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Abstract

Transportation hubs serve as critical convergence points for traffic, information, and energy
flows. However, their energy systems are characterized by high consumption randomness,
significant power flow fluctuations, and geographically dispersed source and load nodes.
These features pose challenges for integrating distributed renewable energy and often
lead to high energy cost issues. Additionally, accommodating distributed photovoltaic
(PV) is further complicated by grid corridors and high investment expenditure. To ad-
dress these issues, this paper proposes a two-stage optimization model for a multi-node
interconnected architecture for transportation hubs. In the first stage, a greedy algorithm
determines a fixed connection topology, considering distance constraints and connection
port limits to ensure engineering feasibility. The second employs linear programming to
optimize real-time power allocation. This approach precomputes connection relationships,
significantly reducing evaluation time and enabling efficient processing of operational data
from multiple nodes. A case study confirms that the proposed method can increase PV
consumption by 38.71%, with optimization evaluated on a millisecond scale. By inputting
node generation, load, and distance data in prescribed format, the model outputs actionable
planning results for flexible interconnection projects.

Keywords: micro-grid; flexible interconnection; solar PV; source–load balance optimization

1. Introduction
The electrification of transport is a promising pathway toward a low-carbon-energy

transport system [1]. This trend has spurred the rapid deployment of distributed solar PV
at transportation hubs. However, the implementation and effectiveness of conventional
distribution network expansion are often constrained by limited power supply corridors
and high investment costs [2]. In this context, flexible interconnection technology emerges
as a potential solution due to its flexible regulation capabilities [3]. Micro-grids within
transportation hubs face problems such as dispersed power nodes and spatiotemporal
imbalances between energy generation and load demand. These issues hinder the local
consumption of distributed solar PV.

To address the accommodation issue, this paper proposes a two-stage optimization
model that jointly optimizes fixed connection topology and real-time power allocation.
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The first stage utilizes a greedy algorithm to determine connection relationships, while
the second stage employs linear programming to optimize real-time power distribution.
Key innovations of the model include the incorporation of practical distance constraints
and connection port limits, ensuring its engineering feasibility. A case study based on a
transportation hub PV project in Shanxi Province proceeds and achieves an average PV con-
sumption rate of 39.15%, representing a 37.80% increase compared to the original system.

2. Literature Review
2.1. Green Energy Supply for Transportation Hubs

Transportation hubs, such as airports, passenger terminals, ports, expressway service
areas, etc., are characterized by high energy consumption and carbon emissions, making
them key targets for emission reduction efforts [4]. These hubs also possess substantial
spatial resources such as rooftops and used land, offering significant potential for renew-
able energy installations. However, energy demand is typically concentrated in terminal
buildings [5], while transportation hubs feature large-scale buildings and diverse functional
zones. This diversity results in varied load characteristics and energy demand patterns,
complicating energy supply management [6]. Several studies have explored energy supply
and management strategies for transportation hubs. Wan analyzed implementation paths
combining PV generation and energy storage systems, green electricity trading mechanisms,
and grid–PV interactions [7]. Jin & Tian proposed a three-stage carbon emission frame-
work for urban passenger transport and developed a corresponding calculation model [8].
Considering the complex spatial structure, collaborative operation of multiple entities,
and multifunctional integrated design of transportation hub buildings, Huang proposed a
power supply and distribution system design scheme for transportation hubs [9].

2.2. Integration of Renewable Energy and Micro-Grids

Integrating distributed PV systems into micro-grids intensifies the challenge of bal-
ancing supply–demand dynamics while maintaining grid stability [10]. Micro-grids, as
localized energy networks, offer a solution by enhancing grid resilience, reducing re-
liance on fossil fuels, and improving electricity access in remote areas [11]. Abantao et al.
presented a utility-scale grid-connected micro-grid planning framework for sustainable
renewable energy integration, addressing both operational modes of grid-connected and
isolated micro-grids [12]. Li & Han addressed the strong uncertainty of renewable energy
for multi-microgrid systems by proposing a distributed robust collaborative scheduling
model on an improved conditional generative adversarial network [13].

