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Virtual power plant load
aggregation optimization
scheduling strategy for port
adjustable resources

Yun Zhang*, Jie Pan, Shuiming Jiang, Hui Zhu, Feng Chen,
Quanyan Shu and Jian Zhao

State Grid Jiangsu Electric Power Co., Ltd Yancheng Power Supply Company, Yancheng, China

In order to respond to the call of double carbon and further follow up the
port energy construction in the new era, a virtual power plant load aggregation
optimization scheduling strategy for port adjustable resources was proposed
in view of the uncertainty of port adjustable resources and the insufficient
consumption of new energy. Firstly, a port multi-energy coupling virtual power
plant model including electricity, cold, heat and gas is constructed. Secondly,
according to the load response law and demand characteristics, the load model
of ship power change and electric heavy truck is added. Finally, considering
the stepped carbon trading mechanism, the carbon emission cost of buildings
is optimized by adjusting energy output, the carbon emission of buildings
is improved, the clean transformation of energy structure is promoted, and
the economic and environmental benefits of system operation are optimized.
Through the comparative analysis of three scenarios, the introduction of flexible
load and carbon trading mechanism in the energy system of intelligent buildings
can give full play to the interaction and plasticity of the energy structure of
intelligent buildings, effectively promote the consumption of clean energy, and
realize the low-carbon economic operation of the energy system.

virtual power plant, port loads, adjustable resources, carbon trading, optimal scheduling

1 Introduction

With the growth of the global economy, the demand of energy continues to
rise, and the energy mix is gradually transitioning, with the proportion of renewable
energy steadily increasing. Ports, as critical logistics hubs and significant energy
consumers, are also witnessing a rise in energy demand, along with a growing
need for renewable energy integration (Tang et al, 2025). Ports host a variety of
distributed energy and controllable resources, including solar power generation,
wind power generation, energy storage systems, and charging stations. However,
these resources are often dispersed across various locations, which complicates
their aggregation and efficient utilization (Gabrielii et al, 2025). Furthermore, the
electricity demand within ports is highly diverse and complex, encompassing industrial,
commercial, and residential loads. The volatility and uncertainty associated with
these loads pose significant challenges to the stable operation of the power system.
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Amid the goals of carbon peaking and carbon neutrality,
traditional energy management models no longer suffice to meet
the evolving demands of ports. The multi-energy complementary
virtual power plant (VPP) has garnered increasing attention.
As an emerging smart grid technology, the VPP can aggregate
and optimize dispersed energy resources to create a unified
power system, facilitating rapid adjustments and responses to
grid demands (Zhang et al., 2021). Most existing VPP models
focus on energy storage units and consumption units to enable
more precise and adaptive energy system modeling. Reference
(Shangetal., 2025) introduced a stepwise Shapley value distribution
method, integrating day-ahead market resources to address
profit distribution issues when virtual power plants participate
in the electricity market. This approach reduces uncertainty-
related penalty costs and enhances the profitability of all market
participants. Additionally, the VPP must consider the aggregation
of multiple energy sources. Reference (Zhenan et al., 2023) improved
the self-learning capabilities of models by constructing virtual units,
thereby enhancing the overall prediction accuracy for physical
devices in various energy systems. Reference (Moghadam et al,
2025) considered factors such as temperature and high-frequency
disturbances affecting photovoltaic and wind power generation
and seamlessly integrated such systems into the VPP. This reduced
potential costs associated with damage to grid-connected equipment
caused by power fluctuations. Reference (Guo et al., 2021) proposed
a method for optimizing the access points and capacity planning
of VPP, based on the geographical distribution of resources in
the area, effectively improving the load-to-capacity ratio and
flexibility of substations. Simultaneously considering the regional
characteristics of VPP, reference (Wu et al, 2024) integrated
rural biomass energy into traditional uncertainty planning for
VPP. Through a double-vertex-fixed optimization algorithm, the
planning approach effectively reduced over-robustness and achieved
economically and environmentally friendly operations for VPP.
Regarding the quantification of uncertainties in VPP, reference
(Li et al.,, 2024a) proposed a renewable energy generation scenario
reduction strategy based on network states, it helps reduce costs
and risks caused by uncertainty, thereby improving the operational
efficiency and reliability of VPP. Reference (Zhang et al., 2022)
considers the planning of port ship berthing time and number
of quay Bridges to achieve the best berth allocation, so as to
improve the scheduling optimization of port ship energy use. By
decoupling time in the charging and discharging models of energy
storage systems, the safety and reliability of VPP scheduling were
improved. Reference (Li Q. et al., 2025), by integrating bidding
plans for active distribution networks from various markets,
interactions with multiple virtual power plants, and operating
costs, effectively incorporated dispatching and control strategies,
promoting coordinated operations between VPP and active
distribution grids. However, while these studies highlight various
resource aggregation and optimization strategies, they overlook the
specific challenges of integrating multiple energy types within a port
environment, particularly concerning the state of port system load
aggregation.

