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Abstract. With the growing global energy crisis and environmental problems, the large-scale deployment of electric vehicles (EVs) and various types 
of distributed renewable energy sources has become an important measure to promote sustainable development in China's power sector. However, 
the rapid increase in the penetration rate of these distributed resources has gradually increased the operational pressure on distribution networks. To 
effectively address this issue, this paper proposes a two-layer partitioned optimization scheduling strategy for the distribution network layer and the 
aggregation layer, considering the price-based demand response of EV users. The upper distribution network layer focuses on its own low-carbon 
and economic operation, establishing a low-carbon economic optimization scheduling model for the distribution network layer to allocate global 
resources and formulate energy interaction strategies and constraints between aggregation areas based on this. The lower layer first constructs a 
comprehensive partitioning scheme considering the electrical distance between nodes, the dispatchable potential of EVs, and the power balance of 
distributed resources. Then, aiming at the economic operation of the aggregation area itself, it establishes a price-based demand response model for 
EV users to achieve optimal scheduling of distributed resources in the aggregation layer. This study aims to achieve the economic and low-carbon 
operation of distribution networks through reasonable scheduling strategies, while meeting the charging needs of EVs and improving the utilization 
efficiency of distributed resources. Simulation results show that the proposed two-layer scheduling strategy can effectively mobilize distributed 
resources in the distribution network to meet the needs of system economic operation. After optimization at the distribution network layer, the daily 
operating cost is reduced from 11,551.88 yuan to 6,220.84 yuan, significantly improving economic benefits. Electric vehicles have achieved a reduction 
of 21.1% in load peak shaving. In conclusion, the two-layer partitioned optimization scheduling strategy proposed in this paper can effectively utilize 
distributed resources in distribution networks, reduce operation costs, and achieve economic and low-carbon operation of distribution networks. 
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1. Introduction 

With the widespread deployment of distributed power 
sources in distribution networks and the increasing penetration 
of new energy utilization devices (Adham et al., 2025) such as 
electric vehicles (EVs) and distributed energy storages, 
traditional centralized control strategies face challenges such as 
large data detection volumes and high communication costs 
when uniformly scheduling all devices. The implementation of 
these strategies is quite difficult (Zhao et al., 2023; Mousa et al., 
2024). Therefore, it is necessary to aggregate distributed devices 
into clusters and decompose the distribution network 
scheduling tasks into these clusters. Each cluster can then 
develop its own scheduling strategies to optimize the operation 
of local distributed devices, thereby achieving the overall 
economic and secure operation of the distribution network (Luo 
et al., 2020). Many scholars have conducted research in this 
area. 

Compared with traditional centralized scheduling methods, 
hierarchical and partitioned cluster scheduling requires 
coordination of the interests of multiple parties (Huang et al., 
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2023). Shan et al., (2023) considered the operational 
characteristics of equipment hardware and achieved a balance 
between system stability and economic efficiency through a 
three-layer control structure. However, the proposed control 
strategy is relatively rigid and does not sufficiently consider the 
autonomy of each layer. Feng et al., (2023) took into account the 
interests of entities across multiple layers and balanced the 
interests of the distribution network and prosumers by 
establishing a cooperative game model. This model facilitated 
the full absorption of renewable energy and achieved profit 
distribution among participants. However, it treated EVs as fully 
compliant with scheduling, neglecting their autonomous 
charging behavior and response characteristics. 

The growing public awareness of environmental concerns 
linked to vehicle emissions has accelerated the development of 
cleaner transportation options (Nguyen et al., 2022; Tippichai et 
al., 2023). In recent years, with the explosive growth in the 
number of EVs, their potential to bring significant economic 
benefits and low-carbon opportunities to distribution networks 
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has attracted the attention of many scholars (Tian et al., 2024; 

Teng et al., 2024). The interaction technology between EVs and 
the grid has also developed rapidly, especially Vehicle-to-Grid 

(V2G) technology (Naqash et al., 2021; Ahsan et al., 2023; Yang 
et al., 2024), which is an effective means to further exploit the 
potential of EVs. V2G aims to connect EVs to the distribution 
network through bidirectional power conversion devices, 
enabling two-way energy interaction between EVs and the 
distribution network. Statistical studies (Kempton et al., 2005; 
Mastoi et al., 2023) have shown that fully utilizing V2G 
technology to efficiently utilize the energy storage batteries of 
parked EVs can bring substantial economic and stability 
benefits (Hao et al., 2020; Wu et al., 2021). Tan et al., (2024) 
enhanced the robustness of the distribution network against the 
uncertainty of distributed power generation by aggregating EVs 
under the conditions of high penetration of distributed power 
sources and large-scale grid integration of EVs. Qiu et al., (2024) 
applied reinforcement learning to propose a multi-agent 
hierarchical structure for aggregating and scheduling EVs. This 
not only achieved efficient integration of distributed renewable 
energy but also met the power adjustment needs of the 
distribution network through the V2G capability of EVs, thereby 
improving the stability of the distribution network operation. 
However, as private assets of users, EVs consider their own 
interests when responding to the demands of the distribution 
network (Du et al., 2023; Yin et al, 2021). Therefore, Li et al., 
(2020) and Hui et al., (2022) established a time-of-use pricing 
incentive strategy to guide EV users to respond to scheduling, 
achieving the absorption of new energy on the grid side while 
reducing users' charging costs. Hou et al. (2022) further analyzed 
the price-based and incentive-based demand response 
mechanisms of EV users, effectively improving the economic 
benefits of EV aggregators while flattening load fluctuations. 

