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ABSTRACT

With the large-scale development and utilization of renewable energy, industrial flexible loads, as a kind of load-
side resource with strong regulation ability, provide new opportunities for the research on renewable energy
consumption problem in power systems. This paper proposes a two-layer active power optimization model based
on industrial flexible loads for power grid partitioning, aiming at improving the line over-limit problem caused
by renewable energy consumption in power grids with high proportion of renewable energy, and achieving the
safe, stable and economical operation of power grids. Firstly, according to the evaluation index of renewable energy
consumption characteristics of line active power, the power grid is divided into several partitions, and the inter-
zone tie lines are taken as the optimization objects. Then, on the basis of partitioning, a two-layer active power
optimization model considering the power constraints of industrial flexible loads is established. The upper-layer
model optimizes the planned power of the inter-zone tie lines under the constraint of the minimum peak-valley
difference within a day; the lower-layer model optimizes the regional source-load dispatching plan of each resource
in each partition under the constraint of the minimum operation cost of the partition, so as to reduce the line over-
limit phenomenon caused by renewable energy consumption and save the electricity cost of industrial flexible loads.
Finally, through simulation experiments, it is verified that the proposed model can effectively mobilize industrial
flexible loads to participate in power grid operation and improve the economic stability of power grid.

KEYWORDS
Renewable energy consumption; active power optimization; power grid partitioning; industrial flexible loads; line
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1 Introduction

With the deepening of China’s energy transition, renewable energy, especially wind and solar
energy, has become an important part of China’s power system, providing strong support for achieving
the goals of “carbon peak” and “carbon neutrality” [1,2]. However, the intermittency, fluctuation, and
uncertainty of renewable energy also bring great challenges to the operation of power systems [3], such
as power balance, grid security and stability, power quality, etc. To solve these problems, it is necessary
to improve the flexibility of power system from multiple perspectives [4], to adapt to the characteristics
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of renewable energy, to enhance the consumption capacity of renewable energy, to reduce the related
problems caused by renewable energy consumption, and to realize the effective utilization of renewable
energy.

At present, there are many solutions proposed for the problem of renewable energy consumption,
such as increasing energy storage devices [5], expanding cross-regional transmission capacity, optimiz-
ing the dispatching strategy of generating units [6], etc. Among them, power grid partitioning [7] and
load-side management [8] are two solutions with high potential and value. Power grid partitioning
refers to dividing the power grid into several relatively independent regions, aggregating a certain
proportion of renewable energy, energy storage, load, and other resources within each region, and
realizing the autonomous consumption and autonomous operation within the region through the
coordinated control of source-grid-load-storage. The regions exchange limited electric energy through
tie lines [9], to improve the coordination and stability of the whole power grid [10]. The advantage of
power grid partitioning is that it can effectively reduce the scale and complexity of the power grid,
reduce the impact of renewable energy fluctuation on the power grid, and improve the reliability
and security of the power grid. Load-side management refers to guiding power users to adjust their
electricity plans and behaviors according to the operation status of the power system and market
signals, by using price signals or incentive mechanisms, so as to change the load of electricity demand
[11]. The advantage of load-side management is that it can effectively utilize the power regulation
ability of power users, realize the interactive regulation of load and power grid, and increase the
flexibility and economy of the power system [12,13].

