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Abstract: To decrease fuel-based energy consumption, it is important to investigate the optimal energy
management problem for the seaport integrated energy system in a fully distributed manner. A multi-
objective energy management model is constructed, considering energy consumption, greenhouse
gas emission, and carbon trading, which satisfy the sustainable development of the international
shipping industry advocated by the International Maritime Organization (IMO). The carbon exhaust
of a seaport is restrained by integrated carbon capture/storage devices. A fully distributed energy
management strategy with dynamic-weighted coefficients is proposed to acquire the optimal solutions
for the seaport integrated energy system. Moreover, to decrease the communication resources, an
event-triggered mechanism between energy bodies was designed against the bandwidth limitation of
the seaport. Finally, a rigorous mathematical analysis based on the multi-agent theory and the case
studies proves the effectiveness of the proposed method.

Keywords: seaport integrated energy system; distributed multi-objective optimization; energy
management; greenhouse gas emission

1. Introduction

As one of the most significant parts of international trade, seaports operate at a great
capacity and consume a large number of primary energy sources. In the past decade, the
amount of greenhouse gases emitted by seaports has accounted for 3-5% of the total global
emissions. To improve energy efficiency and reduce carbon emissions, research has been
conducted on seaports [1,2].

To limit the carbon footprint, various measures have been implemented to reduce
negative environmental impact, and these measures are gradually being applied to practical
seaport engineering projects [3]. The European Union Emissions Trading System (EU-ETS)
was introduced in 2003 as the world’s first multinational emissions-trading scheme. It
promotes carbon trading among more than 30 member countries and treats carbon emission
permits as a circulating commodity [4]. The navigation industry, greatly supporting inter-
national trade, was included in the carbon emission trading system in 2022. Meanwhile,
the goal of “Fit for 55” was supplemented, regulating the indirect costs of carbon trading
involving ships and seaports. To this end, the monitoring-reporting-verification (MRV)
mechanism for carbon dioxide emissions was established by the European Union (EU)
[5]. It promotes the carbon trading market effectively. Moreover, many major seaports
worldwide, such as Hamburg, Kiel, and Barcelona, propose using seaports as independent
energy unions to realize reasonable energy management. Considering that the power, heat-
ing, and gas networks are closely coupled into the seaport, the seaport can be commonly
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viewed as an integrated energy system [6,7]. In order to study how to allocate multi-energy
supplements and meet the diversified energy load cooperatively, the energy management
problem (EMP) of the seaport integrated system should be a concern [8,9].

The EMP has been focused on in recent years as part of fundamental research. Many
algorithms have been studied to solve the EMP, which can be divided into centralized and
distributed methods [10,11]. With the development of renewable technologies, more non-
professional energy producers have been applied to the seaport integrated energy system.
This suggests that traditional centralized methods are not adaptable to the increasingly
complex seaport integrated energy system. To decrease the total operation costs, a multi-
agent cooperative control mechanism was designed for the renewable energy-powered
multi-energy hub system [12]. To achieve energy management and ensure the reliability
of the integrated energy system, simultaneously, [13] investigated the distributed-based
economic dispatch strategy. Moreover, to acquire the optimal trading solution, a distributed
resilient double-gradient descent-based energy management algorithm was proposed [14].
The above research studies considered minimal operation costs as the optimal objective
while satisfying various local operation constraints.

However, according to the procedures released by the International Maritime Organi-
zation (IMO), noxious gas emissions must be limited in control areas [15,16]. IMO’s policy
framework of environmental protection can be divided into three categories, namely, plan-
ning and guidance policies, mandatory and restrictive policies, and support and guarantee
policies [17]. The greenhouse gas reduction of navigation was first advocated in the 23rd
assembly of the IMO in 2003. Meanwhile, to implement the blueprint of energy conserva-
tion and decrease the navigation’s carbon intensity, a draft of the initial IMO Strategy on
the Reduction of GHG Emissions from Ships was adopted in 2018 [18,19]. Moreover, many
amendments were approved by the Marine Environment Protection Committee (MEPC) in
2020 and 2021. To this end, conventional energy management models, depending on oper-
ational costs only, will be unsuitable for the upcoming seaport integrated energy system
[20,21]. Therefore, a multi-objective energy management model, considering the environ-
mental protection and economic benefits, should be investigated to support Sustainable
Development Goal 13, advocated by the United Nations (UN). To ensure energy-efficient
trading of residential grid-connected PV-battery hybrid systems, a multi-objective energy
management strategy was proposed based on a three-level control mechanism [22]. Mean-
while, an improved energy management model was constructed to reduce the operational
costs and the storage utilization of the hybrid microgrid [23]. Previous research studies
have successfully achieved energy management with a low carbon footprint; the obtained
optimal energy management solutions can be employed in theory and practice. This may
suggest that those works depended on updated communication among energy participants.

Specifically, existing ship—seaport communication systems have different bandwidths, in-
compatible formats, and inconsistent signal transmission stability [24]. Moreover, considering
the complex marine environment, especially within 15-30 km offshore, the communication
quality between the ship and the seaport is vulnerable [25]. Therefore, the communication
bandwidth is limited for the seaport integrated energy system [26]. On this basis, to deal with
the communication limitations of the seaport, an event-triggered communication mechanism
is necessary [27]. It can avoid the waste of vigorous computations and communications
resulting from the continuous communication between energy participants [28], which is
suitable for the flexible and autonomous seaport integrated energy system. Moreover, the
communication resources can be effectively saved without successive and real-time communi-
cation mechanisms. As for multi-energy systems with energy bodies, an event-triggered-based
distributed strategy has been designed to achieve maximal social welfare [29]. Additionally,
although the idea of an event-triggered communication mechanism has been introduced into
the EMP, the employed mechanism cannot meet the complex—regional multi-objective energy
management of the seaport integrated energy system.

