into the decision-making process.

In Section 4.2.1, we examine how various local deviations influence transmission investment decisions within the sequential operational
frameworks of the WSM and LEMs. When high penalties for local imbalances compel LEMs to strictly follow WSM nominations, the outcomes
of both the traditional central planning model and the tri-level model are identical. However, this case is based on overly restrictive assumptions
about local operations, since it presumes there are no deviations from the WSM nominations, which may not be realistic. On the other hand, in a
zero-penalty framework where deviations from market nominations are completely ignored, the scenario becomes unrealistic and diminishes the
effectiveness of WSM nominations. The traditional central planning model, whether disregarding local conditions, strictly adhering to predefined
nominations, or allowing certain deviations, fails to incorporate local refinements and flexibility into investment decisions. In contrast, the tri-level
model overcomes these limitations by integrating local refinements into transmission investment decisions, enabling more effective responses to
sequential market conditions and adjusting strategic decisions accordingly.

3. Tri-level optimization and reformulation
In this section, we will discuss the approach adopted to reformulate the tri-level problem as a MISOCP problem.
3.1. Compact tri-level optimization model

Let variable subscripts u, w and / denote the upper-level problem, the wholesale and the local energy markets, respectively. The tri-level
optimization problem is formulated as (4).

T T T T
o max h'z+c, X, + ¢, X0+ X (4a)
XwYw =
x1ERy;
S.t.
ze{0,1}"zeZ (4b)
Ax,+ Dx, + Ex,y,+ Fx; <b, (40)
(xw» Yws x],YI) = agg rynax c;xw (4d)
x EX.y;
s.t. A,x,+B,z<b, (4e)
(x;,y;) = arg max c,Tx, (4f)
x Xy,

s.t. Ax;+ Bix, <b (48)

The vectors z and x, represent the binary and continuous variables, respectively, of the upper-level problem, which is the Transco’s planning
problem (3). (x,,.y,,) represent the primal and dual variables of the middle-level problem, which is the WSM clearing problem (1), and (x;,y,)
represent the vectors of primal and dual variables of the lower-level problem (2). The feasible region of the upper-level problem investment
decision variables is denoted by Z, while the proper cone denoting the domain of x; is represented by K. Specifically, K is the Cartesian product
of a collection of second-order cones and non-negative orthants [37]. The mathematical representation with appropriate dimensions can be used
to derive the vectors (A, ¢, ¢,p» Cur> bys Co» by €15 b)) and matrices (A, D, E, F, A,,,, B,,, A;, B;). The nonlinear terms x,y,, represent the merchandising
surplus, which is calculated based on the WSM primal solution x,, (i.e., allocated quantities) and the WSM dual solution y,, (i.e., clearing prices).
The upper-level problem (i.e., Egs. (4a)—(4c)) formulates the Transco’s investment problem under the proposed regulated incentive mechanism
(4c). The investment decision variables z from the upper-level problem will be plugged into the middle-level problem (i.e., Eqs. (4d)-(4e)), which
describes the WSM clearing problem and determines the dispatch (primal solution), prices (dual solution), and the nominal dispatch (calculated
from primal solution). The nominal dispatch determined in the middle-level will be fed into the lower-level problem (i.e., Eqs. (4f)—(4g)), which
formulates the LEMs clearing problem. The lower-level problem determines the nodal prices (dual solution) and local dispatch (primal solution).

3.2. Reformulation as a MISOCP problem

Theorem 3.1. Problem (4) can be asymptotically approximated by the single-level problem (5) using lexicographic optimization and the weight-sum method
fory €(0,1) [37,38]:

max  yh'z+yelx, +ycl x, yTM +rehx (5a)
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s.t.
A,x, + Dx,, + ExwyT“ + Fx; < b, (5b)
ze Z,ze{0,1}" (5¢0)
Ayx,+ B,z < b, (5d)
Ajx;+ Bjx,, < b (5e)
yLA,+y B 2ye] (59
Y] A = (L=7)e] (59)
yLi(by = B,2)+y] by <yelx, + 1=y x (5h)
x,>0,x, €K (51)
Yu20,y,20 (5)

The solution of (5) converge to the solution of (4) when the parameter y tends to 1. The proof can be found in Appendix B.

Complementary slackness, McCormick Envelopes linearization technique [39] and the big-M method [30,40] are utilized to remove the nonlinear
terms, and the final optimization problem results in a single-level MISOCP model. This MISOCP problem can be solved by standard off-the-shelf
solvers. To handle large-scale versions of the problem, Benders Decomposition can be used to break down the mixed-integer problem into a relaxed
master problem and a Benders subproblem [41].

4. Case study

This section introduces three case studies: one featuring a 2-node transmission network connected to an IEEE 33-bus distribution network
(denoted as T2D33), another involving the Garver’s 6-node system connected to six IEEE 33-bus distribution networks (denoted as T6D33), and
the last one with the modified IEEE 118-bus system connected to fifteen IEEE 33-bus distribution networks (denoted as T118D33). The proposed
model is executed on a 3.40 GHz Intel i-7 with 32 GB RAM computer.

For simplicity and clarify of presentation, we assume that each planning period represents one year and includes one operation period S = {1}
and the number of operation sub-periods in one year ¥ is 8760. In terms of the distribution network, the voltage is expressed in per-unit with the
substation voltage magnitude (at the slack bus) set at 1 p.u., and the maximum and minimum voltage magnitude limits for the remaining nodes set at
1.2 p.u. and 0.8 p.u., respectively [30]. The data for the IEEE 33-bus distribution network and the non-flexible demand located in each distribution
network node can be found in [42]. The maximum power flow capacity for distribution network lines is ;L ;b = 4000 KW. The base voltage and
base apparent power are 12.6 kV and 1 kVA, respectively. In all case studies, at each distribution node n € W, b+ , where W, b+ ={1,2,...,32}, be B'",
it is assumed there is one flexible consumer, one flexible generator, and one non-flexible demand, i.e., 2°*“' = {1} and Qﬂ-’ﬂ"i"' = {1}. The price

t,s,n,b WM,
of reactive power traded with the transmission grid ers o, 1S set to £30/MVArh [30]. Bid prices are randomly generated from normal distributions

with mean prices of £50/MWh for TNLs C;{:, «» and local flexible consumers cf;fZT, £20/MWh for GENCOs Crg,s,k, , and £0/MWh for local flexible
generators cf}{ifgl, with the same standard deviations of £10/MWh. Negative prices are set to zero.

In what follows, WSM social welfare is calculated by considering the aggregated local dispatch and the dispatch from upstream participants, as
determined by the bids and quantities cleared in the WSM, and then subtracting investment and imbalance costs. In the subsequent stage, the LEMs
are cleared, accounting for updated bids and distribution network constraints, with the process guided by the nominations from WSM outcomes.
The overall social welfare is computed by combining the first-stage WSM clearing results from upstream participants with the actual local dispatch
and prices from the second-stage LEM clearing, and then subtracting both investment and imbalance costs.