The scheme of combining load-side management and power grid partitioning has many advan-
tages, such as fully utilizing the flexible resources of the demand side, realizing the interactive
regulation of load and power grid, increasing the flexibility and economy of the power system, and
effectively reducing the scale and complexity of power grid, reducing the impact of renewable energy
fluctuation on the power grid, and improving the reliability and security of power grid. Therefore,
many scholars have conducted research in this area. Zhao et al. [14] proposed a comprehensive
partitioning index combining supply-demand balance, response speed and modularity, to improve
the ability of distributed generation to participate in power grid frequency control; Wu et al. [15]
established a combined prediction model considering generalized demand-side response resources,
according to the different characteristics of response load and traditional load, which has better load
resource prediction performance; Asgharzadeh et al. [16] proposed a hierarchical partitioning dynamic
regulation architecture, and established a standardization system for the hierarchical partitioning
dynamic regulation architecture, to cope with the high proportion of clean energy access, the high
requirements of demand-side load resource management and power system supply-demand balance,
and promoted the development of new type of power load management; Shi et al. [17] proposed
a bi-level programming method for optimizing the allocation of electric vehicle charging stations
considering wind power generation, which optimized the station profit and the grid loss from two
perspectives, and considered the impacts of crypto-currency mining and demand side management, it
used scenario-based uncertainty analysis and genetic algorithm to solve the problem, and the results
showed that the method could effectively reduce the grid loss and increase the station profit. References
[14–17] showed that there are few studies on the participation of industrial flexible loads in renewable
energy consumption, and most of them ignore the line over-limit phenomenon caused by renewable
energy consumption. Industrial flexible loads can not only provide larger regulation amplitude and
faster response speed, but also realize the minimization of electricity cost according to the price signal
of the power market, without affecting production. Applying the idea of load-side management and
power grid partitioning to participate in power system optimization to the use of industrial flexible
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loads to participate in the optimization of high-proportion renewable energy power grid transmission
line active power, can effectively improve the line over-limit problem caused by renewable energy
consumption.

Additionally, in the array of strategies to enhance the flexibility of power systems and the
integration of new energy sources, energy storage systems emerge as a pivotal technology. Capable of
storing surplus energy from new energy production and releasing it during peak demand or shortages,
these systems play a vital role in balancing grid loads and bolstering system stability. While not the
central focus of this paper, energy storage systems are acknowledged for their critical function in
demonstrating the influence of diverse resources on grid operations. Thus, in our discourse on new
energy assimilation solutions, we will pay particular attention to the role of energy storage systems,
delving into their potential to support the operation of grids with a substantial proportion of new
energy.

Therefore, this paper introduces industrial flexible loads as an important demand-side resource
into the power grid partitioning scheme of renewable energy consumption, and establishes a two-layer
active power optimization model based on industrial flexible loads for high-proportion renewable
energy power grid partitioning, to achieve the safe, stable and economical operation of power grid.
Firstly, this paper proposes an evaluation index of renewable energy consumption characteristics
of line active power, and partitions the power grid according to this index. Then, on the basis
of partitioning, a two-layer active power optimization model considering the power constraint of
industrial flexible loads is established. The upper-layer model optimizes the planned power of the
inter-zone tie lines under the constraint of the minimum peak-valley difference within a day; the lower-
layer model optimizes the regional source-load dispatching plan of each resource in each partition
under the constraint of the minimum operation cost of the partition, so as to reduce the line over-
limit phenomenon caused by renewable energy consumption and save the electricity cost of industrial
flexible loads. Finally, through simulation on the IEEE33-node distribution network, once the power
system receives the signal that the transmission line will be over-limited by forcing the consumption of
renewable energy with large fluctuation, various flexible resources (including industrial flexible loads)
will be dispatched to participate in the load-side management of power system to achieve the safe
and stable operation of power grid. The simulation results show that using industrial flexible loads
to participate in power system renewable energy consumption can not only effectively solve the line
over-limit problem, improve the flexibility of the power system, but also improve the economy of the
power system to some extent.

2 A Method of Power Grid Active Power Partitioning Considering Renewable Energy Consumption
2.1 Evaluation Index of Renewable Energy Consumption Characteristics

Line weight refers to the importance of lines in the power grid topology of the power system.
Considering the influence of voltage level on line power flow, the power transmission size between
node i and node j is defined as weight ωij, which is defined as follows:

ωij = γij

(
θi − θj

)
xij

(1)

γij = Uij

Uo

(2)
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In the formula: γij is the line voltage level factor, Uo is the reference voltage, Uij is the voltage
between node i and node j; θi and θj are the voltage angles of node i and node j; xij is the admittance
modulus of the line. When there is no line between node i and node j, the weight ωij is 0.

