JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 10, NO. 1, January 2022 179

Strategic Investment in Transmission and Energy
Storage in Electricity Markets

Kunpeng Tian, Weiqing Sun, and Dong Han

Abstract—The variability of renewable energy and transmis-
sion congestion provide opportunities for arbitrage by mer-
chants in deregulated electricity markets. Merchants strategical-
ly invest to maximize their profits. This paper proposes a joint
investment framework for renewable energy, transmission lines,
and energy storage using the Stackelberg game model. At the
upper level, merchants implement investment and operation
strategies for deregulated transmission and energy storage to
maximize profits. At the middle level, central planners seek to
maximize social welfare through investments in centralized re-
newable energy and energy storage. At the lower level, indepen-
dent system operators jointly optimize the energy and reserve
markets to minimize the total operating costs. Merchants are re-
munerated through financial rights, which are a settlement
method based on locational marginal price. The trilevel optimi-
zation problem is reformulated as a tractable single-level one
using Karush-Kuhn-Tucker (KKT) conditions and strong duali-
ty theory. The interaction between merchants and central plan-
ners is studied with an example based on the IEEE 30-bus test
system. The assignment of weight coefficients to the correspond-
ing stochastic scenarios can help merchants avoid investment
risk, and their effectiveness is verified with the IEEE 118-bus
test system.

Index Terms—Strategic investment, Stackelberg game model,
financial right, locational marginal price, merchant, central
planner.

NOMENCLATURE
A. Indices and Sets
ij Indices of nodes
I, H Index and set of discrete capacity level for
candidate lines
LC i +i, Sets of lines receiving and sending at node i
LC|—i
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N, LC, LE Sets of nodes, candidate lines, and existing
lines

N}, N Sets of deregulated and regulated energy
storages (ESs)

Ny, N, N,  Sets of thermal generator (TG), renewable
energy (RE), and load demand

q, O Index and set of scenarios

t, T Index and set of operating time intervals

B. Parameters

Ne Ny Charging and discharging efficiencies of ESs

0 min» Ui mx ~ The minimum and maximum phase angles

P Rate of return on merchant investments

et Policy subsidies for candidate lines and ESs

T, Ts, Energy-to-power ratios for deregulated and
regulated ESs

@, Probability of scenario ¢

by by Susceptances of candidate and existing lines

Cf/ Capital cost of line capacity block /

0 Chs Degradation and regulation costs of ESs

., o Capital costs of deregulated and regulated
ESs

Crosr Coon Capital cost and penalty cost of RE

Cline s Capital budgets for candidate lines and ESs

M A sufficiently large constant

N/ Nimx  The maximum capacities for RE and regulat-
ed ESs

J A Flow limits on candidate and existing lines

Dy Nominal value of load demand

ﬁfw R, Nominal value and target of RE production

P? i P?oex  The minimum and maximum power of TG

FUS o TAE e Ramp-down and ramp-up limits of TG

TC¥ max » The maximum regulation up and regulation

resd down capacities of TG

R, RY. Upward and downward regulatory demands

C. Variables

0;, 0; Phase angles of each node

A Locational marginal price (LMP)
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A Area Upward and downward regulation prices

Clines xf/. Investment cost and status of candidate lines

. C° Capital and operation costs of deregulated
ESs

C., C’ Capital and operation costs of regulated ESs

Cc.,,Ccx Investment and penalty costs of RE

Cy» Py, Operation cost and production power of TG

e, en Storage levels of deregulated and regulated
ESs

N Capacities of deregulated and regulated ESs

Tyes.iv Dres.i Capacity and production power of RE

Diiio Dot Receiving and sending power at node i

Plip P Flow power of candidate and existing lines

Ditan Dive;  Discharging and charging of deregulated ESs

ct ot
pes,d,i’ pes,c.i

Discharging and charging of regulated ESs

rots raly; Upward and downward regulation capacities
by provided deregulated ESs

rets re'y; Upward and downward regulation capacities
by provided regulated ESs

edi Towi Upward and downward regulation capacities
by provided TG

R, R: Market and policy revenues of deregulated
ESs

R, RE Market and policy revenues of deregulated
lines

D. Coefficients and Other Variables

A, B, C Coecfficients of objective function

D, E,F, Coefficients of primal constraint

G,H,I, Coefficients of Karush-Kuhn-Tucker (KKT)
constraint

XY, Z, Investment decision, operational variables

and dual variables in scenario g

1. INTRODUCTION

ARGE-SCALE renewable energy is integrated into the

power system, which is a technically feasible candidate
for realizing sustainable development of humans [1]. With
the increase of renewable energy in the power system, regu-
latory departments have become greatly concerned with
transmission congestion. The joint planning of a power sys-
tem can relieve transmission congestion and enhance the pro-
duction of renewable energy [2]. Transmission lines and en-
ergy storage can transfer energy spatially and temporally [3].
The capacity of transmission lines is discrete, and transmis-
sion planning is performed to satisfy load demand and large-
scale renewable energy integration [4]. The energy storage
capacity can be relaxed to be continuous (if the unit capacity
is small). The co-planning of transmission lines and energy
storage becomes attractive to tackle the uncertainty inherent
in renewable energy [5]. The scalable planning of renewable
energy, transmission lines, and energy storage has drawn ex-
tensive attention.
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In the literature, different modeling techniques are used to
study the joint investment and operation of the power sys-
tem from different aspects. From the perspective of market
mechanisms, previous studies on co-planning can be divided
into centralized and deregulated mechanisms [6]. The right
to dispatch control of a power asset (e.g., a generator, ener-
gy storage, or a transmission line) belongs to the central
planner or merchant in two market mechanisms [7]. Joint
planning utilizes two market mechanisms, which are summa-
rized as follows.