4.1. Case study 1: T2D33

The system analyzed in this study consists of a two-node transmission network, i.e., B = {1,2} and £ = {1}, where node 2 has 50 GENCOs and
50 TNLs and node 1 is connected to an IEEE 33-bus distribution network, as illustrated in Fig. 2. The dashed branch 1 is a new branch that can
be built. The set of lumpy capacity expansions is defined as F,, = {1,2, ..., 100}MW. The reactance of branch 1 is set to 0.2 p.u. and the variable
investment cost K/*" is £10/MWh, while the fixed cost Klf ™ {s £100/h. The limits of GENCOs and TNLs are generated from a uniform distribution
ranging from zero to 2 MW. The annual growth rate of load and generation is assumed to be 1%.

4.1.1. Variations in local flexibility ratios: flexible generation

In this section, we aim to demonstrate the impact of local flexible generation on transmission investment decisions, Transco’s profit, and
social welfare. We assume that the maximum flexible local demand is half of the non-flexible demand. The maximum flexible generation ratios
(FGRs) considered ranges from 1x to 2.15x the non-flexible demand. The operational timescale of the planning problem includes ten investment
periods, i.e., T = {1,2,...,10}. The optimization problem involved 32,509 variables, 52,751 linear constraints and 640 quadratic constraints, with
a computational time of 12.72 s.

For the proposed tri-level model applied to the T2D33 case study with different FGRs, economic and operational outcomes are presented in
Figs. 3 and 4. Fig. 3(a) presents the Transco’s profit, incentive fee, merchandising surplus, and investment costs for the T2D33 network. In addition,
Fig. 3(b) depicts the nominal dispatch, indicative of the net demand within the distribution network, alongside line expansion decisions. Fig. 3(c)
shows the WSM and overall social welfare with different FGR. Additionally, the clearing volumes for both the WSM and LEMs are illustrated in
Fig. 4. Fig. 5 illustrates Transco’s profit and line expansion decisions for the T2D33 system over a ten-year investment period, under two different
FGR scenarios: FGR = 1, shown in Fig. 5(a), and FGR = 2, shown in Fig. 5(b). In both scenarios, Transco’s profit increases steadily over the
investment period. Line expansion occurs in year 2 at 2 MW and remains at O in subsequent periods.

Based on the results, we characterized the outcomes into three phases:
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Fig. 2. Topology of the 2-node transmission network with an IEEE 33-bus distribution network connected to node 1.

I: Non-self-sufficient LEM, flow from upstream to local;
II: Self-sufficient, independently operated LEM;
III: Self-sufficient LEM, flow from local to upstream.

In Phase I of Fig. 3, the LEM is not self-sufficient, and additional power is required from GENCOs in node 2, necessitating line expansion. As
the FGR increases, there is a reduced reliance on GENCOs, as evidenced by the slight decrease in average imported active power from upstream to
the local grid (net distribution network demand) from 1.87 MW to 1.44 MW, as shown in the red line in Fig. 3(b). This reduced reliance can also
be evidenced by the clearing volumes of GENCOs Fig. 4(a). In the second year, the Transco invests in Line (1,2) with a capacity of 2 MW due to
the lumpiness of investments.

In Phase II of Fig. 3, the LEM becomes self-sufficient as FGR increases. Notably, no expansion is performed during this phase and LEM operates
independently. Increasing the proportion from 1.11 to 1.12 results in a decrease in incentive fee, as the local generation is sufficient to meet local
demand without requiring additional power from GENCOs in node 2. As presented in Fig. 3(c), social welfare consistently increases to £1,173.39M
when the FGR reaches 1.60, driven by an increasing pair of local flexible generation and demand.

In Phase III of Fig. 3, the expansion levels continue to increase from 1 MW (FGR from 1.65 to 1.75) to 2 MW (FGR from 1.80 to 2.00) and
eventually to 3 MW (FGR from 2.05 to 2.15), as depicted in Fig. 3(b). It is evident that there is a significant ‘drop’ in the net distribution network
demand (the red line) from 1.87 MW (1.87 MW withdrawn from the transmission network) to —2.54 MW (2.54 MW injected into the transmission
network) after the local generation ratio increases from 1.00 to 2.15. This trend indicates that the local generators with lower marginal costs are
utilized to meet both upstream and local demand, enabling further line expansion. This trend can be evidenced by the increasing clearing volumes
of flexible generation in WSM as shown in Fig. 4(a) and in LEM as shown in Fig. 4(b). In contrast, the red line in Fig. 3(b) displays an inconsistent
upward trend in the incentive fee, with a decline observed at ratios 1.75 and 2.00. The yellow line, on the other hand, shows an increase in
merchandising surplus at these ratios, indicating the occurrence of congestion in Line (1,2) and the Transco can obtain a greater merchandising
surplus.

The results in Fig. 3(c) demonstrate that the WSM social welfare consistently increases with the growing FGR. However, a small decline to
£1,173.09M is observed in the overall social welfare at the ratio of 1.65 (the beginning of Phase II) due to the separation between the WSM
clearing and LEMs clearing. After increasing the FGR from 1.6 to 1.65, we observe a decrease in the LEM’s objective function, which represents
the local social welfare, from £2,510.89M to £2,423.56M. Two reasons contribute to this decrease. Firstly, the local aggregation in WSM and
the resulting nominal dispatch do not account for the distribution network losses, which may lead to imprecise dispatch decisions. Secondly, the
Transco receives dispatch information solely from the WSM. This information takes into account the first-stage aggregated local dispatch but does
not include the second-stage LEMs individual local dispatch information.

The results presented in Fig. 3(a) demonstrate a U-shaped relationship between the Transco’s profit and the FGR, which indicates the level of
demand for investment. The rise of FGR has facilitated greater injection of power into the transmission grid, thereby lessening the dependence
on GENCOs. However, it is important to consider several factors before concluding whether or not this flexibility leads to decreased or postponed
investment in transmission assets. One critical factor is the geographic placement of local grids and transmission loads. If the local grid is not
directly connected to upstream demand or the existing line capacity is not sufficient, additional transmission infrastructure investment may be
necessary despite the availability of flexible generation, as suggested in Fig. 3 Phase I. Furthermore, the extent of flexible generation also plays
a significant role in transmission investment decisions and the Transco’s profit. If the amount of flexible generation is not enough to meet local
demand and provide excess power to the transmission grid, then additional transmission infrastructure investment and power from GENCOs may
still be needed. Conversely, if there is a surplus of available flexible generation and the local market can serve as a power source, then line expansion
may still be necessary.

4.1.2. Variations in local flexibility ratios: flexible vs. non-flexible consumers

This test case shows how different proportions of flexible and non-flexible consumers and flexible generation may affect the line expansion
decisions. We consider the upper bound of flexible local generation ranges from 1x to 2.1x the predetermined total inflexible demand. The study
further investigates varying ratios of flexible consumers to inflexible consumers, i.e., 0, 33%, 50%, 67%, and 100%.