With the motivations analyzed above, to decrease the negative impacts of carbon emis-
sion caused by the normal operation of the seaport, it is necessary to take the greenhouse
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gas emission, and carbon trading into consideration [30,31]. The multi-objective energy
management pattern of the seaport integrated energy system involves the comprehensive
allocation of resources under the needs of the economy and environment, which is disparate
from the single-objective optimization of economic benefits [32,33]. Furthermore, in order
to increase the efficiency of communication resources, event-triggered mechanisms between
energy entities are effective at overcoming bandwidth limitations that frequently occur
in seaport integrated systems [34,35]. Therefore, the multi-objective energy management
problem, which includes economic and environmental benefits under a discrete communi-
cation mechanism, is important to meet the sustainable development of the international
shipping industry; this is important to comply with the ‘Future Fuels and Technology for
Low and Zero-Carbon Shipping Project (FFT Project)” advocated by the IMO.

(1) To adapt sustainable marine developments, as advocated by the IMO, a multi-
objective energy management model for the seaport integrated energy system was estab-
lished. Furthermore, the dynamic-weighted coefficient was designed to reconstruct the
multi-objective EMP as a single objective scheduling problem, reducing the EMP complex-
ity. Moreover, the constructed seaport energy management model performs well in the
overall consideration of energy consumption costs, greenhouse gas emissions, and carbon
trading, effectively decreasing pollution emissions.

(2) A fully distributed seaport energy management strategy proposed by the multi-
agent average consensus theory was designed to deal with the EMP of the seaport integrated
energy system. Moreover, an event-triggered communication mechanism was constructed
into the distribution strategy in response to the seaport’s bandwidth limitation. The
seaport’s optimal energy management solution can be obtained with lower communication
resources, which greatly decreases the operation costs of the seaport. Moreover, the positive
minimal inter-event was proved by introducing an auxiliary term; the discrete nonlinear
system theory verifies the convergence of the incremental cost.

The remainder of this paper is organized as follows. Section 2 introduces the structure
and devices of the seaport integrated energy system. The multi-objective energy manage-
ment model and the fully distributed strategy with the event-triggered mechanism are
presented in Section 3. In Section 4, numerical case studies are presented to verify the
effectiveness of the theorems. Section 5 concludes the paper. Moreover, a discussion of the
theorems is presented in Appendix A.

2. Energy Management for Seaport Integrated Energy System

In this section, the structure of the seaport integrated energy system is analyzed. As
shown in Figure 1, the considered seaport integrated energy system comprises the power,
heating, and gas networks. The node sequence set of the seaport integrated energy system
is denoted as C = Cp U Cyy U Cg, where Cp, Cpy, Cg are the node sequence sets of power,
heating, and gas, respectively.
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Figure 1. Basic structure of the seaport integrated energy system.
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2.1. Structure of the Seaport Integrated Energy System

Normally, the seaport can be classified into various areas based on the types of cargo,
loads—unload facilities, and energy participants. The regional operation distribution of
the seaport is essential for improving operational efficiency. The integration of energy
generation and consumption devices within the energy body (EB) forms the fundamental
structure of the seaport’s integrated energy system. We assume that there are m energy
bodies in the seaport integrated energy system, which contains 1! power nodes, n!* heating
nodes, and 1 gas nodes in the zth EB, respectively, for Vz € Qm = {1,2, ..., m}. Specifically,
Yo n? = Np, Y, nl =Ny, and ¥, né = Ng, where Np, Ny, and Ng are the node
numbers of the power, heating, and gas networks, respectively. Furthermore, the positive
direction of the energy injection at each node is defined as the direction from the generator
and load to the node.

Carbon capture and carbon storage technologies are considered with the seaport
integrated energy system reform. Since the innovative technologies and renewable devices,
greenhouse gas emissions exhausted by the traditional diesel generators of the seaport
energy system can be effectively reduced. Specifically, carbon emissions can be captured
with less exhaust into the atmosphere. Moreover, the stored carbon can be converted
into raw material to support the gas network and generate other resources. Meanwhile,
the seaport integrated energy system (with its energy bodies) has great autonomy and
regionality; therefore, the conventional communication network cannot deal with the mass
amounts of data gathered from diversified energy networks. To overcome the drawbacks,
the seaport integrated energy system was designed, which improves the processing capacity
for the EMP of a heterogeneous energy system. As depicted in Figure 1, the structure
of the seaport integrated energy system can be divided into the physical layer, energy
management center, and data processing center, respectively.

Specifically, the physical layer integrates the production and consumption devices
and monitors their operational states. Moreover, the physical layer transmits the relatable
state information to the data processing center. According to the regional and autonomous
features of the seaport integrated energy system, the data information can be split into the
state of internal nodes and external nodes, respectively. As for the data processing center, it
performs well on the full-dimensional definition of the physical structure and communica-
tion topology. Moreover, it supports various applications, which guarantees the flexibility
and intelligence of the seaport integrated energy system during energy management. The
energy management center focuses on analyzing the operational mechanisms of devices
and constructing the energy management model of the seaport integrated energy system.
It also majors on calculating the optimal solutions of the EMP with the designed intelligent
energy management algorithm. Then, the optimal solutions will be transmitted to the data
processing and physical layers simultaneously.

Based on the analysis above, the seaport integrated energy system can be commonly
regarded as an efficient structure to realize the specific energy allocation suitable for the
regional, sustainable, and complex seaport integrated energy system.

2.2. Energy Generation Device Modeling

Seaports have gradually become large-scale comprehensive multi-energy systems,
mainly relying on power and coupling with other heterogeneous energy sources. To analyze
the EMP conveniently, the mathematical operation models of conventional generators,
renewable energy generators, energy storage devices, carbon capture, and carbon storage
devices are demonstrated as follows [36-38].
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(1) Conventional generators. The fuel-based power generators (FBPG), power-to-
gas generators (P2G), fuel-based heating generators (FBHG), and gas producers (GP) are
considered. Moreover, the consumption cost functions can be expressed as

Crp(Ppp) = appPgp + brpPep + YEp

Cpac(Prag) = apacbrac Prag

Crr(hpn) = apnhfy + beahen + ven

Car(gar) = acrgep + barsep, + Tarsap + fcp 1
Ccnr (Pcup, hcnp)

= acupPepp + berpPenp + dcrphepp

+ benphenp + Yenr Penphcenp + Ocup

where Cgp(e), Cpag(®), Crri(e), Cop(e) and Ccyp(e) are the consumption costs of FBPG,
P2G, FBHG, GP, and CHPG, respectively. Prp, groc, hep, gcp, Pcup, and hcyp are the
energy outputs supplied by FBPG, P2G, FBHG, GP, and CHPG, respectively. Ppyg =
(gr2G - dsnG) /Mpag denotes the relationship between the power and gas generation in
P2G. g is a constant higher heating value of synthetic natural gas (SNG). #pyg is the
exchange efficiency. agp, bep, Yep, ap2G, Ur2G, a¥H, bru, YeH, aGe, bap, YGp, Ocp, achp, berp,
dcup, berp, Yeup, Ocrp are the operation coefficients of FBPG, P2G, FBHG, GP, and CHPG
respectively, depending on the devices themselves.