In the centralized market mechanism, central planners
seek to maximize the social welfare and reduce the energy
consumption cost for end-users [8]. Several articles have
highlighted the importance of joint planning to minimize the
total cost from the perspective of central planners [9]. For
joint planning generation and transmission, a trilevel robust
optimization model has been proposed to minimize the total
cost of a system [10]. An adaptive robust optimization meth-
od can reduce the risk of load shedding and improve the reli-
ability. For co-planning generation and energy storage, a nov-
el multi-objective planning approach for coordinated off-
shore wind farms and battery storage has been proposed
[11]. For co-planning transmission and energy storage, a ro-
bust optimization model for joint planning has been estab-
lished to minimize the total cost [12]. Overall, a stochastic
programming model with expansion alternatives including re-
newable energy, transmission, energy storage, and flexibly
combined cycled gas turbines has been proposed [13]. In
general, central planners consider the security operation con-
straints to minimize the total investment cost and operation
cost within the planning horizon.

In the deregulated market mechanism, merchants seek to
maximize their profits through the strategic investment and
operation of assets by participating in competitive electricity
markets [14]. For strategic investment in generation and
transmission, a joint investment model of wind farms and
transmission has been proposed, in which merchant investors
invest in transmission lines to obtain congestion rents in de-
regulated electricity markets [15]. A structure consisting of
generation companies as merchant investors that participate
in transmission projects has been proposed, in which long-
term contracts are used to recover investment costs [16]. On
the contrary, generation planning is decided by merchants
trying to maximize their profits, while transmission-line in-
vestments aim to minimize the total cost [17]. Moreover,
merchants prefer to invest in energy storage to carry out arbi-
trage in the energy and ancillary service market. For energy
storage, a coordinated operation framework between price
makers and energy storage has been proposed, whose objec-
tive is to maximize the total profit of energy storage [18]. A
stochastic bilevel model that determines the optimal size of
energy storage from a merchant investor’s perspective is pre-
sented in [19]. Moreover, we note that a joint planning mod-
el of transmission and energy storage has been proposed. A
joint investment model is proposed to coordinate the regula-
tion of transmission and merchant energy storage, in which
regulators consider anticipating merchant decisions [20].
Likewise, the joint investment of transmission and merchant



TIAN et al.: STRATEGIC INVESTMENT IN TRANSMISSION AND ENERGY STORAGE IN ELECTRICITY MARKETS 181

energy storage has been proposed, but the merchant predicts
the regulatory decisions [21]. A deregulation mechanism al-
lows a merchant to participate in the expansion planning of
power system, which provides an environment for the mer-
chant to carry out arbitrage.

Most of the existing literature focuses on the minimization
of the total costs of candidate assets in a centralized market.
To the best of our knowledge, there are few studies on joint
investment in candidate assets to maximize profits in deregu-
lated markets. The vast majority of power systems today are
transitioning from centralized to deregulated [22]. The prefer-
ential use of renewable energy with zero marginal cost leads
to transmission congestion or variation of the locational mar-
ginal price (LMP). Therefore, joint investment in renewable
energy, transmission, and energy storage is an effective mea-
sure for the construction of power systems [23]. A higher de-
gree of risk is involved in the investment in transmission
and energy storage, and a long time is required to return the
capital cost [24]. This further increases the possibility of con-
gestion in renewable energy systems.

With the deregulation of the electricity market, it is neces-
sary to attract investment by merchants to participate in the
expansion projects predetermined by a central planner. The
investment in renewable energy to promote the transforma-
tion of the energy system includes the responsibility and ob-
ligation of central planners in renewable portfolio standards.
To reduce the capital burden of central planners, a merchant
is allowed to invest in transmission lines to improve the ac-
commodation of renewable energy. Energy storage can
smoothen the output of renewable energy and delay up-
grades of transmission lines, which are favored by central
planners and merchants [25]. The dispatch of merchant as-
sets is deregulated, which means that merchants control the
operation of transmission lines and energy storage to maxi-
mize profits [26]. Further, the investment and operational de-
cisions by the merchant must account for the consequences
of potential investments in the power system by central plan-
ners.

In this paper, a novel coordinated investment framework
based on the Stackelberg game is proposed for merchants
and central planners. The main work and contributions of
this paper are summarized as follows.

1) In contrast to existing studies, a merchant invests in de-
regulated transmission lines (DTLs) and deregulated energy
storage (DES) to maximize their net revenue, while central
planners invest in centralized renewable energy (CRE) and
centralized energy storage (CES) to minimize their total
costs. This framework validates and illustrates the interaction
between merchants and central planners.

2) The lifetime profit of the merchant’s candidate assets
from the liberalized energy and ancillary service market is
expressed as an explicit function of the LMPs and their oper-
ation strategies. The expected lifetime profit collected by the
DTLs and DES is related to their investment costs to en-
force a predetermined rate of return on investments.

3) The impact of financial incentives, regulatory require-
ments, and the expected rate of return on the investment
strategies of the merchant and central planners are studied.

Numerical simulation illustrates the optimal trade-off be-
tween the investment by the merchant and centralized deci-
sions under different operating conditions and the investment
scenarios.

4) This investment model should be useful to merchants
and central planners in techno-economic analyses of invest-
ments in the power system and in understanding the interac-
tions between renewable energy, transmission, and energy
storage decisions.