2.3. Micro-Grid Interconnection

The large-scale integration of distributed renewable energy into grid clusters has
become an inevitable trend in the development of new power systems. Micro-grid clusters
can significantly mitigate issues such as insufficient energy utilization, high energy storage
costs, and inadequate anti-interference capabilities caused by the intermittent feature of
renewable energy [14]. Existing studies on micro-grid interconnection primarily focus on
either topology design or real-time dispatch in isolation. Lou et al. provided an overview
of key technologies for multi-micro-grid systems, including networking methods and col-
laborative control strategies [15]. Federico et al. evaluated flexible connection agreements
and curtailment rules to manage connection queues in distribution networks [16]. Xu et al.
proposed a cooperative operation optimization model for multi-micro-grids based on the
green certificate and carbon trading mechanisms [17]. Ge et al. introduced the concept of
robust hosting capacity and constructed an assessment model for distributed generators in
flexibly interconnected distribution networks [18].
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2.4. Limitations on Current Studies

Despite these advancements, existing research has not fully addressed the need for
autonomous source–load balancing in micro-grids with multiple distributed generation
access points. There is a lack of integrated optimization approaches that simultaneously
consider the dual constraints of PV accommodation and transmission distance while being
suitable for engineering practice and offering fast-solving capabilities. To bridge this gap,
this paper establishes, discusses, and analyzes a two-stage optimization model designed
to address the accommodation issue and achieve source–load equilibrium in multi-node
systems, thereby supplementing prior research.

3. Methodology
3.1. Analysis on Different Types of Nodes

It is considered that every node in each time zone t ∈ T has PV power output PPV,t

(in kW) and load power Pload,t (in kW). The load power of each node is satisfied by the PV
generated in this node with priority in order to achieve maximum PV consumption and
minimum power transmission. Therefore, for a node i, if PPV,t ≥ Pload,t, load can be fully
satisfied by PV power output at this node in time zone t, and net PV power output can be
calculated as:

pi,t = PPV,t − Pload,t (1)

If PPV,t < Pload,t, load cannot be fully satisfied by PV power output at this node in time
zone t, and net load power can be calculated as:

lj,t = Pload,t − PPV,t (2)

Nodes in the source–PV interconnected system are classified into the following three
types: load nodes, PV nodes, and neutral nodes. There will be power output considered
only for a source node and power input only for a load node, while there will be both
power output and input for a neutral node. A neutral node is considered as both a PV node
and a load node in the computation. The node type is identified according to the PV output
coefficient at node i, ci, and can be calculated by:

ci =
∑
t

pi,t

∑
t
(pi,t + li,t)

× 100% (3)

ci describes the proportion of net PV power output over overall power transmission at
node i. The larger the value of ci is, the more PV output power the node provides relative
to its load power consumption. Therefore, node i is classified as a PV node if ci ≥ cPV, a
load node if ci ≤ cload, and a neutral node if cload < ci < cPV, where cPV and cload are node
classification thresholds.

3.2. Stage 1—Topological Interconnection Optimization
3.2.1. Stage 1 Objective Function

The aim of the project is to maximize local PV consumption while minimizing trans-
mission distance and construction expenditure. Therefore, the objective function can be
illustrated as:

max∑
i∈P

∑
j∈L

(xi,j − α · di,j − β · qi,j) (4)

|P| = NPV , |L| = NLoad (5)
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where xi,j is the amount of transmitted electric energy from PV node i to load node j; di,j is
the distance penalty; qi,j is the interconnection construction expenditure penalty; α and β

are the distance and expenditure penalty weight coefficients, respectively; P is the set of PV
nodes; and L is the set of load nodes.

Interconnection costs are related to interconnection lines and equipment, including
materials, installation, and construction. These costs are generally proportional to the line
capacity. To simplify the analysis, this paper approximates the total construction cost as
being proportional to the line capacity. Therefore, the cost penalty qi,j is formulated as:

qi,j= maxFlowi,j = min
(
max(pi), max

(
lj
))

(6)

3.2.2. Stage 1 Constraints and Boundary Conditions

The limitation of the number of ports of the interconnection devices is considered.
Therefore, the constraints for connection port numbers for PV and load nodes are formu-
lated as:

∑
j

connectioni,j ≤ KPV (7)

∑
i

connectioni,j ≤ KLoad (8)

where KPV and KLoad are the maximum node ports for PV nodes and load nodes, respectively.
Moreover, the transmission distance between two nodes is constructed as:

di,j ≤ Dmax (9)

where Dmax is the maximum transmission distance available.