In the context of integrating multiple energy types into
port virtual power plants, the port’s load is crucial for resource
aggregation within the VPP. The load aggregation capability of
the port significantly affects the overall energy utilization of the
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system (Mears and Martin, 2020). To address the issue of load
volatility in various load types, reference (Chen et al., 2022) used
a two-stage rolling optimal scheduling strategy to enhance the
flexible load reserve (FLR) capability of the vVPP, promoting the
absorption of renewable energy such as wind and photovoltaics.
Reference (Li et al., 2016) uses the temperature characteristics of
heating pipes to coordinate with the operation of the power system
to achieve flexible heating, thus decoupling the thermoelectric
supply and improving the ability to flexibly absorb wind power.
For the issue of shared energy storage and multi-virtual power
plant optimized operations, reference (Wang et al., 2024) aggregated
flexible loads and energy storage units. Using a bi-level decision
model, this approach effectively improved the utilization rate of
renewable energy, reasonably allocated load resources, and achieved
mutual benefits between VPP and shared energy storage. Reference
(Dong et al, 2024) achieved an “generation-load interaction”
regulation mode by efficiently aggregating and optimizing control
of renewable energy and demand-side resources. This effectively
addressed mismatches in power supply and demand, while
improving the system’s acceptance of renewable energy. Reference
(Liu et al.,, 2021) regards hydrogen vehicles as shared energy storage
for scheduling, which improves the gas-energy interaction in the
energy system. With the popularity of electric vehicles, in order to
solve a large number of users charging needs, reference (Qais et al.,
2025) aggregated dispersed residential batteries and electric vehicles,
reasonably prioritizing charging responses to ensure fairness in
users’ energy usage. To address complex load scheduling issues
while balancing economic, environmental, and customer experience
factors within a VPP, Reference (Du et al., 2025) incorporated
the uncertainties in forecasting photovoltaic generation, residential
electricity demand, and electric vehicle (EV) charging. By employing
a multi-objective particle swarm optimization (MOPSO) algorithm,
the study successfully optimized the benefits of the VPP. Although
the existing literature has proposed effective optimization strategies
for flexible load scheduling, energy storage management, and
renewable energy integration, most methods have not adequately
addressed the uncertainties associated with port load or the
coordination between port load and carbon emissions.

In light of these challenges,the carbon trading mechanism
provides ports with an enhanced opportunity to engage in the energy
market and facilitates the development of “zero-carbon” zones. For
carbon trading planning in VPP, reference (Li Q. et al., 2024) used
carbon credits and carbon pricing to plan coal generator leasing.
It also adopted user-type targeted demand response strategies,
providing flexible support for optimizing VPP scheduling. Reference
(Li et al., 2024c) proposed a decoupling correction for carbon
capture systems (CCS), introducing a flexible carbon storage model
that combined physical and virtual energy storage. This effectively
improved load response margins and carbon market trading
revenue. Based on cooperative game theory, reference (Liu et al.,
2024) proposed a bidding strategy for VPPs that considered China’s
certified emission reduction mechanism and demand response.
This effectively reduced carbon emissions while achieving peak
shaving and valley filling. To address conflicts of interest between
VPPs and carbon markets, reference (Li et al., 2024d) adopted
an incentive-based layered carbon price constraint to achieve
equilibrium between the two through game-theoretic approaches.
Although the aforementioned research attempts to integrate carbon
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trading with VPP scheduling, it overlooks the specific challenges
posed by port loads.

To address these challenges, this paper investigates the
adjustable resource characteristics of ports with the goal of
minimizing total operational costs. By modeling and simulating
port loads, such as electric heavy-duty trucks and shore power
swapping, the study integrates a tiered carbon trading mechanism
and establishes carbon quota incentives. Furthermore, it proposes
an optimized dispatching strategy for VPP load aggregation,
encompassing electricity, cooling, heating, and gas to enhance the
flexibility of port resources. Case validation demonstrates that this
approach smooths load curves, enhances the utilization rate of clean
energy, reduces the operating costs of the virtual power plant for
ports (VPP-Ports), and promotes economically and environmentally
sustainable operations.

The rest of this paper is organized as follows. Section 2
introduces the typical load, energy structure model and
carbon trading model of VPP-Ports. Section3 expresses the
energy scheduling of VPP-ports as a mathematical problem.
Section 4

analyzes the proposed method using extensive

simulations, and Section 5 concludes the paper.

2 VPP-Ports considering adjustable
resources

2.1 VPP-ports model

VPP-Ports represents an innovative model for power resource
management and operation. It integrates various distributed energy
resources, such as solar and wind energy, energy storage devices,
and controllable loads, dispersed throughout the grid via a demand
response platform. This model facilitates coordinated optimization,
operational control, and market trading of these resources. Ports
encompass a diverse range of business types, including residential
areas, office buildings, hotels, docks, and factories, each with
varying population densities, which contribute to complex energy
interaction dynamics.

VPP-Ports can aggregate a large number of small and medium-
sized controllable loads into independent entities to participate
in demand response, and play an active role in port power grid
day-ahead scheduling and real-time scheduling (Li et al., 2024d;
Rouzbahani et al,, 2021; Du et al., 2025). The effective integration of
port resources depends on a comprehensive energy system support
structure. By considering the specific characteristics of shore power
systems and coordinating multi-energy coupling, this approach
seeks to enhance the overall efficiency of port resource allocation.
The structure of VPP-Ports is shown in Figure 1.