The remainder of this paper is organized as follows. The
coordinated investment framework and model assumptions
are described in Section II. The Stackelberg game model in-
volving the merchants and central planners is presented in
Section III. The solution method is discussed in Section IV.
Case studies based on the modified IEEE 30-bus and IEEE
118-bus test systems are developed in Section V, where the
results of the model applied to a case study are reported and
discussed. Finally, conclusions are presented in Section VI.

II. COORDINATED INVESTMENT FRAMEWORK AND MODEL
ASSUMPTION

This paper proposes a Stackelberg game model to explore
the competing investments between a merchant and a central
planner in a liberalized market environment. The merchant is
the leader, and the central planner is the follower, which
agrees with previous research in this subject area. In the pre-
sented competition investment structure, merchants are al-
lowed to participate in specific transmission expansion proj-
ects, which is an attractive measure to ease the budget con-
straints of a transmission system operator (TSO). DTLs can
only benefit from the energy market with transmission con-
gestion, and DES has difficulty coping with the load demand
and large-scale renewable energy integration. Therefore, a
merchant can maximize the profit with joint investment in
DTLs and DES in deregulated energy and ancillary service
markets. The coordinated investment framework is formulat-
ed as a trilevel optimization problem, as shown in Fig. 1.

Upper level (merchant)
Transmission and energy storage decision:
profit maximization

l Merchant strategy

Middle level (central planner)
Renewable energy and energy storage decision:
social welfare maximization

LMP

l Central planner strategy

Lower level (independent system operator (ISO))
Market clearing:
social welfare maximization

Fig. 1. Competition between merchants and central planners.

Figure 1 illustrates the game structure and shows the inter-
faces between the different levels of the optimization model.
The upper-level problem implements the merchant’s perspec-
tive, i.e., maximize the expected profit from the deregulated
energy and ancillary service markets. The capital costs of
the DTLs and DES are recovered through a financial right,
which is settled using the LMPs produced by the lower-level
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problem. The merchant decides the investment and operation
decisions of the DTLs and DES at the same time and in one
stage in an open-loop manner. At the middle level, central
planners seek to maximize the social welfare by investing in
CRE and CES. The expansion decisions made by the central
planners are fixed in the lower-level problem. At the lower
level, the ISO carries out day-ahead market clearing. The
economic dispatch problem with transmission constraints is
solved to derive the LMPs. These LMPs can generate useful
price signals that assist the merchant in identifying the suit-
able siting and sizing for building DTLs and DES. The mer-
chant strategy from the upper level aims to increase the fluc-
tuation of LMPs and maximize profit, which will affect so-
cial welfare and thus affect the central planners’ strategy at
the middle level. In turn, the central planners’ decisions
tend to increase renewable energy generation and social wel-
fare, which influence the LMPs and thus may affect the mer-
chant’s strategies. The trilevel optimization framework can
clearly describe the three processes of merchants, central
planners, and market clearing.

As discussed in previous studies, the necessary model as-
sumptions are as follows. The game model consists of one
leader and one follower. The equilibrium problem with equi-
librium constraints (EPEC) framework can be considered in
the game model with multiple merchants as leaders. A leader
(merchant) anticipates a follower’s (central planner) deci-
sions before making his own investment decisions. The life
span cost of candidate assets is amortized to each day in pro-
portion. Note that the theory of marginal pricing relies on
the assumption of convexity of the optimization problem.
The lower-level problem assumes that the day-ahead market
is a fully competitive environment and has hourly time inter-
vals, and the unit commitment is ignored during market
clearing. The standard DC power flow model is used to rep-
resent the transmission network. The capacity of renewable
energy and energy storage is relaxed to a continuous vari-
able instead of an integer one.

III. STACKELBERG GAME MODEL

In this section, the models for the merchant and central
planner are introduced. A trilevel optimization framework
considering the game between the merchant and the central
planner is customized. Without loss of generality, a power
system with an unidentified number of buses and linked
through undetermined transmission lines is considered.

A. Upper-level Problem

In the upper-level problem, the merchant makes decisions
on the DTLs and DES to maximize net profits. The DTLs
are paid for by the ISO according to the hourly values of
their financial rights. Financial transmission rights (FTRs)
provide a merchant with financial support to pay the conges-
tion price that they are charged in the day-ahead energy mar-
ket for their transaction [27]. The investment in transmission
by the merchant is supposed to be recovered by an invest-
ment tax credit (ITC) and daily profit. The ITC takes a cer-
tain proportion of the capital cost as a financial subsidy,
while the daily profit is the congestion rent collected
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through FTRs. The total profit of the DTLs is determined by
the market price, transmission capacity, ITC policy, and in-
vestment costs. The problem for the strategic investment of
DTLs is formulated as:

max (RZZIG +Rﬁne - Clt‘ne) (1)
Rin.= Z;Z‘ﬁif(pif;,},- ~Pini) 2)
RJI{:ne :pzs'necline (3)
Cine= 2, 2Ci% )
(ij)eLcle

Cine < Crax ®)
Pii= 2 2Pl (6)

jelLCl+ile H
Poi= D, 2Pi )

jelC|-ileH

—(1=x) M <pyi - by, (00 -0))< (1-x) M

V(ij)eLCleH.teT ®)
Xy Do <Py < Xy P V(bj)€LCI€H T (9)
xie{01} V(ij)eLCleH (10)