3.2.3. Score Function for Nodes Connection

Based on the objective function introduced in Section 3.2.2, a score function scorei,j is
established for each connectioni,j. This formula is used to evaluate the “benefit score” of
establishing a connection between PV node i and load node j. A higher score indicates that
the connection is more favorable. The objective function incorporates the following three
distinct targets: consumption capacity, transmission distance, and construction cost.

scorei,j = Npotential − αNdistance − βNconstruction (10)

To enable fair weighting and comparison among these multi-objective components,
a normalization procedure is applied to scale each indicator—originally with different
dimensions—into a unified range of [0, 1], thereby eliminating discrepancies in magnitude.
The specific definitions are as follows:

Npotential =
min

(
∑ pi, ∑ lj

)
max

(
maxFlowi,j

) (11)

Ndistance =
di,j

max(d)
(12)

Nconstruction =
qi,j

max(q)
(13)

where ΣPPV is the total power generation at PV node i and ΣPLoad is the total power
consumption at load node j. The minimum value is taken because the maximum transmis-
sion capacity of a connection line is limited by the transmitted power of the smaller side.
maxFlowi,j is the potential maximum power transmission within the system.
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3.2.4. Greedy Algorithm and Optimal Solutions

Feasible connection topology solutions will be determined in the required first-stage
optimization, where computational precision requirements are modest but data volume is
substantial. Therefore, a greedy algorithm is applied as a simple and efficient approach
for solving the optimization problem [19]. By making locally optimal choices at each stage
based on a given optimization criterion, without considering the global picture, the greedy
algorithm significantly reduces computational time by avoiding the need to exhaustively
explore all possible solutions. Figure 1 illustrates the general process of the algorithm for
the topological interconnection optimization problem. A combined strategy of distance
screening, score sorting, and greedy selection is generated to establish the prioritization
of high-potential short-distance connections while satisfying connectivity constraints. It
represents an efficient heuristic method for the optimization.

 

Figure 1. Greedy algorithm for topological interconnection optimization.

According to the algorithm above, a set of available connection nodes, E, can be
generated in stage 1.

E =
{
(i, j)

∣∣connectioni,j
}

(14)

3.3. Stage 2—Power Distribution Optimization
3.3.1. Decision Variables

Define xi,j,t as distributed power transit from PV node i to load node j in time zone t.
The connected nodes group (i, j) should be within set E generated in stage 1. Hence,

xi,j,t ≥ 0 ∀(i, j) ∈ E, t ∈ T (15)

3.3.2. Stage 2 Objective Function

The overall aim of the project is to maximize local PV consumption while minimiz-
ing the transmission distance and construction cost. Therefore, the objective function is
illustrated as:

max∑
t∈T

∑
(i,j)∈E

(
1 − α · di,j − β · qi,j

)
· xi,j,t (16)
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3.3.3. Stage 2 Constraints and Boundary Conditions

For a PV node i, the power output should be no larger than the net PV power available
at this node. Similarly, for a load node j, the load power consumed should be no larger
than the net load power available at this node. Therefore, constraints are formulated as:

∑
j

xi,j,t ≤ pi,t ∀i ∈ P, t ∈ T (17)

∑
i

xi,j,t ≤ lj,t ∀j ∈ L, t ∈ T (18)

3.3.4. Hybrid Optimization Strategy and Optimal Solutions

Building on the fixed connection topology established in the first stage, a hybrid
optimization strategy is applied in stage 2—a power distribution optimization algorithm—
which combines linear programming with heuristic algorithms that perform real-time
power distribution optimization in each time zone. Figure 2 illustrates a general overview
of the hybrid algorithm. The algorithm is designed to establish a linear program-
ming problem and is solved by the linprog solver in MATLAB (version: 9.4.0.813654,
R2018a) with priority. On the other hand, the heuristic algorithm is established as a re-
dundant strategy and generated when the linear programming solver fails to achieve
the result.