(2) Renewable generators and energy storage devices. Renewable power generator(s)
(RPG) and renewable heating generator(s) (RHG) are considered in seaport integrated
energy systems. Meanwhile, to decrease the fluctuation caused by renewable sources,
power storage devices (PSD), and heating storage devices (HSD) are indispensable. The
mathematics of the consumption costs are as follows

C(Prp) = agpPrp

+ brp exp|rrp (Prp — Prp) / (Prp — Pgp)]
C(hru) = arphry

+ bru exp[rru (re — hrn) / (hre — frn)|
C(Pps) = aps(Pps + bps)* + ps| Pps|
C(hus) = aps(hps + bus)* + s |hws|

@

where Prp, hry are the power and heating outputs supplied by RPG and RHG, respec-
tively. Pps and hyyg are the power and heating charged/discharged values, respectively.
Crp(e), Crr(e), Cps(e), Cps(e) are the consumption costs of RPG, RHG, PSD, and HSD,
respectively. The cost parameters arp, brp, 4Ry, bry are all nonnegative constants. The
common penalty factors rgp and rgy are lower than zero. (o) and (e) denote the lower
and upper bound values, respectively. | ® | denotes the absolute value. yps and yyg are the
consumption costs of the charging/discharging unit power and heating, respectively.

(3) Carbon capture and carbon storage devices. To reduce greenhouse emissions, it
is necessary to delineate the operation costs of carbon dioxide. The consumption costs of
the carbon capture (CA) and carbon storage devices both majorly depend on the carbon-
absorbing mass, which is defined as

Cca(P,h,g) = apEco,p + anEco,n + acEco, G 3)

with
Eco,r = Ziecp bp,itlp, P;

Eco, i = ) iec,, bt ihi (4)
Eco,c = ZieCG bG,i0G,igi
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where Ccx (®) is the carbon-absorbing cost of the multi-energy generators. Eco, p, Eco, 1,
and Eco, g are the carbon-absorbing masses from fuel-based generators of power, heating,
and gas networks, respectively. ap, arj, and ag are the operation costs of absorbing unit
carbon emissions from the fuel-based generators of power, heating, and gas networks,
respectively. bp, by, and bg are the capturing unit carbon emission efficiencies from the
power, heating, and gas networks, respectively. 6p, 61, and 0 are the carbon emission
efficiencies of fuel-based generators of power, heating, and gas networks, respectively.
Specifically, the masses of carbon exhausted, containing ECO2 P, ECO2 H, and ECO2 G, are
expressed as

Eco,p = ZiGCP (1— bp;)0p;P;
Eco,t = Y iec,, (1= bui)Omihi (5)
Eco,c = Z,-ecc (1-bg,i)0c,8i

Meanwhile, since carbon capture devices and carbon storage devices consume power
in the operation state, they can also be regarded as load devices. Moreover, the relationship
between power consumption and carbon emissions can be expressed as

Pca = Pcafixed + Ycap(Eco,p + Eco,u + Eco,G) ©)

Psy = rsy,p(Eco,,p + Eco,u + Eco,G)

where Pc, and Pg; involve the power consumption of carbon capture devices and carbon
storage devices, respectively. Pc, ficeq is the fixed operating cost, which is positively associ-
ated with power consumption. {c, p represents the power consumption efficiency of the
carbon capture unit, while rg; p represents the power consumption efficiency of the carbon
storage unit.

(4) Energy load devices. The benefits of revenue functions of the power load devices
(PL), heating load devices (HL), and gas load devices (GL) can be commonly viewed as
convex quadratic functions, which can be defined as

ur = aPP? + 7P, + 47
Ui = ai'h +bh + o7 @)
upg = afgt +b5gi+97

where P;, h;, and gl are the power heating, and gas load demands at the ith node, respec-

tively. a}), b}), ')/IP, bl '71 , lG, bZG, and 'in are the constant coefficients.

2.3. Multi-Energy Network Constraints

The supply-demand balance and energy output constraints should be concerned to
ensure the reliable operation of the seaport integrated energy system.

(1) Supply-demand balance constraints. The power, heating, and gas supply—demand
balance constraints can be denoted as

Zzieﬂfn le. + 2z, €OF, PZi - PCa - PSt =P
Yooy, s+ Loy, = I ®)
ZZ,’Gan gzi + ZZ,’EQEX ng‘ = gL

where P, by, and gp, are the total power, heating, and gas load demands of m energy bodies

in the seaport integrated energy system, respectively. For Vz € ), Q)f and Q)f, denote

the internal nodes and external nodes of the zth EB, respectively. Of = C; U Cf; UCE, and

OF, = Clz;/ U Cf{, UCZ, where z € {1,2,.,m}and 2’ € {1,2,...,2— 1,z + 1, ...,m}. Moreover,
I, UQf, = Cis satisfied.
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(2) Energy output constraints. In order to ensure the secure operation of generators,
energy outputs constraints are needed, which can be expressed as

PXP=Ph=h=hg=g=g O
where P = [Prp, Pcup, Pre, Pps, PPZG]T is the compact set of power outputs. The compact

set of heating outputs is denoted as h = [hgy, henp, hru, fus]'- § = [gap, gpa)” is the
compact set of gas outputs.