Line transmission efficiency is an important indicator to measure the quality and performance of
transmission lines, and one of the important indicators to evaluate the merits of transmission lines.
The transmission efficiency of line l in the dispatching period is defined as:

ηT = Wl

W max
l

× 100% =

T∑
t=1

∣∣Pl,t

∣∣ · �t

T∑
t=1

(
Pl − Pl

) · �t
(3)

In the formula: Wl is the total electric energy transmitted by the line, W max
l is the maximum electric

energy that can be transmitted by the line; Pl,t is the average power of the line l in period t, positive if
it is in the same direction as the reference direction, and negative otherwise; Pl and Pl are the upper
and lower limits of the transmission power of line l; T is the total number of periods in the dispatch
cycle; Δt is the duration of each period.

This paper considers the power flow distribution characteristics of power grids with a high
proportion of renewable energy, combines the line transmission efficiency ηT and line weight ωij, and
defines the renewable energy consumption index IT as:

IT (m, n) = 1
ηT

×
∣∣∣∣∣
∑

i∈G,j∈L

ωijPmn (i, j)

∣∣∣∣∣ (4)

In the formula: ηT is the transmission efficiency of the line l in the dispatch cycle; G is the set
of generation nodes, L is the set of load nodes (1-specifically industrial flexible loads); Pmn (i, j) is the
active power generated on line (i, j) after injecting power at node (i, j).

According to Eq. (4), lines with higher IT have the following two characteristics: The transmission
efficiency of the line is low, resulting in a large loss of electric energy transmission, which is not
conducive to achieving long-distance energy delivery, and is more suitable for local consumption of
renewable energy output; The line plays a key role in power transmission, and when the output of
renewable energy fluctuates, the line will be more likely to transmit this fluctuation, affecting the
stability of the power grid.

2.2 Power Grid Partitioning Evaluation Indicators
2.2.1 Modularity

In order to evaluate the quality of the power grid partitioning results, modularity is introduced as
an evaluation indicator. Modularity Q is defined as:

Q = 1
2m

∑
i,j

[
Aij − kikj

2m

]
δ
(
ci, cj

)
(5)

Aij =
{

0 There is no branch between node i and node j
ωij There is a branch between node i and node j and i �= j (6)

δ
(
ci, cj

) =
{

0 Node i and node j are not in the same partition
1 Node i and node j are in the same partition (7)
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m = 1
2

N∑
i=1

N∑
j=1

ωij (8)

ki =
N∑

j=1,j �=1

ωij (9)

kj =
N∑

i=1,i �=j

ωji (10)

In the formula: m represents the sum of all the topological weights of the lines in the power grid;
ki and kj respectively represent the weighted degrees of node i and node j; N is the set of all nodes.

Modularity Q is an indicator to evaluate the quality of network community structure. According
to Eq. (5), the higher the modularity Q value of the partitioning result, the stronger the connectivity
within each partition after the power grid partitioning, and the weaker the connectivity between
partitions, reflecting the significance of the partitioning structure.

2.2.2 Partitioning Criteria

In addition to the power grid partitioning results, the rationality of the resource distribution and
quantity in each partition should also be considered. Considering the background of industrial flexible
loads participating in renewable energy consumption, this paper sets the following partitioning criteria
to further evaluate the power grid partitioning results and improve the rationality of the partitioning
results. The partitioning criteria are as follows:

First: Each partition should have at least one conventional power generation unit node to provide
electric energy.

Second: The topology structure of each partition power grid needs to be clearly decomposed, but it
does not include the situation of single node or very few nodes forming a partition after disconnecting
the edge with the largest renewable energy consumption characteristic index.