 

Figure 2. Power distribution optimization hybrid algorithm.

A heuristic algorithm is established as a redundant strategy, which will be generated
when linear programming fails. Figure 3 shows the flow chart of the heuristic algorithm in
the hybrid algorithm. The heuristic algorithm adheres to the following principles.
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Figure 3. Redundant strategy of heuristic algorithm.

Firstly, the distance principle is implemented by prioritizing short-distance connec-
tions for power transmission to effectively reduce transmission line losses. Secondly, the
instantaneous balance principle is enforced through dynamically updating surplus PV
generation and load demand, ensuring real-time supply–demand equilibrium. Finally, a
feasible solution guarantee is achieved by providing allocation schemes that satisfy both
PV generation capacity constraints and load demand requirements under all operating
conditions. The designed process not only aligns with the economic operation require-
ments of power systems, but also ensures maximum PV accommodation while satisfying
all constraints.

Moreover, minor constraint violations may occur due to floating-point computations
and strategy defects of the heuristic algorithm. In order to eliminate results conflicting
with the constraints, error correction is performed, which should be able to maintain the
allocation proportion of each generation source unchanged while ensuring total power
supply exactly equals demand, as shown below.

xcorrected
i,j = xi,j ×

lj

∑i xi,j
(19)

where xi,j is the original result and xcorrected
i,j is the corrected result.

4. A Case Study on the Intelligent Zero-Carbon Transportation Hub
in Shanxi
4.1. Case Overview

The feasibility of the two-stage model and algorithm established above is verified via
a case on the Intelligent Zero-carbon Transportation Hub (IZT) project in Shanxi, China.
The IZT expansion project currently under construction covers approximately 589 hectares
and is expected to handle an annual passenger throughput of 40 million passengers and an
annual cargo throughput of 300,000 tons upon completion.

The area enjoys abundant sunlight, with sunshine duration of 2407 h and global
horizontal irradiation of approximately 1200 kW/m2 on average annually. It is planned
to build a 109 MW distributed solar PV generation system, with an estimated annual
renewable energy generation of approximately 100 million kWh.

However, challenges occur due to the power nodes, including their large quantity,
geographically dispersed locations, and source–load imbalance issues, resulting in inad-
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equate local consumption of PV power. Based on local solar radiation resources and the
load characteristics of each node, annual PV output and load forecasts are assessed for all
nodes, showing a PV consumption rate of about 24.35%. Therefore, feasible interconnection
technology is applied, and the node source–load balance methodology proposed in this
paper is applied for optimization, thereby improving local PV consumption, ensuring
stable grid operation, and reducing user electricity costs.

Figure 4 shows the node distribution of the IZT, where green spots represent PV nodes,
blue spots represent load nodes, and yellow spots represent neutral nodes. The code names
of each node are labeled in the corresponding spots. There are eight PV nodes, seven load
nodes, and two neutral nodes in total. The larger the spot shown in the figure, the more net
PV power remaining for PV nodes or net load power required for load nodes. As shown
in Figure 4, load nodes and neutral nodes are gathered to the north of the IZT, where the
terminals, parking lots, and offices are located, while PV nodes are scattered both north
and south of the IZT.

 

Figure 4. Node distribution in IZT.

4.2. Optimization Results

Considering the construction feasibility and user requirements, the following parame-
ters listed in Table 1 are applied for the evaluation.

Table 1. Parameters list.

Parameters Symbol Value

Distance weight factor α 0.01
Cost weight factor β 0.01

PV node classification threshold cPV 0.6
Load node classification threshold cLoad 0.4

PV node max connected port number KPV 2
Load node max connected port number KLoad 2

Max nodes connection distance Dmax 3 km

In the case study, the distance and cost factors were assigned small values to priori-
tize the maximization of PV consumption over transmission expenses. Furthermore, the
maximum number of connections per node and the maximum allowable transmission
distance were constrained based on the typical physical and engineering limitations of
existing interconnection devices and site layout. Moreover, the PV output coefficients
for each node are listed in Table 2. In this case, PV nodes and load nodes are generally
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clearly distinguishable. Therefore, classification thresholds of cPV = 0.6 and cLoad = 0.4 were
adopted.