2.2 Port load model

Typical port loads primarily consist of electric boat (EB)
loads and electric truck (ET) loads. Taking into account the
spatiotemporal characteristics of these loads, corresponding
simulation models are developed for integration into VPP-Ports.
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2.2.1 EB model

A ship battery exchange model is developed to account for the
spatiotemporal characteristics of port vessels. As operational vessels
move back and forth between the sea and the port, their routes
are variable. Consequently, the distance of each journey segment,
denoted as d, is modeled using a log-normal distribution, with the
probability density function described as follows:

B (Ind- .”‘D)2
20‘D2

fo(d) = 1)

L [
dopV2n
where o, represents the standard deviation, yj, represents the
expected value of the travel distance.

Since the Weibull distribution is highly adaptable and flexible
for modeling random data (Abubakar et al., 2024), it is employed
to fit the starting time ¢, for each journey segment. The probability
density function of the Weibull distribution for the starting time ¢,
is expressed as follows:

ta —Y)’H (=
ARG

Cc

f(ta’k’c’)’):lf( )k’ta_y>0 (2)

where ¢, is the random variable, k is the shape parameter, ¢ is the
scale parameter, and y is the location parameter.

A Poisson distribution is used to model the arrival behavior of
EB at the port. The specific distribution is represented as follows:

~ (At)xib e—lt

P(X=x,) (x,=0,1,2,..,1n) 3)

t,*
where P (X = x,,,) refers to the probability of x,, boats arriving at
time #;, A is the average frequency of vessel arrivals within a unit
time interval.
The EB sailing time ¢, and docking time ¢, are defined as follows:

tf:tb_ta

4)
tP =24- tf

2.2.2 ET model

The simulation and prediction of ET load need to account
for factors such as the truck’s weight, driving speed, and the
slope of the driving area. The electrical power is derived from the
truck’s mechanical power. The prediction formula for the energy
consumption of the ET is as follows:

[mgK, cos(0) + %KapKdv2 +mg sin(@)]

H(v)=d
1000K, K,

(5)

where d is the driving distance of ET, m is the total weight of ET, g is
the gravitational constant, K, is the rolling resistance coefficient, K,
is the aerodynamic resistance coeflicient, K, is the external surface
area of ET, p is the air density, 0 is the average road gradient, v is the
instantaneous speed of ET, K, is the battery efficiency of ET, K}, is
the regression coefficient.

The speed-flow relationship of ET is defined as follows:

V(t) = Yo
- (0)\¢
I+ (%) (6)
B q(t) )3
e=¢ + sz<—Q
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where V|, is the zero-flow speed of the road, q is the traffic flow at
time ¢, Q is the road’s ET capacity per unit of time, ¢, and ¢, are the
adaptive coefficients based on the road grade or quality.
The charging model for electric trucks is:
AP(t
S =S(t=1)+ AP 7)
CC
where S_(#) is the battery charge percentage of ET at time ¢, A, is the
charging efficiency, C, is the battery capacity, P () is the charging
power at time £.

2.3 Energy unit model

To ensure the stability of the energy supply for VPP-Ports
while reducing operational costs, it is necessary to integrate
various types of energy conversion devices. This integration enables
the port to maintain a sufficient energy supply under diverse
weather conditions. The primary energy units connected to VPP-
Ports include wind turbines, photovoltaic power generation units,
wave energy converters, gas turbines, and energy storage systems.
Furthermore, to promote energy conservation and emission
reduction within the port area, optimize the energy structure,
and enhance the utilization of renewable energy, a carbon trading
mechanism is incorporated into the port’s energy interaction system,
facilitating effective carbon emission planning.

Frontiers in Energy Research

2.3.1 Offshore distributed energy model

The annual total radiation in the port’s maritime area is relatively
high, with unobstructed sunlight. Additionally, Based on stochastic
optimization theory, the uncertainty of offshore wind power
output follows an empirical distribution extracted from historical
prediction error data. By integrating stochastic optimization theory
with robust optimization theory, a fuzzy set is constructed to
capture the uncertainty set of the potential true distribution. This
set encompasses the worst-case scenario of the true distribution.
The fuzzy set is characterized using the Wasserstein distance, which
quantifies the distance between the empirical distribution P, and the
true distribution P,,. Specifically, the first-order Wasserstein distance
is defined in integral form as follows:

W(P,,P,)= inf

e {Eqlp(e.e)1} (®)

where inf (-) represents the infimum function, Q(P,,P,,) denotes
the set of all joint distributions between P, and P,,. E (-) is the
expectation function, and p(-) refers to the base distance used
2T
ér]

is a vector composed of random variables at time ¢ derived

for calculating the Wasserstein distance. &= [},6),...,6;,...

from the empirical distribution of prediction errors, while
T represents the dimensionality of the random variables.
Similarly, &= [é,,é5...,85...,¢7]"
random variables at time ¢ derived from the true distribution of

is a vector composed of

prediction errors.
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The Wasserstein distance is incorporated into the construction
of the fuzzy set, resulting in a fuzzy set that can be interpreted as
a sphere with a radius of 6. This sphere encompasses all potential
true distributions of wind power forecast errors. Therefore, the
Wasserstein fuzzy set F can be defined as:

[(8,7),5] ~P
Esl7|5€[S]] <6
Pl(e, ) ee |5=5]=1
P[5=3s] =p,s€[S]

F(6) = { Pe Py(R™! x[8])

Wind power forecast errors are estimated using non-parametric
kernel density estimation. Historical wind power forecast error data
are clustered using the K-means algorithm to generate scenarios
and their corresponding probabilities. The historical data sample E,
is defined as:

E,=p" -PY (10)
where P}’ represent the wind power generation at time ¢ in the port,
W1
Pt
t.
The output of PV panels is influenced by factors such as

are the actual grid-connected power of wind generation at time

solar irradiance and temperature. Solar irradiance follows a Beta
distribution. The offshore PV model is described as follows:

vy I(a+p)
P = Far @

where T(-) represents the gamma function, while & and f are

x (PP [Ph ) (1 =Py P, ) )

the shape parameters of the PV system. P}, and P’ denote the
predicted photovoltaic generation and the actual photovoltaic power
absorbed by the grid at time t, respectively.

2.3.2 Harbor gas turbine

The gas turbine, as a traditional energy device, generates
electricity by consuming natural gas, thereby providing stable power
to the port. Compared to coal or oil-based power generation, it
produces lower carbon emissions and offers a safer production
process. To further enhance energy conservation and emission
reduction, gas turbine equipment will be integrated with carbon
capture and storage (CCS) technology. Additionally, waste heat from
gas turbine power generation will be recovered through a waste
heat boiler for secondary power generation or directly used for port
heating via a heat converter. The power model is as follows:

Ger=Bon (PGT)2 +BeraPar+ Bors
(12)

where Ggp is the natural gas consumption of the gas turbine
during operation, P;; and Qg are the electric power output of
the gas turbine and the recovered waste heat from the unit, B,
B, and Bors are the corresponding coefficients that represent
the relationship between the gas turbines electric power output
and natural gas consumption, 8y is the waste heat recovery
index, 7y is the electricity-to-heat energy conversion ratio of the
gas turbine.
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2.3.3 Gas boiler model
The gas boiler satisfies the port’s continuous thermal load demand
by consuming natural gas. The heating power model is as follows:

Qon = 6uGeH (13)

where 7y is the heating efficiency of the gas boiler, and Gy is the
natural gas consumption of the gas boiler.

2.3.4 Temperature control system model

The port’s temperature control system primarily comprises the
temperature regulation system for the living area and the cold chain
system for the cargo area.

The time-series model for temperature control in the
living area (Lin and Yi, 2000) is presented as follows:

=0T +¢ Ty +w T,y (14)
J J J

Toi= 2 Ty + ) BTors* 2 ¥ Tusrs (15)
) =0 =0

where T, is the supply water temperature of the heating network
at time ¢, T),; is the return water temperature, T, is the indoor
temperature of the heating building, T, is the outdoor temperature
coefficient, a;, B, y;» 0, ¢; and w, are the physical parameters related
to the thermal inertia of the heating system, J representing the order
of thermal inertia of the system.

For temperature control in the living area, the predicted mean
vote (PMV) index is utilized to evaluate the relationship between
environmental temperature and comfort (Li H. et al., 2025). The
PMYV formula used by VPP-Ports is as follows:

Appgy =(0.303e700%6M 4+ 0,028 ) (M — W - 3.05
x107>*[5733 - 6.99(M — W) — P,]-0.42(M — W - 58.15)
-1.7x107°M- (5867 — P,) — 1.4 x 10> M(34 - t,)
=396 x 1078 £, [(t;+273)* = (t,+273)*] - f .t 1,)}
(16)

where M and W represent the human metabolic rate and mechanical
work, f,, is the ratio of covered to exposed body surface area, h is the
surface heat transfer coeflicient, P, is the water vapor partial pressure
around the body, ¢, t, and ¢ are the air temperature, mean radiant
temperature, and clothing surface temperature.

For the cold chain system in the cargo area, which has
stricter upper and lower temperature limits, the equivalent thermal
parameter (ETP) model (Zhang and Lu, 2013) is utilized for
simulating temperature inertia. The specific model is as follows:

Qf =n, Py (17)

Ty =Ty - QR (T} - QIR- Ty )e /% (18)
where QF is the total cooling power of the refrigeration unit during
time ¢, R and C are the equivalent thermal resistance and capacity of
the cold storage, T} and T} are the temperatures inside and outside

the cold storage during time ¢, At is the time interval.

2.3.5 Energy storage system model
Energy storage devices in ports primarily include energy storage
batteries and thermal storage tanks.
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The energy storage battery model is described as follows:

Ebat Ebat ﬁbatphatcAt ﬁhatpbatch (19)

where Eb‘” and Eb“1 represent the actual energy levels of the
storage battery at time ¢ and ¢-1, respectively; [35‘” and /SZ?t denote
the charging and discharging efficiecies of the storage battery,

respectively; P batca de“tdC

are the charging and discharging power
of the energy storage battery from the grid at time ¢, respectively.
The thermal storage tank model is described as follows:
h _ ph hp gt h gt
El=El 4 pIH At ph HM AL (20)
where Ef’ and Ei‘_l represent the thermal storage levels of the tank at
time ¢ and ¢-1, respectively; [3? and ﬁZC represent the thermal storage
and discharge efficiencies of the thermal storage tank; H;*“ and H! it’dc
are the actual thermal charging and discharging power of the storage

tank at time ¢, respectively.