2.3 Power Grid Partitioning Algorithm Based on Renewable Energy Consumption Index
Traditional power grid partitioning is mostly based on regional orientation, and inter-regional tie

lines only bear the function of power transfer between regions. Traditional inter-regional tie lines are
not necessarily the most optimal objects. By using renewable energy consumption indicators, we can
find out the lines that have strong correlation ability but low transmission efficiency in the power grid,
and use them as inter-regional tie lines. By finding and setting multiple inter-regional tie lines, we can
realize the regional partitioning of the power grid, and use the modularity Q to evaluate the results
after partitioning, test the significance of the partitioning results, and further judge the rationality of
the partitioning results according to the partitioning criteria.

The specific partitioning algorithm process is shown in the Fig. 1.
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Figure 1: Flow of partitioning algorithm
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The algorithm process is explained as follows:

Step 1: Abstract the actual power grid into a complex network model, obtain the power grid
topology structure, and simplify it appropriately;

Step 2: Obtain the power generation plan value, renewable energy output forecast value, power
consumption forecast value, line power fluctuation amplitude value, and transmission efficiency of
the regional power grid;

Step 3: Calculate the renewable energy consumption characteristic index IT of each line, and select
the partitioning tie line according to the index size, and judge whether a new partition is formed after
removing the tie line from the power grid topology structure;

Step 4: If a new partition is formed, calculate the modularity of the network; if no new partition
is formed, return to step 3;

Step 5: Check whether the current partitioning result meets the partitioning principle, if it meets,
the partitioning is considered feasible, otherwise merge the adjacent partitions and return to step 2;

Step 6: Determine whether the network partitioning is completed, if completed, record the
modularity obtained after removing the line each time;

Step 7: Find the maximum modularity, and the corresponding partitioning result is the optimal
partitioning plan for the context of industrial flexible loads involved in renewable energy consumption.

3 Two-Layer Active Power Optimization Model for Tie-Line Based on Power Grid Partitioning
3.1 Model Structure

This paper proposes a two-layer cyclic optimization model for a power grid dispatching plan
that conforms to the partitioning structure, based on the premise of partitioning based on renewable
energy consumption characteristic index, to optimize the transmission power of inter-zone tie-line, by
incorporating industrial flexible loads with fast response speed and large regulation range into the
regulation category, to cope with the high requirements of response speed and operation stability of
power system caused by the drastic output change of renewable energy.

The upper-layer model solves the planned power of the inter-zone tie-line that satisfies the
minimum peak-valley difference within a day under the transmission limit of the line, and transmits the
planned power of the inter-zone tie-line as the regulation indicator to the lower-layer partitions. The
lower-layer model optimizes the regional source-load dispatching plan according to the upper-layer
regulation indicator and the dispatching cost of each resource actually owned by the local partition,
and transfers the actual dispatching plan of the regional source-load to the upper-layer model. The
upper-layer model optimizes the planned power of the inter-zone tie-line according to the planned
power of the tie-line in the lower layer, and repeats the cycle until the final regional source-load
dispatching plan is obtained, which can meet the renewable energy consumption requirements of the
global level and the local level of the partition as much as possible, and ensure the safe and stable
operation of the power system.

In summary, the two-layer active power optimization model for tie-line based on power grid
partitioning is shown in Fig. 2, where Fup

1 , Fup
2 , Flow

1 , Flow
2 are the objective functions of the upper and

lower layer models, respectively.
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Figure 2: Bilayer optimization model structure diagram of tie lines

3.2 Power Constraint Condition of Industrial Flexible Loads
The electricity cost in the production of industrial flexible loads users accounts for a large

proportion of the production cost. Reducing the electricity cost is beneficial for industrial flexible
loads users to have an advantageous position in the industry competition. The daily load of industrial
flexible loads users has a certain degree of adjustability. By changing the production process and
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processing technology, the load in a certain period can be transferred to a high power generation
period of renewable energy, and a certain peak-shaving subsidy can be given, which can fully exert
the peak-shaving enthusiasm of industrial flexible loads users [18,19]. According to the characteristics
of industrial flexible loads users, this paper considers the regulation ability and operation constraints
of industrial flexible loads. The power constraint condition of industrial flexible loads is shown in
Eqs. (11) to (14).