Table 2. Node PV output coefficient.

Nodes ci Nodes ci

T3A 15.88% #3 95.54%
T3B 17.79% #4 92.80%
T3C 96.27% #5 93.30%
T3D 96.16% #6 97.83%
GTC 45.32% NIES 99.42%
P1 0 SIES 99.57%
P2 0 T1 0
#1 53.47% T2 0
#2 1.32%

Predicted annual PV power generation and load data is applied to imitate general
operation circumstance, and the use of MATLAB to generate the algorithm and results
for the power transmission scheme for each node per hour, including target transmission
nodes and power, can be evaluated.

Figure 5 illustrates the evaluated connection strategy. The thicker lines indicate the
greater power transmitted between the nodes, where the annual power transferred in MWh
is shown in Table 2. Generally, each PV node is connected to two load nodes nearby. For
example, PV nodes T3C and T3D are connected to load nodes P1 and P2. PV nodes #3
and #5 are connected to load nodes T1 and T2. Although PV node #6, SIES, and #5 have
redundant green power output, little energy is transferred via these nodes, as they are
located far from load nodes.

Figure 5. Optimal power connection and transmission strategy.

Typical operation days are selected for different seasons to address the benefits of
the optimization. Typical daily operation strategies before and after optimization for four
seasons throughout the year are illustrated in Figure 6, where negative values refer to the
quantity loads that grid power requires while positive values refer to the unconsumed solar
power generated by the system. The figures on the left show operation conditions before
optimization and the figures on the right show optimized operation strategies. As shown
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in Figure 6, after optimization, the majority of load power in daytime can be satisfied by
solar power generated from the system.

 
(a) 

 
(b)  

 
(c)  

 
(d)  

Figure 6. Typical daily operation strategy before and after optimization in: (a) spring; (b) summer;
(c) autumn; and (d) winter.

The optimal annual power transmission results are listed in Table 3. And a sum-
mary of the annual solar consumption results is listed in Table 4. An average PV con-
sumption rate of 38.71% can be achieved, which has increased by 37.10% compared with
the original system. Considering the local average commercial electricity price of ap-
proximately 0.57 CNY/kWh, the interconnection strategy is able to save approximately
CNY 10.11 million on average annually. The statistically average carbon emission coeffi-
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cient for the power grid in Shanxi is around 0.9608 kgCO2/kWh, which results in over 17
thousand tons of CO2 emission being eliminated compared to the original system.

Table 3. Optimal annual power transmission (MWh).

From\To T3A T3B GTC P1 P2 #1 #2 T1 T2

T3C - - - 3538.52 3936.42 - - - -
T3D - - - 560.22 976.04 - - - -
GTC - - - - - - - - -

#1 - - - - - - - - -
#3 - - - - - - - 5.36 1353.69
#4 4473.85 - - - - - 1.69 - -
#5 - - - - - - - 1997.02 2289.73
#6 - - 183.93 - - - - - -

NIES - 975.15 - - - - 1064.15 - -
SIES 304.42 84.43 - - - - - - -

Table 4. Result summary.

Index Original Optimal

Total Annual Solar PV Power Generation 123,542.69 MWh
Annual Solar Power Consumption 30,086.35 MWh 47,820.96 MWh

Annual Solar Power Consumption Rate 24.35% 38.71%

4.3. Comparative and Sensitivity Analysis

A dedicated sensitivity analysis is performed to provide a more thorough performance
evaluation. This analysis evaluates the impact of two critical model parameters, distance
weight factor (α) and cost weight factor (β). The findings are intended to verify the stability
of the reported performance, elucidate parameter influence, and offer practical insights
for parameter calibration in similar applications. The system performance is evaluated
based on the following three key metrics: construction cost, transmission distance, and PV
consumption. Among these, the cost is assessed using a defined cost index (∑ qi,j), which
quantitatively reflects the system’s construction expenditure. A comparative analysis of
these metrics under different scenarios is presented as follows.

