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Increasing operation costs and carbon emissions have brought great challenges to
the development of port systems, which are regarded as prosumers that comprise
various renewable energy sources and diversiform electric loads. In this paper, an
energy transaction framework for the green port with amultiport power electronic
transformer (PET) is established to optimize the operation of the port system in
day-ahead energy and reserve markets. The market behavior of the port system is
formulated as a bi-level stochastic optimization model. The energy source
schedule, berth allocation, and quay crane (QC) assignment are optimized to
minimize the total operation cost at the upper level, whereas energy and reserve
market clearing problems are settled at the lower level. The aforementioned
nonlinear bi-level optimization problem is solved as a mathematical program with
equilibrium constraints (MPECs). Karush–Kuhn–Tucker conditions and duality
theory convert the proposed nonlinear bi-level problem into a linear single-
level problem. Numerical simulations show that the proposed strategy can
achieve the lowest total operation cost for the green port.
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1 Introduction

As world trade and economic globalization develop, ports and their surroundings
become crucial energy consumers and pollution sources due to their high-power
demands in mechanical devices, shiploads, and logistics processes (Acciaro et al., 2014;
Bektas et al., 2019; Fan et al., 2022a). In order to reduce energy consumption and greenhouse
gas emissions, full electrification is widely promoted in the ports. Due to the port
electrification, the reduction of CO2, SO2, NOx, and black carbon (BC) emissions in
ports can be in the range of 48%–70%, 3%–60%, 40%–60%, and 57%–70%, respectively
(Zis et al., 2014). As the ports become more electrified, demands on the local electricity
network’s infrastructure (Buiza et al., 2015) increase. The electricity networks in the green
port consist of AC and DC systems (Thanh et al., 2008). Energy storage, electric vehicles,
shore power, and renewable energy power generation units (photovoltaic and wind power)
are the main components in the AC and DC systems of the green port.

The future renewable electric energy delivery and management (FREEDM) system
proposed a new-type power electronic device called the power electronic transformer (PET)
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to manage diversiform renewable energy sources (RESs),
dispatchable energy resources, energy storage, and shore power
connected to the port power system (Heydt, 2010; Huang et al.,
2011). The multiport PET has power flow regulation ability and fast
response characteristics, which can build flexible pathways between
multiple AC and DC systems of different voltage levels, support the
flexible access of RESs, and realize the conversion for a larger
amount of energy (Li Z. et al., 2018). Rashidi et al. (2019)
studied a four-port solid-state transformer and a control scheme
to control the power flow and output voltage, and the power
references of all ports are determined by the load demand,
generation capacity of the distributed generation system, and the
state of charge of the energy storage. Yang et al. (2019) proposed an
equivalent circuit and mathematical model of the multiport and
multi-function power electronic transformer (MPMF-PET)-based
mixed AC/DC power grids. A decentralized optimal power flow
(OPF) model, considering the multiport coordinated control
strategy of PET, for running autonomous AC/DC hybrid
microgrids is proposed (Dong et al., 2019). Geng and Hu (2019)
studied the OPF for AC and DC grids based on PET and aimed to
minimize the generation cost of the system losses. Therefore, the
functional characteristics of the PET can perfectly support its
application in the green port system.

Based on the PET, more novel technologies, such as smart grids,
microgrids, and electrical power distribution systems, should be
promoted in green ports (Parise et al., 2016). Roy et al. (2020) listed
technological breakthroughs and up-to-date reviews of microgrid
development in seaports worldwide. Molavi et al. (2020)evaluated
the application of microgrids at ports and the benefits of purposeful
planning for microgrid integration through a systematic framework.
Iris and Lam (2021) produced an initial baseline plan that includes
day-ahead operation and energy management plans considering all
port and energy-related parameters with expected RES power
generation. In order to achieve sustainable port energy
management, renewable DC microgrids should be implemented
with appropriate energy storage technologies (Misra et al., 2017).
Large ports are regarded as prosumers that comprise a variety of
flexible loads and local renewable energy resources (Kanellos, 2017).

Based on the abovementioned studies, logistics systems are the
main flexible components in green port electricity networks. The
logistics systemmainly focuses on the scheduling of berths, quayside
cranes, and ships to achieve the optimal logistics cost (Alnaqbi et al.,
2016; Idris and Zainuddin, 2016). Iris et al. (2015) proposed novel
generalized set partitioning formulations for the berth allocation and
quay crane assignment problem (BACAP), considering both time-
variant and time-invariant QC assignment policies. Malekahmadi
et al. (2020) studied the berthing possibility in terminals depending
on water depth and tide conditions. Tan et al. (2021) investigated the
automated quay crane scheduling problem (AQCSP) for the
automated container terminal considering the trade-off operation
efficiency and energy consumption. The aforementioned literature
widely discussed the energy management of the green port system
and the integrated model for berth allocation, QC assignment, and
ship scheduling. However, energy transactions for green port
systems in multiple electricity markets, such as energy and
reserve markets, are rarely studied in past studies.