2. Method  

The dual-layer partitioned aggregation scheduling 
architecture for distributed resources in distribution networks is 
a management and control framework based on the principle of 
hierarchical and partitioned control, considering the 
collaborative interaction requirements among different 
aggregation areas (Li et al., 2024). It involves optimization 
calculations at both the distribution network layer and the 

aggregation layer. The distribution network layer manages the 
overall system and coordinates the scheduling objectives 
through the aggregation layer, which issues coordinated 
decisions to the local distributed devices for flexible response. 

2.1  The dual-layer partitioned aggregation scheduling structure for 
distributed resources 

The distributed resource partitioned aggregation scheduling 
architecture for distribution networks addresses issues such as 
task allocation, resource distribution, and conflict coordination 
in the overall scheduling of the distribution network through 
unified management of aggregation layer members by the 
distribution network control centre. This enables the 
distribution network to achieve an optimized operating level 
while allowing distributed devices to implement autonomous 
management and scheduling under the coordination of the 
aggregation layer. The distribution network layer, which is the 
core part of the dual-layer partitioned aggregation scheduling 
architecture, is responsible for communication with the 
aggregation layer and generates power control signals to 
optimize the power consumption and discharge behaviour of 
each aggregation area based on grid information and data 
provided by the aggregation layer, such as overall load 
information, distributed generation status, and EV state of 
charge (SOC). The aggregation layer acts as a control and 
negotiation intermediary between the grid and distributed 
devices. Each aggregation entity collects necessary information 
from the distributed resources in its area, such as distributed 
power generation forecasts and energy storage operation status 
and formulates local control strategies in conjunction with 
market electricity prices. The basic structure diagram is shown 
in Figure 1. 

2.2 The dual-layer partitioned aggregation optimization scheduling 
mechanism for distributed resources 

In the partitioned aggregation scheduling of distributed 
resources in distribution networks, the distribution network 
layer manages the overall operation and economic benefits of 
the distribution network. It also formulates aggregation 
partitions based on its own needs and supervises the strategies 
of the subordinate aggregation layers. The aggregation layer is 
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Fig 1. Schematic diagram of hierarchical and partitioned scheduling architecture 

 



Z. Ji et al  Int. J. Renew. Energy Dev 2025, 14(4), 646-656 

| 648 

 

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE 

managed by the aggregation entities of each partition, which are 
responsible for coordinating the operational tasks between 
upper and lower layers and formulating scheduling strategies to 
guide and control the controllable distributed resources within 
the partition. The mechanism is illustrated in Figure 2. 

2.3 Low-carbon economic dispatch model for distribution network 
layer 

The optimization of the distribution network layer mainly 
focuses on the entire distribution network, managing the overall 
power generation and load operation. On one hand, it needs to 
ensure the normal operation of the power load in the 
distribution network. On the other hand, it also needs to take 
into account its carbon emission responsibilities. The objective 
function can be defined as: 

𝑚𝑖𝑛 𝑓𝑔 = ∑ (𝜔𝑡
𝑔

𝑃𝑡
𝑔

+ 𝐶𝑡
𝑔

+ 𝐶𝑡
𝑐 + 𝐶𝑡

𝑎𝑏)𝑇
𝑡=1  (1) 

Where, 𝑓𝑔 represents the total power generation cost of the 

distribution network, 𝜔𝑡
𝑔

 is the electricity purchase price from 

external sources during period 𝑡 , 𝑃𝑡
𝑔

is the required power 

purchase volume of the distribution network during period 

𝑡,𝐶𝑡
𝑔

is the power generation cost of the operating generation 

equipment in the distribution network during period 𝑡, 𝐶𝑡
𝑐 is the 

carbon emission cost during period  𝑡 , and  𝐶𝑡
ab  is the cost of 

curtailed wind and solar power. 
The power generation equipment inevitably emits a large 

amount of carbon dioxide and other pollutants during the power 
generation process, and its carbon dioxide emissions are 
positively correlated with the total output power (Liu et al., 
2021), which can be expressed as follows: 