Fig. 6 depicts the transmission line expansion decisions under varying ratios of flexible generation and demand. Additionally, the clearing
volumes for both the WSM and LEMs under FGR = 2 are illustrated in Fig. 7. In Fig. 6(a), when the generation ratio lies between 1 and 1.11, elevating
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Fig. 3. Results for the T2D33 system with different FGRs. The gray area is shown magnified in the top-right part of the figure. Positive net distribution network demand represents
flows withdrawn from the upstream transmission grid, while negative values represent flows injected into the upstream grid.
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Fig. 4. Clearing volumes for the T2D33 system across different FGRs in both WSM and LEM. (a) details the generation volumes cleared by the WSM, including contributions from
GENCOs and flexible local generators (FLEX. GEN.). (b) shows the demand volumes cleared by the WSM, incorporating fixed local demand (FIX. DEM.), transmission network load
(TNL), and flexible local generation (FLEX. GEN.). (c) presents the flexible local generation (LEM FLEX. GEN.) clearing amounts within the LEM. (d) displays the demand levels
cleared in the LEM, featuring both fixed local demand (FIX. DEM.) and flexible local generation (LEM FLEX. GEN.).
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Fig. 5. Transco’s profit and investment decisions over the investment periods for the T2D33 system with FGR = 1 (in (a)) and FGR = 2 (in (b)).
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Fig. 6. Results for the T2D33 system with different ratios of local flexible consumers and FGRs. FGR = flexible generation ratio. No solution exists when FGR falls within the
range [1,1.11] and the flexible consumer ratio is 0, since local generation is unable to satisfy the fixed demand for the first year.
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Fig. 7. Clearing volumes for the T2D33 system across different Ratios of Flexible Consumers under FGR = 2 in both WSM and LEM. (a) details the generation volumes cleared by
the WSM, including contributions from GENCOs and flexible local generators (FLEX. GEN.). (b) shows the demand volumes cleared by the WSM, incorporating fixed local demand
(FIX. DEM.), transmission network load (TNL), and flexible local generation (FLEX. GEN.). (c) presents the flexible local generation (LEM FLEX. GEN.) clearing amounts within the
LEM. (d) displays the demand levels cleared in the LEM, featuring both fixed local demand (FIX. DEM.) and flexible local generation (LEM FLEX. GEN.).
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Fig. 8. Effects of temporal changes in generation flexibility on transmission investment. (a) G for Steady Increase in Flexibility, (b) G- for Constant Flexibility, (c) G-| for Constant
followed by a Sudden Decrease in Flexibility, (d) G| for Steady Decrease in Flexibility.

Table 1

Effects of temporal changes in generation flexibility on transmission investment, social welfare, and market clearing volumes
in the T2D33 system. Positive net distribution network demand represents flows withdrawn from the upstream transmission
grid, while negative values represent flows injected into the upstream grid.

Gt G- G-l Gl
Investment decisions
Transco’s profit (M£) 55.88 51.91 47.27 44.97
Line expansion (MW) 3 0 3 3
Net DN demand (MW) -1.90 0 0.90 1.81
Social welfare
Overall social welfare (M£) 1175.48 1172.61 1168.38 1166.40
WSM social welfare (M£) 1179.06 1175.09 1170.45 1168.15
WSM clearing volumes 590.11 577.86 571.63 569.27
GENCO (MW) 514.88 519.56 523.79 528.78
FLEX. GEN. (MW) 75.23 58.30 47.84 40.49
TNL (MW) 532.00 519.56 515.66 512.46
FLEX. DEM. (MW) 19.25 19.43 17.11 17.95
FIX. DEM. (MW) 38.87 38.87 38.87 38.87
LEM clearing volumes®
LEM FLEX. GEN. (MW) 75.70 58.30 47.85 40.49
LEM FLEX. DEM. (MW) 14.89 16.74 14.97 16.25
FIX. DEM. (MW) 38.87 38.87 38.87 38.87

2 The total LEM clearing volumes are not displayed due to the presence of active and reactive losses in the distribution
network and active power injection or withdrawal. Instead, we present the volumes of flexible generation and demand
cleared by the LMO, along with the fixed demand.

the ratio of flexible consumers (from 50% to 66.7% at FGR=1.00 and from 33% to 50% for FGR within [1.05,1.11]) reduces the line expansion
requirement by 2 MW. This suggests that in scenarios where the LEM is not self-sufficient, augmenting the proportion of flexible consumers could
potentially reduce the need for line expansion. Subsequently, as depicted in Fig. 6(b), when the ratio of flexible consumers increases from 0 to 33%,
the line expansion rises from 1 MW to 2 MW within the flexible generation ratio of [1.85, 2.00]. This trend persists, with expansions growing from
2 MW to 3 MW as the flexible generation ratio further increases. In situations characterized by a larger share of flexible consumers (i.e., reduced
fixed local demand) and an increased presence of flexible generation capabilities, the local generation has the capacity to meet upstream demand,
leading to a network expansion.

4.1.3. Temporal dynamics in local flexibility ratios

This section examines the impact of temporal dynamics of local flexibility on transmission planning decisions. It specifically analyzes how
changes in the ratio of flexible to non-flexible consumers and local generation flexibility over time influence network planning decisions.

We first analyze how the evolution of the FGR over the investment period impacts transmission investment decisions, assuming that the
maximum flexible local demand is half of the non-flexible demand. We identify four patterns of changes in generation flexibility: Gt for Steady
Increase in Flexibility, G- for Constant Flexibility, G-| for Constant followed by a Sudden Decrease in Flexibility, and G| for Steady Decrease in
Flexibility. Fig. 8 presents the temporal variations in flexible generation, power flow, and line expansion decisions throughout each investment
year. Additionally, Table 1 provides a summary of the impact of these changes on transmission investment, social welfare, and market clearing
volumes over the entire investment period.

The results reveal a U-shaped relationship between flexibility trends and line expansion decisions, as indicated in Table 1 and the black line in
Fig. 8. In the G?1 scenario, the flow from node 1 to node 2 (red line in Fig. 8(a)) increases as local markets achieve greater self-sufficiency, allowing
active power injections into the main grid to meet the TNL at node 2. In contrast, constant flexibility (G-), shown in Fig. 8(b), results in no line
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Fig. 9. Effects of temporal changes in demand flexibility on transmission investment. (a) C- for Constant High Flexibility, (b) C| for Steady Decrease in Flexibility.

Table 2

Effects of temporal changes in consumer flexibility on transmission investment, social welfare, and market
clearing volumes in the T2D33 system. Positive net distribution network demand represents flows withdrawn
from the upstream transmission grid, while negative values represent flows injected into the upstream

grid.

C- Cl
Investment decisions
Transco’s profit (M£) 7.26 915.32
Line expansion (MW) 0 3
Net DN demand (MW) 0 2.01
Social welfare
Overall social welfare (M£) 162.41 1070.87
WSM social welfare (M£) 164.39 1072.52
WSM clearing volumes 558.44 568.71
GENCO (MW) 519.57 529.91
FLEX. GEN. (MW) 38.87 38.79
TNL (MW) 519.56 511.84
FLEX. DEM. (MW) 38.87 21.69
FIX. DEM. (MW) 0 35.18
LEM clearing volumes
LEM FLEX. GEN. (MW) 38.87 38.85
LEM FLEX. DEM. (MW) 37.62 20.47

expansions due to the self-sufficiency of the LEM. Scenarios with constant followed by a sudden decrease in flexibility (G-|), as shown in Fig. 8(c),
necessitate a 3 MW line expansion in year 4. This expansion is required as the LEM’s flexibility decreases over time, necessitating a delayed line
expansion to enable GENCOs at node 2 to compensate for the decline in local generation capacity. In the case of G| (steady decrease in flexibility)
as shown in Fig. 8(d), line expansion occurs in year 2 with 3 MW, driven by decreasing flexible generation and increased flow from node 2 to node
1. Furthermore, as FGR decreases over time, both Transco’s profit and social welfare decline, driven by reduced availability of lower-cost flexible
generation and increased reliance on more expensive generation options, as detailed in Table 1. These findings highlight how temporal variations
in local flexibility significantly influence the magnitude and timing of transmission expansion decisions over the investment horizon.