2.3.6 Carbon trading model

To support energy conservation and emission reduction efforts
and to achieve a “zero-carbon port area’, it is essential to integrate
the port energy system into the carbon trading mechanism.
This integration will help improve carbon emission management
and optimize the energy structure. Currently, carbon trading is
primarily divided into traditional and tiered mechanisms. The tiered
carbon trading mechanism, introduced to more accurately simulate
port carbon emissions, assigns prices to each tier based on the
carbon emission weights within that range. This approach aims
to incentivize VPP-Ports to engage in strategic carbon emission
planning. The formula for the tiered carbon trading cost F,. (Lv et al.,
2023) is as follows:

~BEO<E<D
B(E-D),D<E<D+d
F.=1B,d+B,(1+a,)(E-D-d),D+d<E<D+2d

ﬁ;ed[n+oce(n— DI +B,(1+(n-1Da,)(E-D—-(n—1)d),D+nd <E<D+nd

1)

where F_, is the carbon trading cost for each stage, F, is the total
carbon trading cost, E is the total carbon emissions of the port, f3,
is the standard carbon trading price, D is the total carbon quota, d
is the carbon emissions per unit in each interval, a, is the tiered
carbon trading price growth coeflicient, When the ports carbon
emissions E < D, it indicates a surplus in the carbon quota, allowing
the excess quotas to be sold to reduce total costs while providing
users with corresponding rebates to incentivize them, promoting
energy conservation and emission reduction.

For the general load consumed by the port, carbon emissions
primarily originate from gas turbines. The historical baseline can be
established by adjusting historical data, allowing for the calculation
of the corresponding carbon quota D; for this segment. The specific
formula is as follows:

D, =n(Q+f,P) (22)

where 7 is the standard carbon quota coefficient, Q, P are the
thermal power and electrical power consumed by the port, 3, is the
electricity-heat power conversion coefficient.
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The carbon emissions E of the port can be calculated based
on its electrical power P and thermal power Q, using the
following formula:

E=n,+1,(P+ Q) +1,(P+Q)* (23)

where 7,, , and #; represent the corresponding carbon emission
coeflicients for the port.

3 VPP-Ports load aggregation
optimization model

By integrating the ports typical load, distributed renewable
energy, and carbon trading mechanisms, various loads and energy
unit outputs can be regulated by corresponding constraints. The
objective function, serving as the specific optimization target,
can then be employed to construct VPP-Ports load aggregation
optimization model.

3.1 Objective function

For energy supply measurement, the load aggregation response
optimization of VPP-Ports primarily addresses the operational
costs of port energy. These include the total electricity purchase
cost, operating cost of distributed power generation equipment,
equipment maintenance cost, curtailment costs for solar and wind
energy, equipment depreciation cost, energy conversion cost, and
carbon trading cost. The specific formula is as follows:

F

net

Fgp = + Fygoc + Fagop + FatFye + Fi+ F, (24)

where Fg represents the operational cost of the port energy system,
F, is the external grid interaction cost of the port, Fygo.v Fg, are
the operating cost and maintenance cost of the distributed power
generation equipment, F; is the cost of wind and solar curtailment,
F ;. is the depreciation cost of energy storage equipment, F, is the gas
network interaction cost.

(1) Port power purchase cost

The difference between the cost of electricity purchased from the
external grid by VPP-Ports and the profit from selling electricity to
the external grid. The specific formula is as follows:

_ net net net2 net2
Fnet_Z(Ct - Py _Ct - Py )
teT

(25)

where C*/, C'**2 represent the actual purchase price and selling price

net2
, P}

of electricity at time ¢, P are the electricity purchase and

selling quantities at time .

(2) Port distributed power supply operation and maintenance cost

ngoc = Z C?/Pr/ + CI:VPIE" (26)
teT
A
ngop = ZT[ opP C‘Zp P* (27)
te
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where Py, Pf " represent the wind power generation and photovoltaic
power generation at time ¢ in the port, C}', Cf " are the comprehensive
operating costs of the wind and photovoltaic equipment at time
t, CS},, Cs; are the maintenance cost coefficients for the wind and

photovoltaic equipment.
(3) 'The cost of abandoning light and wind

For the underutilized solar and wind energy in VPP-Ports,
the corresponding penalty costs should be calculated to accurately
reflect the system’s utilization rate of renewable energy.

Fy=) m,(Py = P") + 1, (P} - 1) (28)

teT

where 7,,, 7,,
coefficients, P, Pf " are the actual grid-connected power of wind

and photovoltaic generation, respectively, at time ¢.

are the wind and solar energy abandonment cost

(4) Gas network interaction cost

Fy =Y C,G"” (29)
teT

buy . . . .
where G, is the gas purchase quantity at time t, C, is the natural
gas cost coeflicient.