𝑀𝑖,𝑡
𝑔

= 𝑅gc𝑃𝑖,𝑡  (2) 

Where, 𝑅gc is the carbon emission coefficient of the power 

generation equipment, and 𝑃𝑖,𝑡 is the active power generation 

of the i-th generator during the time period 𝑡. For the carbon 
dioxide emissions from power generation systems, China 
currently adopts a free carbon quota allocation scheme based 
on the baseline method, with the calculation formula as follows: 

gg PV WP

g PV WP

cq cq , , , ,

1 1 1 1

N N NT

i t i t i t i t

t i i i

M P P P 
= = = =

 
= + +  

 
     (3) 

Where, 𝑀cq is the carbon emission quota of the distribution 

network, 𝜀cq is the baseline carbon emission factor of the region 

to which the distribution network belongs, 𝑃𝑖,𝑡
PV and 𝑃𝑖,𝑡

WPare the 

power generation of distributed photovoltaic and distributed 

wind power in period t, respectively, and PVN and WPN are the 

numbers of distributed photovoltaic and distributed wind power 
generation equipment in the distribution network, respectively. 

To further restrict corporate carbon emissions, a stepwise 
carbon emission cost model is often used to divide carbon 
emission costs into several intervals. The stepwise carbon 
emission cost can be expressed as: 
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Where, 𝑀gnet,𝑡 is the carbon emission of all diesel generators in 

the distribution network during time period t, 𝑐𝑡
𝑐  is the purchase 

price per unit of carbon quota in the carbon market during 
period t, 𝑠𝑡

𝑐 is the selling price per unit of carbon quota in the 
carbon market during period t, 𝑑𝑐 is the length of the carbon 
emission interval for the stepwise carbon price, and 𝑘𝑐  is the 
growth coefficient of the carbon trading price for each increase 
in the carbon emission level. 

2.4 Energy interaction strategy between the distribution network layer 
and the aggregation layer 

The low-carbon economic objective of the distribution 
network layer aims to optimize the scheduling of the total 
amount of distributed resources in the distribution network. 
However, due to the large number of distributed resources in 
actual scheduling, they cannot be directly scheduled by the 
distribution network layer. Therefore, in operation, it is 
necessary to leave sufficient scheduling space for the 
aggregation area's own scheduling, so that the specific energy 
scheduling within the aggregation area can be autonomously 
decided by the aggregation entity as much as possible. The 
energy interaction objective of the aggregation area is: 
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Fig 2. Hierarchical and partitioned aggregation optimization scheduling mechanism for distributed resources 
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Where, l 𝐿𝑙 represents the transmission line branches between 
different aggregation areas, a and b are the two end nodes 

corresponding to the same transmission line, 𝑉𝑎,𝑡  and 𝑉𝑏,𝑡  are 

the voltage values of the corresponding nodes, and 𝐺𝑎𝑏 is the 
admittance value of the corresponding branch. 

For the optimization objectives of the distribution network 
layer and the interaction objectives of the aggregation areas, the 
optimization results should include decision-making results and 
state variables of the distribution network, which can be 
expressed as: 

𝑥𝑡
𝐷 = {𝑃𝑖,𝑡

𝐷 , 𝑄𝑖,𝑡
𝐷 , 𝑉𝑖,𝑡

𝐷 , 𝜃𝑖,𝑡
𝐷 }, 𝑥𝑡

Dl = {𝑃𝑖,𝑡
Dl, 𝑄𝑖,𝑡

Dl , 𝑉𝑖,𝑡
Dl, 𝜃𝑖,𝑡

Dl} (7) 
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𝑔
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gl
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lPV, 𝑃𝑖,𝑡
lWP} (8) 

Where, 𝑥𝑡
𝐷 is the set of state variables after the global 

optimization of the distribution network layer, and 𝑥𝑡
𝐸 is the set 

of decision variables for the global optimization of the 
distribution network layer. 𝑃𝑖,𝑡

𝐷 , 𝑄𝑖,𝑡
𝐷 , 𝑉𝑖,𝑡

𝐷 and 𝜃𝑖,𝑡
𝐷  are the active 

power, reactive power, voltage magnitude, and voltage phase 

angle of node i during time period t, respectively. 𝑥𝑡
Dl and𝑥𝑡

Elare 
the corresponding sets of state and decision variables when the 
objective is defined by Equation (6). Based on the state variables 
of the distribution network, the distribution network layer will 
formulate sub-task objectives for the aggregation entities in the 
aggregation areas, that is: 

𝑃𝑑,𝑡
𝑍 = 𝑚𝑎𝑥{∑ 𝑃𝑖,𝑡

𝐷
𝑖∈𝑑 ，   ∑ 𝑃𝑖,𝑡

Dl
𝑖∈𝑑 } (9) 

𝑄𝑑,𝑡
𝑍 = 𝑚𝑎𝑥{∑ 𝑄𝑖,𝑡

𝐷
𝑖∈𝑑 ,   ∑ 𝑄𝑖,𝑡

Dl
𝑖∈𝑑 } (10) 

Where, 𝑃𝑑,𝑡
𝑍 and 𝑄𝑖,𝑡

𝑍 are the active power and reactive power 

targets of aggregation area i during time period t, respectively, 
which are calculated as the sum of the optimized results of all 
nodes within the area. 

