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ABSTRACT

Grid-enhancing technologies (GETs) are expected to be vital for upgrading the transmission
system to accommodate higher levels of penetration from renewable energy sources (RES).
Proper financial incentives are key to facilitating the deployment of GETs. This paper presents a
market model based on co-optimizing GET setpoints alongside generation dispatch in power
system operation. The dual variables associated with GET constraints serve as the marginal
price for GET operation. GET owners receive payments based on this marginal price and GET
setpoints. Proof of revenue adequacy for the proposed market design is presented. Simulation
studies on two IEEE test cases show that the market design effectively rewards efficient GET
operation and results in substantially higher payments than those from a regulated rate of return.
The results suggest that the adoption of a market design, similar to what is presented in this
paper, for GETs can lead to GETs proliferation and bring unprecedented levels of efficiency
to transmission network utilization. The developed model is linear and scales well for large
real-world systems. However, the adoption of the design will require regulatory changes and
rulemaking by the Federal Energy Regulatory Agency.

Nomenclature

Indices

fr(k) The "from" bus of branch k
to(k) The "to" bus of branch k

g Generator

i,j GET deployment

k(i) Transmission branch k with GET i deployed

k Transmission branch

n(g)  Bus n to which generator g is connected

n Bus
Parameters
fmax

PST
0;
0 Vector of zeros
1 Vector of ones

Thermal capacities of transmission lines

Maximum phase shift by PST deployment i
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Af™  GET nodal injections upper bound
r Generator placement matrix

D Injection shift factor matrix

¥ GET placement matrix

A Incidence matrix

c Linear costs of generators

d Vector of nodal Demands

p™**  Maximum output of generator g
p™"  Minimum output of generators
by Susceptance of branch k
CFACTS Unit cost of FACTS devices
CPST  Unit cost of PSTs

CiF ACTS Cost of FACTS deployment i
Cl.PST Cost of PST deployment i
SFACTS Rating of FACTS deployment i
y;ma Maximum voltage injection by FACTS deployment i
Sets

G Set of GET deployments

G Set of generators

K Set of transmission branches

N Set of buses

Variables

A System-wide marginal price

0, Voltage angle of bus n

1 Locational marginal prices
a*t,a~ Generator capacity prices

B+, B~ Flowgate marginal prices

Af GET nodal injections

t+,7~ GET marginal prices

f (Partial) active power flows

p Active power output of generators
GR; Revenue of GET deployment i
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TGR Total GET revenue
TLP Total load payment
TPR Total production (generation) revenue

TTR Total transmission revenue

1. Introduction

The transmission system needs upgrades to alleviate congestion and accommodate the increasing penetration from
renewable energy sources (RES). Grid-enhancing technologies (GETs) are an efficient alternative to constructing new
transmission lines to enhance the grid’s transfer capability. GETs include a range of hardware and software tools that
improve the utilization of the existing system [1]. Prominent examples of GET include flexible AC transmission systems
(FACTYS), phase-shifting transformers (PSTs), dynamic line rating (DLR), and transmission switching (TS) [2]. These
technologies can alter key transmission parameters and alleviate transmission system constraints to facilitate more
cost-efficient generation dispatch and pave the way for a cleaner electricity sector with reduced carbon emission [3].

Despite the relative maturity of the technology, GET adoption remains rather limited [4]. One of the main challenges
hindering GET deployments is the lack of proper financial incentives [1, 5]. GETs are currently treated as a part
of a regulated monopoly transmission network. Similar to any other prudent transmission investment, GETs will
receive a regulated rate of return (RoR). Under such a structure, the return is calculated based on investments,
thus creating a preference towards transmission system upgrades that involve higher investments. Therefore, from
the investor’s perspective, GET deployments, which involve smaller capital expenditures compared to transmission
expansion projects, are negatively affected [6, 7, 1].

To overcome this challenge, several performance-based compensation mechanisms have been proposed to incen-
tivize GET investments. One method proposed to allocate financial transmission rights (FTRs) to GET investors [4].
The FTRs would enable the investors to collect market-based payments or trade the allocated rights in long-term
markets, including FTR auctions and secondary markets [8]. However, the FTR’s downside is the loose link between
the revenue allocation and real-time operation of GETSs in the short-term markets. Therefore, there will be a need for
additional processes to ensure efficient operation in real time.