(5) Depreciation cost

Fie= Y Coa 1P+ |PH]) + Co(JHE| + [HE]) (30)
teT

where C,,, and Cy; represent the depreciation cost coefficients of the
energy storage battery and the thermal storage tank, respectively.

(6) Carbon trading cost

The carbon trading cost can be calculated using a tiered carbon
trading mechanism, as shown in formula (28).

3.2 Constraint condition

3.2.1 Equality constraint

(1) Electrical network

P74 PV 4 pret 4 poT . phatde _ pb  pey pLy phabe | pload —(37)

load

where p;** is the basic electricity consumption of the user at time ,

pf, piand plt represent the electrical loads at time ¢ in the power grid
corresponding to ship battery swapping, electric trucks, and port
temperature control systems, respectively.

(2) Thermal network
GH GT d load L
S+ Q) +H =H ™ +H,+H, (32)
where Q% QT represent the heat supply from the gas boiler and

the waste heat absorption from the gas turbine at time ¢, H*, H:
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represent the basic thermal load and the heat supply from the gas
boiler, as well as the heat consumption by the absorption chiller at
time £.

(3) Cold network

=P BiC o

where PA€, PEC represent the power of absorption refrigerator and
electric refrigerator at time t.

(4) Gas network

GST+ G + G =G (34)

where G°T, G and G! represent the gas turbine, gas boiler gas load,
and the basic gas load at time t.

3.2.2 Inequality constraint

(1) Electrical network

0<P/<Py,.. (35)
0< P <P (36)
P <P <Py, (37)

bat,c bat,c
0 < phate < phate

bat,dc bat,dc
0 < phatde < phate

(38)

W
where P}, ..,

wind power and photovoltaic equipment, P}, P represent the

maximum and minimum values of the grid’s purchased electricity.

Pﬁ,“atxc and P,b,fat;(dc represent the maximum charging and discharging

anvax represent the predicted maximum output of the

power of the energy storage battery, respectively.

(2) Thermal network

0<Q < Qs (39)
0< Q" < Qi (40)
T < T, < TP (41)
“Bomv < Apmvye < Bpyry (42)
0< H; < H,,, )

0 < H{* < Hy,,

where Q" , QCT represent the predicted maximum heat output of
the heat pump and the predicted maximum waste heat absorption
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of the gas turbine, T, T™" are the upper and lower limits of
indoor temperature of heating buildings respectively, Bp is the
PMV index parameter. H', . and H®

fnax Thax Fepresent the maximum heat

absorption and heat release power of the thermal storage tank,
respectively.

(3) Cold network

Tr};nin < T:l < T:’nax (44)

Q"= Q Q™ (45)

where T, T™I" are the upper and lower limits of the cold chain

temperature in the cargo area, Q™", Q"™ are the upper and lower

limits of the total refrigeration power. '
(4) Gas network
Pla <P < Poiy (46)
Q' < Q" < Qi (47)
PiT < poT — AT < pGT (48)
Q=i - < QM (49)

GT  pGT
PSta > Pmux
predicted maximum output of gas turbine, PS

where represent the minimum stable load and the

T PIGT represent the
limits of the power ramp-up and ramp-down rates of gas turbine.

GH GH
Qsm > Qmax

maximum output of gas boiler, Q¢ QIGH represent the limits of the

represent the minimum stable load and the predicted

power ramp-up and ramp-down rates of gas boiler.

3.3 Solution mode

The model constructed in this study was implemented in the
MATLAB R2020a environment using the YALMIP toolbox. The
model was formulated as a Mixed Integer Linear Programming
(MILP) problem and solved using the Gurobi solver.

minFgp = CTx (50)
where C represents the coefficient vector of the objective function, x
represents the vectors of all decision variables.

In terms of time complexity, MILP problems generally exhibit
exponential complexity in the number of integer variables, as
the worst-case scenario for solving such problems involves a
combinatorial search across 2" branches, where m is the number
of integer variables. However, the specific implementation using the
Gurobi solver reduces the practical computational burden through
advanced heuristics, branch-and-bound techniques, and cutting
planes, making it significantly faster than traditional methods.
The continuous relaxation of the linear programming portion
contributes a polynomial complexity of O (1), where n is the
number of continuous variables. Thus, the proposed approach
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strikes a balance between theoretical complexity and practical
efficiency, as evidenced by the reduced computational time. On
average, the computational time was 250 s, demonstrating high
efficiency, with a total solution time of 300s. Compared to
traditional algorithms, the proposed approach reduced calculation
time by 30%.

4 Case analysis

In this section, we conduct comprehensive evaluations of the
proposed scheduling optimization method through comparative
simulations from various perspectives. In Section 4.1, we provide
a detailed overview of the basic configuration and load data
in VPP-Ports, establishing the foundational parameters for our
experiments. Section 4.2 validates the feasibility and effectiveness
of the proposed scheduling strategy from the perspectives of load
response and parameter sensitivity, and evaluates the economic
efficiency and environmental performance of three scenarios from
the perspectives of the overall VPP-Ports carbon cycle and cost
considerations.