The research on multiple electricity markets has been subjected
to the wide development of microgrids and smart grids. Energy

trading between islanded microgrids is established in a distributed
convex optimization framework (Gregoratti and Matamoros, 2015).
Li J. et al. (2018) integrated a bilateral energy trading mechanism
with the OPF technique to increase economic benefits to individual
participants. Meanwhile, they ensured the reliability and security of
the system operation. Each microgrid can be an energy provider or a
consumer according to its energy generation and local demand
(Park et al., 2016). The battery energy storage system (BESS) can
provide energy arbitrage and frequency regulation support (Fan
et al., 2022b). Shayegan-Rad et al. (2017) assumed that a virtual
power plant (VPP) provides the required reserve through its
synchronous distributed generation and small pumped storage
plant based on the delivery request probability of the day-ahead
market. Doostizadeh and Ghasemi (2013) incorporated distributed
energy resources along with network constraints and load and wind
uncertainties to achieve optimal decisions in day-ahead energy and
reserve markets. Guo et al. (2021) proposed a novel joint energy and
reserve market where all agents can freely negotiate with
neighboring agents over the quantities and prices of energy and
reserve. The abovementioned studies mainly focused on operation
optimization for common microgrids. The application of green port
microgrids in multiple electricity markets was rarely studied.

This study proposes a bi-level stochastic scheduling scheme for
the green port considering the multiport PET in day-ahead energy
and reserve markets. The main contributions of this work are
summarized as follows:

1) A coordinated operation strategy for energy source scheduling,
berth allocation, and QC assignment, considering an AC/DC
zonal structure of the green port with multiport PET, is
proposed.

2) An energy transaction framework for the green port is
established to optimize the operation of the port system in
day-ahead energy and reserve markets.

3) A bi-level stochastic optimization model is formulated to
describe the market behavior of the port system with the
consideration of uncertainty. Game theory is applied to solve
market clearing problems in multiple markets.

The rest of this study is organized as follows: Section 2 depicts
the framework of the proposed problem. Section 3 provides detailed
mathematical formulations. In Section 4, case studies are conducted
to demonstrate the effectiveness of the model. Conclusions and
future works are presented in Section 5.

2 Problem statement

2.1 Structure of the green port with
multiport PET

In this paper, the green port consists of gas turbines (GTs),
wind generators (WGs), photovoltaics (PVs), BESs, QCs, and
ships. The aforementioned devices are connected to the AC and
DC ports of the proposed multiport PET system, which reduces the
steps of energy conversion and improves energy efficiency. The
structure of the green port with multiport PET system is shown in
Figure 1.
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Figure 1 shows that the proposed multiport PET system is
simplified and equivalent to a three-port power electronic device:
high-voltage alternating current (HVAC), low-voltage alternating
current (LVAC), and low-voltage direct current (LVDC) ports.
Specifically, WGs, GTs, and QCs in the AC area are connected
to the LVAV port through the AC bus. PVs, BESs, and ships in the
DC area are connected to the LVDV port through the DC bus.
Moreover, the MVAV port is connected to the main grid for
participating in day-ahead markets.

The multiport PET system can manage the power flow direction
according to the power surplus or deficit of each port, ensuring the
power balance of each area and the whole green port. Notably, the
reactive power of the AC area is left out of consideration due to the
reactive compensation function of PET. The power balance of the
green port with a multiport PET system is as follows:

pout
ma,t − pin

ma,t � ηAC pin
AC,t,k − pout

AC,t,k( )
+ηDC pin

DC,t,k − pout
DC,t,k( ) (1)

∑Ns

s�1
pGT,s,t,k + ∑Nw

w�1
pWG,w,t,k

+pout
AC,t,k − pin

AC,t,k −∑Nl

l�1
Pl,t � 0

(2)

∑Np

p�1
pPV,p,t,k +∑Ne

e�1
pdis
BES,e,t,k − pch

BES,e,t,k( )
+pout

DC,t,k − pin
DC,t,k −∑Nd

d�1
Pd,t � 0

(3)

Eqs 1–3 represent the energy balance model of the MVAC, LVAC,
and LVDC ports, respectively. t is the index of time periods; k is the
index of scenarios; and s, e, p,w, l, and d are the indices of GTs, BESs,
PVs, WGs, QCs, and ships, respectively. pout

ma,t and pin
ma,t are energy

purchased and sold by the green port by the MVAV port of PET in
the energy market, respectively. pin

AC,t,k, p
out
AC,t,k, p

in
DC,t,k, and pout

DC,t,k

represent output and input energy in the LVAV and LVDC ports,
respectively. pGT,s,t,k, pWG,w,t,k, and pPV,p,t,k represent power
generation of GTs, WGs, and PVs at time t under scenario k,
respectively. pdis

BES,e,t,k and pch
BES,e,t,k represent discharging and

charging power of BESs at time t under scenario k. Pl,t and Pd,t

are loads of QCs and ships, respectively. ηAC and ηDC are efficiencies
of PET’s LVAC and LVDC ports, respectively.