2.4. Multi-Objective Seaport Energy Management

The energy management of the seaport integrated energy system primarily focuses on
the combined effects of consumption costs, greenhouse gas emissions, and carbon trading.
The mathematical expression is as follows

min{ Fop, FGg, Fct} (10)

where Fop is the total consumption cost of the seaport integrated energy system. Fop is the
total mass of greenhouse gas emissions. Fcr is the total carbon trading cost, which depends
on the surplus carbon unabsorbed by the carbon capture device and the carbon tax price.
(1) Economic objective function. The total consumption cost Fop is related to the
benefit revenues of the load devices and the operation costs of generators, shown as

For= ), (Cy—U)+ }, (Coy—Usz) (11)

ZiEQIZn Z,[EQ]ZEX

where C;, and U;, are the operation cost and revenue benefit of the z;th node, respectively.
(2) Environmental objective function. To reduce gas pollution, such as NOx and SOy,
the emission mass of the seaport integrated energy system should be considered, which is

defined as
FGE = Zzieﬂfn [EP(PZi) + EH(hZI) —+ EG (gzz)]
+ ZZ;EOEX [EP(PZI’.) + EH(hzl’.) + EG(gzl’.)]

where Ep(P) = spP? + vpP + cp + tpe™, Ey(h) = (cg + vp)h, and Eg(g) = (cg +vg)g
are the gas pollutions generated by power, heating, and gas generation devices, respectively.
Moreover, the emission expression of CHP is defined as Ecyp(Pcpp) = (ccup + vcup) Penp-
sp, Up, UH, UG, Cp, CH, CG, tp, and Tp are the emission coefficients of the energy generation
devices, respectively.

(3) Carbon trading objective function. In order to increase the absorption mass of
carbon, namely by reducing carbon exhaustion, carbon trading is a necessary focus, which
can be expressed as

(12)

Fer = Cea + rax(Eco,p + Ecoyn + Eco,G) (13)

where 07,y is the carbon tax price, namely the trading price of an emitting unit mass of
carbon.

3. Distributed Seaport Energy Management Strategy
3.1. Preliminaries

Let ¢ = (V,8,.4) denote the undirected communication topology of the seaport
integrated energy system, where ¥ = tp Uty U Vg, § =V x ¢, and A = {”zi,zj ‘zi,zj eC}
are the node set, communication information edge set, and adjacency matrix, respectively.
To be specific, when node v, and vz, are both in §, we have fzz; = 1, where the z;th node
and the z;th node can exchange state information with each other. Otherwise, 4., =

]
fzz; = 0, which means that node v, and vz cannot exchange operation states with each

other. Meanwhile, for the zth EB, there are n, = nf + n? + 18 nodes in the internal node
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set OF ,and |C| —n, = (ny + ... + 1,1 + 1541, ..., 1) nodes in the external node set OF,,
respectively.

The analysis mentioned above shows that the economic, environmental, and carbon
trading objectives in (10) all perform the convex features. Considering the contradictions
between the multi-objectives, it is necessary to resolve the relationships between Fop, FgE,
and Fop. A dynamic-weighted coefficient set ! = [, B, a] is designed here to reconstruct
the seaport multi-objective EMP as a single goal-optimal problem concerning the three

objectives simultaneously, which can be expressed as
min{aFop + BFgg + aFcr} (14)

Remark 1. The economic objective Fop and the carbon trading objective Fcr for the seaport energy
management have the same unit. Unlike the other objectives, the unit of environmental objective
Fc is the gas emission mass. Therefore, the weighted coefficient of Fgg is different from Fop and

For.

Then, the EMP of the seaport integrated energy system is constructed by (11)-(14),
which is a commonly convex optimization problem with the decision variable Y, namely

T T T T T T
)W) @) e ) () () T
1-stEB m—thEB

Y = [(y}

where yf = [le,...,PznZ]T, y’; = [hzl,...,hznZ]T, y§ = [gzl,...,gznz}T.

mathematical expression of the EMP can be constructed as

Then, the compact

minf(Y) = 9(42{1%) -+ 9(,,Q7HY) + y(&fGY)

15
s.t. EQF, Aziyzi + ZZQEQJZEX AZ;yZ; =b ( )
where @, 1, and /; are the conversion coefficients of “1” and “0”, which can extract
the needed variables from Y. b is a constant vector; each element can be calculated and
obtained by the given topology structure.

3.2. Main Algorithm

Considering the self-sufficiency features of the seaport integrated energy system-based
EB, this section focuses on designing a fully distributed strategy based on the multi-agent
system theory and the event-triggered communication mechanism to solve the EMP (15)
against the bandwidth limitation of the seaport.

Firstly, let t’z‘]_ denote the latest event-triggered time of the z;th node, the z;th node is
the neighbor of the z;th node, and k is the event instant of the z;th node. Meanwhile, the
measurement error is defined as

ez, = Az (1) — Az (1), Vt € [t 15¥1), vz, € C (16)

where A = [A],...,A}]T is the Lagrange multiplier, which is noted as the incremental
cost vector of the power, heating, and gas at each node in the m energy bodies, and
Az = [Azy, e, )\znz}T. )A\Z,. and /A\Z], are the incremental costs of the z;th node and the zjth
node at the latest triggering time. Then, a fully distributed energy management strategy is
proposed in Algorithm 1.
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Algorithm 1: Seaport energy management strategy.

Input: The information communication topology and physical structure of the

seaport integrated energy system ¢ = (V/, 8, ). We set the initial values of
Ap and Y.

1 for The z;th node of the zth EB, where z; € C, z € O, do

2 Detection and judgment.

3 | Set Xy = 3 (t’Z‘i )e%i (t’z‘i), where 3. is a custom variable, which is presented in

Appendix-A, (A-1).

4 | if X, =0and egi(tlz‘l_) #0, forVt € [t’z‘i, +00), then

5 broad is the state of )Atzi (t’gi). We update the control protocol state
Az (t) = —2qc;, [szeﬂfn Az;z2 (Azi(tlz(i) - ;\Zj(tlz(;‘))
6 A A /
+ szeﬂéx aZ,‘,Z/ ()\Zl‘ (tlz(,') - /\Zj<tlz(/))]
7 where g is an adjustable control parameter. c;; is the energy participant’s
operation coefficient of the z;th node.
8 Output: the values of A, (t’Z‘]_), ez, and Hz<,-'
9 else
10 We update the auxiliary variable X, where
1 X, (t) = 5zi(t)[)\zi(t§i) — Az (t)]*. Return 4.