In actual operation, the uncertainty of distributed generation 
output may prevent aggregation areas from meeting their 
targets. Therefore, different aggregation areas can conduct 
power transactions through the transmission lines between 
them. The transaction price should not exceed the price at 
which the area purchases electricity directly from the external 
grid. 

𝜔𝑑,𝑡
𝑍 𝑃𝑑,𝑡

𝐵 ≤ 𝜔𝑡
𝑔

[𝑃𝑑,𝑡
𝐵 + 𝐺𝑎

𝑍(𝑉𝑎,𝑡
2 + 𝑉𝑏,𝑡

2 − 2𝑉𝑎,𝑡𝑉𝑏,𝑡)] (11) 

Where, 𝜔𝑑,𝑡
𝑍 is the electricity purchase price per unit for 

aggregation area d during time period t from adjacent 

aggregation areas, 𝑃𝑑,𝑡
𝐵 is the electricity purchase volume of 

aggregation area d during time period t.𝑉𝑎,𝑡 and 𝑉𝑏,𝑡 are the 

voltage values at the two endpoints of the transmission line, 

and. 𝐺𝑎
𝑍 represents the admittance value from the electricity 

purchase node a of the aggregation area to the reference node. 

2.5 Construction of comprehensive performance indicators for 
aggregation layer resource aggregation and partitioning 

When conducting resource aggregation and partitioning in 
the aggregation layer, it is necessary to consider the coupling 
strength between internal and external nodes within the 
aggregation area, the load-supporting potential of EVs for the 
distribution network, and the power balance between 
aggregation areas (Mouli et al., 2017). Therefore, this paper 
constructs a comprehensive performance indicator for 

distributed resource aggregation, considering the electrical 
distance indicator, the dispatchable potential indicator of EVs, 
and the power balance indicator of aggregated distributed 
resources under the condition of large-scale EV integration, and 
proposes a corresponding distributed resource aggregation 
method. The formulas for each indicator are as follows: 
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( )1 2 2 2 3 3 3min cF f f f f     = + +  (21) 

Formulas (12) and (13) represent the electrical distance 
indicator, where 𝑠𝑖𝑗 is the electrical distance between nodes i 

and j (Wang et al., 2022), 𝑁𝑄 is the number of reactive power 

source nodes, and 𝑑𝑖𝑗 is the electrical distance between reactive 

power source node i and controlled node j expressed using 
electrical sensitivity.𝑘𝑖  is the sum of the edge weights of all 
branches connected to node i, and m is the sum of the weights 
of all branches in the electrical network. When nodes i and j are 
in the same cluster, ( , ) 1i j =  ; otherwise, ( , ) 0i j = .Formulas 

(14) to (18) represent the dispatchable potential sub-indicators 
of EVs, where Formula (14) is the dispatchable potential on the 
user side. 𝐸𝑑

𝐶 represents the chargeable energy of EVs in 
aggregation area d during their dwell time, 𝐸𝑑

𝑛 is the energy 
demand of EVs in aggregation area d,𝑛𝑑 is the number of EVs 
in aggregation area d,𝑃𝑒𝑣_𝑖

𝐶 is the average acceptable charging 
power of EVs,𝑇𝑒𝑣_𝑖

𝐷  and 𝑇𝑒𝑣_𝑖
𝐴  are the off-grid and on-grid times of 

EVs, respectively, 𝜂 is the charging efficiency of EVs,SOC𝑒𝑣_𝑖
𝑒 is 

the desired SOC of EVs when they leave the grid, SOC𝑒𝑣_𝑖
av  is the 

SOC of EVs when they connect to the grid, and𝐸𝑒𝑣_𝑖
𝑏 is the total 

battery capacity of EVs. Formula (17) represents the 
dispatchable potential on the distribution network side, 

where𝛾is the desired regulation ratio of the distribution network 
within the scheduling period,𝑃𝑑

𝑝s the normalized average of the 

basic load within the dwell time of EVs, 𝑤𝑎 and  𝑤𝑒 are the 
weights of each sub-indicator, and 𝑓𝑎,𝑑

′  and  𝑓𝑒,𝑑
′  are the 

normalized indices of user EV dispatchable capability and 
distribution network demand, respectively. 