The upper and lower limits of output are the range that industrial flexible loads can adjust.
Exceeding this range may cause production interruption or safety hazards. Industrial flexible loads
need to ensure the normal production of industry, and avoid affecting the process quality or causing
equipment damage due to power regulations.

Therefore, the upper and lower limits of output satisfy:

PF ,min
f ,t ≤ PF

f ,t ≤ PF ,max
f ,t (11)

In the formula: PF
f ,t is the input of industrial flexible loads f in the dispatching cycle; PF ,min

f ,t and
PF ,max

f ,t are the lower and upper limits of power when the industrial flexible loads are running.

The process and demand of industrial production determine the operation state and regulation
range of industrial load, and different processes and demands have different requirements and
limitations on the regulation rate of load [20]. Industrial flexible loads need to control their regulation
rate to ensure the normal production of industry, and avoid affecting the process quality or causing
equipment damage due to power regulation. Industrial flexible loads need to control their regulation
rate, so that they can vary within the upper and lower limits of output, and meet the process
requirements of industrial production.

Therefore, its regulation rate satisfies:

0 ≤ ∣∣PF
f ,t − PF

f ,t−1

∣∣ ≤ PF ,max
f ,Δt (12)

In the formula: PF ,max
f ,Δt is the maximum regulation amount of industrial flexible loads f per unit

time; T is the total dispatching duration.

The number of starts is the number of start-ups and shut-downs of industrial flexible loads in
a certain period of time, reflecting the frequency of use and load change of industrial equipment.
Industrial flexible loads need to meet the requirements of the number of starts to ensure the life and
reliability of industrial equipment, and avoid excessive wear or failure of equipment due to power
regulation. If the number of starts is too high, it may accelerate the aging and damage of industrial
equipment; if the number of starts is too low, it may cause the idling and waste of industrial equipment.

The number of start-ups and shut-downs satisfies:
T∑

t=2

(
Tempshift

f ,t − Tempshift
f ,t−1

) = 2 (13)

In the formula: Tempshift
f ,t is whether the industrial flexible loads f is called in the scheduling period,

1 when called, and 0 when not called; that is, the industrial flexible loads can only start and stop once
within the total scheduling duration.

The total amount of operation is the total output of the industrial flexible loads in a certain
period of time, reflecting the scale and efficiency of industrial production. Industrial flexible loads
need to meet a certain total amount of operation to ensure the planning and economy of industrial
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production and avoid increasing production costs or reducing output due to power regulation. If the
total amount of operation is too low, it may affect the progress and quality of industrial production; if
the total amount of operation is too high, it may increase the energy consumption and cost of industrial
production.

The total amount of operation satisfies:

PF ,min
f ,sum ≤

T∑
t=1

PF
f ,tΔt ≤ PF ,max

f ,sum (14)

In the formula: PF ,min
f ,sum and PF ,max

f ,sum are the minimum and maximum input of industrial flexible loads
f in the total dispatching cycle, which are non-independent variables.

3.3 Upper-Layer Model
The planned power of the tie lines in the upper-layer optimization results should be as close as

possible to the planned power of the tie lines in the source-load scheduling plan of each region in the
lower-layer. The minimum Euclidean norm of the difference between the planned power of the tie
lines and the scheduled power of the tie lines is used as the first objective function of the upper-layer
optimization model.

In addition, the upper-layer optimization considers the possibility of line over-limit and other
problems caused by the fluctuation, randomness, and intermittency of renewable energy, and tries to
achieve the consumption of renewable energy as much as possible. The minimum Euclidean norm of
the peak-valley difference of the planned power of the tie lines within the day is used as the second
objective function of the upper-layer optimization model.