The second key approach is to reward transmission investments with the benefits they create. Previous studies have
proposed such an approach as a performance-based incentive for transmission expansion projects [9, 10]. However,
proposals regarding GET investments are relatively limited. Ref. [11] presents a method that uses the benefits of FACTS
operation as financial compensation for investments, with benefits measured by changes in generation and demand
surpluses, as well as congestion rent. The WATT Coalition proposed the shared-savings incentives for GETs [12] in
recent years, allowing asset owners to receive a portion of the savings created by GET deployments. A clear drawback
of such proposed methods is that savings calculation requires a base case solution without considering GETs, leading
to extra computational burden. Moreover, the allocation of savings to multiple GETs may not be straightforward.

A third approach is to calculate a marginal price for transmission projects based on the dual solution of power
system optimization problems. For this approach, transmission infrastructures are viewed as a resource, and the dual
variables serve as measurements of marginal value. An example of this approach for transmission expansion is the use
of flowgate marginal prices (FMP) to compensate transmission companies [13, 14, 15]. Ref. [16] presents a method
for GETs following this approach which uses dual variables from DC power flow, referred to as the susceptance price,
as a price signal for variance-impedance FACTS operations. The proposed method, although straightforward, has the
major drawback of providing no revenue adequacy guarantee.

Based on the literature review of proposed incentive mechanisms for GETs, the existing literature lacks a
performance-based market design that considers the full integration of GET operation into power system operation
models while ensuring revenue adequacy. Co-optimizing GET operations with generation dispatch is essential for
the full realization of their benefits. Various modeling techniques are developed in the literature to facilitate the
integration of GETs into power system operation models [17, 18]. These models must be included in energy and
market management systems (EMS/MMS) to adjust GET setpoints and incorporate their influence in market-clearing
processes. Therefore, a desirable approach would be to calculate a price signal for GETs alongside the locational
marginal price, which is used to settle generation revenue and load payment. This paper fills the research gap by
proposing a market design for two main types of GETs, VSC-based series FACTS and PSTs. The proposed market
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design rewards asset owners based on a price signal. This price is obtained from the dual solution of DC optimal
power flow (DCOPF) co-optimizing GET setpoints, and measures the marginal value of GET operations. The DCOPF
model in this paper fully considers the operation constraints of GETs. The approach leading to the proposed market
design can be demonstrated by Fig 1.

GET modeling in DC power flow

GET operating constraints

Power system operation models
with GET operation co-optimized

Marginal (shadow) prices

GET revenues

Figure 1: GET revenues in electricity markets considering GET operations

The main contributions of this paper are summarized as follows:

1. To incentivize efficient GET investments and optimal operations, this paper proposes a market design that
provides payoffs to GET owners based on marginal prices associated with GET revenue constraints. It allows full
market integration of GET operations by settling the payoffs simultaneously with other payments for generation,
load, and transmission.

2. Revenue adequacy of the proposed market design is proved, by showing that the total congestion rent is sufficient
to cover GETs payments and prior transmission commitments.

This paper considers prominent GETs that provide power flow control capabilities with linear models. Linear GET
models are compatible with the existing market operation software, making the implementation straightforward. The
proposed market design aligns incentives with performance, where every profitable investment will require efficient
planning and operation.

The remainder of the paper is organized as follows. Section 2 presents the mathematical modeling of GETs, the
proposed market design, and the proof of revenue adequacy. Numerical results on two test systems are shown in
Section 3. Finally, Section 4 concludes the paper.

2. Methodology

2.1. GET operation modeling

Two prominent types of GET, including VSC-based series FACTS devices and PSTs, are included in this paper.
These technologies can help alleviate congestion through their power flow control capabilities. The nodal power
injection model [19] of GETs is employed in this paper. This modeling technique separates the term associated with
GET operations from the term calculated using the original line susceptance in the power flow equations, thus allowing
the application of the injection shift factors (ISFs) without needing modification [17]. The injection pair model is
demonstrated in Fig 2.