Next, we explore the impact of varying consumer flexibility on transmission investment decisions, with a fixed FGR of 1. Consumer flexibility
is categorized into two scenarios: C- for Constant High Flexibility and C| for Steady Decrease in Flexibility. Fig. 9 illustrates the changes in flexible
consumers, power flow, and line expansion decisions across each investment year. Additionally, Table 2 details the effects of these changes on
transmission investment, social welfare, and market clearing volumes throughout the investment period.

The results from Table 2 and Fig. 9 indicate that a decrease in consumer flexibility results in increased line expansions. This is primarily due to
the rising proportion of inelastic local demand that local markets are unable to meet, requiring additional power from upstream sources (GENCOs
at node 2). As inelastic demand grows, reliance on external generation increases, thereby driving the need for further line expansions. The increase
in inelastic demand, measured by a high Value of Lost Load (VoLL), significantly enhances both social welfare and Transco’s profits. However, this
shift leads to only a modest rise in WSM clearing volumes, from 558.44 MW to 568.71 MW, as reduced local flexibility necessitates the use of more
expensive GENCO resources. This also leads to a decrease in the transmission load that can be met, dropping from 519.59 MW to 511.84 MW.
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Fig. 10. Topology of Garver’s 6-node transmission network with IEEE 33-bus distribution networks.

4.2. Case study 2: T6D33

The case study utilizes the Garver’s 6-node transmission network connected to six IEEE 33-bus distribution networks, to investigate investment
problem in a more complex setting. This transmission network has 6 nodes and 8 lines, i.e., B = {1,...,6}, and £ = {1, ...,8}. The network is
depicted in Fig. 10, where each transmission node is linked to a local grid, i.e., B = {1, ...,6}. The reactance of lines and the variable investment
cost are shown in Fig. 10. The fixed cost K [f ™ js £100/h. The discount rate r is set to 5%. The planning problem involves expanding the existing
branches (branch 1 to 6) and constructing new branches (branch 7 and 8). We make the assumption that each transmission network node contains
100 GENCOs and 100 TNLs, with the exception of node 6 which only has GENCOs. The limits of upstream generation and demand are generated
from a uniform distribution with values ranging from zero to 250 kW and from zero to 500 kW, respectively. The annual growth rate of load is
assumed to be 1%.

4.2.1. Comparative analysis of transmission investment models

This section investigates the impact of excluding LEM operations on transmission expansion decisions by comparing the proposed tri-level
model with the central planning (CP) model across two investment periods. The CP problem is modeled as a two-stage, single-level problem where
the planner focuses solely on the WSM to maximize WSM social welfare. Nominations obtained from the first stage are then forwarded to LEM
operations, with penalties applied for deviations from the WSM outcomes. A detailed formulation of this benchmark optimization model can be
found in Appendix E. Key distinctions between the CP and the proposed tri-level model are:

1. Information Assumptions: The CP model operates under the assumption that the central planner has perfect knowledge, which can be relaxed
through incentive regulations.

2. Aggregate Resource Consideration: The CP model considers only the aggregation of local resources during the WSM stage and does not
account for the subsequent operations in the LEMs.

3. Responsiveness to Local Dynamics: The CP model lacks mechanisms to adapt to changes in local market conditions after initial planning.

In this case study, we set the local FGR value at 1.5 to demonstrate the effectiveness of the proposed model. As outlined in Section 2.5, the
CP model does not account for actual LEM operations, leading to constant investment decisions across various penalty levels, that reflect different
local deviations. For example, with an FGR of 1.5, investments in lines (6,2) and (6,4) remain fixed at 7 MW and 5 MW, respectively. This lack of
responsiveness in the CP model’s investment decisions highlights its limitations, particularly its reliance solely on aggregated data from the initial
WSM stage, without incorporating the dynamic operations of LEMs. Such deviations can lead to reduced social welfare due to increasing imbalance
costs and inefficiencies in investment decisions.

Table 3 presents the results of the tri-level model under varying penalty scenarios for local imbalances in the T6D33 System with an FGR value
of 1.5. As penalty levels increase, the absolute power deviation between WSM nominations and actual LEM injections decreases, eventually reaching
zero. As expected, the tri-level optimization model aligns with the CP model in scenarios with either no penalty or very high penalties, specifically
at penalty levels of 0 and 200 £/MWh. However, in cases where moderate penalties allow for certain local deviations, the tri-level model accounts
for these local refinements in making investment decisions. For instance, Table 3 illustrates a U-shaped trend in the expansion decisions for lines
(6,2) and (6,4): line (6,2) decreases from 7 MW to 6 MW before increasing back to 7 MW, and line (6,4) follows a similar pattern, decreasing
from 5 MW to 4 MW before returning to 5 MW. This reduction in expansion decisions occurs because deviations from the original nominations are
permitted, allowing LEMs to diverge from the planned schedule and reduce active power provision from node 6. In contrast to the U-shaped trend
in line expansion, local imbalance costs rise from zero to a peak before gradually falling back to zero as penalty levels increase. By incorporating
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Table 3
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Results of the tri-level model under varying penalty scenarios for local imbalances in the T6D33 System with FGR = 1.5. Investment decisions

for lines (6,2) and (6,4) in the CP model remain unchanged at 7 MW and 5 MW, respectively, across all penalty levels.

Penalty level (£/MWh) 0 5 20 30 200
Line expansion (6,2) [MW] 7 7 6 6 7
Line expansion (6,4) [MW] 5 4 5 5 5
Investment costs [£] 1,968,914 1,943,886 1,943,886 1,943,886 1,968,914
Imbalance costs [£] 0 984,944 1,929,839 1,863,550 0
Average nominated power [MW] —-0.66 -0.61 —-0.59 -0.58 -0.62
Average actual injection [MW] 2.69 1.27 0.33 0.01 -0.62
Absolute power deviation [MW] 3.35 1.87 0.92 0.59 0
2.05
—=— Transco's Profit 500
—o— Incentive Fee ) )
—A— [nvestment Costs 95
Merchandising Surplus 1.90
1.85
M£ 06 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
64F
56

Net DN Demand
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3,120}
3,100
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Fig. 11. Results for the T6D33 system with different FGRs. The gray area is shown magnified in the top-right part of the figure.

local refinements into the decision-making process, the model helps prevent over-investment in transmission assets. The tri-level framework enables
Transcos to evaluate critical factors such as local deviations, investment costs, and potential surplus increase from investments, while adhering to

the sequential operations of the WSM and LEMs.

4.2.2. Variations in local flexibility ratios: flexible generation

In this case study, the operational timescale of the planning problem includes five investment periods, i.e., 7 = {1,2,...,5}. The maximum
flexible local generation considered ranges from {0.5x, ...,2.2x} of the non-flexible demand. The optimization problem has 68,663 variables, 53,326
linear constraints and 1920 quadratic constraints. The computational time was 871.34 s.