4.1 Data description and experimental
simulation platform

To validate the effectiveness of the proposed model, a certain
port area in the eastern region is selected as the data source for the
VPP. The VPP-Ports is composed of energy units such as offshore
photovoltaic power generation, wind power generation, and gas
turbines. A 24-h period is used as the time cycle, with 1-h intervals
as the time scale. The base data for the model includes the electricity
load, cooling load, heating load, and gas load of the port area, with
the average load values shown in Figure 2. The average forecast
values for the photovoltaic and wind power output at the port
are shown in Figure 3. The average forecast values for the electric
trucks and ship battery swapping loads are shown in Figure 4.
According to the economic development plan of the port region,
the time-of-use electricity prices for the local grid are shown in
Figure 5. The operational parameters of the port’s energy units are
presented in Table 1, while the relevant parameters of VPP-Ports are
provided in Table 2.

4.2 Optimized analysis

4.2.1 Port resource aggregation optimization
analysis

By developing an optimized dispatch strategy for the aggregation
of port resources, prescheduling results for the load can be obtained.

As shown in Figure 6, to meet the requirements of the port’s
population activity area, the indoor temperature is maintained
between 23°C and 26°C, ensuring a suitable environment for work
and daily life. Meanwhile, the cold storage temperature is kept
around —15°C to satisfy refrigeration needs.

Based on Figure 7 it can be concluded that the gas turbine
maintains a stable output throughout the day. The electric heavy-
duty trucks primarily charge between 20:00 and 06:00 the following
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FIGURE 3
PV, PW forecast in port.

day, while the ship battery swapping load is mainly concentrated
between 11:00-14:00 and 20:00-24:00, and the battery charge and
discharge to balance the power load response. Due to the absence
of photovoltaic power generation at night, additional electricity is
purchased between 01:00-02:00 and 19:00-24:00.

As shown in Figure 8, due to the high and stable output of the
gas turbine, the absorption chiller’s output proportion is relatively
high. During the 03:00-10:00 period, the cooling load is lower while
the heating load is higher, so the waste heat boiler’s thermal output
primarily serves the basic heating demand. As a result, the cooling
network is supplied by electric chillers. From 11:00 to 19:00, when
the cooling load demand increases, both the electric chiller and the
absorption chiller work together to meet the cooling load balance.

As shown in Figure 9, during most periods, the waste heat boiler
from the absorption gas turbine’s waste heat provides the majority
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Grid time-of-use price in port.

of the thermal energy, with the surplus heat energy supporting
the stable output of the absorption chiller. However, during the
05:00-10:00 and 19:00-23:00 periods, the heat storage tank exhibits
significant heat storage behavior, and the waste heat boiler alone
cannot meet the higher thermal load demand. In these timeframes,
the gas boiler consumes gas energy to provide the additional thermal
energy required.

As shown in Figure 10, the state of the gas network is consistent
with the balance between the cooling network and the heating
network. To ensure the balance of demand while improving
economic efficiency, the gas turbine’s gas consumption in the gas
network remains relatively high. The gas boiler only consumes gas
energy when required by the system to meet the demand.
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TABLE 1 VPP-Ports unit operating parameters.

Equipment Efficiency/% Power limit/MW Maintenance cost/CNYeM

PW - - 250
PV - - 45
Combustion gas turbine 94 40 15
Heat recovery boiler 85 30 15
Electric refrigerator 320 20 -
Absorption chiller 130 20 -

TABLE 2 Parameters of VPP-Ports equipment.
. . S0 [ Grid o Pw I EC ET [ Electricial load
Indicators Symbol  Unit Value et PW [ Bat NN EB
- m
. . 3 20 . .
Natural gas selling price - CNY/m 3
Low fuel value of gas - MWh/m? 8.57 10
Standard carbon quota factor b t/(MW-h) 0.7 %
T 0
Electric thermal power conversion Bo - 0.56 H
coefficient o
10+
Carbon emission coefficient 1 m - 27
- . -20 -
Carbon emission coefficient 2 1, - -0.21
Carbon emission coefficient 3 13 - 0.0025 30 | | | | . .
0 4 8 12 16 20 24
Time/h
FIGURE 7
Electric network balance.
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FIGURE 6 151
Temperature control in port. 2
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Time/h
4.2.2 Port carbon trading mechanism analysis CURES
Based on the aforementioned scenario, the impact of Cold network balance.
changes in the benchmark price 8, and price growth rate «,
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within the tiered carbon trading mechanism on the low-carbon
economy of ports is analyzed. The results are illustrated in
Figures 11, 12.

Asshown in Figure 11, with the increase in the benchmark price,
the system’s total cost and carbon emission cost rise correspondingly.
Under the premise of maintaining economic viability, the port
demonstrates an increased willingness to reduce emissions, leading
to a gradual decrease in carbon emissions. However, when the
benchmark price of carbon trading exceeds 250 CNY/t, the emission
reduction potential for individual systems becomes limited, and
port carbon emissions stabilize. At this stage, further guiding
system emission reductions through price adjustments becomes less
effective.