The objective function in (1) maximizes the difference be-
tween the profit of the DTLs over the representative days
and investment cost. Equation (2) expresses the FTR reve-
nue from the deregulated electricity market. The FTRs are
defined as an obligation under which the owner is remunerat-
ed if the LMP difference is positive and pays if the LMP dif-
ference is negative. After regrouping the term, the transmis-
sion revenue is expressed as the sum of the difference be-
tween the input and output power flows at the end of the
line, both of which are calculated according to the LMPs of
their respective buses. Equation (3) is the financial subsidy
of investment in DTLs under the ITC policy. Equation (4)
expresses the daily prorated cost, which is calculated by the
net present value approach. Note that multiple discrete stan-
dard capacity blocks with the corresponding susceptance are
considered for the expansion of transmission. Equation (5)
constrains the investment budget. Equations (6) and (7) ex-
press the block structure of the receiving power and sending
power of each node. Formulas (8) and (9) are the power
flow constraints for each candidate DTL formulated by dis-
junctive inequalities. Formula (10) defines the integer deci-
sion variables for the DTLs.

Energy storage is crucial for renewable energy integration,
which can significantly enhance the efficiency and reliability
of the power system. Broadly speaking, the short-term value
of energy storage lies in the ability to carry out arbitrage
over time and space. That is, energy storage can absorb ex-
cess energy within a short time and reshape the relationship
between supply and demand over a long time. The concept
of financial storage rights (FSRs) is proposed to explain the
financial property rights of energy storage capacity [28],
which is similar to FTRs. Moreover, the flexibility of energy
storage can provide reserve auxiliary service for the ISO,
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and the dual variable of the reserve capacity constraint is
used for the reserve capacity price. Therefore, energy storage
can benefit from the energy and reserve markets. The strate-
gic investment problem of DES is formulated as:

max (R +RE - C5 — C2) (11)
RZ”: Zz(lip;vldl_llpevcl+}‘iu Zvul+/’{’rdrevdt) (12)
1eTieN;,
R =plC, (13)
Cea es,i

,gl (14)
Co <Crnx 15)
C“) ZZ( evpevctnc—"_cevpe\dt/nd) Z(CZV evu1+c(’vru‘dt)

teTie Ny, ieN,
(16)
0<p€Sdl_n€.sl VIEN;A’[ET (17)
0 péALl_né.\I VIEN;s’tET (18)
0<r;’ulsnest VZEN;MtET (19)
0<r},;<n, VieNi,teTl (20)
O<p€&‘dl/;/ld+r€?ul<n€sl VZEN;’IET (21)
O peactl/]c+resdtsn VZGN:MZGT (22)
r;jvluz<e:1vtz <nev1‘[er _r(’?dl Vi EN;,Z‘E T (23)
eivf[: 2\’11 pevcznc pZS,tﬂi/nd VIEN;S’ZLET (24)
z(pl:;:fc,irlc pesdz/”d) O VIENeYs’tET (25)

teT

The objective function in (11) maximizes the difference
between the total profit of DES and the total cost. Equation
(12) is the DES revenue collected from the energy market
and ancillary service market. Equation (13) expresses the fi-
nancial subsidy for DES under the ITC policy. Equation (14)
is the capital cost. Note that we assume fixed energy-to-pow-
er ratios; then, the investment cost of DES is a function of
the power. Equation (15) represents the investment budget.
Equation (16) limits the degradation cost and reserve cost.
Equations (17) and (18) express the maximum discharging
and charging powers of the DES. Formulas (19) and (20) are
the upward and downward regulation capacities of the DES.
Formulas (21) and (22) are the coupling constraints between
the charging and discharging powers and the regulation ca-
pacity. In (23), the stored energy is bound by the state of
charge (SOC). Equation (24) expresses the dynamic process
of storing energy in the bank of energy storage. Equation
(25) connects the initial and final SOC levels of energy in a
representative day.

A merchant can invest in DTLs and DES, and the upper-
level problem is expressed by (26) and (27), subject to (2)-
(10) and (12)-(25):

max (R"'”

lme R;z‘ne Rf”vn + Rfv - C - C;r - C;”) (26)

line

+R}

lme

R, + Ry, + R +RE2p(Cp +Co+C0)(27)

Formula (26) maximizes the net profits of DTLs and
DES. Formula (27) relates the total profit and capital cost by
setting a predetermined parameter to implement the expected
rate of return. An LMP can reflect the degree of energy scar-
city at each node in the power system. A high LMP indi-
cates that a node has no access to cheap generation or is ex-
cessive. Conversely, a low LMP implies that the node ac-
cesses too much cheap generation or has no access to suffi-
cient demand. Hence, a new transmission line is built be-
tween two buses with low and high LMPs to distribute the
excess cheap power to the excessive load demand. Conse-
quently, the constructed DTL should be paid for by the
FTRs, which is the congestion profit caused by the potential
price difference. Further, the merchant’s storage provides
market participants with the ability to hedge hourly LMP
fluctuations at specific nodes in the power grid. As in (12),
the profits of FSRs related to the DES are calculated accord-
ing to the sequence of hourly LMPs at a specific node and
the corresponding sequence of hourly injection/withdrawal
flow. The investment in DTLs aiming to maximize financial
rights is established. DES investments seek to maximize
profits from the energy and ancillary service market.