Formulas (19) to (21) represent the power balance 
indicators for aggregated distributed resources, where 𝑷𝒅

𝒂(𝒕)is 
the adjustable power capacity of area d during time period t, 
𝑷𝒅

an(𝒕) is the required power regulation capacity of area d during 
time period t, and 𝑵𝒅 is the number of divided areas. Formula 
(21) represents the method for constructing the comprehensive 
indicator, where 𝜸𝟏, 𝜸𝟐, and 𝜸𝟑are the weight coefficients of the 
voltage control sub-indicator, the EV user dispatchable potential 
sub-indicator, and the distributed resource aggregation power 
balance sub-indicator, respectively. 𝝉𝜸𝟐 and 𝝉𝜸𝟑 are scaling 
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parameters, and 𝒇
𝒄
 is the penalty multiplier for the number of 

nodes in the aggregation area constraint. 

2.6 Economic dispatch objective of distributed resources in the 
aggregation layer 

The aggregation areas in the aggregation layer need to 
respond to the power targets set by the distribution network 
layer, while also achieving their own economic objectives 
through reasonable scheduling. The objective function can be 
expressed as follows: 

𝑚𝑖𝑛  𝑓𝑑
AD = 𝐶𝑑

dg
+ ∑ 𝜔cg(∑ 𝑃𝑖,𝑡

AD𝑁𝑛,𝑑

𝑖=1,𝑖∈𝑑
− 𝑃𝑑,𝑡

𝐵 − 𝑃𝑑,𝑡
𝑍 ) + 𝜔𝑑,𝑡

𝑍 ∑ 𝑃𝑑,𝑡
𝐵𝑇

𝑡=1
𝑇
𝑡=1  

  (22) 

Where, 𝑃𝑖,𝑡
AD is the net active load of each node in aggregation 

area d after scheduling, 𝜔cg is the reward or penalty price for 

aggregation area i to complete the active power adjustment 

target set by the distribution network layer, and 𝐶𝑑
dg is the 

generation cost of the power generation equipment in 
aggregation area. 

The net active load of each node in the aggregation area 
after scheduling can be defined as: 

𝑃𝑖,𝑡
AD = 𝑃𝑖,𝑡

𝑙 + 𝑃𝑖,𝑡
EV − (𝑃𝑖,𝑡

PV + 𝑃𝑖,𝑡
WP + 𝑃𝑖,𝑡) (23) 

Among them, 𝑃𝑖,𝑡
𝑙  is the base load value of node i during time 

period t, and 𝑃𝑖,𝑡
EV is the charge/discharge power of EV at node i 

during time period t. 

2.7 Economic dispatch objective of distributed resources in the 
aggregation layer 

In general, when electricity prices rise, the demand for 
electricity correspondingly decreases. To describe the impact of 
electricity prices on the charging demand of EVs in the 
distribution network, a price elasticity matrix can be 
constructed (Liu et al., 2020). This matrix reflects the degree of 
change in user charging demand in response to changes in 
electricity prices. Each element in the matrix represents the self-
price elasticity or cross-price elasticity of charging prices during 
that time period, as shown in Formula (24). 

11 12 1

21 22 2V

1 2
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T

T

T T TT

e e e

e e e

e e e

 
 
 
 
 
 

  (24) 

According to Reference (Liu D N et al., 2020), the charging 
demand response of EV users can be expressed as: 

1 1 1 1

2 2 2 2
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C V cp cp

, , V

C V cp cp

, ,

1
E

T T T T

i t i t t t

i t i t t t

i

i t i t t t

E E P P

E E P P

T

E E P P
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 (25) 

Among them, 𝐸𝑖,𝑡𝑚

𝑉 is the charging demand of EV user i during 

time period 𝑡𝑚 , 𝑃𝑡𝑚

cp
 is the initial charging price during time 

period t, 𝛥𝑃𝑡1

cp
 is the difference between the actual price and the 

initial charging price, and 𝛥𝐸𝑖,𝑡𝑚

𝐶 is the adjustment amount of the 

charging power. 
Mapping the time period to the peak period (p), off-peak 

period (o), and valley period (v), the user's charging price 
elasticity matrix under time-of-use pricing is: 

pp po pv

V

op oo ov

vp vo vv

Ei

e e e

e e e

e e e

 
 

=  
 
 

  (26) 

2.8 Economic dispatch objective of distributed resources in the 
aggregation layer 

After the aggregation entity formulates the peak, valley, 
and off-peak time-of-use electricity prices based on the 
historical charging behavior of EVs, according to the load 
shifting among peak, off-peak, and valley periods during their 
parking time, EV users can be roughly divided into four 
categories: peak-valley users, peak-off-peak users, valley-off-
peak users, and peak-valley-off-peak users (Li et al., 2022). 