Assumption 1. The communication between the energy bodies of the seaport integrated energy
system is undirected. Moreover, we assume that the EMP (15) is solvable, which means that at
least one seaport energy management solution can be acquired to meet all of the physical constraints
under (15).

With the Assumption 1 and Algorithm 1, two theorems can be deduced.

Theorem 1. For the EMP of the seaport integrated energy system (15), in the optimal distributed
strategy with the event-triggered mechanism proposed in Algorithm 1, there exists a positive
minimal inter-event time T, at the ith node of the zth EB, which satisfies t’;fl - t’;}, > Ty, where

t+1 and t* are the kth and (k + 1)th triggering times, respectively.
Proof. The proof is demonstrated in Appendix A.1. O

Theorem 2. The incremental costs of power, heating, and gas can converge to the optimal energy
management solution of (15) by the proposed distributed strategy with the event-triggered condition
(ETC), namely

PAREE {t

s ()2 () = 0,6 () £ 0,6 > 1} (17)

Proof. The convergence is proved in Appendix A.2. O

According to the analysis above, the proposed distributed seaport energy management
strategy can realize collaborative energy allocation. Under Algorithm 1, it can be proved
that the designed ETC (17) can avoid the infinite number of updates to the auxiliary variable
X in a finite time. Namely, the communication mechanisms among the energy bodies of
the seaport integrated energy system refrain from the Zeno phenomena. To this end, the
bandwidth limitation condition of the seaport can be tolerant with the designed distributed
seaport optimal strategy-based event-triggered mechanism.

4. Simulation Results

Assume that the tested seaport integrated energy system contains 33 nodes with 6
energy bodies, including 17 energy generation nodes, 2 energy storage nodes, and 14 pure
load nodes, whose basic physical structures and communication topologies are depicted in
Figure 2. Specifically, EBs 1-6 contain [6, 6, 5, 5, 6, 5] nodes, respectively. Each EB can only
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exchange the state information with its adjacent energy body, and the state information of
the internal nodes in the same EB can exchange with each other. From Figure 2, it is obvious
that the communication topology is undirected and connected. The operation parameters
and the gas emission coefficients are listed in Tables 1 and 2, respectively. Moreover,
the weighted coefficients are set as w = [0.4, 0.2, 0.4]. Denote the energy consumption
coefficients of capturing the unit carbon as fp = 6 = g = 0.7. We unify the energy scales
of the power, heating, and gas networks. Specifically, for the power and heating networks,
1 p.u. =1 MW, for the gas network, 1 p.u. = 84SCM/h, and for the unit price, 1 p.u. =

1$/MWh.

Cruise
Terminal Communication |

Ll l— ‘
— ~[EB%| EL#l
-:/ N EB-I N14! N-16
e X \ N-3.4
S ™ Nelle 0

EL#S Nas  EB3
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1
1
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Terminal Physical Structure

Fuel-Based Power Storage Device Combined Heating Renewable Power To Gas Device
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.
Z
B
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R
-
\
7
Z
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Figure 2. Structure of the tested seaport integrated energy system.

Table 1. Operation parameters of the tested system.

Category a b i b r 0 P min  max
FP-1 0.3500  2.85 - - 32 - 0.98 50 220
FP-2 0.3920  2.65 - - 28 - 0.98 50 220
FP-3 04200 235 - - 25 - 0.98 50 220
FP-4 0.3380 255 - - 24 - 0.98 50 220

CHP-1 0.0345 1250 0.03 42 0.031 230 0098 50 220
CHP-2 0.0362 1230 0.027 38 0.025 124 0098 50 220

RP-1 0.1200 310 - - —-1.2 - 0.98 90 120
RP-2 0.1500 285 - - —-1.2 - 0.98 80 110
PS-1 0.4300 0.08 - - 0.058 - 0.98 —-50 70
PL 0.0050 2.60 - - 60 - - 50 800
FH-1 0.1000 4.55 - - 100 - 0.98 45 100
FH-2 0.1200 4.35 - - 100 - 0.98 45 100
RH-1 0.0650 350 - - —-1.2 - 0.98 50 150
RH-2 0.0720 365 - - —-1.2 - 0.98 50 150

HS-1 0.4400 0.09 - - 0.058 - 0.98 —40 60
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Table 1. Cont.

Category a b i b r 0 P min max
HL 0.0040 5.60 - - 40 - 50 800
P2G-1 0.0300 100 - - - - 0.98 50 150
P2G-2 0.0500 75 - - - 0.98 50 150

GP-1 2x10°° 0.006 - - 50 5 0.98 100 1000

GP-2 3x 1070 0.003 - - 35 6 0.98 100 1000

GP-3 4x10°° 0.001 - - 30 3 0.98 100 1000

GL 0.0040 4.60 - - 75 - - 50 800
Table 2. Emission coefficients of the tested system.

Category a b c v s t T
FP 1.0 0.85 0.041 —2.7 0.649 2 0.03
FH 1.0 0.90 0.00050 0.0080 - - -
GP 1.0 0.88 0.00055 0.0075 - - -

CHP - - 0.00015 0.0015 - - -
CA YPcap = 0.64 ST rsip = 4.89

4.1. Case Study A: Effectiveness Test

This section focuses on verifying the effectiveness of the proposed distributed seaport
energy management strategy. Moreover, consumption costs, greenhouse gas emissions,
and carbon trading are concentrated. Set the load demands of the seaport integrated energy
system as [750, 640, 660] (p.u.) for the power, heating, and gas networks, respectively.