The operation constraints of static synchronous series compensators (SSSC) and unified power flow controllers
(UPFC), which are both prominent FACTS technologies, in DC power flow are formulated as follows [17] for line k(i)
equipped with GETs:

Feiy = fray + ASi = by Ororeiiny — Orecriiny) + A (1)
_Vimaxbk(i) S Afl S I/imaxbk(i), (2)

<X. Rui, et al.>: Preprint submitted to Elsevier Page 4 of 17



<Market Design for GETs>

Generation . . Generation
From bus Line k(l) To bus
< 4| 1 >
Demand, | GET? | Demand
B ———
Partial active power flow fj ;)
Af; Afi

Figure 2: Nodal power injection model of GETs

where f, k(i) 18 the active power flow on line k(i). Note that f} ;) represents only the partial flow calculated using b — 6
based on the original line susceptance. Variable A f; is the nodal injection from GET deployment i. It is also worth
noting that the power flow control functionalities are not increasing line capacities, as the thermal capacity limits are
enforced on the full power flow, as demonstrated in the problem formulation shown later in this section.

PSTs can be modeled similarly in DC power flow. The constraints are presented as follows [18]:

—OM by < Af; < O™ by 3)

Overall, based on (2) and (3), the modeling of the GETs considered in this paper allows a unified operating
constraint formulation on their injection pairs, which is presented as follows:

—AfMN AL, < AFM “

Furthermore, the modeling approach preserves both linearity and the continuum of DCOPF. Granted, other types of
GETs have different models that may not be compatible with the operation model formulation in this paper. However,
the model in this paper effectively demonstrates the proposed mechanism with prominent power flow controllers.

2.2. Market design
Based on the linear modeling presented in the previous subsection, the DCOPF problem with ISFs considering
GET operation is formulated as follows:

PO :

minimize ¢'p 5
S.t.

pmin <p< pmax’ (a”, a+) 6)
f = ®p — d — ATWPASL), (o) (7
ZPMAX < f 4 WAF < M3 B~.BY) ®)
Lp-1,d=0, (A (€
— Af™ < Af < Af™MX, (=™, 7% (10)

The variables shown in parenthesis are the dual variables associated with the corresponding constraints. Details of
certain matrices in PO are shown in Appendix A. The objective function (5) minimizes the total production cost.
Constraints on generating unit outputs are presented in (6). The impact of nodal power injection on power flows
is calculated using ISFs as shown in (7). Constraint (8) enforces the thermal capacity limits on transmission lines.
System-wide power balance is shown in (9). Finally, GET operating ranges are shown in (10).

Dual variables 7~ and 7% can be used as marginal prices for GETs, and they measure the marginal savings in total
production cost achieved by incremental changes of the GET operating limits shown in (10). Therefore, in the proposed
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market design, the GET revenues for individual GET deployments and the total GET revenue (TGR) are formulated
as follows:
GR; = (z7" = )AfF, (11)

TGR = z GRI — (T+* _ ‘L'_*)TAf*. (12)

Equations (11) and (12) show that GET revenues are calculated using marginal values, which are the dual variables,
and quantities, which are GET nodal injections. They are consistent with the market clearing processes with DCOPF,
where marginal prices are utilized for settling payments. The formulation of GET revenues in this paper has some
desirable properties presented with the lemmas below.

Lemma 1: GET revenues are non-negative.

Proof: According to complementary slackness, for GET deployment i, we have:

oA - A =0, (13)
A AL =0. (14)

Therefore, (11)-(12) can be alternatively shown as:

GR; = (¢ + 17 ")A S, (15)
TGR = (z*" + 77 TAf™, (16)

Additionally, dual feasibility states that:

>0, 17
20, (18)

Therefore, using the equations above, we have:

GR, >0, (19)
TGR > 0. (20)

Lemma 1 is, thus, proved.
Lemma 2: GR,; is zero when GET operating constraint of deployment i is not binding.
Proof: If (10) is not binding for GET deployment i, then based on (13)-(14), we have:
= =0, 21

1 1

GR, = 0. (22)

Lemma 2 means GETs not operating at limits do not collect payments. This is justified as GETs have zero or
negligible operating costs. GETs not operating at a limit implies that the asset does not contribute to congestion
reduction, and thus, is not valuable in that particular system state. Thus, the asset should not collect payment. Only
when the asset is operating at a limit can we conclude that it has contributed to an efficient dispatch and additional
capacity would be desired. It is only in such circumstances that a GET installation will receive a non-zero payment.
This property of the proposed market design helps to ensure market efficiency regarding GET planning, as redundant
investment in GET deployments likely results in zero payoffs.