• Type1: Peak-Valley Charging Users: EV users connect 
to the distribution network for charging only during 
the time periods corresponding to peak, off-peak, or 
valley electricity prices. 

• Type2: Peak-Off-Peak Users: EV users connect to the 
distribution network for charging during both peak 
and off-peak periods but not during valley periods. 

• Type3: Valley-Off-Peak Users: EV users connect to the 
distribution network for charging during both valley 
and off-peak periods, and the total chargeable energy 
in these two periods can fully cover the user's 
responsive energy demand. 

• Type4:Peak-Off-Peak-Valley Users: EV users connect 
to the distribution network for charging during all 
three periods (peak, off-peak, and valley), but the total 
charging energy in the valley and off-peak periods 
cannot fully cover the user's responsive energy 
demand. 

For the four types of EV users, the scheduling strategies for 
each type can be shown in Figure 4. Among them, since the total 
charging volume of Type 4 EV users during the valley and off-
peak periods cannot cover the user's responsive power demand, 
and the adjustment space within the range of meeting their own 
power needs is relatively small, it is necessary to prioritize their 
charging during the valley and off-peak periods to fully respond 
to the load adjustment requirements of the distribution network. 
For Type 1 EV users, since their load shifting space is relatively 
limited in the time dimension, their charging load should be 
adjusted immediately after that of Type 4 EV users, so that they 
can charge as close as possible to the peak or valley load points 
during the peak or valley time periods. For Type 2 and Type 3 
EV users, they can be scheduled separately within the 
corresponding time periods. 

2.9 Constraints 

The above models all need to meet various constraints for the 
normal operation of the distribution network. 

(1) Security constraints 

Voltage Constraints 

Category 1 users

Category 2 users

Category 3 users

Category 4 users

pp po pv

V

op oo ov

vp vo vv

Et

e e e

e e e

e e e

=

 
Fig 3. Classification of four types of users 
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min max

,i i t iV V V    (27) 

Where, 𝑉𝑖,𝑡 is the voltage magnitude of node i during time period 
t, 𝑉𝑖

𝑚𝑖𝑛 and 𝑉𝑖
𝑚𝑎𝑥  are the minimum and maximum allowable 

voltage magnitudes for all nodes in the distribution network. 

Line Capacity Constraints 

𝐼𝑖𝑗,𝑡 ≤ 𝐼𝑖𝑗
𝑚𝑎𝑥  (28) 

Where, 𝐼𝑖𝑗,𝑡  is the current value of the branch from node i to 

node j during time period t, and 𝐼𝑖𝑗
𝑚𝑎𝑥 is the maximum allowable 

current value of the branch. 

Node Power Constraints 

min max

,i i t iP P P    (29) 

min max

,i i t iQ Q Q    (30) 

Where,𝑃𝑖
𝑚𝑖𝑛 and 𝑃𝑖

𝑚𝑎𝑥 are the minimum and maximum limits of 
the active power at node i, respectively;𝑄𝑖

𝑚𝑖𝑛and 𝑄𝑖
𝑚𝑎𝑥 are the 

minimum and maximum limits of the reactive power at node i, 
respectively. 

(2) Power flow balance constraints 

( )
n

g PV WP l

, , , ,

n n

, , , ,
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i t j t ij ij t ij ij t
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 (32) 
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Fig 4. Scheduling process for four types of EV users 
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Where, l

,i tP and l

,i tQ are the magnitudes of the active and reactive 

power loads connected to node i during time period t, 𝑸𝒊,𝒕
PV , 

and 𝑸𝒊,𝒕
WP are the reactive power outputs of the photovoltaic 

generation, wind power generation, and reactive power 
compensation devices at node i respectively, 𝑵𝒏 is the number 
of nodes in the distribution network; 𝜽𝒊𝒋,𝒕

𝒏  are the voltage phase 

angles of nodes i and j, 𝑮𝒊𝒋 and 𝑩𝒊𝒋 are the conductance and 

susceptance of the branch between nodes i and j. 

(3) Reactive power compensation constraints 

min max

C, C, , C,i i t iQ Q Q    (33) 

C, , , C, , C,, 0,1,2,...,i t i t i i t iQ k Q k N=  =  (34) 

Where, 𝑸C,𝒊
𝒎𝒊𝒏 and 𝑸C,𝒊

𝒎𝒂𝒙 are the lower and upper limits of the 
reactive power output of the reactive power compensation 
device at node i, respectively, 𝒌𝒊,𝒕 is the number of reactive 

power compensation devices put into operation at node i during 
time period t, 𝑵C,𝒊  is the total number of reactive power 
compensation devices equipped at node i,𝜟𝑸C,𝒊is the reactive 
power compensation capacity of each reactive power 
compensation device at node i. 