By applying the distributed energy management strategy proposed in Algorithm 1,
the simulation solutions can be obtained, whose iteration trajectories of power, heating,
and gas are depicted in Figure 3. The corresponding energy generations and load demands
for each EB can still converge to stable values within 70 iteration steps. Moreover, the
power, heating, and gas network’s final incremental costs are [0.1697, 0.1104, 0.1455] (p.u.),
respectively. The global energy load demands can be satisfied, which also ensure the
energy output constraints. Meanwhile, the results of the consumption costs, NOx /SOx,
gas emissions, and carbon trading are [16,193.8317, 420.8041, 14,762.8969], respectively. The
specified optimal energy management solutions acquired by the conventional centralized
strategy without the event-triggered mechanism and the proposed distributed algorithm
under the consideration of the event-triggered mechanism are listed in Table 3. The final
optimal solutions are almost the same. Most errors between solutions obtained by the two
strategies are lower than 2.2 MW. There are just four nodes whose generation/consumption
of energy exceeds 20 MW. The analysis mentioned above implies the effectiveness of the
proposed distributed seaport energy management strategy for the seaport integrated energy
system.
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Figure 3. Energy generations and incremental costs of the test system.
Table 3. Energy output/load demand results between two strategies.
Num Category Distributed Centralized Error
N-1.1 FP-1 50.0000 50.0000 0.0000
N-1.2 CHP(P)-1 200.4699 220.0000 0.4700
N-1.3 P2G(P)-1 50.0000 50.0000 0.0000
EB-1 N-1.4 CHP(h)-1 89.9844 131.0221 41.0400
N-1.5 EL(h)-1 46.9312 50.0000 0.0700
N-1.6 P2G(g)-1 50.0000 50.0000 0.0000
N-2.1 P2G(P)-2 50.0000 50.0000 0.0000
N-2.2 CHP(h)-2 136.7656 109.6480 27.1200
EB-2 N-2.3 P2G(g)-2 50.0000 50.0000 0.0000
N-2.4 CHP(P)-2 185.1220 129.7857 55.3360
N-2.5 EL(g)-2 50.0000 50.0002 0.0002
N-2.6 FP-2 50.0000 50.0000 0.0000
N-3.1 FP-3 50.0000 50.0001 0.0001
N-3.2 EL(P)-3 750.0000 750.0000 0.0000
EB-3 N-3.3 FH-1 46.9312 45.0000 1.9310
N-3.4 GP-1 100.0000 100.0000 0.0000
N-3.5 EL(g)-3 50.0000 50.0001 0.0001
N-4.1 EL(g)-4 50.0000 50.0000 0.0000
N-4.2 FP-4 50.0000 50.2145 0.2145
EB-4 N-4.3 EL(h)-4 50.0000 50.0000 0.0000
N-4.4 GP-2 100.0000 100.0000 0.0000
N-4.5 FH-2 47.7852 45.0000 2.7852
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Table 3. Cont.

Num Category Distributed Centralized Error
N-5.1 RP-1 120.0000 120.0000 0.0000
N-5.2 PS-1 34.4081 69.9997 35.5920
N-5.3 GP-3 360.0000 359.9999 0.0001
EB-5 N-5.4 RH-1 150.0000 141.5222 8.4780
N-5.5 EL(g)-5 50.0000 50.0000 0.0000
N-5.6 EL(h)-5 50.0000 50.0000 0.0000
N-6.1 EL(g)-6 460.0000 459.9997 0.0003
N-6.2 RP-2 110.0000 110.0000 0.0000
EB-6 N-6.3 HS-1 18.5346 17.8186 0.7160
N-6.4 RH-2 150.0000 149.9892 0.0108
N-6.5 EL(h)-6 490.0000 490.0000 0.0000

4.2. Case Study B: Multi-Objectives Results Analysis

This section tests the capacity to reduce communication resources by applying the
proposed distributed strategy with the event-triggered mechanism instead of the peer-to-
peer communication mechanism. Moreover, the comprehensive assessment values of the
multi-objective energy management were analyzed. All of the initial conditions are the
same as Case Study A.

With the proposed distributed energy management strategy, the communication
pattern among energy entities operates discretely. The energy participant can be triggered
with the effect of ECT designed in (17). The event-triggered instants of energy management
are depicted in Figure 4, showing the trigger moment from 7 nodes in 4 energy bodies.
From Figure 4, the maximal inter-event time is 13 iteration steps (the 199th to 214th iteration
steps), which happens in node N5.3. Unlike the proposed strategy, the traditional energy
management strategy without an event-triggered mechanism depends on real-time and
continuous communication. To this end, the total number of communication iteration times
in Figure 4 can be saved by more than 2100 times, verifying that the proposed strategy
needs fewer communication resources than the conventional communication mechanism.
Therefore, it is worth noting that the proposed distributed energy management strategy
is suitable for the seaport integrated energy system under the limited communication
bandwidth.

T T T T T
NG6.1 [ - -
N5.5
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=}
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> .

N1.5 tHHHHHH - H - H-H - HH

N L3 HHIHHHHHHHH-HHHHHHHH HHHHHHHHHHHHHHH-HHHHH-
0 50 100 150 200 250 300
Iteration Step(s)

Figure 4. Time evolution of event-triggered instants.

Moreover, four scenarios were considered for testing the effectiveness of the seaport’s
multi-objective energy management model. Scenario 1 considers the economic, environ-
mental, and carbon trading objectives simultaneously, which is the constructed energy
management model (15). Scenario 2 takes the operation cost and carbon trading into con-
sideration. Scenario 3 concerns the operation costs and gas emissions. Scenario 4 considers
the gas emissions and carbon trading. At the moment, the dynamically weighted coefficient



J. Mar. Sci. Eng. 2023, 11, 681

14 of 20

sets of scenarios 14 are [0.4, 0.2, 0.4], [0.5, 0, 0.5], [0.5, 0.5, 0], [0, 0.5, 0.5], respectively.
Table 4 lists the four optimal energy management solutions of the scenarios.

Table 4. Results of the comparison scenarios.