As shown in Figure 12, when the price growth rate is in the
range of [0, 0.6], the carbon emission cost increases correspondingly.
Under the constraints of system operating costs, equipment output
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becomes restricted, leading to a reduction in carbon emissions.
When the price growth rate exceeds 0.6, the outputs of various
system components gradually reach equilibrium, and carbon
emissions begin to stabilize. With further increases in the price
growth rate, both carbon emission costs and the system’s total costs
continue to rise.

It is evident that to effectively guide the clean operation of
port energy networks through the carbon trading mechanism,
both the benchmark price and the price growth rate must be
adjusted simultaneously. Achieving a coordinated configuration
between tiered carbon trading and port scheduling optimization is
necessary.

4.2.3 Low carbon scheduling analysis
Taking into account the impact of port-specific loads and
the carbon trading mechanism on the ports electricity dispatch,
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TABLE 3 Scheduling cost analysis of each case.

10.3389/fenrg.2025.1617362

ltems scenario Scenariol Scenario2 Scenario3
Carbon emission(t) 5,407 4,634 3,531
New energy consumption (MW-h) 235 245 267
Curtailment Costs (CNY) 187,604 166,212 125,692
Carbon trading cost (CNY) - 67,563
Basic operating cost (CNY) 457,293 407,002 311,333
Total cost (CNY) 644,897 573,214 504,588

this simulation focuses on the load response within VPP-
Ports. The optimization objective is to minimize the total
operational cost of the VPP. Three scenarios are defined for
comparison:

Scenario 1: Only the general port load is considered, excluding
the involvement of the carbon trading mechanism in the operation
of VPP-Ports.

Scenario 2: The loads from electric trucks and ship battery
swapping are considered, but the carbon trading mechanism is not
incorporated into the operation of VPP-Ports.

Scenario 3: The operation of VPP-Ports considers both the loads
from electric heavy-duty trucks and ship battery swapping, as well
as the involvement of the carbon trading mechanism.

To analyze the impact of the carbon trading mechanism on the
economic and environmental benefits of the port energy system
operation, the dispatch costs for each scenario are shown in Table 3.

From Table 3, it can be seen that Scenario 1, which does not
consider the operation of electric heavy-duty truck loads and ship
battery swapping, relies more on traditional energy sources to
supply the ports work and living needs. As a result, it has the
highest overall operational cost, the largest carbon emissions, and
relatively low renewable energy output. Scenario 2, which considers
the electric heavy-duty truck and ship battery swapping loads based
on the port’s resource characteristics, reduces the consumption of
petroleum and other fuels by heavy-duty trucks and ships. The
total cost is reduced by 11.11% compared to Scenario 1, and
renewable energy output increases by 4.08% compared to Scenario
1. Scenario 3, which considers both the electric heavy-duty truck
and ship battery swapping loads along with the carbon trading
mechanism, still reduces the total cost by 11.97% compared to
Scenario 2, despite the inclusion of carbon trading costs. Renewable
energy consumption increases by 8.23% compared to Scenario 2.
This scenario reduces carbon emissions while meeting the port’s
work and living needs and effectively increases the utilization of
renewable energy.

In conclusion, accounting for the loads from electric heavy-
duty trucks and ship battery swapping enables better adaptation to
the port’s resource characteristics and more effective aggregation
of these resources. Incorporating the carbon trading mechanism
significantly reduces carbon emissions from VPP-Ports operations
and encourages the use of clean energy. Therefore, considering
both the port’s resource characteristics and the carbon trading
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mechanism ensures the economic and environmental performance
of the port energy network, optimizing the efficiency and
sustainability of VPP-Ports.

5 Conclusion

To effectively advance port energy systems in the new era,
improve port management, and promote carbon neutrality, it
is essential to facilitate resource aggregation and scheduling
optimization within VPP-Ports. This involves developing green and
economically complementary operations that consider the specific
characteristics of port resources. In this context, this paper proposes
a resource aggregation scheduling strategy. Based on the case study
analysis, the following conclusions were drawn:

Port Resource Characteristics and Load Uncertainty: By
characterizing the uncertainty of loads from electric heavy-
duty trucks and ship battery swapping, and employing load
balance constraints, it is possible to optimize energy load
economics effectively. This approach allows for flexible energy
distribution adjustments, achieving a balance between the economic
performance and robustness of port VPP operations, thereby
efficiently aggregating port load resources.

Incorporating Carbon Trading Mechanism: Integrating carbon
trading mechanisms into the VPP-Ports significantly reduces port
carbon emissions by approximately 23.8%, increases renewable
energy utilization by 8.23%, and facilitates the deep integration
of offshore renewable energy systems. This approach supports
the low-carbon, economically viable operation of multi-energy
systems.

Economic and Environmental Balance: The proposed resource
concentration strategy successfully reduces total operating costs
by 11.97% while enabling flexible load scheduling. However,
the current implementation lacks the inclusion of diversified
indicators. Further research and analysis are required to enhance its
effectiveness and applicability.

This paper proposes that resource aggregation strategies, when
tailored to specific port characteristics and integrated with carbon
trading mechanisms, can effectively optimize and sustain energy
management in ports. Future improvements to these strategies will
involve incorporating diverse indicators, such as satisfaction and
comfort levels.
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