The effects of FGR on investment decisions and allocated quantities for the T6D33 system are presented in Fig. 11. In addition, clearing volumes
for the T6D33 system across different FGRs in both WSM and LEM is shown in Fig. 12. Fig. 13 displays Transco’s profit and line expansion decisions
for the T6D33 system across a five-year investment period, considering two FGR scenarios: FGR = 1, as shown in Fig. 13(a), and FGR = 2, as
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Fig. 12. Clearing volumes for the T6D33 system across different FGRs in both WSM and LEM. (a) details the generation volumes cleared by the WSM, including contributions
from GENCOs and flexible local generators (FLEX. GEN.). (b) shows the demand volumes cleared by the WSM, incorporating fixed local demand (FIX. DEM.), transmission network
load (TNL), and flexible local generation (FLEX. GEN.). (c) presents the flexible local generation (LEM FLEX. GEN.) clearing amounts within the LEM. (d) displays the demand
levels cleared in the LEM, featuring both fixed local demand (FIX. DEM.) and flexible local generation (LEM FLEX. GEN.).
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Fig. 13. Transco’s profit and investment decisions over the investment periods for the T6D33 system with FGR = 1 (in (a)) and FGR = 2 (in (b)).

shown in Fig. 13(b). Similar to the patterns observed in Fig. 5, Transco’s profit steadily increases over the investment period in both scenarios.
Line expansions between nodes (6,2) and (6,4) occur in year 2 and remain at 0 in the subsequent periods. Specifically, under the FGR = 1 scenario,
the investment decisions lead to expansions of 6 MW on line (6,2) and 4 MW on line (6,4). In contrast, the FGR = 2 scenario results in larger
expansions, with 8 MW on line (6,2) and 6 MW on line (6,4), respectively. The results reveal that, unlike the two-node case, increasing the level
of FGR leads to a consistent increase in the Transco’s profit, overall social welfare and WSM social welfare. The black line in Fig. 11(a) and the
teal and gray lines in Fig. 11(c) provide evidence of this trend. Specifically, when the FGR increases from 0.50 to 2.20, the Transco’s profit rises by
11%, while the overall social welfare increases by 2.2%. When the FGR reaches 2.2, the injection into the transmission network reaches an average
of 18.01 MW as shown in the red line in Fig. 11(b). Additionally, investment decisions made by the Transco for transmission lines (6,2) and (6,4)
are represented by the gray lines in Fig. 11(b). All decisions are made in year 2. One of the factors that influences the expansion decision is its
dependence on generators (GENCOs and local flexible generators) located in node 6 for supplying power to the upstream market. This creates a
need for expanding transmission lines (6,2) and (6,4). However, this situation changes as local markets increase their flexible generation capacity
over time and become self-sufficient in meeting their own flexible demand locally and the connected upstream demand. This also enables them
to provide extra power to upstream markets through reverse flows on existing transmission lines. As a result, their reliance on GENCOs decreases
significantly over time and, in general, more transmission expansion is needed to maximize the utilization of local generation resources available
in node 6. Notably, the cleared quantities for GENCOs exhibit a consistent decrease of almost 7% from 47.87 MW to 44.53 MW in this node, while
the flexible generation increases significantly from 9.19 MW to 37.80 MW.
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Fig. 14. Topology of the modified IEEE 118-bus network with 15 IEEE 33-bus distribution networks.

4.3. Case study 3: T118D33

The IEEE 118-bus power system as shown in Fig. 14, as detailed in [43], comprises 54 generating units, 99 demand nodes, 186 transmission
lines, and a set of 17 candidate lines. Distribution networks are connected to the transmission system at buses 5, 8, 9, 17, 26, 30, 37, 38, 56, 77,
78,103, 110, 112, and 113. The set of lumpy expansion is defined as 7,, = {100}MW. The variable investment cost K [ is £1 0/MWh, while the
fixed cost K[f ™ js £100/h. The annual growth rate of load is assumed to be 5%. The operational timescale of the planning problem includes four
investment periods, i.e., 7 = {1,2,3,4} and the discount rate r is set to 5%. The data for branches, candidate lines, generators (including maximum
generation and generator bus), and loads (including maximum demand and load bus) can be referenced in [44]. To introduce line congestion in
the transmission network, the ratings of these lines have been deliberately decreased, as discussed in [44]. The maximum flexible local generation
considered ranges from {0.5%,1.0x, 1.5%,2.0x} of the non-flexible demand. The optimization problem involved 106,350 variables, 83,189 linear
constraints, and 3840 quadratic constraints, with a computational time of 3972.73 s.

As illustrated in Fig. 15, it is clear that the FGR influences both the investment decisions related to the line (77,78) and the Transco’s overall
profitability. When the FGR is increased from 0.5 to 1, it might render the expansion of the line (77,78) unnecessary. Given that there are no
generators at nodes 78 and 79, the power demand at node 78 is predominantly satisfied by the flows on lines (77,78) and (77,79). Enhancing
either the FGR or the ratio of local fixed consumers results in diminished flow demand on the line (77,78) and an increased flow from node 79,
mainly sourced from the generators at node 80. Moreover, as highlighted in Fig. 16, the proportion of local flexible consumers significantly shapes
the decisions on line expansion. A notable pattern emerges: the expansion need for line (77,78) escalates with the increasing ratio of flexible
consumers for different FGR values.

5. Conclusion

This paper proposes a novel approach to integrate the operations of LEMs into the transmission investment problem, taking into account the
increasing flexibility of the local grid and the changing local dynamics. To achieve this, the proposed model operates at three levels and uses a
sequential clearing process for the WSM and LEMs. Specifically, the Transco uses the clearing results from the WSM at the middle-level, as well
as the imbalance information from LEMs at the lower-level, to perform a social welfare maximization investment under a regulated incentive
mechanism while considering local deviations. To formulate this problem, the model is first expressed as a tri-level optimization problem, which is
then reformulated as a MISOCP problem using various techniques. Future work will also address the uncertainties related to participants’ bid prices,
load, and generation profiles, focusing on developing a stochastic model that takes into account these uncertainties. Another area for extension
would be more detailed bottom-up modeling of local prosumers and local communities to account for complexities such as bounded rationality [45]
and community-based cooperation [46].

16



Y. Xia et al. Applied Energy 378 (2025) 124721

=& Transco's Profit 1,580
-@- Incentive Fee 1,560
=& Investment Costs r

Merchandising Surplus 20

M£ 0.5 1.0 1.5 2.0
1,600 -
800r — PR ————— - .
200
=3 1.0 L5 2.0
MW (a)
600+ [ Line Expansion (77,78) [ Line Expansion (38,37)

I Line Expansion (26, 30) [l Line Expansion (8, 5)

14,200

14,160p —
—=- Overall Social Welfare

14,1200 = = - WSM Social Welfare

0.5 1.0 15 2.0
Flexible Generation Ratio (FGR)
(d)

Fig. 15. Results for the T118D33 system with different FGRs. The gray area is shown magnified in the top-right part of the figure.
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Nomenclature

Indices and sets

b, B

b, Blm
Fij

iJ

k. QOTN

1,5,b

k. QDTN

t,5,b

G_DN
k’ ‘Qt,s,b

D_DN
k’ Qt,s,b

G_local
k’ ‘Qt,sm,b

k, QD_Iocal

t,s,n,b

LC
1,L,
n N
n N
s, S
t, T

Parameters

Dt,.v,b
min max
1,5,k,b’ dl,s,k,b

min max
&1 sk 81,5 kb

Index and Set for all transmission nodes, b € B.