Operation Cost Gas Emission Carbon Trading
Scenario 1 76,402.05074 40,313.05257 11,207.48219
Scenario 2 76,401.95006 161,192.7589 11,207.53908
Scenario 3 75,458.00884 40,313.34921 12,790.8009
Scenario 4 77,495.14439 40,106.19069 10,411.22709

As shown in Table 4, the carbon trading value of scenario 3 is higher than scenario
1. Moreover, the operation cost value of scenario 4 is higher than scenario 1. Moreover,
the comprehensive evaluation results of scenarios 14 are [127,922.5855, 248,802.2481,
128,562.1589, 128,012.5622], whose detailed energy management solutions are shown in
Figure 5. It is worth noting that the best performance is obtained by scenario 1 with minimal
evaluation scores. Therefore, based on the analysis before, the proposed seaport multi-
objective energy management model is more suitable for the seaport integrated energy
system. Additionally, it satisfies the prospects of sustainable marine development with
lower pollution emissions, advocated by IMO.
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Figure 5. Energy outputs of 33 nodes.

4.3. Case Study C: Dynamically Weighted Coefficient Adjustment

This section tests the seaport’s comprehensive evaluation property by adjusting the
dynamic-weighted coefficients. The step sizes of the weighted coefficient of the consump-
tion cost and carbon trading are 0.05. The step size of the weighted coefficient of gas
emission is 0.1. By implementing the proposed seaport distributed optimal strategy in
Algorithm 1 with different dynamic-weighted coefficient sets, the simulation results are
depicted in Figure 6.

Specifically, based on the same initial conditions, Figure 6 shows the evaluation results
of multiple objectives under 11 sets of dynamic-weighted coefficients. The consumption
costs of the seaport integrated energy system are calculated as [77,537.6890, 76,403.4451,
76,402.5181, 76,402.8514, 76,360.7091, 76,402.4295, 76,360.4674, 76,360.3516, 76,402.0507,
75,376.8047,76,401.9501], respectively. The carbon trading costs are [10,417.2401, 11,204.3797,
11,206.3978, 11,206.8865, 11,207.1114, 11,207.2643, 11,207.3571, 11,207.4295, 11,207.4822,
11,207.5194, 11,207.5391], respectively. The results of carbon trading are much lower than
the consumption costs and gas emissions. Moreover, Figure 7 shows the trajectory of the
comprehensive evaluation results of the seaport’s multiple-objective energy management
under the dynamic-weighted coefficient sets. The comprehensive evaluation value de-
creases before the tenth dynamic-weighted coefficient set and rises sharply at the eleventh
coefficient set. The minimal comprehensive evaluation result 126,897.3815 occurred in
the tenth iteration with the weighted coefficient set [0.45, 0.10, 0.45]. Therefore, it can be
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suggested that the most suitable weighted coefficients of (14) under the tested seaport
integrated energy system are « = 0.45, § = 0.10.

[0.5,0,0.5]
[0.4,0.2,0.4]

[0.3,0.4,0.3]

Consumption Cost [0.2,0.6,0.2] Weighted Coefficients

Gas Emission [0.1,0.8,0.1]
Carbon Trading

Objectives [0,1,0]

Figure 6. Evaluation values under dynamic-weighted coefficient sets.

5
m2.6 x10 T T T T T T T T T ;
g 24f N
x x10° 1
14
S 22t 1
k= I}
% 2k 1.35} ;-
= 1
]
q>91-8* 13 1
Shadl 1
© \ 1
5 14 P 4
IS \
5 -—.——.——.——Q——.——Q——Q——\'——.
812 - > -
1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 11

Number of Dynamic Weighted Coefficient Set

Figure 7. Comprehensive evaluation results.

According to the analysis above, the effectiveness of the proposed seaport-distributed
energy management strategy in Algorithm 1 is proved. The distributed strategy can
effectively save communication resources between energy bodies, adaptable to the seaport’s
communication bandwidth limitations. Moreover, gas emissions and carbon trading are
considered along with the consumption costs during the seaport’s energy management.
Furthermore, the most appropriate weighted coefficient set can be acquired.

4.4. Discussion on the Case Study Results

Optimal energy management solution. From Figure 3, the energy output/consumption
and the incremental costs of energy devices from power, heating, and gas networks can
rapidly converge to stable values with the proposed distributed energy management
strategy. Furthermore, the comparisons of the detailed optimal solutions (between the
distributed and centralized) are listed in Table 3. From the above analysis, most errors
between the two solutions are less than 2.2 MW, which proves the accuracy of the designed
distributed strategy. The energy management model constructed focuses on the operation
costs, greenhouse gas emissions, and carbon trading, and the detailed results of each
objective are [16,193.8317, 420.8041, 14,762.8969]. 1t is obvious that the operation cost is the
most crucial factor in the seaport integrated energy system.

Moreover, the communication resource is sharply decreased by utilizing the proposed
event-triggered mechanism between the energy bodies. We took seven nodes of the
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tested system as an example. Figure 6 shows their communication states. The dots in
Figure 6 describe the triggering times of the seven nodes. It suggests that each node can
achieve convergence without successive communication with the adjacent neighbor node.
Furthermore, during the blank time, the node keeps the previous state until the state is
updated in the next triggering time.

From the case study results, it is worth noting that the proposed energy management
strategy of the seaport integrated energy system in a distributed manner based on the
event-triggered mechanism performs well at decreasing carbon emissions with fewer
communication resources. This phenomenon manifests the sustainable development of the
international shipping industry.

5. Conclusions

The distributed energy management strategy-based event-triggered communication
mechanism is proven to greatly affect the multi-objective energy management problem with
the goals of economic and environmental benefits for the seaport. Moreover, the rigorous
theoretical derivation and the simulations based on a 33-node test system were utilized to
verify the validity of the proposed method. The main conclusions are demonstrated in the
following.

At first, the multi-objective energy management model of the seaport integrated
energy system was constructed with dynamic-weighted coefficients, which considered
greenhouse gas emissions, carbon trading, and operation costs. Next, with the aid of the
event-triggered mechanism, the communication limitation problem of the seaport can be
handled. The comparison results denote the accuracy of the proposed distributed energy
management strategy. By considering carbon emissions, the multi-objective energy man-
agement strategy will have 48.59% lower greenhouse gas emissions than the conventional
energy management pattern without carbon emissions and carbon trading. Moreover, the
designed strategy is effective at reducing communication resources, which will have 2100
times lower than the successive communication between energy bodies.