Lemma 3: TGR will not exceed the savings created by GET operations.
Proof: The savings is essentially the difference between the objective function value at optimality between PO and the
base case DCOPF without any GETs. We first consider the following optimization problem:

P1 :

minimize ch (23)
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s.t.

(6),(7),(8),(9)
-0<Af<0 24

P1 is equivalent to a base case DCOPF. Note that the variables and constraints regarding GET operations are still
included in the formulation, only with the bounds set at zero as shown in (24). The LaGrange dual problems of PO and
P1 are presented as follows:

PO :

maximize g(y) = —a® p™ + a~Tp™" + 6T dd

—1Td - prTgmax — goTgmax (25)
— grTAfma _ g Tppmax

S.t.

(@ —a")—c+I"dT'o— 11, <0 (26)
B -p)+c=0 27
Y gt — )+ P AR 6 + (vt —77) =0 (28)
Pl :

maximize q;(y) = —a+Tpma" +a Tpmr 4+ 6Tdd

T Teme —Tpme
_ ﬂlnd _ ﬁ+ fmdx _ ﬁ fmdx
s.t.
(26), (27), (28).

(29)

where ¢(-) and ¢, () denote the dual objectives and y represents the dual variables. Let y* and yT represent the sets of
dual variables of PO and P1 at optimality, respectively. Based on strong duality, the savings can be derived using the
difference between the dual optimal objectives of PO and P1. Therefore, Lemma 3 can be equivalently presented as the
following inequality:

TGR = (t+" + ™) TAI™ < q,(y}) — q(r™). (30)
To prove (30), we first further derive its right-hand side as:

a () - a (") + @+ A €3]
Therefore, Lemma 3 can be proved if the following inequality holds:

a0’ < q ). (32)

As shown in the problem formulations, P1 and PO share the same constraints and, thus, the same feasible region.
Therefore, y* is within the feasible region of P1. Additionally, P1 is a maximization problem with v being the optimal
solution. Therefore, (32) is proven, which also proves Lemma 3. Lemma 3 ensures that the proposed market design
does not over-compensate GET operations.

2.3. Revenue adequacy

Revenue adequacy implies that GET revenues in the market can be settled among participants without side
payments. We present a mathematical proof to show that the congestion rent can cover the total GET revenue under
the proposed market structure.
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The primal and dual objectives of PO are shown in (5) and (25), respectively. The following equation can be
formulated based on strong duality:

q(r) = c'p*. (33)

Equation (33) shows the equality between primal and dual objectives at optimality. For the rest of this section,
mathematical derivations are based on optimal solutions of the primal and dual problems, and the * sign is hence
omitted for simplicity. Locational marginal prices (LMPs) are presented as follows:

M=o - 1" (34)
Eqn. (33) can be reformulated to:

(6Tdd — Al;d) — (cTp + at Tpmax — g~ Tpminy (35)
— ﬂ+Tfmax + ﬂ_TfmaX + T+TAfmax + T—TAfmax.

The first part of the left-hand side of (35) is the total load payment (TLP) as the multiplication between A" and d.
Based on complementary slackness, the right-hand side of (35) is further reformulated as:

(BT = BT + PAS) + (1 — 77)TATL. (36)
The KKT conditions of PO implies that:

(@ —a)+c-T"d'6 + A1, =0. (37)
Then, we have the following equation:

pd®ls - My) = plat —a +c¢)=cTp+at pm — o~ Tpmin (38)
The total production revenue (TPR) can be, then, derived as:

@Tp)'e’® - 11HT = p'r"® 6 - 4p'T"1,

i (39)
— pT(FTq)TO_ _ ﬂlg) — ch + a+Tpmax _ a—Tpmm
Therefore, (35) can be rewritten as:
d"1—@Tp) A= - ) + WAL + (zF — 7)TAS. (40)
Additionally, total congestion rent (TCR) is formulated as follows:
TCR = AA"(f + PAf)
= —(c"® — A1)HAT(f + PAF)
= —o ®AT(f + WAS)
=[BT =)W+ (z+ — t7)TIAf — 6 TDATE
=[BT =)W+ (z+ — t7)TIAf — 6 TOAT®Ip — d — ATWAS) 41)
=[(T - )W+ (z+ —t7)TIAf — 6T®Ip — d — ATWAS)
=B = )'Y+ @t —z) 1Al —o'f
=[(B* =B+t — ) IAF+ (BT - p)'E
= (" - )T + WAL + (zF — t7)TAL
The derivation of (41) uses Lemma 4 shown below.
Lemma 4: The ISF matrix and incidence matrices satisfy the following:
OATD = @. 42)
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Table 1
Modifications to the 24-bus system

Branch No. | Capacity reduction (%)
A7,A21 50
A23, A27 60

Table 2
GET allocation in the 24-bus system

GET | Location Type Operating limit
1 Al19 FACTS 0.05 pu
2 A23 FACTS 0.03 pu

Proof of Lemma 4 is presented in Appendix B.
FMPs reflect the marginal value of transmission line thermal capacities. The total transmission revenue (TTR) can,
thus, be calculated as follows:

TTR = (B* - ) (f + PAS). (43)
Finally, (40) and (41) can be interpreted as:
TLP-TPR=TCR=TTR+TGR. (44)

Equation (44) is essentially two equations, with the first one showing that the load payment is divided into production
revenues and congestion rent. The second shows that GET revenue is part of the congestion rent and, thus, can be
covered by the load payment without needing any side payments. Therefore, the revenue adequacy of the proposed
market design is proved. It is also shown that under the proposed structure, existing financial transmission obligations,
such as financial transmission rights, can be covered through the total transmission revenue, calculated using FMPs.

3. Numerical Studies

Numerical studies are carried out on the IEEE RTS 24-bus system [20] and the IEEE 300-bus system, with results
presented in this section. The test systems vary in size thus allowing us to demonstrate the effectiveness of the proposed
market design under different system topologies and various numbers of GET deployments. Both test systems are
modified with increased congestion levels to better demonstrate the effectiveness of GET implementations with sizable
savings. GET placement is determined following an engineering judgment that chooses lines with higher susceptance
price values. It is worth noting that this study focuses on operation, and optimal GET allocation is beyond the scope of
the paper. The proposed market design is illustrated through numerical results. Furthermore, the GET owners’ annual
revenues in the proposed market mechanism are compared with regulated returns. Results in this aspect show the
effectiveness of the proposed method in incentivizing GET investments. Optimization problems are set up in Python
with CVXPY [21] and solved using CPLEX 22.10.

3.1. 24-bus system

The IEEE 24-bus system data is obtained from [22]. The system is modified by reducing the thermal capacities of
lines under high utilization to increase congestion. Modifications to the capacities of certain transmission branches are
shown in Table 1. GET placement in the 24-bus system is shown in Table 2.

3.1.1. Single-hour operation case

We first implement PO in a single-hour case with peak load to validate the mathematical derivations and demonstrate
revenue adequacy. The results are presented in Table 3.

Furthermore, Fig. 3 demonstrates that aggregated revenues are equal to total load payments, which validates
revenue adequacy.
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Table 3
Results of the single-hour case

TLP TPR TTR TGR
$168.252K | $124.427K | $37.065K | $6.765K

I TLP
160 1 == TPR
B TTR
140 1 EE TGR
120 +
100 4
o
¥4
80 4
60
40
20 4
Aggregated revenue Load payment

Figure 3: Comparison between revenues and load payments

3.1.2. Annualized GET revenues and comparison with RoR

Annualized returns of GET owners are estimated following the method in [23], which selects representative days
of different seasons to calculate seasonal returns. This method uses Thursday, Saturday, and Sunday as representative
days of the week and selects weeks 11, 25, and 51 as typical weeks of spring, summer, and winter, respectively. Note
that the 11th week also represents the autumn season, as it has a similar load profile as spring. Hourly GET revenues
are calculated using (12) with DCOPF results of the 216 representative time periods and provide the basis to obtain
the estimated annual market revenue (AMR) of GET owners under the proposed market design.