B. Middle-level Problem

In the middle-level problem, central planners make invest-
ment decisions related to CRE and CES to minimize the to-
tal cost of the power system. Investment in CRE is an attrac-
tive measure to reduce carbon dioxide emissions and achieve
carbon neutrality. However, the uncertainty of renewable en-
ergy will cause extra costs and potentially high risks during
the planning and operation of the power system. Energy stor-
age provides an opportunity for large-scale renewable energy
integration into the power system. From the perspective of
central planners, a joint investment model for CRE and CES
is expressed as:

min(C,,€S+C;+C;’S+C;” c) (28)

o= B Gl 29)

:ZZ(Cng,‘FCngM‘FCg’”gd,) 30

e (30)

[Ez\, Ces es,i (31)

Ceo= 3 3 (el pite i, + ity )+

TeTien:

2 2( :’A eaut+cesresdt> (32)
TeTiene

Cl= Z;zw, iﬁff( ros.i Pres P,m) (33)

The objective function in (28) minimizes the total system
cost. Equation (29) expresses the investment cost of CRE.
Equation (30) expresses the operation cost of the thermal
generators (TGs), which is composed of production and regu-
lation costs. Equation (31) is the investment cost of energy
storage. Equation (32) is the degradation and regulation
costs of CES. Equation (33) is the penalty cost caused by re-
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newable energy spillage. The central planner aims to maxi-
mize social welfare, which means that they will invest in
CRE and CES only if the resulting improvement in social
welfare is higher than the investment cost. Note that the op-
eration of CRE and CES is determined by the ISO.

C. Lower-level Problem

In the lower-level problem, the energy and reserve mar-
kets are jointly cleared, and the LMPs and marginal regula-
tion prices are derived. It is usual for ISOs to employ optimi-
zations to minimize the total operating costs according to a
predetermined merchant strategy and central planner strate-
gy. The economic dispatch problem is expressed as:

min(CJ +C57+C) (34)
pfg,i FPesi _pte,ij +p2vfd,i —PZ;ZA,,- +p?;1;,i -
Phi #Piai P ei=pl; (4) VieNteT  (35)
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The objective function in (34) minimizes the total operat-
ing cost. Equation (35) expresses the balance of node pow-
ers in each period. Formula (36) restricts the production of
power by TGs. Formula (37) confines the ramp rate of the
TGs. Formulas (38) and (39) limit the upward and down-
ward regulation capacities of TGs. Formula (40) ensures that
renewable energy production does not exceed the predicted
value. Formula (41) limits the maximum installed capacity
of renewable energy at each node. Formula (42) sets a re-
quirement on the proportion of renewable energy production
during load demand. Formulas (43) and (44) express the
hourly upward and downward regulatory requirements. For-
mulas (45) and (46) are used to model the DC power flow
of existing lines. Formula (47) bounds the phase angles of
all nodes in each period. Formulas (48) and (49) restrict the
charge and discharge powers of the CES. Formulas (50) and
(51) model the upward and downward regulatory capacities
for the CES. Formula (52) states the constraint between the
discharge power and the upward regulatory capacity for the
CES. The constraint between the charge power and down-
ward regulatory capacity is given in (53). Formulas (54) and
(55) express the dynamic operation and reservoir capacity of
the CES at each node. Formula (56) connects the initial and
final SOCs. Formula (57) defines the maximum installed ca-
pacity of the CES. The Lagrange multipliers of the lower-
level problem are specified after the colons in (35)-(57).
Note that the Lagrange multiplier corresponding to (36) de-
notes the LMP. The Lagrange multipliers of (43) and (44)
are the upward and downward regulatory prices, respectively.

IV. SOLUTION METHOD

To solve the trilevel optimization problem, the middle-
and lower-level problems are first converted into a single-
level equivalent. Note that both central planners and the ISO
seek to minimize the total cost. Therefore, the middle- and
lower-level problems are replaced by an equivalent optimiza-
tion problem (EOP), as shown in (58), subject to (30)-(34)
and (36)-(58).

min(C,es +C+CL+C°+ sz)

res

(38)

Then, the Stackelberg game model is formulated as a bi-
level optimization problem [29]. Furthermore, the problem
can be recast as mathematical programming with equilibrium
constraints by the Karush-Kuhn-Tucker (KKT) condition.
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Firstly, the first-order optimal conditions of the EOP are giv-
en as:
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Note that 7 in (59) and (71) ranges from 1 to 7-1, while ¢
in (60) and (72) is equal to T.

Secondly, the complementary slackness conditions for
each inequality constraint in the EOP are given as:
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Note that solving the EOP is equivalent to solving (35)-
(57) and (59)-(108). The set of (74)-(108) is nonconvex; the
nonlinear problem can be tackled by using disjunctive in-
equalities [30]. As the EOP is a substitute for a set of linear
equations, the bilevel optimization is formulated into a sin-
gle-level optimization problem. However, the profits of
DTLs and DES are determined using the LMPs, which lead
to a nonconvex objective function in the upper-level prob-
lem. Fortunately, the EOP is linear, and Slater’s condition is
satisfied [31]. Strong duality theory is used to linearize the
objective function.
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After reordering the terms, the revenue from the market
for DTLs and DES is rewritten as:
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The FTR and FSR profits are represented by the dual vari-
able and the boundary of the primal variable. The noncon-
vexity and nonlinearity of the objective function in (26) and
the complementary slackness conditions in (74)-(108) are lin-
earized. To this end, the joint planning framework consider-
ing the game between the merchant and the central planner
is customized as mixed-integer linear programming (MILP)
problem, which can be solved by a commercial package.

