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Abstract—To reduce the environmental impact of port carbon
emissions and promote the sustainable development of ports, this
paper proposes a port distributed energy management strategy
considering the charging and discharging of unmanned surface
vehicles (USVs) under the polymorphic network. Firstly, taking
into account the trend of continuous automation of ports, data
centers are used to meet the ports' growing computing power
needs. A data center power consumption calculation model
considering data processing delay constraints is proposed.
Secondly, taking the port microgrid operating cost, the main grid
electricity purchase or sales cost, carbon cost, data center
operating cost and USVs charging and discharging cost as
objective functions, a port distributed energy management model
considering USVs charging and discharging is established. Then,
a distributed algorithm based on mixed integer linear
programming is proposed to solve the problem. Finally,
simulation results demonstrate the effectiveness of the proposed
method.
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I. INTRODUCTION

With the increasing severity of global warming, the
development and use of renewable energy is increasingly
recognised as a key solution in the world [1]. As important
hubs for global trade and logistics [2], ports ’ energy
consumption and carbon emissions have a significant impact
on climate change. Therefore, it is very important to optimize
the energy management system of the port to reduce the carbon
footprint of the port and develop the green port.

Port energy management is the process of effectively
managing and utilizing the port's energy resources and is an
optimization problem [3]. Iris [4] proposed a integer model
approach to address the issue of uncertain power generation in
port. On the basis of solving the problem of uncertain power
generation of renewable energy power generation, Kermani [5]
coordinate and optimize all equipment energy consumption,
such as cranes, refrigerated boxes and offices to improve port
operations and energy performance. With the development of
information technology, ports are increasingly inclined towards
automation and digital transformation. The data center, as an
efficient resource utilization optimization equipment, has the
capability of analysis and processing of data, and can satisfy

the requirement of computing capacity of the port [6]. Much
research has been done on the power consumption of the data
center. Yu [7] minimized the cost of data centers by
minimizing the cost of energy and carbon emissions as an
objective function. Yu [8] has used a low carbon economy to
simulate the uncertainty of power prices, renewables, and data
center loads in order to minimise the long term running costs of
a data center microgrid. Therefore, how to safely achieve port
energy management needs to be studied.

Because of the distribution features of the equipment and
the load in a large scale harbor, it is possible to use a
distributed algorithm to resolve the port energy management.
Huang [9] proposed a no-delay distribution algorithm to
minimize the overall operational cost. Chen [10] proposed an
economical scheduling algorithm based on distributed, fast and
economical scheduling to ensure the economy of the port.
Although there have been studies on distributed algorithms for
port energy management, considering the charging and
discharging of USVs is a mixed integer linear programming
problem, as the addition of integer variables makes the solution
space of the problem discontinuous and exponentially growing.
Especially for large-scale problems, preprocessing of the
problem is required, using parallel computing or distributed
computing techniques, which is different from previous
research. Furthermore, in the process of integration of the port
microgrid and computing power network, it is necessary to
communicate information among different devices in the port.
However, the traditional IP network structure is not able to
satisfy the communication demand of the port equipment.
Therefore, this paper proposes a port energy management
system considering the charging and discharging of USVs
under the polymorphic network.

To sum up, the innovative points of this paper are as
follows:

 To lower the operational cost of the port microgrids, the
cost of buying and selling power from the main grid,
the carbon price, the operation cost of the data centre
and the USVs, a port power management system is built
which takes into account the charging and discharging
of USVs in the polymorphic network. The system can
ensure communication between heterogeneous
distributed devices.
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 A distributed energy management method is proposed
based on a mixed integer linear programming algorithm
to achieve energy management of the port.

II. PORT ENERGY MANAGEMENT SYSTEM UNDER POLYMORPHIC
NETWORK

A. Port structure
The distribution of energy in the port depends on the

exchange of information among different devices. The demand
for real-time, reliable and secure is very high. The conventional
IP network structure can not satisfy this demand. Polymorphic
networks support more efficient communication protocols and
wider communication ranges, enabling USVs to interact with
charging facilities more stably and quickly. USVs can obtain
real-time information such as the status and location of
charging facilities, to develop more reasonable charging plans.
In this paper, a port energy management system which takes
into account USAs' charging and discharging is presented,
which includes data level, control level and service level. The
data layer is used to store the related data of the port energy
management. The control level is responsible for domain
management and authorization management. The service level
is in charge of the implementation of the port distributed
energy management. Define different routes according to
business needs to achieve management between polymorphic
networks and ensure distributed energy management in ports,
as shown in Fig. 1.