3. Results and analysis 

3.1 Data description 

The case study in this chapter is based on the IEEE 33-node 
standard test system with a base voltage of 12.66 kV for 
analysis. The modeling is conducted on the MATLAB 2022a 
platform using YALMIP, and the optimization problems are 
solved using the CPLEX and GUROBI solvers. The temporal 
distribution of base loads at each node is set according to (Xu et 
al., 2019). The EV data are generated based on the scheme in 
Reference (Xu et al., 2012), with a total of 3,000 vehicles. The 
parameters of the power generation equipment are set 
according to (Tao et al., 2023). Other distributed energy 
resource parameters are set based on (Hou et al., 2020; Cai et 
al., 2012; Li et al., 2024). A total of 12 photovoltaic (PV) systems, 
1 small wind turbine (PW), and 1 diesel generator (GT) are 
connected to the network. The connection locations and upper 
limits of active power output are shown in Table 1. 

The carbon trading and renewable energy waste penalty 
parameters are set according to (Cheng et al., 2022; Zhao et al., 
2022), that is: the base price of carbon trading is 200 yuan/t, the 
length of the carbon emission interval for the stepwise carbon 
price is 50t, the growth rate of the carbon price is 25%, the 
carbon emission quota coefficient is 0.7 kg/kWh, the proportion 
of thermal power in external electricity purchases is 47.6% 
(National Energy Administration, 2024), and the unit costs of 
curtailed wind and solar power are 0.1 yuan/kWh. 

The base charging electricity price for the aggregation area 
is set according to (Liu et al., 2021). The floating proportion of 
the elastic electricity price does not exceed 50%. The peak and 

valley electricity prices are set based on the capacity electricity 
price in Jiangsu Province. The external electricity purchase 
price is 32 yuan/kVA*month. According to the time-of-use 
electricity price formulation in (Wang et al., 2023) and the 
impact of time-of-use electricity prices on active power in 
different periods, the parameters of the electricity price 
elasticity matrix in Equation are fitted using SPSS software 
(Chen et al., 2020), resulting in the corresponding electricity 
price elasticity matrix as follows: 

pp po pv

V

op oo ov

vp vo vv
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i

e e e
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  − 
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 (35) 

3.2 Aggregation layer partitioning results and analysis 

To better explore the impact of EV aggregation on the 
aggregation of distributed resources in the distribution network, 
this paper adjusts the weight of the EV dispatchable potential 
sub-indicator to a higher level, fully considering the scenario of 
EV dispatchable potential. The weights of each sub-indicator 
are as follows: α=0.5, β=0.9, γ=0.4 (LI Hao et al., 2022). The 
partitioning results are shown in Figure 5. 

This paper selects Aggregation Area 2 and Aggregation 
Area 5 for analysis, as shown in Figure 6 (a) and Figure 6 (b). 
The EVs in each aggregation area can provide sufficient power 
for peak shaving and valley filling to meet the demands of the 
aggregation areas. In some time periods, the load adjustment 
demands have already approached the limits of the EVs' peak 
shaving and valley filling capabilities. For example, in 
Aggregation Area 2, the peak shaving and valley filling demands 
at 5:00 and 7:00 have reached 87.0% and 83.4% of the EVs' peak 
shaving and valley filling capabilities, respectively. In 
Aggregation Area 5, the valley filling demand at 14:00 has 
reached 89.1% of its capability. The proportion of peak shaving 
and valley filling demands in these aggregation areas relative to 
the EVs' capabilities is also relatively high. Therefore, under the 
influence of the EVs' bilateral dispatchable potential sub-
indicator, the allocation of EVs' peak shaving and valley filling 
capabilities has already been relatively balanced, not only does 
it effectively utilize the energy storage potential of electric 
vehicles, but it also significantly optimizes the load curve of the 

Table1  
Connection nodes and upper limits of active power output for distributed energy resources 

Node max

DG,iP /kW Type Node max

DG,iP /kW Type Node max

DG,iP /kW Type 

2 550 PV 13 200 PV 29 400 PV 

4 200 PV 15 100 PV 31 250 PV 

6 300 PV 18 100 PV 32 100 PV 

7 200 PV 23 650 PV 33 200 PW 

11 200 PV 26 350 PV 3 200 GT 
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PW
MT
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3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

19 20 21 22

23 24 25 26 27 28 29 30 31 32 33

Area 1

Area 2

Area 3

Area 4

Area 5

 
Fig 5. Aggregation area partitioning results 
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entire power grid, thereby enhancing the stability and economic 
efficiency of its operation. By reasonably scheduling the 
charging and discharging behavior of electric vehicles, 
excessive concentration of grid load is avoided, and the 
accommodation capacity for renewable energy is further 
improved, achieving comprehensive benefits in multiple aspects 
(Feng et al., 2021). 