2.2 Logistics system scheduling model for
the green port

The key to the logistics system in green port is dispatching the
QCs for the efficient loading and unloading of ships. In other words,
the number of QCs is directly related to the duration of the ship in
the port and then affects the status of the ship in the port.

The rule of dispatching in the port requires that the ships must
leave before the latest time of departure within a certain range, as
shown in Eq. 4. During the scheduling cycle, ships arrive at the port
only once and do not return after leaving the port, as modeled in
Eq. 5:

tleaved − tarrived #∑
t

uship
d,t #t−leaved − tarrived , (4)

uship
d,t Puship

d,t+1, (5)
where tleaved and t−leaved denote the earliest and latest time of departure
of ships, respectively. tarrived denotes the time of arrival of ships. ushipd,t

is the binary variable that defines the status of the ship in the port.
Due to the limitation to ship length and cargoes loaded and

unloaded, the numbers of QCs allocated cannot exceed the

FIGURE 1
Structure of the green port with the multiport PET system.
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minimum and maximum QC demands of ships, as shown in Eq. 6.
Meanwhile, the number of QCs in operation at some point should be
limited to the total number of QCs in the port and defined in Eq. 7.
Eq. 8 indicates that containers can be unloaded at one time within
the specified time:

uship
d,t QCd

min#QCd,t#uship
d,t QCd

max, (6)
∑
d

QCd,t#QC max, (7)

ηQC ∑
t

QCd,tPCOd, (8)

where QCd,t is the number of QCs allocated, COd is the number of
containers loaded and unloaded by ships, and ηQC is the efficiency of
the loading and unloading of QCs.

2.3 Framework of day-ahead markets

In this paper, the green port is considered an aggregator that can
purchase or sell energy in the energy market, providing reserves in
the reserve market and trading carbon credit in the carbon market.
Generation companies (Gencos) are the other participants of the
multiple markets. The framework of multiple markets in the green
port is shown in Figure 2.

To be specific, the green port and Gencos provide energy and
reserve to meet the requirements of the main grid in the day-ahead
market. In the inner carbon market, a carbon credit is set as a
commodity to participate in market transactions. Units with high
carbon emissions may have to pay high costs to buy carbon credits in
the carbon market; units with low carbon emissions may purchase
additional carbon credits from the carbon market as a means of
reducing their carbon footprint.

In other words, the green port can trade and obtain carbon credit
in the process of GT, WG, and PV generation. Whenever the green
port dispatches GTs to generation, it also has to purchase carbon

credits for itself. The dispatch of WT and PV can result in
corresponding carbon credits, which can be sold on the carbon
trading market to gain economic benefits.

In the perspective of the proposed bi-level stochastic
optimization model, which considers the uncertainties, the
operation scheme of the green port is modeled in the upper-level
problem, and the lower-level problem consists of clearing the energy
(problem Ⅰ) and reserve market (problem Ⅱ), as shown in Figure 3.
The behavior of other participants (Genco and consumers) is not
strategic, and their bids are only modeled in the lower-level problem.

Before solving the problem, the uncertainties of stochastic
parameters are described as stochastic processes, and the Monte
Carlo simulation (MCS) (Chin et al., 2003) approach is used to
generate scenarios. Uncertainties in PVs, WGs, and loads in the
main grid are considered in this work. With each parameter
obtained, the sets of generated scenarios are joined to form a
scenario tree. Because the number of created scenarios directly
impacts the complexity of the optimization problem’s
computation, it must be reduced to a smaller number of
scenarios that adequately represent the uncertainties. In order to
lessen the stochastic procedure’s computational overhead, the
simultaneous backward reduction (SBR) (Heitsch and Romisch,
2003) algorithm is employed as a proper scenario-reduction
strategy to reduce the scenario tree to a reasonable level of
possibilities.

3 Methodology and formulation

In this paper, the strategic behavior of the green port system is
modeled in the energy and reserve markets. The problem is cast as a
bi-level stochastic optimization model, which is, in fact, a type of
Stackelberg game with a single leader and one or multiple followers.
In other words, the operation of the green port is modeled in the
upper level as a leader, and the market-clearing problem for energy
and reserve markets is described in the lower level as followers,
respectively.