The objective function of the upper-layer optimization model is:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

min Fup
1 =

∑
l∈Lbt

T∑
t=1

∥∥Pexp
l,t − Pplan

l,t

∥∥
2

min Fup
2 =

∑
l∈Lbt

∥∥Pexp,max
l,t − Pexp,min

l,t

∥∥
2

(15)

In the formula: Pexp
l,t is the planned power of tie line l in period t, which is a non-independent

variable; Pplan
l,t is the optimal power of tie line l in period t, which is determined by the lower-layer

optimization model; Lbt is the set of tie lines to be optimized; Pexp,max
l,t and Pexp,min

l,t are the peak and valley
values of the planned power of tie line l in the dispatching cycle; T is the dispatching cycle.

The restrictive condition is that the planned power of the tie line is within the stable transmission
power range of the line, that is:

Pl ≤ ∣∣Pexp
l,t

∣∣ ≤ Pl (16)

In the formula: Pl and Pl represent the upper and lower limits of transmission power of line l.

The smaller the peak-valley difference of the planned power of tie line in the dispatching cycle, the
higher the matching degree of power grid load and renewable energy output, the better the renewable
energy can be consumed and utilized, the more stable the power grid load changes, the smaller the
operation pressure of power system, the lower the peak-shaving capacity demand, the lower the
investment and operation and maintenance cost of conventional power generation units, which is
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conducive to improving the operation efficiency and economy of power system, and improving the
development level and utilization rate of renewable energy [21].

3.4 Lower Layer Model
The scheduled power of the tie lines in the source-load scheduling plan of each region in the

lower-layer optimization model should be as close as possible to the planned power of the tie lines in
the upper-layer optimization structure. The minimum Euclidean norm of the difference between the
scheduled power of the tie lines and the planned power of the tie lines is used as the first objective
function of the lower-layer optimization model.

The lower-layer optimization model aims to satisfy the power grid’s consumption of renewable
energy as much as possible, and achieve the requirements of power grid security and stability, while
reducing the cost of power grid resource scheduling within the partition, and improving the resource
utilization and social benefits of the power grid. The sum of the resource scheduling costs within each
partition is used as the second objective function of the lower-layer optimization model.⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

min Flow
1 =

∑
l∈Lbt

T∑
t=1

∥∥Pplan
l,t − Pexp

l,t

∥∥
2

min Flow
2 =

N∑
s=1

(
CG

s + CW
s + CP

s + CL
s + CESS

s

) (17)

In the formula: N is the number of power grid partitions; CG
s , CW

s , CP
s , CL

s and CESS
s represent the

generation cost of conventional power generation units, wind power cost, photovoltaic power cost,
industrial flexible loads invocation cost and flexible energy storage invocation cost in partition s,
respectively.

The calculation formulas for each cost are:

CG
s =

T∑
t=1

Gs∑
i=1

αPG
i,tΔt (18)

CW
s =

T∑
t=1

Ws∑
j=1

(
βW PW

j,t Δt + γ WCW
j,t Δt

)
(19)

CP
s =

T∑
t=1

Ps∑
k=1

(
βPPP

k,tΔt + γ PCP
k,tΔt

)
(20)

CF
s =

T∑
t=1

Fs∑
f =1

θPF
f ,tΔt (21)

CESS
s =

T∑
t=1

Esss∑
g=1

(
λchPEss,ch

g,t + λdchPEss,dch
g,t

)
(22)

In the formula: PG
i,t is the planned output of conventional power generation unit i in period t;