The AMR results are compared with the annual regulated revenue (ARR) under RoR. To obtain ARR, we
first calculate the device cost of GETs. The following equation is used to calculate the cost of VSC-based FACTS
deployment i:

CiFACTS _ SI_FACTS CFACTS (45)
where I'™ is the maximum current on line k(i), and FACTS ratings are calculated using the equation below [24]:

k()

FACTS _ yymax ymax ., y7/max cmax
Si =V Ik(i) =V fk(i) ) (46)

The device cost of PST deployment i is presented as follows [18]:
PST _ PST
Gl = e 47)

The unit costs of FACTS and PST devices are set at $150/kVA [25] and $100/kVA [18]. The ARR is calculated
assuming a 10% RoR (110% gross return) and an interest rate of 6%. Additionally, the lifespan of the devices is
considered to be 15 years.

The comparison between the AMR and the ARR for the 24-bus system is presented in Fig. 4. Results show that
under the proposed market design, revenues of both GET deployments are much (1685% and 4362%) higher than
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Table 4
Modifications to the 300-bus system
Branch No. Capacity reduction (%)
61, 91, 101 60
115, 137, 365, 395 50
268 40

Table 5
GET allocation in the 300-bus system

GET | Location Type Operating limit
1 61 PST 10°
2 91 PST 10°
3 105 FACTS 0.03 pu
4 177 FACTS 0.03 pu
5 182 FACTS 0.03 pu
6 358 FACTS 0.03 pu

regulated returns calculated based on investments. This demonstrates the effectiveness of the proposed market design
in incentivizing GET investments. Note that according to Lemma, 3 presented in Section 2, TGR will not exceed
the savings created by GET operations. Therefore, considering the regulated RoR is much lower as shown in Fig. 4,
the results reveal that GETs are significantly undervalued under the existing market structure. This highlights the
importance of performance-based mechanisms similar to what is presented in this paper.

Million $

1 (FACTS) 2 (FACTS)
GET deployment

Figure 4: Comparison between AMR and ARR for GETs in the 24-bus system

3.2. 300-bus system

This part of the numerical studies is conducted to test the effectiveness of the proposed market design on a larger
system, with more options for installation locations. GET deployments are increased and consist of different types of
technologies. The system data are obtained from the IEEE 300-bus test case v23.07 in the IEEE PES power grid library
(PGIlib) [26]. Again, certain highly utilized branches have their thermal capacities reduced to increase congestion in
the system. The modifications are shown in Table 4. GET allocation in the 300-bus system is presented in Table 5.
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N
o

38.864

= AMR
-
2 ARR
30
25
“r
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220
=
15
10
5 3.408
. 0.661 -0_151 1.004 0.552 13 0557 1.031 0.534
2 (PST) 3 (FACTS) 4 (FACTS) 5 (FACTS) 6 (FACTS)

GET deployment

Figure 5: Comparison between AMR and ARR for GETs in the 300-bus system

AMR and ARR results are obtained following the same approach for the 24-bus system and are shown in Fig. 5.
Again, the results show that for each of the GET deployments, AMR is much higher (up to 5780%) than ARR.
GET investors will collect more revenue under the proposed market design than a regulated RoR. Additionally, GET
deployments at different locations can belong to the same asset owner, and the summation of their revenues will be the
total revenue of the owner. It is worth noting that the GET revenues of different deployments display a disparity. This
is because certain locations are much more effective than others regarding GET placement. For example, Fig. 5 shows
that GET deployment 2 (PST) is getting a much higher AMR than other GET deployments. It shows the importance of
GET planning from the investors’ perspective under the proposed market design as placing GETs at effective locations
leads to higher revenues. Further discussion on this topic is presented later in this section.

3.3. Discussions

The numerical results show that, under the proposed market design, investors get more attractive financial rewards
than the regulated RoR. The results also confirm that the market is revenue adequate. Further discussions about key
topics on the impact and effectiveness of the proposed market design are presented in this subsection.