3.1 Operation model of the green port

In the upper-level problem, the green port system aims to
minimize the operation cost and profit from the energy market,
reserve market, and carbon trade, as presented in Eqs 9–13. Eq. 9
presents the objective function of the green port’s operation problem
consisting of seven terms.CGT andCBES represent the operation cost
of GTs and BESs. CPV and CWG describe the generating cost of PVs
and WGs. CEN and CRS describe the profit from energy and reserve
settlements in the day-ahead market. CC indicates revenue from
carbon trade:

min
CGT + CBES + CPV + CWG

−CEN − CRS − CC
{ }, (9)

CGT � ∑Nt

t�1
∑Ns

s�1
γGT∑K

k�1
ΠkpGT,s,t,k, (10)

CBES � ∑Nt

t�1
∑Ne

e�1
γBES∑K

k�1
Πk(pdis

BES,e,t,k + pch
BES,e,t,k), (11)

FIGURE 2
Framework of multiple markets in the green port.
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CPV � ∑Nt

t�1
∑Np

p�1
γPV∑K

k�1
ΠkpPV,p,t,k, (12)

CWG � ∑Nt

t�1
∑Nw

w�1
γWG∑K

k�1
ΠkpWG,w,t,k, (13)

CEN � ∑Nt

t�1
ρENt pout

ma,t − ρENt pin
ma,t, (14)

CRS � ∑Nt

t�1

ρUPt · rin,UPPET,t + rout,UPPET,t( )
+ρDNt · rin,DNPET,t + rout,DNPET,t( )⎡⎣ ⎤⎦, (15)

CC � ∑Nt

t�1
ρCTt ∑K

k�1
Πk

⎛⎝∑Np

p�1
pPV,p,t,k + ∑Nw

w�1
pWG,w,t,k −∑Ns

s�1
pGT,s,t,k

⎞⎠, (16)

where γGT, γBES, γPV, and γWG are unit costs of GTs, BESs, PVs, and
WGs, respectively. Πk is the probability of scenario k. ρENt is the
energy market-clearing price at time t. ρUPt and ρDN

t are upward

reserve and downward reserve market-clearing prices at time t,
respectively. rin,UPPET,t, r

out,UP
PET,t , r

in,DN
PET,t , and r

out,DN
PET,t represent upward and

downward reserves provided by the green port in the reserve market
at time t, respectively.

3.1.1 Green port’s transaction constraints
The limitations to bid/offer quantity for energy and reserve

markets of the green port’s output and input modes are modeled in
constraints (Eqs 17–26). The operation modes for the green port are
defined in Eqs 27, 28. The constraint (Eq. 29) enforces the non-
negativity of bidding/offering prices in the energy and reserve
markets:

0<pout
ma,t < uout

ma,tPPET,ma
max , (17)

0≤ rout,UPPET,t ≤ uout
ma,tR

out,UP
PET , (18)

0< rout,DN
PET,t < uout

ma,tR
out,DN
PET , (19)

FIGURE 3
Structure of the bi-level stochastic optimization model.
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0≤pout
ma,t + rout,UPPET,t ≤ uout

ma,tPPET,ma
max , (20)

rout,DN
PET,t − pout

ma,t < 0, (21)
0≤pin

ma,t ≤ u
in
ma,tPPET,ma

max , (22)
0< rin,UPPET,t < uin

ma,tR
in,UP
PET , (23)

0< rin,DN
PET,t < uin

ma,tR
in,DN
PET , (24)

0<pin
ma,t + rin,DN

ma,t < uin
ma,tPPET,ma

max , (25)
rin,UPPET,t − pin

ma,t ≤ 0, (26)
uin
ma,t, u

out
ma,t ∈ 0, 1{ }, (27)

uin
ma,t + uout

ma,t ≤ 1, (28)
vout,ENPET,t , v

in,EN
PET,t , v

UP,RS
PET,t , v

DN,RS
PET,t > 0, (29)

where uoutma,t and uinma,t are binary variables denoting the operation
mode of the PET system at time t. PPET,ma

max is the maximum capacity
of the green port. Rout,UP

PET , Rout,DN
PET , Rin,UP

PET , and Rin,DN
PET are maximum

upward and downward reserve capacities of the green port’s input
and output modes, respectively. vout,ENPET,t , vin,ENPET,t , v

UP,RS
PET,t , and v

DN,RS
PET,t are

price bids/offers by the green port at time t in the energy and reserve
markets.

3.1.2 Green port’s AC and DC area constraints
The limitations to the energy quantity of LVAC and LVDC ports

of PET connected to AC and DC areas are modeled in constraints
(Eqs 30–33). Constraints in Eqs 34–37 determine the operation
mode of the LVAC and LVDC ports of PET:

0≤pout
AC,t,k ≤ uout

AC,t,kPPET,AC
max , (30)

0≤pin
AC,t,k ≤ uin

AC,t,kPPET,AC
max , (31)

0<pout
DC,t,k < uout

DC,t,kPPET,DC
max , (32)

0≤pin
DC,t,k ≤ u

in
DC,t,kPPET,DC

max , (33)
uin
AC,t,k, u

out
AC,t,k ∈ 0, 1{ }, (34)

uin
AC,t,k + uout

AC,t,k ≤ 1, (35)
uin
DC,t,k, u

out
DC,t,k ∈ 0, 1{ }, (36)

uin
DC,t,k + uout

DC,t,k ≤ 1, (37)

where PPET,AC
max and PPET,DC

max are the maximum capacities of the LVAC
and LVDC ports of PET. uinAC,t,k, u

out
AC,t,k, u

in
DC,t,k, and u

out
DC,t,k are binary

variables denoting the operation mode of the LVAC and LVDC
ports of PET at time t.