α is the generation cost per unit capacity of conventional power generation unit; PW
j,t and PP

k,t are the
actual output of wind farm j and photovoltaic power station k in the dispatching cycle; WCW

j,t and PCP
k,t

are the extra consumption power caused by grid constraints of wind farm j and photovoltaic power
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station k in the dispatching cycle; βW and βP are the generation cost per unit capacity of wind farm
j and photovoltaic power station k; γ is the unit extra consumption cost; θ is the unit compensation
cost for invoking industrial flexible loads; PEss,ch

g,t and PEss,dch
g,t are the charging and discharging power of

flexible energy storage g in the dispatching cycle; λch and λdch are the charging and discharging cost per
unit capacity of flexible energy storage; Gs, Ws, Ps, Fs and Esss are the number of conventional power
generation units, wind farms, photovoltaic power stations, industrial flexible loads and flexible energy
storages in partition s, respectively.

3.5 Model Solving
In the power system, regional power grid optimization scheduling is an important task, which

involves how to reasonably allocate power resources, and arrange the output plan of each resource
while satisfying various constraints, to achieve the goals of maximizing economic benefits, minimizing
environmental impacts, and improving power grid security. However, in practical problems, these goals
are often conflicting and need to balance and compromise among multiple objectives. Therefore, it
needs to find a set of non-inferior solutions, that is, the Pareto optimal solution set, to reflect the
balance state between different objectives [22].

In this paper, yalmip and cplex in MATLAB is used to perform the active power bilevel optimiza-
tion coordination scheduling for the power grid. In order to transform the multi-objective optimization
problem into a single-objective optimization problem, the ideal point method is adopted. As shown in
the formula:

min F =
√√√√ N∑

k=1

(Fk − F ∗
k )

2 (23)

In the formula: N represents the total number of optimization objectives, Fk and F ∗
k represent the

k − th optimization objective and the optimal value of the others when performing single-objective
optimization, respectively.

The operation constraints of conventional power units, wind-solar hybrid units, and flexible
energy storage in the region are given in references [23–25].

4 Optimization Model Solving and Case Analysis

The topology of a regional power grid system with multiple types of resources such as wind farms,
photovoltaic power stations, flexible energy storage, etc., is shown in Fig. 3. The topology of the power
grid system after invoking industrial flexible loads resources to participate in grid regulation is shown
in Fig. 4. This paper takes IEEE33-node distribution network as the simulation test system, which is
a typical radial network model, consisting of 33-nodes and 32 loads, including 10 transformers and 3
cables. Each load data is generated based on the actual power system statistics, and the rated voltage
value of each node is 12.47 KV. In order to be more in line with the background of the increasing
proportion of renewable energy generation resources in the new power grid, considering the impact of
different types of resources, as shown in Table 1, this paper adds the following resources to the system:
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Figure 3: Topology of IEEE33-node distribution network before adding industrial flexible loads

Figure 4: Topology of IEEE33-node distribution network after adding industrial flexible loads

Table 1: Distribution of resources in IEEE 33-node distribution network

Resource type Conventional
power generation
unit�

Wind farms� Photovoltaic
power stations�

Industrial
flexible loads�

Flexible
energy
storage�

Resource node 1, 18, 32 16, 20, 25, 27 5, 11, 21 3, 15, 23 17

3 equivalent power sources of conventional power generation units, located at nodes 1, 18, and
32, respectively, whose output can be adjusted according to the demand of the power grid, and their
active and reactive power output ranges are [0.3, 4] MW and [−3, 3] MVar, respectively. 7 equivalent
power sources of renewable energy, including 4 wind power units, located at nodes 16, 20, 25, and
27, respectively, whose active power output is determined by the random variation of wind speed,
reactive power output is zero, and their output can be regarded as random disturbance, and another
3 photovoltaic power units, located at nodes 5, 11 and 21, respectively, whose active power output is
determined by the random variation of solar radiation, reactive power output is zero, and their output
can be regarded as a random disturbance. 3 industrial flexible loads, located at nodes 3, 15, and 23,
respectively, whose active power demand can be invoked at any time within a day, and the total amount
of each industrial flexible loads node can be invoked in the range of 1.1–1.5 MW, and their demand
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can be regarded as a controllable active load. 2 flexible energy storage units, located at node 17, whose
maximum capacities are 1.33 and 1.41 megawatt-hours, respectively, whose active and reactive power
output can be adjusted according to the state or optimization objective of the power grid, and their
output can be regarded as controllable resources.