The variability of renewable energy and the load is inte-
grated into the market clearing in the lower-level problem.
Suppose that Q denotes the number of generation and de-
mand scenarios. Accordingly, a scenario-based stochastic op-
timization model is proposed, and its compact form is given
as:

max|AX+B Y @, Y,+C > o,Z, (111)
q€Q qeQ

DX+E,Y,<F, (112)

G)Y,+H,Z,<I, (113)
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quzl

(114)
qeQ

Formula (111) maximizes the net profit. Formula (112) ex-
presses the primal constraint corresponding to (2)-(10), (12)-
(25), (27), (29)-(33), and (35)-(57). Formula (113) expresses
the first-order optimal conditions and the complementary
slackness conditions corresponding to Equations (59)-(108).
Equation (114) limits the sum of all scenario probabilities. It
is worth mentioning that an equality constraint can be rewrit-
ten as two inequality constraints. The deterministic model
can be extended to the case of uncertainty in the supply and
demand in the electricity market. The number of scenarios
increases the computational burden. However, this model of
maximum expected profit can be efficiently solved by a soft-
ware package.

V. CASE STUDIES

In this section, we present numerical experiments to vali-
date the presented methodology. All numerical studies have
been run using the CPLEX solver within the MATLAB envi-
ronment on a 64-bit Windows-based server.

A. Data and Experimental Setup

The framework is implemented in a modified IEEE 30-
bus test system, and the original data are given in [32]. The
maximum load and capacity of the units and transmission
lines are three times their original values. The hourly ramp-
down and ramp-up limits of the TGs are 30% of their capaci-
ty. The minimum output of a TG is set as 10% of their ca-
pacity. The operating costs of the TGs range from 50 $/
MWh to 350 $/MWh, and the regulation cost is set as 5 $/
MWh. The transmission expansion projects in which mer-
chants can participate are lines 29, 30, and 35. Three kinds
of discrete capacity levels (20, 40, and 60 MW) with the cor-
responding susceptance of the lines are considered, and the
daily cost of the candidate lines is set as 240 $/MWh. DES
can be installed on buses 6, 22, 23, and 27. CES can be in-
stalled on buses 11 and 27. The daily capital costs of DES
and CES are 450 $/MWh and 500 $/MWh, respectively. The
degradation and regulation costs are set as 0.5 $/MWh and
0.5 $/MWh, respectively. The charging and discharging effi-
ciencies of all energy storage are set to be 0.95. The energy-
to-power ratios for DES and CES are set as 3 and 5 hours,
respectively. The installation capacities of DES and CES on
each bus are limited to 50 and 30 MW, respectively. The pa-
rameters are feasible for performing spatial and temporal ar-
bitrage. Wind turbines (WTs) and photovoltaics (PVs) can be
installed on buses 22, 23, and 27. The installation capacities
of WTs and PVs on each bus are limited to 150 and 100
MW, respectively. The daily capital costs of PVs and WTs
are set to be 80 and 70 $/MW, and their operating cost is ze-
ro. The penalty cost of renewable energy spillage is set to be
500 $/MWh. A day is divided into hourly time slots with 7' =
24. The curves of renewable energy and the load [33] are
shown in Appendix A Fig. Al. Unless stipulated otherwise,
the rate of return on investment by the merchant is set to be
1 to ensure that the investment can be accurately recovered.
The regulatory requirement is set to be 10% of the total sys-
tem load in each period. The ITC subsidy is set to be 10%.
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A numerical analysis is performed for the spatiotemporal
arbitrage of DTLs and DES in a liberalized day-ahead elec-
tricity market. Economic results such as the merchant’s prof-
it and total social cost are analyzed. The planning and opera-
tion strategies of the merchants and central planners are giv-
en. Specifically, an example of investment by a merchant
without a central planner is given in Section V-B. The coor-
dinated investment results of the merchant and central plan-
ners are given in Section V-C. Finally, a stochastic version
of the analysis is given in Section V-D.

B. Investment by a Merchant Without a Center Planner

As a benchmark, an example of investment by a merchant
and an operation strategy without a central planner is given
in this subsection. The advantage of joint investment in
DTLs and DES is demonstrated with the following three cas-
es: (D Case 1: investment in DTLs without DES; 2 Case 2:
investment in DES without DTL; and 3 Case 3: joint invest-
ment in DTLs and DES. Firstly, the results obtained by in-
vestment plans by a merchant are summarized in Table 1.

TABLE I
INVESTMENT PLANS BY A MERCHANT WITHOUT A CENTRAL PLANNER

Case DTL (MW) DES (MW/MWh)
No. 29 No.30 No.35 No.6 No.22 No.23 No.27
Case 1 60 60
Case 2 50/150
Case 3 80 60 31/93 14/42 0 22/66

Note that the DES capacity is rounded. The results in Ta-
ble I show that the expansion capacity of the DTLs and
DES is the largest in Case 3. Without a central planner, the
system load is supplied by TGs. The operating costs of the
TGs in these three cases are $1347600, $1460300, and
$1298200, respectively. Obviously, joint investment in DTLs
and DES can significantly reduce the operation cost of the
TGs. Secondly, the investment and profit in the three cases
are shown in Fig. 2.

35000 m Line cost 1140000
—
30000} o Etiﬁreaﬁfo%‘)tst 1120000
5 25000} ~+ Storage profit 100000 &
k3 g
S 20000t 180000 £
= a
g =
£ 15000 {60000 &
5 o
= 10000} 140000 <
5000} 120000

Case 1

Case 2
Case

Case 3

Fig. 2. Investment and profit of merchant in three cases.

The total investment costs of the merchant in the three
cases are $28800, $23600, and $65000, respectively. The to-
tal profits of the merchant in the three cases are $87300,
$31100, and $148200, respectively. It is not difficult to deter-
mine that the net profit in Case 3 is the highest, which dem-
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onstrates the advantage of joint investment. The DTLs can
alleviate congestion, while the DES can reduce regulation
costs. Thus, joint investment in DTLs and DES can effective-
ly reduce the operation cost of the TGs and increase the
profit of the merchant.