3.1.3 Power generation equipment constraints
The maximum output limits of GTs are shown in (38). The

operational constraints of WPs and PVs are modeled based on the
forecasted power outputs in Eqs 39, 40:

0≤pGT,s,t,k ≤PGT,s
max, (38)

0<pWG,w,t,k <PWG,w,t
max , (39)

0≤pPV,p,t,k ≤PPV,p,t
max , (40)

where PGT,s
max is the maximum capacity of GTs. PWG,w,t

max and PPV,p,t
max are

the maximum outputs of WGs and PVs at time t, respectively.

3.1.4 BES’s Constraints
The minimum and maximum limits of power charging, power

discharging, and battery energy are described in Eqs 41–44,
respectively. The relationship between the state of charge of EES
at times t and t-1 is described in Eqs 45, 46:

uch
BES,e,t,k, u

dis
BES,e,t,k ∈ 0, 1{ }, (41)

uch
BES,e,t,k + udis

BES,e,t,k < 1, (42)
0≤pdis

BES,e,t,k ≤ udis
BES,e,t,kPBES,e

max , (43)
0<pch

BES,e,t,k < uch
BES,e,t,kPBES,e

max , (44)
EBES
e,t+1,k � EBES

e,t,k + pch
BES,e,t,kη

ch
BES − pdis

BES,e,t,k/ηdisBES, (45)
EBES
e,0,k � EBES

e,T,k, (46)
where uchBES,e,t,k and u

dis
BES,e,t,k are binary variables denoting the charge

and discharge status of BES e at time t under scenario k. PBES,e
max is the

maximum capacity of BESs. EBES
e,t,k is the stored energy of BES e at

time t under scenario k. ηchBES is the charging/discharging efficiency
of BESs.

3.2 Modeling the energy market

In the first lower-level problem, the green port participates in the
energy market. The objective function of the energy market clearing
model is shown in Eqs 47–49. CEN

G and CEN
PET describe the cost of

purchasing electricity capacity from generators and the green port
by the upper-layer grid, respectively. The power balance equation is
expressed in Eq. 50, and the energy price is provided by its
corresponding dual variable. The constraint (Eq. 51) restricts the
energy production of Gencos:

min CEN
G + CEN

PET{ }, (47)

CEN
G � ∑Nt

t�1
∑Nn

n�1
γENG,t pG,n,t, (48)

CEN
PET � ∑Nt

t�1
(vout,ENPET,t p

out
ma − vin,ENPET,tp

in
ma, ) (49)

subject to

FIGURE 4
Process of the proposed solution method.
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∑Nm

m�1
Pm,t − pout

ma,t − pin
ma,t( ) −∑Nn

n�1
pG,n,t � 0: ρENt , (50)

0≤pG,n,t ≤PG,n
max: μG,n,t, �μG,n,t, (51)

where γENG,t is the offer price of Gencos in the energy market. PG,n
max is

the maximum output of Gencos. pG,n,t is the power generation of
Gencos n at time t. Pm,t is forecasted load demand m in the main
grid. μG,n,t and �μG,n,t are dual variables.

3.3 Modeling the reserve market

The reserve market is cleared as the second lower-level problem
given by Eq. 52, which consists of two terms.CRS

G andCRS
PET represent

the cost of purchasing reserve capacity from Gencos and the green
port, respectively. Constraints (Eqs. 55, 56) indicate that the
market’s upward and downward reserve requirements are met by
Gencos and the green port, and the upward and downward reserve
capacity commitment prices are determined by their associated dual
variables. Constraints (Eqs. 57–60) show the upward and downward
reserve commitment limit provided by Gencos:

min CRS
G + CRS

PET{ }, (52)

CRS
G � ∑Nt

t�1
∑Nn

n�1
γRSG,t(rUPG,n,t + rDN

G,n,t), (53)

CRS
PET � ∑Nt

t�1

vUP,RSPET,t · rin,UPPET + rout,UPPET( )
+vDN,RS

PET,t · rin,DN
PET + rout,DN

PET( )⎡⎣ ⎤⎦, (54)

subject to

∑Nn

n�1
rUPG,n,t + rin,UPma,t + rout,UPma,t( ) � RUP

t : ρRS,UPt , (55)

∑Nn

n�1
rDN
G,n,t + rin,DN

ma,t + rout,DN
ma,t( ) � RDN

t : ρRS,DN
t , (56)