As shown in the sensitivity analysis results in Tables 5 and 6, variations in α and β

exert only a minor influence on cost, distance, and PV accommodation.

Table 5. Sensitivity analysis on distance weight factor (α).

Index α = 0.01
(Benchmark) α = 0.1 α = 1 α = 10

Cost Index ∑ qi,j 55,821.21 76,210.24 76,210.24 76,210.24
Average Distance (km) 1.51 1.43 1.43 1.43

Annual PV
Consumption (MWh) 47,820.96 48,369.92 48,369.92 48,369.92

Annual PV
Consumption Rate 38.71% 39.15% 39.15% 39.15%

Table 6. Sensitivity analysis on cost weight factor (β).

Index β = 0.01
(Benchmark) β = 0.1 β = 1 β = 10

Cost Index ∑ qi,j 55,821.21 55,821.21 55,449.50 55,449.50
Average Distance (km) 1.51 1.51 1.57 1.57

Annual PV
Consumption (MWh) 47,820.96 47,820.96 48,171.77 48,171.77

Annual PV
Consumption Rate 38.71% 38.71% 38.99% 38.99%
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5. Advantages and Future Works
5.1. Algorithm Advantages and Discussion

The model established in this article effectively addresses distributed PV accommo-
dation challenges through several core innovations, including engineering practicality,
computational efficiency, robustness design, multi-objective collaborative optimization,
and information transparency.

• Engineering Practicality: A fixed connection topology is adopted to strictly comply
with grid constraints. Technical feasibility is ensured via setting distance thresholds
and preventing system overload through limitations for connection ports.

• Computational Efficiency: Precomputation of connection relationships significantly
reduces real-time complexity; time-point-independent optimization enables parallel
computing; and combinatorial optimization problems are efficiently handled via
greedy algorithms. The optimization evaluation can be solved within seconds.

• Robustness Design: A backup allocation strategy guarantees solution feasibility at all
times; post-processing of load constraints ensures secure operation; and automatic
handling of unconnected nodes eliminates system collapse risks.

• Multi-objective Collaborative Optimization: Accommodation volume is maximized as
a primary objective and transmission costs are minimized as a secondary objective,
with flexible adjustment through weighting factor α. Accommodation dominance is
ensured when α is sufficiently small.

• Information Transparency: PV curtailment is precisely quantified; connection rela-
tionships are comprehensively recorded; and distance costs are visualized, providing
complete data support for decision-making.

5.2. Future Works

Interconnection among nodes, as addressed in this article, represents one of the
essential solutions for achieving a zero-carbon airport. Although the proposed optimization
algorithm can greatly improve the solar power consumption rate via interconnection, it
currently considers power transmission within the same time period only. However, PV
generation is usually intermittent and hard to precisely predict. Also, daytime load is often
insufficient to absorb all the solar power generated, while a substantial amount of load
demand remains unmet at night. Therefore, an extended model incorporating an energy
storage scenario can be developed to enable power transfer optimization across both spatial
and temporal dimensions. To further advance toward a zero-carbon airport, additional
measures and technologies can be considered, including carbon sink, participation in the
local carbon trading market, carbon capture and storage, etc.

On the other hand, further studies should be carried out on the financial behavior
of the system. With the development of local electricity and carbon emission markets,
dynamic electricity price factors, carbon price factors, and carbon emission factors, etc.,
can be supplemented into the objective function to describe the financial behavior of the
system, hence supporting decision-making regarding business strategies.

6. Conclusions
Focusing on multi-node micro-grid systems facing source–load imbalance, a two-stage

multi-objective collaborative optimization model is established. By the precomputation
of connection relationships, the evaluation time is significantly reduced, enabling efficient
processing and generation of operational data across multiple nodes. The efficiency of this
model is demonstrated through a case study on the IZT project, which achieves a 38.71%
increase in solar power consumption rate, with optimization evaluated within seconds.
This model can be widely applied to multi-node interconnection cases: by inputting node
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generation, load, and distance data in a prescribed format, optimization results can be
obtained, enabling broad application in construction planning for flexibly interconnected
projects. On the other hand, further research is necessary for extended application scenarios,
including energy storage strategies and financial performance.
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