Index and Set for transmission network nodes connected to local markets, b € B'™, B'™ C B.
lumpy capacity expansion for line /, with 7, = |J;c; F ;.

Index and Set for lumpy capacity indices, j € J.
Index and Set for GENCOs at the investment period ¢ and operation period s in node b, k € .Q,GS-IN, beB.

Index and Set for TNLs at the investment period ¢ and operation period s in node b, k € .Qﬁ-ZN ,be B.

Index and Set for aggregated local generators at the investment period ¢ and operation period s in node b, k € Qsz'bD N benm,

Index and Set for aggregated local consumers at the investment period ¢ and operation period s in node b, k € _Qﬁ -f N be Bm,
Index and Set for local generators of DNs connected to transmission network node b at the investment period ¢ and operation period

s in DN node n, k € Q%1% p e pim,

t,s,nb
Index and Set for local consumers of DNs connected to transmission network node b at the investment period ¢ and operation period
s in DN node n, k € Q7% b € B™.
Index and Set for transmission lines, / € L.
Index and Set for distribution lines of DNs connected to transmission network node b, | € L,.
Index and Set for DN nodes of DNs connected to transmission network node b, n € N, b € B'™.
Index and Set for distribution nodes of DNs connected to transmission network node » except the slack bus, i.e. N = N;\(0},
ne N, be B
Index and Set for operation periods, s € S.
Index and Set for investment periods, r € 7.

Number of operation periods in one investment period.

The Value of Lost Load, (£/MWh).

Susceptance of the transmission line /, / € L (S).

The price of purchasing/selling deviated active power (£/MWh).

The discount rate.

Conductance of the distribution line (i, j) € £, of the local market connected to the transmission node b, b € B'™ (p.u.).
Negative of the susceptance of the distribution line (i, j) € £, of the local market connected to the transmission node b, b € B/
(p-w.).

Incidence matrix element of sending node b, line /, b€ B, | € L.

Incidence matrix element of receiving node b, line I, b€ B, | € L.

Existing capacity on the transmission line /, / € £ (MW).

The maximum power flow leaving distribution network node i and j, respectively, b € B (MW).

Demand utility for the TNL k at the investment period ¢, operation period s in the transmission node b, k € Qﬂi” ,beB
(£/MWh).

Marginal costs for the GENCO k at the investment period 7, operation period s in the transmission node b, k € in” ,beB
(£/MWh).

Demand utility for local flexible consumer k at the investment period 7, operation period s in the transmission node b, k € 2
b € B'™ (£/MWh).

Marginal costs for local flexible generator k at the investment period 7, operation period s in the transmission node b, k € Qf;f N
b € BI™(£/MWh).

Demand utility for local flexible consumer & in DN node » at the investment period ¢, operation period s of local market located

in bus b, k € 2%, b e B (£/MWh).

Marginal costs for local flexible generator k& in DN node » at the investment period 7, operation period s of the local market

connected to the transmission node b, k € QIGS-’:Z“I, b e B/™ (£/MWh).

Price of reactive power traded with the transmission grid at the investment period 7, operation period s of the local market
connected to the transmission node b (£/MVArh).

Active fixed demand required by non-flexible consumers in DN node » at the investment period ¢ and operation period s of the
local market connected to the transmission node b, n € N’ b+ (MW).

D_DN
t.s.b

Total active fixed demand required by non-flexible consumers at the investment period ¢ and operation period s of the local
market connected to the transmission node b, D, = ¥, \+ Dy (MW).

Minimum/maximum quantity of active power demanded by TNL k at the investment period 7, operation period s in bus 5 (MW).

Minimum/maximum quantity of active power produced by GENCO k at the investment period ¢, operation period s in bus b
(MW).
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Minimum/maximum quantity of active power demanded by local flexible consumer k at the investment period f, operation

ts,kb T tskb K K
period s in bus b (MW).
1 [Y 1 1 [Y 4 .« . . . . . . . .
gtifzybm'", [Zfzvbm‘”‘ Minimum/maximum quantity of active power produced by local flexible generators k at the investment period ¢, operation

p,min p,max
dt.x,n,k,b’ dt,s.n,k,b

p,min p.max
t,s,n,k,b’> St,s,n,k.b

dq,min

g.min g,max
gt,s,n,k,b’ gt,s,n,k,b

min max
t,s,n,b’ “t,s,n,b

g,max
t,s,mk,b’ “t,s,nk,b

period s in bus b (MW).

Minimum/maximum quantity of active power demanded by local flexible consumer k in DN node » at the investment period 7,
operation period s of the local market connected to the transmission node » (MW).

Minimum/maximum quantity of active power produced by local flexible generators k in DN node » at the investment period 7,
operation period s of the local market connected to the transmission node b (MW).

Minimum/maximum quantity of reactive power demanded by local flexible consumer & in DN node » at the investment period
t, operation period s of the local market connected to the transmission node b (MVAr).

Minimum/maximum quantity of reactive power produced by local flexible generators k in DN node » at the investment period
t, operation period s of the local market connected to the transmission node b (MVAr).

Minimum/maximum voltage magnitude in node » at the investment period # and operation period s of the local market connected
to the transmission node b (p.u.).

K If ix Fixed cost of building or expanding line / (£/h).
Ky Variable cost of building or expanding line / (£/MWh).
W, 5006 A specific value for the voltage magnitude squared at the slack bus in local market connected to the transmission node b at the
investment period ¢, operation period s (p.u.).
Variables
Uy Binary variable equal to one if line / is expanded at the investment period ¢, and zero otherwise, / € L,.
b;F,/,j Binary variable equal to one if the lumpy investment in additional capacity F; ; for line / is made at the investment period ¢, and zero
otherwise, I € L.
D, The incentive fee at the investment period ¢ (£).
g;";z’b Allocated active power for local flexible generator k at the investment period ¢, operation period s in bus 5 (MW).
dtl‘zcl‘:’b Allocated active power for local flexible consumer k at the investment period 7, operation period s in bus b (MW).
gfﬁi Aggregated allocated active power for local market at the investment period ¢, operation period s in bus b (MW).
d:fi Aggregated allocated active power for local market at the investment period 7, operation period s in bus b (MW).
&rskb Allocated active power for GENCO k at the investment period ¢, operation period s in bus b (MW).
dsip Allocated active power for TNL k at the investment period ¢, operation period s in bus b (MW).
Sisi Flow in the line / at the investment period 7, operation period s (MW).
0,55 Voltage phase angle of transmission network bus b at the investment period ¢, operation period s (rad).
g{fw b Allocated active power for local flexible generator k in DN node » for the local market connected to the transmission node b at the
investment period #, operation period 5, n € N} (MW).
gZM’ b Allocated reactive power for local flexible generator k in DN node n for the local market connected to the transmission node b at the
investment period #, operation period s, n € N} (MVAr).
df snkch Allocated active power for local flexible consumer k in DN node n for the local market connected to the transmission node b at the
investment period #, operation period 5, n € N} (MW).
Zs,n’k’ 5 Allocated reactive power for local flexible consumer k in DN node » for the local market connected to the transmission node b at the
investment period #, operation period s, n € N} (MVAr).
Prsab Active power injection in DN node » for the local market connected to the transmission node b at the investment period ¢, operation
period s (MW).
Qrsnb Reactive power injection in DN node » for the local market connected to the transmission node b at the investment period ¢, operation
period s (MVAr).
Wi, siib Voltage magnitude squared in DN node i for the local market connected to the transmission node b at the investment period ¢, operation
period s.
Wt’l b Real component of the product V,,,V,;, for the local market connected to the transmission node b at the investment period 1,
operation period s.
tf’s’,.j,b Imaginary component of the product ¥, ,,,V,  ; , for the local market connected to the transmission node b at the investment period
t, operation period s.
Tysh WSM prices at transmission node b at the investment period 7, operation period s (£/MWh).
”55,n,b LEM nodal prices for active power for the local market connected to the transmission node b at the investment period 7, operation
period s (£/MWh).
Auxiliary variables
Z}As,b’ Zrz,s, ,  Replace the absolute value term |p, o, — (dffi* - g:fi*)|.
e Replace the product btf] SH
y;“t“:” Replace the product be,/ ; W
i;{‘,’:gl Replace the product (pt"zgyb g;‘gcl‘(”b
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d_local