3.3.1. Robustness and scalability

The proposed market design is developed based on a generic DCOPF formulation. Its market properties are,
thus, robust against variations in load level, system topologies, and congestion patterns, including the ones caused
by RES uncertainties. Moreover, the payoffs to GET owners are calculated based on hourly system operation where
the capacities of RES generation have been determined in the day-ahead unit commitment and hour-ahead markets. The
same principles can be used for real-time market design and operation. Therefore, RES integration does not affect the
operation of the proposed market design, and its effectiveness can be expected when implemented on systems under
RES penetration. Additionally, the calculation of GET revenues is based on available shadow prices from DCOPF
with linear GET modeling, thus ensuring computational efficiency and scalability when the proposed market design is
implemented on larger systems.

3.3.2. Types of GETs

Different types of GETs can serve the purpose of congestion alleviation. However, the mathematical representation
of GETs in power system optimization problems varies depending on the transmission system parameters they regulate
and operating principles. This paper focuses on power flow controllers with linear modeling in DC power flow. Other
types of GETs, including DLR, variance-impedance FACTS, and TS, have different types of modeling, some of which
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involve nonlinearity. For example, variable-impedance FACTS and TS can be modeled with mixed-integer linear
constraints in DC power flow [19, 27]. Therefore, the derivation of marginal prices and the mathematical proof of
revenue adequacy can be different from the methods presented in this paper. Future work will focus on incorporating
various types of GETs into market operation frameworks similar to the one proposed in this paper, allowing efficient
methods to be established to provide GET owners with adequate financial incentives.

3.3.3. Implementation and impacts

Under the proposed market design, GET revenues are calculated based on DCOPF solutions in a single time
period, allowing for implementation in both day-ahead and real-time markets. It is worth noting that two aspects are
important for the implementation of the proposed market design. First, it is essential to incorporate GET operation into
power system operation. GET setpoints need to be co-optimized with generation dispatch in power system operation
models, as demonstrated in the DCOPF formulation in Section 2, to fully utilize the capabilities of GETs and allow
the marginal prices to be derived. The adoption of GETs is currently limited due to key barriers including the lack of
proper incentives [2]. As mentioned previously, the proposed market design helps address this major challenge and
facilitates the adoption of GETs in power system operations. Implementation of the proposed market design requires
changing the regulatory structure around transmission upgrade. Moreover, the Federal Energy Regulatory Agency
will need to be involved and make rules for how the proposed design can be integrated within established electricity
markets. Second, the proposed market design is a system operation method, meaning that its results are based on
already conducted GET planning processes. Optimal allocation is essential to the effectiveness of GET deployment,
with various methods proposed by previous research [28, 29, 30]. As shown in Section 2, the total financial rewards
to GET operation do not exceed the savings it creates, and over-investments can lead to zero payoffs. Therefore, in
general, the proposed market design is expected to incentivize efficient and optimal GET planning, as it benefits both
system operation and GET owners. Future work will focus on providing more detailed studies on how the proposed
market design impacts the GET planning processes.

4. Conclusion

Proper incentives are vital to increasing grid-enhancing technologies (GETs) deployment in the power grid for
transfer capability enhancements. This paper presents a market design that provides financial compensation to GET
operations. The proposed mechanism is simple, straightforward, and based on integrating GETs in power system
operation models. GET revenues under the proposed structure are calculated using the marginal prices associated with
GET operation constraints and are settled along with generation dispatch. Simulation studies show that GET owners
can collect a fair amount of revenues significantly higher than the regulated returns. The proposed market design is
expected to provide significant incentives to GET investments. Future research will focus on integrating other types
of GETs with nonlinear modeling into the proposed market design. The formulation along with the promising results,
presented in the paper, suggest that system operators, GETs developer, and regulatory agencies should work together
to adopt market-based mechanisms for GETs compensation.

A. Details of matrices

In this appendix, we show the construction of some of the matrices in PO by showing detailed definitions of their
elements.
First, the incidence matrix A:

-1 if n =to(k)
A, =41 ifn="fr(k), ne N,keK. (48)
0 else

Second, the generator location matrix I':

1 ifn(g) =
T, = itnl@=n  cNgea. (49)
0 else
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Finally, the GET placement matrix ¥:

1 ifk()=k
w, =4 TKO=k ke (50)
0 else

B. Proof of Lemma 4

Lemma 4: the following equation regarding the ISF matrix and the incidence matrix holds:

PATD = ]. (51)
Proof: Lemma 4 is proved if the following equation holds:

oAD" =" (52)