In contrast to the above example, the financial subsidy
and regulatory requirements are fixed at 10%. Here, the ef-
fects of regulatory requirements and financial subsidies on
the profit of the merchant in Case 3 are shown in Fig. 3.
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Fig. 3. Total profit with different regulatory requirements and ITCs.

The regulatory requirements and ITC financial subsidies
are gradually increased from 0% to 20% in steps of 5%. In
Case 3, the merchant profits with each regulatory require-
ment, and the ITC financial subsidies are calculated. The to-
tal profit is proportional to the regulatory requirements and
ITC financial subsidies. The regulatory requirements will in-
crease congestion and reserve costs, which provides arbi-
trage opportunities for DTLs and DES. The ITC financial
policy is equivalent to reducing investment costs and promot-
ing the installation capacity of DTLs and DES. However, it
is important for policy-makers to design reasonable ITC fi-
nancial subsidies according to regulatory requirements.

C. Game Between Merchant and Central Planners

In this subsection, a numerical example of joint invest-
ment considering a game between the merchant and the cen-
tral planners is given. Similarly, the interaction between the
merchant and the central planners is illustrated in two cases:
(D Case 4: joint investment by the merchant and central
planners; and (2) Case 5: the central planners invest without
the merchant. Firstly, the results for planning by the merchant
and central planners in the two cases are summarized in Table
11

Note that the installed capacity for CRE and CES is
rounded. The results in Table II show that the investment by
the merchant can promote investment in renewable energy
by the central planners and reduce their capital burden. Node
22 is installed with large-scale WTs and PVs, which increas-
es the transmission congestion cost of line 29 and necessi-
tates the expansion of transmission. Moreover, the central
planners prefer to reduce the investment in CES to avoid
high social costs. The investment and operation costs in Cas-
es 4 and 5 are summarized in Table III.

The investment by the merchant reduces the operation
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cost of the system, which lowers the operation cost of the
TGs in Case 4. The energies consumed by renewables in
Cases 4 and 5 are 5691 and 4323 MWh, respectively. Re-
newable energy has zero marginal cost, which can reduce

the operation cost of the power system. Secondly, the invest-
ment by the merchant increases the risk of peak LMPs. The
LMP for each period for the two cases is shown in Fig. 4.

TABLE 11
INVESTMENT SOLUTIONS FOR MERCHANT AND CENTRAL PLANNERS

Merchant

Central planner

Transmission lines

Case Energy storage (MW/MWh)

Energy storage

WT (MW) PV (MW)

(MW) (MW/MWh)
No.29 No.30 No.35 No.6 No. 22 No. 23  No.27 No.22 No.23 No.27 No.22 No.23 No.27 No. 1l No. 27
Case 4 120 50/150 38/114 41/123 31/93 150 42 133 100 35 100 30/150 0/0
Case 5 95 27 136 36 35 89 30/150 30/150
TABLE 111
INVESTMENT AND OPERATION COSTS IN CASES 4 AND 5
Case Investment and operation cost ($)
Deregulated lines Deregulated storage Thermal units Centralized WT Centralized PV CES Penalty
Case 4 28800 73939 893556 22750 18800 15568 0
Case 5 0 0 1163082 18060 12800 31244 5913
The difference is that the CES has a lower installed capacity
1000 and is inactive. Thirdly, the effect of the rate of return on
the investment by the merchant is studied. The cost and prof-
_g 500 it of investment with different rates of return are shown in
= Fig. 6. This figure shows that it is difficult to achieve high
? rates of return, which can reduce the merchant’s profits and
E 0 social welfare. Note that a profit-unconstrained situation (p <
3) leads to a large installed capacity of DES. The profit-un-
_503% constrained case overestimates the market demand for ener-
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Fig. 4. LMP for each period for Cases 4 and 5.

The minimum LMP for the two cases is —500 $/MWh,
which appears in node 22 in the 9" period. The maximum
LMPs for the two cases are 940.5 and 852.3 $/MWh, which
occur in node 21 in the 9™ period. The WTs and PVs inte-
grated into node 22 lead to a negative LMP and transmission
congestion in line 29. Large-scale renewable energy is in-
stalled in Case 4, and the uncertainty of production leads to
drastic fluctuation of the LMP. Further, as a result of their in-
vestment and operation strategy, the merchant expects a high-
er fluctuation of the LMP, which is beneficial for the arbi-
trage of DTLs and DES. For Case 4, the profits of the DTLs
and DES are $180000 and $103500, respectively. The dis-
patch power of a unit in Case 4 is shown in Fig. 5.

The anti-peak shaving of wind leads to the production of
energy by TGs fixed at a forced output. The reduction of re-
newable energy generation and the increase of load demand
lead to a large value of LMP. The arbitrage of DES in liber-
alized energy and reserve markets uses electricity prices as
an arbitrage signal. Therefore, the DES is continuously dis-
charging without charging during the period of 14:00-24:00.

gy storage capacity and reduces the value of energy storage
for the whole system [26]. A large transmission flow power
and LMP diversity between nodes are conducive to arbitrage
of DTLs, which means that the merchant prefers to invest in
DTLs.

Power (MW)
w S W
[l
(=}

1 3 5 79

11 13 15 17 19 21 24
Time (hour)
= TG output; m CRE (WT) output; = CRE (PV) output; m CES discharging
= CES charging; ®m DES discharging; m DES charging

Fig. 5. Day-ahead dispatch power of a unit in Case 4.