0≤ rUPG,n,t ≤RUP
G,n: μ

UP
G,n,t, �μ

UP
G,n,t, (57)

0≤ rDN
G,n,t ≤RDN

G,n : μ
DN
G,n,t, �μ

DN
G,n,t, (58)

pG,n,t + rUPG,n,t <PG,n
max: μ,UPG,n,t (59)

rDN
G,n,t − pG,n,t ≤ 0: μDN

G,n,t, (60)
where γRSG,t is the offer price of Genco in the reserve market. RUP

t and
RDN
t are upward and downward reserve requirements for the market

at time t, respectively. rUPG,n,t and rDN
G,n,t are upward and downward

reserves provided by Genco n in the reserve market at time t,
respectively. RUP

G,n and RDN
G,n are maximum upward and downward

reserve capacities of Genco. ρRS,UPt and ρRS,DN
t are associated with

dual variables as upward and downward reserve capacity
commitment prices at time t, respectively. μUP

G,n,t, �μUPG,n,t, μDN
G,n,t,

�μDN
G,n,t, μUPG,n,t, and μDN

G,n,t are dual variables corresponding to
inequality constraints, respectively.

3.4 Solution method

In this paper, the decision-making process of the green port is
modeled as a bi-level stochastic optimization model, which is
considered a Stackelberg game, where the upper level is given by

Eqs 1–46, the first lower level by Eqs 47–51, and the second lower
level by Eqs 52–60. The whole process of the solution method is
described in Figure 4.

First, because the decision variables of the upper-level problem
are considered parameters in the lower-level problem, the lower-
level problem can be transformed into a convex and linear one and
replaced with its KKT optimality conditions by the Lagrangian
method (Bahramara et al., 2015) as follows:

Li � fi xi( ) + μTi hi xi( ) + ρTi gi xi( ), (61)
γENG,t − ρENt − μG,n,t + �μG,n,t + μUPG,n,t − μDN

G,n,t � 0, (62)
γRSG,t − ρUPt − μUP

G,n,t + �μUPG,n,t + μUPG,n,t � 0, (63)
γRSG,t − ρDN

t − μDN
G,n,t + �μDN

G,n,t + μDN
G,n,t � 0, (64)

vout,ENPET,t − ρENt � 0, (65)
−vin,ENPET,t + ρENt � 0, (66)
vUP,RSPET,t − ρUPt � 0, (67)
vDN,RS
PET,t − ρDN

t � 0, (68)
0≤ μG,n,t ⊥ pG,n,t ≥ 0, (69)

0< �μG,n,t ⊥ PG,n
max − pG,n,t( )> 0, (70)

0≤ μUP
G,n,t ⊥ rUPG,n,t ≥ 0, (71)

0≤ �μUPG,n,t ⊥ RUP
G,n − rUPG,n,t( )≥ 0, (72)

0< μDN
G,n,t ⊥ rDN

G,n,t > 0, (73)
0≤ �μUPG,n,t ⊥ RUP

G,n − rUPG,n,t( )≥ 0, (74)
0≤ μUPG,n,t ⊥ PG,n

max − pG,n,t − rUPG,n,t( )≥ 0, (75)
0≤ μDN

G,n,t ⊥ pG,n,t − rDN
G,n,t( )≥ 0. (76)

Then, the Big-M method (Talbi, 2013) is used to linearize the
complementarity requirement, transforming Eqs 69–76 into Eqs
77–92. Note that θi is an auxiliary binary variable and M is a large
enough positive constant:

0≤ μG,n,t ≤MθLG, (77)
0<pG,n,t <M 1 − θLG( ), (78)

0≤ �μG,n,t ≤MθUG, (79)
0≤ PG,n

max − pG,n,t( )≤M 1 − θUG( ), (80)
0< μUP

G,n,t <MθLUP, (81)
0≤ rUPG,n,t ≤M 1 − θLUP( ), (82)

0≤ �μUPG,n,t ≤MθUUP, (83)
0≤ RUP

G,n − rUPG,n,t( )≤M 1 − θUUP( ), (84)
0< μDN

G,n,t <MθLDN, (85)
0≤ rDN

G,n,t ≤M 1 − θLDN( ), (86)
0≤ �μDN

G,n,t ≤MθUDN, (87)
0< RDN

G,n − rDN
G,n,t( )<M 1 − θUDN( ), (88)

0≤ μUPG,n,t ≤MθUP, (89)
0≤ PG,n

max − pG,n,t − rUPG,n,t( )≤M 1 − θUP( ), (90)
0< μDN

G,n,t <MθDN, (91)
0≤ pG,n,t − rDN

G,n,t( )≤M 1 − θDN( ). (92)
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Therefore, the bi-level problem is transformed into a single-level
problem generating a mathematical program with equilibrium
constraints (MPECs). Furthermore, the nonlinear terms of the
upper-level objective function need to be linearized based on the
strong duality theorem (Kazempour et al., 2011), as described in
detail in Eq. 93, which is a mixed-integer linear programming
(MILP) model:

Min∑Nt

t�1
∑Ns

s�1
γGT∑K

k�1
ΠkpGT,s,t,k + ∑Nw

w�1
γWP∑K

k�1
ΠkpWP,w,t,k

⎧⎨⎩
+∑Ne

e�1
γEES∑K

k�1
Πk

⎛⎝pdis
EES,e,t,k + pch

EES,e,t,k
⎞⎠

+∑Np

p�1
γPV∑K

k�1
ΠkpPV,p,t,k +∑Ne

e�1
γEES∑K

k�1
Πk

⎛⎝pdis
EES,e,t,k + pch

EES,e,t,k
⎞⎠

+ ρCTt ∑K
k�1

Πk
⎛⎝∑Np

p�1
pPV,p,t,k + ∑Nw

w�1
pWG,w,t,k −∑Ns

s�1
pGT,s,t,k

⎞⎠
+∑Nn

n�1
γENG,t pG,n,t + γRSG,t rUPG,n,t + rDN

G,n,t( )[ ]
+∑Nn

n�1
⎛⎝�μG,n,tPG,n

max + �μUPG,n,tR
UP
G,n + �μDN

G,n,tR
DN
G,n + μUPG,n,tPG,n

max⎞⎠
−⎛⎝ρRS,UPt RUP

t + ρRS,DN
t RDN

t
⎞⎠ − ∑Nm

m�1
ρENt Pm,t( ⎞⎠⎫⎬⎭. (93)

The constraints of the MPEC include 1) the constraints of the
upper-level problem (Eqs 1–46), 2) the KKT optimality conditions
of lower-level problems (Eqs 61–76), and 3) the complementarity
conditions (Eqs 77–92).

4 Numerical results

In this section, a detailed green port scheduling model
considering multiport PET and logistics system is established to
illustrate the effectiveness of the proposed model. The proposed

stochastic bi-level market clearing problem is modeled in the
MATLAB 2021b platform and solved by Gurobi and YALMIP.
All numerical results are implemented on a computer with Intel(R)
Core (TM) i7-9750H and 32 GB of RAM.

4.1 Simulation setup

A hypothetical marketing structure is established in this test
green port system, composed of the operator of the green port
system and three Gencos that participate in the energy, reserve, and
carbon market. In the simulation, the time step is 1 h, and the
dispatching cycle is 24 h. This test green port system contains a
multiport PET, PVs, WGs, BESs, and QCs and is connected to the
main grid. The forecasted values for the power generation of WGs,

FIGURE 5
Forecasted values of RESs and loads.

TABLE 1 Parameters of the green port.

Parameter Value

Maximum capacity of PET (kW) 4,000

Maximum reserve capacity of PET (kW) 2,000

Maximum capacity of BES (kW) 1,750

Maximum capacity of GT (kW) 400

Cost of operation of BES ($/kWh) 0.038

Cost of operation of GT ($/kWh) 0.08

Cost of operation of PV ($/kWh) 0.008

Cost of operation of WG ($/kWh) 0.01

Total number of QCs 7

Efficiency of cargo handling (TEU/h) 45

Load of single QC (kW) 320
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PVs, and the load demand in the main grid are shown in Figure 5.
Based on the forecasted values, 2,000 scenarios are generated using
the MCS approach. Then, the SBR algorithm is adopted to reduce
the scenario to a reasonable level of possibilities. The corresponding
probabilities are 0.305, 0.155, 0.23, 0.115, and 0.195, respectively.

The operational characteristics of the green port system are
listed in Table 1. In Table 2, the relevant parameters of Gencos are

reported. The relevant parameters of the port logistics system are
shown in Table 3.

The carbon trading price in the carbon market is assumed as
$0.0013/kW. The hourly maximum upward and downward reserve
requirements in themain grid are considered to be 20% of its load. In
order to demonstrate the effectiveness of the proposed strategy, the
operation results are shown in the following section.

TABLE 2 Parameters of generation company.

Unit no. PG
max (kW) RUP

G (kW) RDN
G (kW) γENG,t ($/kWh) γRSG,t ($/kWh)

Genco 1 720 480 480 0.06 0.03

Genco 2 960 480 480 0.04 0.02

Genco 3 1,200 480 480 0.03 0.01

TABLE 3 Parameters of the port logistics system.