Let |N| and |K| denote the total number of buses and branches in the system, respectively. We set bus | N| as the
reference bus without losing genericity. Then, by definition, @ is presented as follows:

@ikqn = | P ikixani-n 10 ] (53)

where @' is the reduced ISF matrix developed by removing column | N | of ®. Elements in column | N | of @, which
is the column associated with the reference bus, are all zeroes as shown in (53). Based on DC power flow, matrix @’
is calculated using the following equation:

-1
@' =B, ,A'B", (54)

We now present the development of each of the matrices on the right-hand side of (54). Matrix A’ is developed by
removing the column associated with the reference bus from A. The relationship between A and A’ is shown as follows:

Matrix B’ (IN|-D)x(|N|-1) can be developed from the admittance matrix [31] Y|y xn| by first constructing B with
neglecting the resistances and removing the imaginary units, as shown in (56). Note that Y does not have shunt terms.

Y = jB. (56)

Then, the column and row associated with the reference bus in B, which are bus | N | and column | N| in this case, are
removed. Bbfanchmxuq is a diagonal matrix with the diagonal elements being the susceptance of the lines.

We first present a proof of the invertibility of B’. The rank of matrix Y is shown as follows [32, 33]:
rank(Y) = |[N| - 1. (57)
Therefore, the rank of matrix B can be determined based on (56):
rank(B) = rank(Y) = |[N| — 1. (58)
Based on how B’ is developed form B, the following equation can be formulated:
B’ =1 BI, (59
where I is defined as follows:

- In_ -
LN ix(ni-1) = [qul(;)nglD] : (60)
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We can then formulate the following inequality using the Frobenius inequality:

rank(B’) > rank(I' B) + rank(BT') — rank(B) = 2rank(I' B) — rank(B), 61)
where rank(iTB) satisfies the following inequality based on the Sylvester’s rank inequality:

rank(iTB) > rank(iT) +rank(B) — |N| = |N| - 2. (62)
The equality in (62) holds if and only if the following equation is satisfied [34]:

i'B=0. (63)

The equation above does not hold as the diagonal elements of B are non-zero. Therefore, the rank of I'B satisfies the
inequality shown as follows:

IN| =1 > rank('B) > |[N| -2, (64)

which determines that rank(iTB) is | V| — 1. We can now use this result in (61), which leads to:

rank(B") > 2rank(iTB) —rank(B) (65)
=2(IN|-D-=(N|-1
=|N|-1.

Therefore, B’ is full rank and invertible.
Eqn. (54) can be reformulated as:

T T
A" ®'B=A""B,,, A (66)

Let S denote the right-hand side of (66), we then have:

~T
by, 0 ... 0 a’Jr
~ - ~ 0 b, ... 0]|a
S = [3'1 3’2 a’|K|] 2 :2
0o .. bk ~T ©67)
K| a’ g
K| oT
= Z bia,ia,i .
i=1
Then, we define a series of matrices as follows:
5 o7 .
X;=baa, ,i=12,..,|K| (68)

Based on the definition of A, elements of matrix X in this series can be shown as follows:

b, ifi=j&i,j€ {to(k),fr(k)}
Xpij =1-by ifi#j&i,j€ {to(k),fr(k)} (69)
0 else

S, as shown in (67), is the summation of matrices X. Therefore, its elements can be shown as follows:

z, € {0,1}, (70)
ifi=j:
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IK|

S;; = Z ziby, z; = 1iff i € {to(k),fr(k)}, 7
k=1

ifi#j:
IK|

Sy = Y —ziby. 2 = 1iff i, j € {to(k), fr(k)}, (72)
k=1

which is exactly how matrix B is defined. Therefore, we have proven that:

A""®'B =B’ (73)
Eqn. (73) is equivalent to:

@A =1. 74
Then, calculation of ®TA can be shown as follows:

(I)’T ) 1 iq)ITa/
A= | P 1A ia, 1= L2 Ay | 75
[ 0" ] LA 8 ] 0" 0 (75

The left-hand side of (52) can be calculated using (53) and (75) as follows:

' T
oTapT = | L 1P Ay [‘I"T]
T 7 V[~
0T’ o 0
(76)
ol e e e
A R

Therefore, (52) holds, which proves Lemma 4.
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