Fig. 1. Energy management systems for ports.

B. Port data center power consumption calculation model
In order to build the computing model for data center, it is

necessary to take into account the extra influence caused by the
devices and the load of the port. The hypothesis is as follows:
(1) The data load is a delayed sensitivity load. (2) Processing
time of data delay is no more than one hour. (3) Port data
center servers are all uniform [11].

On the basis of these hypotheses, the objective function of
the computing model of the port data center is expressed as
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where ,
t
IDC nP is the power consumption of the port data center,

t
nm is the number of active servers in the data center, ,  are

the energy consumption coefficient of the data center, and The
Power Usage Effectiveness (PUE) is the proportion between
the overall energy use of the data centre and the energy
consumption for the calculation and storage, which is set to 1.2.

,max ,min,n nP P are the maximum and silent capacity of one server

in a data center, which are set to 2 kWh and 1 kWh. tL is the
data load generated by the port, n is the active server's
service speed, which is set to 40 number/h.  1,2, ,T t  is the
number of time slots.

To make sure that a port data centre operates reliably, the
restrictions are

 Server quantity constraints Port data center has a
limitation on the number of servers, which can be
represented by

0 t
n nm M  

where nM is the total number of servers in the data center,
which is set to 600 number.

 Data load delay constraints To guarantee the
continuous operation of the port, we adopt the M/M/1



queue model to calculate the mean stay time to keep it
within the latency.
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where Q is the maximum latency time of the port data load,
which is set to 0.5 s.

III. PORT ENERGY MANAGEMENT METHOD UNDER
POLYMORPHIC NETWORK

A. Port energy management model under polymorphic
network
To reduce the cost of port operations, this paper proposes to

consider introducing a carbon tax to encourage ports to reduce
carbon emissions by increasing the cost of fossil energy.
Therefore, the objective function includes five parts, namely,
port operation cost, main grid cost, carbon tax cost, USVs
charging and discharging cost, and data center operation cost.
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where F is the total cost, 1F is the port operating cost, 2F is
the main power grid cost, 3F is the carbon tax cost,

4F is the
unmanned ship charging and discharging cost, and 5F is the
data center operating cost.

The port operation cost is composed of photovoltaic energy
supply cost, wind energy supply cost and fuel energy supply
cost, which is expressed as follows
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where , ,w pv fuF F F are the costs of wind power generation,
photovoltaic power generation and fossil fuel power generation,

, , ,, ,n w n pv n fuP P P are the output power of wind turbines, PV
panels and fuel engines, and , ,w pv fu   are the cost
coefficients of power generation devices.

The cost function of the main power grid buying electricity
is expressed as follows

2 M MF K P 

where MK is the cost coefficient of the main grid purchasing
electricity. MP is the power supply of the main grid.

Using carbon tax to manage carbon emissions in ports is as
follows
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where CK is the carbon tax price of 50$ [12] and  is the
coefficient of carbon dioxide produced by fossil fuel
combustion, which is set to 0.01 .

The USVs charging and discharging cost is expressed as
follows
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where SP is the charging and discharging power, ,SA SBK K are
the charging and discharging cost coefficients. ,n na b are the
charging and discharging states.

Data centre operation cost is as follows
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where DK is the data center power consumption cost
coefficient, which is set to 0.670 $/kWh.

To guarantee that the port operates reliably, it is necessary
to establish the following restrictions.

 Power balance restriction To guarantee the proper
running of a harbour, it is necessary to satisfy the
demand for electricity in the harbour.
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where loadP is the load demand of the port.

 Power generation devices capacity restrictions To
guarantee the safety of the electric power system, it is
necessary to control the electricity production in a
certain scope. The restrictions are as follows
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where min max min max min max, , , , ,w w fu fu pv pvP P P P P P are the upper and lower
limits of the power of each power generation device.