20 local
kb Replace the product ¢, d’°¢
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Appendix A. Proof of Lemma 2.1

Proof. As shown in Eq. (3a), the objective function of the Transco is

1
max ¥ —————(MS, + @, - C,(u,)) — IC
u,,¢tl€7(1+r)f—1( (@ = Glu) = 1C,

By substituting the incentive fee @, (Egs. (3e)) and (3f))) into this objective function, the objective function can be expanded as

max ( MS, - IC,
uy Py

——— (MS) + 8¢ + SF—IC, + @, = 8% = SF -Cy(uy))

T >‘ —_—
—(sf"+le)
(1 7 ———(MS;+ 87 + 8] —IC3 + D, — S — S5 + ICy —C5(u3)) (A.1a)
———— —
~(s0+st)
(1 " )? (MSy+ 87+ 8] —IC; + @3 — S§ = SF +1C; —Cy(uy)) + )
| —
—(SIG+SIL)
smx Y ;((MS, +80+SE=1C)=Cw)) =T (¢ + ) (A.1b)
10

< (1 +r)-!

The Transco invests in a way that maximizes social welfare starting from the second investment period given no investment is performed in year
1 (i.e., the term T (Sf + SIL) are given) since Y, ﬁ ((M S, +8C + 8Ly - C,(u,) ) represents the overall social welfare. Hence, the objective
function of the Transco is equivalent to maximizing social welfare over the planning period. This expression also captures the operations of local
markets by incorporating the imbalance costs )., ﬁ] C. O

Appendix B. Proof of Theorem 3.1

Proof. Using strong duality of the lower-level problem, the middle- and lower-level problem (i.e., Eqs. (4d)—(4g)) are equivalent to:

(Xu> Vi Xp5 yy) = arg max ChXu (B.1a)
}u
x,ek i
s.t. A,x,+ B,z<b, (B.1b)
T
Y = B.1
(. y)) = arg max ¢, X (B.10)
s.t. A;x;+ Bjx, <b (B.1d)
YA s (B.1e)
¥ (b — Bix,) < ¢ x (B.19)

where £* denotes the dual cone of K. Eq. (B.1d) and (B.1le) represent the primal and dual constraints of the lower-level problem, illustrating
primal and dual feasibility. Eq. (B.1f) enforces the strong duality to ensure optimality by posing a reversed weak duality constraint. Notice that the
middle-level problem does not anticipate the solutions of the lower-level problem (x,, y,), as its constraints and objective function are not dependent
on the variables of the lower-level problem. This implies that the solutions of the middle-level problem are not affected by the solutions of the
lower-level problem. Therefore, we can solve the middle-level problem and the lower-level problem in two steps:

Step 1: solve the middle-level problem and obtain the optimal primal and dual pairs (x] , y?);
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Step 2: solve the lower-level problem with x,, fixed to the values x7, and obtain the optimal primal and dual pairs (x], y}).

Accordingly, Problem (B.1) can be expressed as a Lexicographic optimization problem as follows [37]:
(Xyp» Yio» X5 ¥;) = argmax (c,;xw,clTx,)
X120,y 20,
x €L,y 20

s.t. A,x,+ B,z<b,
B.2
Ajx;+ Bjx,, < b (B-2)
Y] Az

y;r(b, - B)x,) < c[Txl

Any optimal solution (x?, y , x;‘, y;*) to the problem (B.2) satisfies the following conditions:
(x},,y;,) = argmax CpXiw
X1p20,y,, 20

s.t. Ayx, < b, — B,z (B.3)
Ajx;+ Bjx,, < b

(x),y;) = argmax clTx,
x €L,y 20
*
s.t. Ayx; < by — Byx,, (B.4)
T
YAz ¢

y;r(b, - Bx)) < clTx,

Observe from Eq. (B.3), any feasible solution (%, §,) to the lower-level problem is optimal. That is because, by strong duality forced in the third
constraint of (B.4), the pair (%,, ) satisfies:

X, = argmax ¢ X
x €L (B.5)
s.t. Ajx; < b — Bix),
¥, = arg max y;r(bI - Bix})
¥120 (B~6)
st Y A =g

Eq. (B.5) is a relaxation of Eq. (B.4) and given (B.3), (B.5) and (B.6), we use the weight-sum method to approximate the lexicographic function
Eq. (B.2), with y € (0,1) [37,38]:

. 0 :
1-—
x,l,zr{)l};:e;c ycwxw +( }’)CI X
st Ayx,+B,z<b, [y,20] o

Ajx;+ Bjx,, < b [y, > O]

where y,, is obtained by the dual solution associated with the first constraint of Eq. (B.7) and y, is obtained by the dual solution associated with

the second constraint of Eq. (B.7). The primal and dual constraints and reversed weak duality associated with Eq. (B.7) are
max yc;xw +(1 - y)c,Tx,
s.t. A,x,+B,z<b,

Ajx;+ Bjx,, < b
y;Auv + Y;I—B[ 2 }’C,I

(B.8)
Y] Az (L=7)e]
Yalbw = Bu2) + ] by S yegx, + (1 =1)e/ x,
x,>0,x, €K
Yuw > 0’ Y > 0
As a result, the tri-level problem can be approximated by
max yhTz + yc;rxu + ycl—wxwy—w + ycuTIx,
14
s.t. A,x,+ Dx,, + Exwy—w +Fx; <b,
14
ze Z,ze {0,1}"
A,x,+B,z<b,
Ajx;+ Bjx,, < b (B.9)

Yo Aw+y] B > e,

YA e =p)e]

Y1 (b= B2 +y by <velx,+ 1 —p)x,
x,>0,x, €K

Yw20y,20
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for some y € (0, 1). It remains to show that the single-level problem (B.9) is indeed an asymptotic approximation of the tri-level problem (4). To

this end, we introduce two auxiliary variables for two dual variables y,,.,y,: y,, = yT" y = 1{—’y, then (B.9) becomes
max yh'z+ yc;rxu + ycl—wijiw + ycuTIx, (B.10a)
s.t. A,x,+Dx, +Ex,y,+ Fx; <b, (B.10b)
zeZ ze{0,1}" (B.10c)
Ayx, +B,z<b, (B.10d)
Ajx;+ Bjx,, < b (B.10e)
oA, + S0y h 5 o (B.100)
YAz €] (B.10g)
FL(by — Byz) —clx, < “;—”(cfx, -3 (B.10h)
X, >0,5,>0,x €K, >0 (B.10i)

Given that the upper level variables z is fixed to 2, we denote P(2) and P(2) as the objective value of the Lexicographic optimization problem (B.2)
and the modified single-level problem (B.10a)—(B.10i), respectively. Let the pair {&,, y,.%;,;} be the optimal solution of P(2).
For wholesale market clearing problem, as y approaches to 1, (B.10f) and (B.10h) becomes:

YoAu 2, (B.11)
§1(by = Bu2) < clx, (B.12)

which implies that given fixed upper-level decision %, %,,., ¥, approximate the optimal and dual solution of problem (B.3). This is because (B.10d)
ensures the primal feasibility, and when y — 1, (B.11) and (B.12) ensure the dual feasibility and strong duality condition. Therefore, as y — 1, the
pair (%, J,,) is a feasible solution to P(2).