3.3 Optimization dispatch results and analysis of the distribution 
network laye 

The optimal output of distributed resources from a global 
perspective of the distribution network layer is shown in Figure 
7, and the daily electricity costs before and after optimization 
are shown in Table 2. From the scheduling results, the 
distribution network layer optimizes all distributed resources in 
the distribution network from a global perspective. Compared 
to the aggregation layer's optimization, it's limited by its direct 
data collection from distributed devices and end-to-end 
negotiation with electric vehicles. It can only optimize the 
output of distributed power sources and the 
charging/discharging of electric vehicles based on the total 
configuration and overall operation probability of distributed 

resources, without direct control over each unit or vehicle's 
status. The figure shows that with industrial and commercial 
loads added, the distribution network has two power 
consumption peaks: 11:00-16:00 and 19:00-23:00. The high-
capacity distributed photovoltaic power generation in the 
distribution network effectively supports the first peak, while 
scheduling electric vehicle V2G during the second peak can cut 
the peak, shift charging to low-demand and photovoltaic output 
peak times, avoiding peak overlap and boosting renewable 
energy consumption. This peak load reduction lowers the 
single-day purchase cost from 6,274.51 yuan to 2,258.82 yuan 
and the daily operation cost from 11,551.88 yuan to 6,220.84 
yuan, delivering good economic benefits. 

Figure 8 presents the output of distributed energy 
resources after distribution network layer optimization. As 
shown in Figure 8, distributed photovoltaic and wind power 
generation units both run at maximum output after optimization. 
Photovoltaic output rises during daytime with sufficient sunlight, 
closely following the maximum output curve, indicating efficient 
use of light resources. Wind power generation is relatively stable, 

 
(a) Area 2 

 
(b) Area 5 

Fig 6. Aggregation effect of aggregation area 

 

Table 2  
Comparison of daily electricity costs before and after optimization of the distribution network layer 
Unit: Yuan 

 
External electricity 

purchase costs 

Diesel generation 

cost 

Cost of curtailed wind 

and solar power 
Carbon emission cost Total cost 

Before optimization 6274.51 3288.6 632.60 1356.16 11551.88 

After optimization 2258.82 3288.6 0 673.42 6220.84 

 

 
Fig 7. Output of distributed resources in the distribution network 
layer 

 

 
Fig 8. The output of distributed renewable energy sources 
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with output fluctuating within a range but staying close to the 
maximum, reflecting effective use of wind resources. 

3.4 Optimization dispatch results and analysis of distributed 
resources in the aggregation layer 

To better verify the effects of the scheduling strategy for 
distributed resources in the aggregation layer considering the 
price-based demand response of EVs) and the implementation 
of V2G by EV users, Aggregation Area 5, which has a diverse 
range of distributed resources, is selected for simulation 
analysis. The effects of distributed resource scheduling before 
and after optimization in this aggregation area are shown in 
Figures 9 (a) and (b). 

Figure 9(a) shows that the aggregation area has a 
substantial amount of distributed renewable energy resources, 
which can basically meet the base load demand within the area 
from 8:00 to 19:00 (Zhao et al., 2022). Figure 9 (b) indicates that 
the peak output of distributed renewable energy is concentrated 
between 9:00 and 19:00. During this period, although the 
aggregation area needs to purchase some load from the upper-
level nodes, it is within the task targets set by the optimized 
distribution network layer, and there is no need to pay 
additional electricity purchase fees to adjacent aggregation 
areas. For the base load and EV charging load in other time 
periods, the output of distributed photovoltaic and wind power 
is no longer sufficient to meet the demand. Therefore, some 
V2G users need to discharge to support the load demand, 
thereby achieving active power balance within the aggregation 
area. 

4. Conclusion 

Simulation results show that the bilevel zonal dispatch strategy 
for EV demand response proposed in this paper significantly 
improves the economic and low - carbon performance of power 
systems. In the distribution network layer, through global 
resource optimization and cross - area energy interaction 
strategies, the system's daily operating cost has been reduced 
from 11,551.88 yuan before optimization to 6,220.84 yuan, a 
decrease of 46.1%. At the same time, by coordinating the output 
of distributed photovoltaic and wind power generation, peak 
shaving and valley filling are effectively achieved, reducing the 
peak - to - valley difference and increasing renewable energy 
utilization. In the aggregation layer, a user classification 
scheduling mechanism based on price elasticity fully taps the 
flexibility potential of EVs. Under the premise of meeting users' 
charging needs, it guides their charging and discharging 
behavior to match the renewable energy output curve, 
significantly improving local new energy consumption within 
the aggregation area without over - regulation. Moreover, the 
zonal aggregation plan, which comprehensively considers 
electrical distance, EV dispatchability, and power balance, has 
realized efficient resource synergy and proved the model's 
practicality in complex scenarios. 
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