 USVs charging and discharging restrictions The
operating constraints of USVs can be described as
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where ne is the USVs energy level, init min maxE E ,, E ,Eref
n n n n are

the initial energy storage, calculated reference energy storage,
minimum energy storage and maximum energy storage,
respectively, and ,An n

B  are the energy level coefficients.

 Data center operation restrictions To meet the port's
computing power requirements, the operation of the
data center must comply with the following constraints
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In summary, the port energy management model can be
summarized as follows
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where , ,d s DV V V are the number of power nodes, USVs nodes
and data center nodes, respectively. , ,d ship IDC   are the set
of power nodes, USVs nodes and data center nodes,
respectively.

B. Distributed Mixed Integer Linear Programming Algorithm
There are V devices in the port energy system, and the

communication network topology between them can be
represented by a directed graph  , hG W E , where
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the port energy system can generate information interaction
and have strong connectivity. For i each  ,j i E , there is a
positive integer 1T  , and agent receives information from
the adjacent agent j at least once every T consecutive
iterations.

Before designing the algorithm, it is necessary to establish
some initial assumptions.

Assumption 1. In the presence of {1, , }i V  , functions
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When Assumption 1-3 are true, there is strong duality and
an optimal primal-dual pair  ,Z  ,
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The following formula can be obtained.
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It can be found from (14) that the port's energy
management is a mixed integer linear programming problem.
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where V is the number of nodes and iZ is the decision
variable.

The Lagrangian function is expressed as
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Thus the dual function can be expressed, and the objective
function. And The object and constraint function in the dual
problem are separable, so it can be expressed as
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where, ( )f  is expressed as the dual function of node i .

The dual problem is thus as follows
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Here, the solution of the dual question (19) corresponds to
the solution of the initial question (16). Based on the above, the
paper presents a distribution algorithm which is based on the
dual decomposition of the mixed integer linear programming
[13] to address this issue.

In addition, because of the bad estimation of the Lagrange
multiplier at the beginning of the algorithm, it will affect the
performance of the algorithm. Therefore, this paper uses two
different sequences ( ), ( )ˆ

i ih ZZ h to correct the result ( )iZ h .
( )iZ h is the weighted average and optimal solution of the port

energy management problem, which is expressed as

follows:
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IV. SIMULATION

In this section, this paper applies Matlab to validate the
validity of the distributed algorithm. The port consists of 1
wind turbine, 1 photovoltaic panel, 1 fuel engine device, 1 data
center and 3 USVs. These are classified as power, USVs, and
data Nodes, as illustrated in Fig. 2. For the electric generating
apparatus, the cost coefficients are [0.610, 0.615, 0.650, 0.600].
The top and bottom limits of the generating apparatus are
[1100, 1100, 900], [0,0,200]. Assume that between 10 and 11
a.m., the port operating load is 1900 kWh and the current port
data load generation rate is 10,000/h. The results of the
simulation are displayed in Fig. 3 to 5.

Fig. 2. Node classification.

Fig. 3 illustrates the output power of every power
generating unit in the port energy management system and the
power consumption of the port data center. The power supplied
by each power generation equipment is [707.38, 652.24,
609.25, 579.11], the total power supply of the port is 2547.98
kWh. The electricity cost is 1576.11$, and the carbon tax
generated is 304.625$. From the figure, it can be seen that the

Algorithm Distributed Mixed Integer
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burning of fossil fuels will pollute the environment and
generate a lot of CO2, and bring additional costs, the output
power of fuel generators is relatively low, and ports are more
likely to choose to use clean energy to operate. The number of
servers turned on by the data center to handle the data load
arriving at this moment is 264, the power consumption is
616.80kWh, and the cost is 413.26$.

Fig. 3. Power supply of power supply devices and power consumption of
data center.

The charging and discharging status of USVs is shown in
Fig. 4. All three USVs are charged, and the battery energy has
increased significantly, which are [5.86, 5.26, 6.75], and the
cost is 17.10 $. The total cost of port operation is 2311.095 $.
In this paper, taking into account USVs' charging and
discharging in polymorphic networks, this paper presents a
mixed integer linear programming distributed algorithm with
globally coupled constraints. The algorithm iteration process
involves dual variables with different global coupling
constraints. After 30,000 iterations of simulation, the results
are shown in Fig. 5. When the number of iterations reaches
20,000, all dual variables converge to the same value, and the
dual variable values corresponding to the optimal solution to
the port energy management problem are obtained, which
further proves the effectiveness of the algorithm proposed in
this paper.