For the local market clearing problem, we combine Eq. (B.10f) x%,, and Eq. (B.10g) and notice Eq. (B.10d), gives us:

y] (b, = Bix,) < ¢ % (B.13)

which implies that given fixed middle-level decision %,,, X;, §; approximate the optimal and dual solution of problem (B.4). This is because (B.10d)
ensures the primal feasibility, (B.10f) ensures the dual feasibility and (B.13) enforces the strong duality condition.

In summary, %, is an approximate solution of P(2) that becomes increasingly close to the optimal solution of Problem P(%2) as y — 1, and
the pair (%, 9,) is the exact response of the follower with respect to %, for any y € (0, 1). Therefore, the approximation may sacrifice the leader’s
optimality when y is not large enough, but it always gives a feasible solution [37]. []

Appendix C. Reformulated middle-level problem: WSM clearing

This section reports the reformulated middle-level WSM clearing problem (1). In this paper, we assume that the aggregated local curves

C5%(g%%) and U®%(d®) represent the marginal cost and benefit of local participants and information asymmetry and strategic bidding are

Hiects. ; : : : agg (,aggy _ g_local local
subjects for future work. Therefore, the cost function for aggregated flexible local generators is rewritten as Clov&y) = Yhe QODN € 8
where g,’”f,f’b is the local flexible quantity produced, and the utility function for aggregated flexible local consumers is replaced by U :f,i(d:f’i) =

d_local jlocal local ; i i
Ve QDN €54y 455 where d b 1S the local flexible quantity demanded.

agg* aggx * * * * * —
(dt,s,b 8sb dt,s,k,h’ 8t s5,ke,b> ft,s,m’ et,s,h’ [”t,s,b]) -

d_local jlocal _ g_local local Z 2 d _ z z 8
arg max z Z( Z z Crskh Trskb Z 2 Crskb Brskb T Clskbrsikd Chos k,b8ts.k.b (C.1a)

teT sES \peplm keQn-fN beBlm keQG-’:N berj’kEQD_:N beB kEQG_'l’;N
1,5, 1,5, 1,5, 1,5,
s.t.
agg _ local [m d_agg
[ a6 =Y a4 D, Vbe B [0 eR], (C.1b)
keaP-PN
agg __ local /m g agg
gt = Y g, vbeB™ [of%feR], (C.10)
ke@l-DN
agg agg max /m max
df,s,b - gt,s,b < Fb ’ Vbe B ’ [ot,s,b 2 O]’ (Cld)
agg agg min /m min

- (dm,b - gm,b) <-F", VbeB", [omb > 0], (C.1e)

local ,min local local ,max D_ DN Im D_local ,min D_local ,max
Qoo =iskp Sdguy - TREL T VDEBT, o o0y 20.9, s 2 0], (€19

local ,min local local ,max G_DN /m G _local ,min G_local ,max
Biskb =8iskh<8skp o YKELTT.VOEBT. o T, 209,50y 2 0], (C.1g)
(1b)-(10), (C.1h)
(1p-aD,| wieTVses. (C.10)

Constraint (C.1Db) defines the aggregated demand which consists of the total active power demand for the local flexible consumers Y, _ o o~ dt"f]‘c”b

and the fixed demand required by the local non-flexible consumers D,  ,. The total fixed demand D, ; , is calculated as the sum of the fixed demands
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located at all distribution network nodes except for the slack bus, i.e., D, , = 3, NF D, ,; The aggregated generation is given in (C.1c), which

adds up the total active power allocated to the local flexible generators Y, _ Q0O g:‘fl‘j’b The nominal dispatch is computed based on (d;’fi g;’fi)

and this transmission—distribution (T-D) interface flow limit is enforced by constralnts (C.1d) and (C.1e). Egs. (C.1f) and (C.1g) set the maximum
and minimum limits on the local flexible demand and generations. After the clearing of the WSM, the nominal dispatch (dffi gtafi) is determined

and this decision is then sent to the DSO.
Appendix D. Reformulated lower-level problem: LEMs clearing

This section reports the reformulated lower-level LEMs clearing problem (2). Notice that Problem (2) is nonlinear with absolute values in the
objective function (2a). To solve this issue, two auxiliary non-negative variables are introduced, z , and z . The sum zl » T z op 18 used to
ass* _ o988%)| " and the dlfference between z1 2

replace the deviation between nominal and actual injection |p, 5 = (d, (" — &, () ,and z7 , is constralned by

the dispatch deviation.

q* * g 22 p*
{dlsnkb’gtrnkb’dtsnkb’grsnkb’ptsnb’qfsnb’VVY,S,ii,b’VVIH/b’VVts:/ b’ t:b’ rs,b’[”r,s,n,b]}

= argmax Z 2 Z < Z 2 tsnkb tsnkb 2 2 tsnkb tsnkb M(ztl,s,b + th,x,b) - ctq,s,O,bqu,Osb> (D.12)

1€T SES beBM “neN} kegﬁ"ﬁﬂl neNF kegf S,I:T
s.t.
2oy = Zrsy = (Proon — 557 = g5, vieT.vseSvbe B™, ¢}, €R], (D.1b)
2,202, 20, VieT VseS,VbeB", [¢f), >0,¢7,>0] (D.10)
(2b)-(29). (D.1d)

Appendix E. The benchmark model: Central planning (CP) model

This section presents the central planning social welfare maximization model as discussed in Section 4.2.1.

1 dlocal local gltnal local
maxZ(l+r)tl TZ Z Z takb dtskb Z Z I_skb tskb

T oreT SES \peplm kegtlifi" beBIm e gileN
+ Z Z Cgs,k.bdfssyk’b - Z 2 is,k,bgr,s,k,b - 2(”! IKM K Z b,;, F j)> (E.1a)
beB kEer.)E.ZN beB ke!)r TN leL jeJ
s.t.
(31)—(3k): binary investment decisions, (E.1b)
(1b)—(11): WSM primal constraints. (E.1c0)

where the variable array of the single-level problem (E.1) is

= _ F agg _agg
= {uy, bt,l,j’ d, .67 St.5.b? Ay s k> 85,k Srsmo Orspr [Tr b1}

Based on the first stage results =, we obtain the nominal dispatch information and then solve the local market clearing problem (2).
Data availability

Data will be made available on request.
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