However, the designed energy management model of the seaport integrated system
ignores volatility and fluctuation caused by the energy generation of renewable energy
generators, which will negatively impact the accuracy of the optimal energy management
solution. To this end, the influences of uncertainties caused by weather, noise, etc., will be
further concentrated on in the future.
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Appendix A
Appendix A.1. Proof of Theorem 1

To analyze the positive minimal release time between trigger times, t’Z{fl and t’z‘]_, an
auxiliary variable is defined as follows:

56z = Xy, (A1)
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Assume that 3, = X;, = 0 when t = t’;i, and increases to 5, before t = t’;fl.
Meanwhile, the interval time t’z‘fl — t’,f]_ is equal to the time slot of the changes from 3, to
zero. Moreover, for Vz; € C, it holds that

) .
52,0z + 252,02,z

A A (2 A A \2
:gzi[ Z aZi,Zj(/\Z,' - )\Z]) + Z azi,Zj(/\Z,' - )\Z/) }

ZjEQ%n Z]'EQ]ZEX (Az)
_2621‘[ Z Az;z (;\Zi B }LZ]‘) + z aZi,ZjO\Zi B )A\Zj)}
50y, z €0,

where e;, = A, (t) — Az () denotes the error between the actual value and trigger value.
2 € (0,1). For convenience, we denote

; A A A2
llzﬁ = Z Az, (Az; — /\Z/> lEx Z Az, (Az — )‘2/)
z; €O Z;€QF,
. . (A3)
sph = Z azz; (A — Az) SSpe= Y az, 2 (A — Az).
zj€QF,
Therefore, (A2) can be rewritten as
Z; Zj Zi Zi
gzi (lIn + lEx) 2(SIn + SEx) (A4)

o= SR (g s )

1

where k is the control parameter, which is a constant.
Let w;, = [a, 217 Az 2 ]T € R€ be denoted as the weighted vector of the z;th node.
Denote 8 = [/\21 /\Zl, . }in — /A\ZHZ]T € R€ as the neighbor error vector. Then,

T i [P _ 7% i
w8, = sfn + S‘EX, 8 Wgzi = lIz]n + l]zsx (A5)

where W = diag(w,). Meanwhile, based on Young’s Inequality, combining (A2) and (A5),
an inequation can be obtained:

gzig;f;wzigzi _ gziggiwzigzi . Kzi(l + quizz,v)z
e%i Kz 'e%i bz

1

5'21‘ Z

h J2 J3

To be specific, 5;, > —J3 always holds when g;_ W:.g., = 0. For another ggl_ W:g,, #0,
5z; = —J3 is also suitable when J; — J, > 0. In this condition, it can be deduced that

T
(wig.) (wig.) g (w,wl)g,
Kz 2 TINT = T OWT (A6)
ng'WZigZi ng'WZing'

Therefore, «,, = eigmax(wg[ w,,; )/ eigmin(W;,) is a suitable value, which satisfies

_ Kz (1+ qCZi5Zi)2

dzz > dt (A7)
gZi
Then, we have
g‘. — tk+1 tk_
5z ) A8
> / S T Gz (A8)
]. + qCZlgzl) qCZiKZi
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Based on the above analysis, for Vz; € C, there exists a positive minimal inter-event
time £ mi

zming a;, ;.

L ,sz € O, UQE, (A9)

Iz, —_—
i Y 2
qCz; Zj azi,Zj

Appendix A.2. Proof of Theorem 2

We denote O, = {1, ..., m} as the sequence number set of EB, and the sequence number
set of (m — 1) energy bodies without the zth EB is denoted as O, = {1,..,z—1,z+1,..m}.
Without losing the generality, we take the zth EB as an example. Moreover, the latest trigger
vector of A and the Laplacian matrix can be redefined as

a

_ /\len K _ /\an _ LQf“ lo,z
Aw—{ o },Aw—{ o ]xw—[ﬂlz L} (A10)

where Aqz = [AT, ., AT AT |, ATTT, Aqe = (AT, AL AT |, AT Az = (A, .,
Az )% Az = [Azy, Az, |T. Loz, describes the adjacency relationship of (|C| — 71.) external
nodes in (m — 1) energy bodies. L, , describes the node adjacency relationship between the
zth EB and other energy bodies. L, . denotes the node adjacency relationship between n,
internal nodes of the zth EB. Thus, it can be deduced that

Aw(t) = —FwLwAw(t) (A11)

where Ay = [)\{, . )\;1,)\}“, e AL AT and A, = [)tzl, e AznZ]T. The diagonal coeffi-
cient matrix can be defined as

F = diag{29C4, ..., 29C5_1,24Cs11, .., 29Cp, 29C2 } (A12)
where C; = [cz,, ..., Cz,.].

Meanwhile, to verify the convergence of the proposed distributed strategy, a Lyapunov
function is constructed as

V(Aw) = %(Aw —Aw)TFy (Aw — Aw) (A13)

with A = ﬁ ]l‘Td LDQIZ\/I OAoz, pz O Az]1c|, where poz, and p; are the coefficient vector of
the external nodes in (m — 1) energy bodies and the internal nodes of the zth nodes, respec-

tively. © is the point multiplication symbol. Moreover, po: = ol ...pl |, p! 1 prlT,
pz = [1/(czc%, ..., 1/ (cz,,c*)]T, where the average parameter c* can be expressed as
N 1
c = ?( Z CZI' + Z CZi) (A14)
| | Z,‘Ean ZiEQ]ZEX
Meanwhile,

i _ T .

V(Aw) = Ay (R AW (1) = Aw (D Ry Ay (#)

A T 4 A15
= —Aw () LwAw (£) + A () LwAw (1) (A19)
= — Ay (H)LwAw(t)

Recalling that A(t) = A(t) — e(t), we have
V(Aw) = — Ay (8)LwAw (t) + ey () LAy (1)
1 (Al6)

<=5 L [U0R + 1) —2¢,(1)]
z;€C
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Based on the event-triggered mechanism proposed in Algorithm 1, it is obvious that

1 — Kax

V(Aw) < — >

A (B LwAw(#) (A17)
where K = max{xzi,Kz].|zi €0Of,z € Of )

According to the analysis above, the convergence of the proposed distributed seaport
energy management strategy is verified.
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