Profit-constrained decisions result in a larger CES capaci-
ty and operation costs. This change between the profit-con-
strained and unconstrained cases can be attributed to model-
ing priorities. As a leader, merchants aim to maximize their
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net profit instead of the expected rate of return. As a follow-
er, the central planners seek to minimize the social cost. The
profit-constrained case will reduce the investment in DTLs
and DES, which will lead to additional CES and operation
costs.
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Fig. 6. Influence of rate of return on investment cost and profit in Case 4.

In summary, the investment by the merchant shares the
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capital burden of central planners and improves social wel-
fare. The investment in CRE by the central planners offers
arbitrage opportunities for merchants.

D. Numerical Analysis of Stochastic Scenarios

In this subsection, a stochastic analysis based on the modi-
fied IEEE 118-bus test system is presented to verify the ef-
fectiveness of the framework. The original data are given in
[32]. The operating costs of TGs range from 50 to 500 $/
MWh. DES can be installed on buses 56 and 59. CES can
be installed on bus 56. The expansion lines are lines 84, 85,
and 87, and the capacity of these lines is set to be 30 MW.
WTs can be installed on buses 56 and 59. PVs can be in-
stalled on buses 54 and 56. The remaining parameter set-
tings are given in Section V-A. Owing to the seasonal char-
acteristics of renewable energy and the load, the annual sce-
nario set is reduced to four typical scenarios (spring, sum-
mer, autumn, and winter). These scenarios and probabilities
can be obtained using the K-means clustering algorithm
[34], as shown in Appendix A Figs. A2-A4. The results for
planning by the merchants and central planners in different
scenarios are summarized in Table IV.

TABLE IV
INVESTMENT BY MERCHANTS AND CENTRAL PLANNERS IN VARIOUS SCENARIOS

, DTL (MW) DES (MW/MWh)  Centralized WT (MW)  Centralized PV (MW) CES (MW/MWh)
Scenario No. 84  No. 85 No. 87 No.56  No.59  No.56  No.59  No.54  No. 56 No. 56
Scene 1 20 3/9 120 150 100 70 26/130
Scene 2 20 20/60 18/54 150 150 100 68 30/150
Scene 3 20 19/57 22/66 150 150 100 100 30/150
Scene 4 23/69 150 150 100 100

Multi-scene 20 16/48 15/45 129 150 100 76 30/150

The weight in each scenario is set to be 1. The weights of
the four typical scenarios are 0.26, 0.17, 0.29, and 0.28 in
the multi-scene scenario, respectively. An economic analysis
of the merchants and central planners in various scenarios is
shown in Fig. 7.
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Fig. 7. Costs and profits of investors in various scenarios.

Diversified renewable energy and load curves lead to

large differences in the planning results corresponding to
each typical scenario. For the individual scenarios, the high-
est net profit is $50437 in Scene 3, and the lowest net profit
is $2261 in Scene 1. The expected net profit in the multi-
scene scenario is $27468. The degree of transmission conges-
tion in each scenario is different, and the large differences in
LMPs and power flows lead to a high yield of DTLs. The
merchants did not invest in DTLs (Scene 4), which indicates
that the merchants prefer to invest in DES. Transmission
lines will reduce the fluctuation of the LMPs, but arbitrage
is difficult for both DTLs and DES in a power system with-
out transmission congestion. Finally, the renewable energy
and load scenarios affect the rate of return of the merchant.
The risk to the merchants can be mitigated by using the
multi-scene scenario and setting weight coefficients.

Financial rights can promote merchants to invest in DTLs
and DES and reduce the financial burden of transmission ser-
vice providers. The merchants can strategically invest in the
deregulated electricity market to maximize their profits. The
behavior is more pronounced with increased renewable ener-
gy penetration and deregulation of the market, which offer
an opportunity for intertemporal arbitrage in energy and an-
cillary service markets.
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The number of scenes in a scenario will greatly increase
the computational burden. The results for planning a single
scene are obtained in 10 min. The results for planning multi-
ple scenes are obtained within 6 hours, which is acceptable
for offline simulation.

VI. CONCLUSION

In this paper, a novel coordinated investment framework
for merchants and central planners using the Stackelberg
game is proposed. Examples utilizing the modified IEEE 30-
bus and 118-bus test systems illustrate the interactions be-
tween the profit-maximizing merchants and the cost-minimiz-
ing central planners. The following conclusions are drawn
from the results.

1) For the merchants, joint investment in DTLs and DES
has higher market profits. The DTLs and DES become remu-
nerated on the basis of the difference in the LMPs of differ-
ent nodes and periods. Merchants tend to invest in transmis-
sion and energy storage in a power system with a fluctuating
LMP. Assigning a weight coefficient to each scenario can re-
duce the risk to the merchant.

2) For the central planners, CRE can reduce the operation
cost of the system and increase the risk of peak LMPs. This
can attract investment by the merchants and promote the pro-
duction of renewable energy. The investment by the mer-
chants allows the capital burden of the central planners to be
shared and improves social welfare.

3) From the perspective of the system, joint investment by
the merchants and central planners can help merchants ob-
tain higher profits and help central planners achieve greater
cost savings than deployment alone.

Future work will extend this framework to include an in-
vestment model, e.g., improve the computational tractability
of the multistage investment framework with a decomposi-
tion algorithm. Moreover, the application of deep learning
for portfolio optimization is worthy of attention.

APPENDIX A
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Fig. Al. Forecasting power of renewable energy and load.
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