Ship no. Arrival time (h) Latest departure time (h) Container quantity Maximum QCs required Load of ships (MW)

Ship 1 2 12 450 3 0.7

Ship 2 2 14 600 3 0.56

Ship 3 5 16 800 5 0.8

Ship 4 6 17 500 3 0.44

Ship 5 11 22 550 4 0.62

Ship 6 11 18 500 3 0.5

Ship 7 12 20 600 3 0.74

Ship 8 15 21 500 4 0.54

Ship 9 18 23 650 4 0.7

FIGURE 6
Power dispatching schedule.
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4.2 Analysis of optimal scheduling results

Based on the proposed bi-level stochastic optimization strategy,
this section analyzes the operation of each power generation
equipment, energy storage equipment, and port logistics
equipment in the green port, considering intimal carbon trading
as described in the upper level. Furthermore, the operator of the
green port participates in external markets, including energy and
reserve markets; then, the corresponding market clearing results are
discussed in the following paragraphs.

In the aspect of the operation scheduling of the green port, the
dispatching results of GT, PV, WG, BES, and loads are shown in
Figure 6. The positive values in the figure represent the supplied
power, and the negative values represent the consumed power.

Figure 6 shows that GTs barely run due to their high operation cost.
BESs are in the charging mode in hours 9–18 due to the abundant
power generation of PVs. Moreover, energy consumption on ships
approaching and berthing and containers loading and unloading by
QCs is the main load source in the green port. It is assumed that the
energy consumption of ships during berthing is provided by the port.

The operation results of port logistics are shown in Figures 7, 8.
More specifically, Figure 7 presents details of each ship’s berthing

schedule. Compared to Table 3, each ship can leave the port before
the latest departure time, arrive only once, and do not return after
leaving. Furthermore, containers’ loading and unloading are
finished by dispatching the QCs, as shown in Figure 8. The
numbers of QCs assigned to each ship at each time period do
not exceed the maximum QCs required of each ship. Moreover, the
numbers of the operating QCs in each hour are within the range of
the total quantity of QCs in the port.

In terms of marketing activities, the clearing results in the energy
market are shown in Figure 9, in which the negative value represents
the green port purchasing energy from the main grid and the
positive value represents the green port selling energy to the
main grid. The clearing results in the reserve market are shown
in Figure 10, in which the negative/positive values correspond to the
downward/upward reserve. The clearing prices in the energy and
reserve markets are shown in Figure 11.

The data in Figure 9 show that the green port sells energy to the
main grid in hours 1 and 9–24 on account of a reduction in local load
or an increase in local renewable energy power generation. In hours
10, 12, 13, 16, and 24, Genco 3 is involved with the energy market
separately among the three-generation companies, thus resulting in
the lowest energy trading prices equivalent to the offer price of
Genco 3, as shown in Figure 11. In hours 2–7, 11, 14, 15, 17–19, 22,
and 13, Genco 2 is added to the market to meet the growing load
demand in the main grid. At these times, the energy price is the same
as the price of Genco 2. Furthermore, the clearing prices in the
energy market are the highest in hours 8, 9, 20, and 21, equal to the
offer price of Genco 1, as presented in Figure 11.

As shown in Figure 10, the upward reserve and downward
reserve requirements are met by Genco 3 and the green port system.
Note that the reserve prices are identical to the reserve offer price of
Genco 3, as presented in Figure 11.

4.3 Comparison study

In order to evaluate the effectiveness of the proposed market
strategy in this study, the following different strategies are compared
in this section.

FIGURE 7
Berthing schedule of ships.

FIGURE 8
Allocation scheme of QCs.
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1) Case 1: Strategy for the single energy market,
2) Case 2: Strategy for the energy and reserve markets,
3) Case 3: The proposed strategy for the external energy and reserve

markets and internal carbon market.

The green port system’s operation cost and expected market
profits in different strategies are shown in Table 4.

Table 4 shows that compared to the different strategies with
a combination of different markets, the proposed strategy
results in a lower total cost for the operation of the green
port system and gains more profit from the day-ahead
energy market, day-ahead reserve market, and carbon trading
market.

FIGURE 9
Clearing results in the energy market.

FIGURE 10
Clearing results in the reserve market.

FIGURE 11
Clearing price in the energy and reserve markets.
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Moreover, in case 1, the strategy for the single energy market
only gains profit from the day-ahead energy market, and the revenue
is less than the operation cost. In case 3, the revenue from the energy
market is the lowest because the requirements for less GT generation
in carbon trading lead to a decrease in green port participation in the
energy market.

Generally, the aforementioned results indicate that the green
port system participating in multiple markets can generate more
revenue to cover the system operation cost.

5 Conclusion

A novel energy transaction framework to optimize the
operation of the green port with multiport PET in day-ahead
energy and reserve markets is established in this study. The
decisions of the port system in multiple markets are made
according to a bi-level stochastic optimization model. The
coordinated operation strategies for the energy source schedule,
berth allocation, and QC assignment are presented in the upper
level. The energy and reserve market clearing problems are solved
at a lower level. Based on KKT conditions and duality theory, the
proposed nonlinear optimization model is converted to a single-
level linear optimization model. Simulation results show that the
proposed method can reduce the operation cost of the green port.
This study focuses on the electrical power system in green ports.
An integrated port energy system will be carried out in our future
works.
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