Fig. 4. USAs battery energy and charging and discharging state

Fig. 5. Dual variable iteration process.

V. CONCLUSION

This paper proposes a port distributed energy management
method considering the charging and discharging of USVs
under a polymorphic network, and establishes a data center
power consumption calculation model to meet the port
computing resource requirements. And taking the port
microgrid operating cost, the main grid electricity purchase or
sales cost, carbon cost, data center operating cost and USVs
charging and discharging cost as objective functions, a port
distributed energy management model considering USVs
charging and discharging is constructed. A distributed
algorithm based on mixed integer linear programming is used
to solve the problem, and the experimental results show that
the proposed approach is effective.

In this paper, only one data centre is used to satisfy the
requirement of computation. Along with the rapid progress in
the field of port automation, it may be possible to combine
several data centres to achieve the service of a port to make
sure that the port operates efficiently.

REFERENCES
[1] Zhang W, Li BS, Xue R, Wang CC, and Cao W, “A systematic

bibliometric review of clean energy transition: Implications for low-
carbon development”. Plos One,vol.16(12), 2022.

[2] Kinnon MM, Razeghi G, Samuelsen S, “The role of fuel cells in port
microgrids to support sustainable goods movement”. Renewable and
Sustainable Energy Reviews, vol.147(3), 2021.

[3] Acciaro M, Ghiara H, Cusano MI, “Energy management in seaports: A
new role for port authorities”. Energy Policy, vol.71, 2014, pp.4-12.

[4] Iris C, Lam JSL, “Optimal energy management and operations planning
in seaports with smart grid while harnessing renewable energy under
uncertainty”. Omega-International Journal of Management Science,
vol.103, 2021.

[5] Kermani M, Shirdare E, Parise G, Bongiorno M, Martirano L, “A
Comprehensive Technoeconomic Solution for Demand Control in Ports:
Energy Storage Systems Integration”. IEEE Transactions on Industry
Applications, vol.58(2), 2022, pp.1592-1601.

[6] Lu X, Kong F, Liu X, Yin J, Xiang Q, Yu H, “Bulk Savings for Bulk
Transfers: Minimizing the Energy-Cost for Geo-Distributed Data
Centers”. IEEE Transactions on Cloud Computing, vol.8(1), 2020,
pp.73-85.

[7] Yu L, Jiang T, Cao Y, Qi Q, “Carbon-Aware Energy Cost Minimization
for Distributed Internet Data Centers in Smart Microgrids”. IEEE
Internet of Things Journal, 2014, pp.255-264.



[8] Yu L, Jiang T, Zou Y, “Distributed Real-Time Energy Management in
Data Center Microgrids”. IEEE Transactions on Smart Grid, vol.9(4),
2018, pp.3748-3762.

[9] Huang BA, Liu LN, Zhang HG, Li YS, Sun QY, “Distributed Optimal
Economic Dispatch for Microgrids Considering Communication
Delays”. IEEE Transactions on Systems Man Cybernetics-Systems,
vol.49(8), 2019, pp.1634-1642.

[10] Chen G, Ren JH, Feng EN, “Distributed Finite-Time Economic
Dispatch of a Network of Energy Resources”. IEEE Transactions on
Smart Grid, vol.8(2), 2017, pp.822-832.

[11] Chen M, Gao CW, Chen SS, “Bilevel Economic Dispatch Modeling
Considering the Load Regulation Potential of Internet Data Centers.
Proceedings of the CSEE”. vol.39(05), 2019, pp.1301-1314.

[12] Mo JL, Duan HB, Fan Y, Wang SY, “China's Energy and Climate
Targets in the Paris Agreement: Integrated Assessment and Policy
Options”. Economic Research Journal, vol.53(09), 2018,pp.168-181.

[13] Falsone A, Margellos K, Garatti,S, Prandini M, “Dual decomposition for
multi-agent distributed optimization with coupling constraints*”.
Automatica, vol.84, 2017, pp.149-158.