IEEE33-node distribution network is a common power system example, used to test and verify
some analysis and optimization methods of distribution network. It consists of 33 nodes and 37
branches. The topology of IEEE33-node without invoking industrial flexible loads is shown in Fig. 3.

The topology of IEEE33-node after adding industrial flexible loads is shown in Fig. 4.

In this paper, the resource nodes of the IEEE33-node distribution network are set in Table 1.

4.1 Results of the Grid Partitioning
The partitioning algorithm in this paper is applied to the IEEE33-node distribution network, and

the renewable energy consumption indicators given by Eqs. (1) to (4) are used. After the power flow
calculation in Matpower, the top five lines and the changes in modularity after virtual disconnection
are obtained and recorded in Table 2.

Table 2: The partitioning results of IEEE33-node power grid system considering renewable energy
consumption index

Number of partitions Number of partitions Line number New energy
consumption index

Modularity

Initial network 1 / / 0
1 2 3–4 578.91 0.315
2 3 12–13 487.21 0.467
3 4 28–29 386.45 0.648
4 5 6–7 284.67 0.527
5 6 2–3 182.98 0.433
. . . . . . . . . . . . . . .

33 33 32–33 7.34 −0.0023

The relationship between modularity Q and the number of partitions is shown as follows. When
three tie lines are virtually disconnected, four partitions are obtained, and the maximum modularity
Q value is 0.648.

As shown in Fig. 5, this section adopts the power grid partitioning algorithm considering
renewable energy indicators, and divides the 33-node distribution network into four regional power
grids, among which region 1 is the power generation side resource concentration distribution region,
and regions 2, 3, 4, and 5 also contain conventional power sources and daily loads. The top ten tie lines
ranked by renewable energy consumption indicators are shown in Table 2. It is worth noting that lines
3–4 is one of the most important and the largest renewable energy consumption indicators among
them, because it is the only channel for the power generation side resource concentration distribution
region 1 to send power to other regions, but it low power transmission efficiency, which wastes
renewable energy and brings greater peak-shaving pressure to other regions; tie lines 12–13 and 28–
29 are set as virtual disconnection tie lines because there are more non-daily load resources in the
region, which will have a lot of power exchange, large peak-valley difference, and easy to cause local
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power over-limit in cross-regional dispatching, which will affect the stable and safe operation of the
power grid, so it is advisable to carry out comprehensive energy optimization configuration within
the regional power grid, to achieve the best economic benefits under the guarantee of stable and safe
operation of the power grid.

Figure 5: IEEE33-node distribution network partitioning results

4.2 Basic Parameterization for Model Solving
This section does not focus on the problem of renewable energy output prediction, but uses

historical data and mathematical models to simulate the photovoltaic output and daily load curves,
and perform economic dispatch of the regional power grid. The regional power grid topology structure
described in the previous section is adopted, and a practical regional power grid system in the central
region of China is referred to. A typical summer day is taken as a complete scheduling period, with 1 h
as a time period, and a total of 24 time periods within a scheduling period. It includes the photovoltaic,
wind power, and conventional load output prediction curves as shown in Fig. 6, which shows that the
average expected power of the region is 209.1 MW.

This paper adopts the day-ahead economic dispatch for the regional power grid, with a time
interval of 1 h. As shown in Fig. 7, the time-sharing extra consumption cost refers to the price that
the power system needs to compensate for the renewable energy generation that exceeds the system
regulation capacity under the time-of-use pricing mechanism. The time-sharing extra consumption
cost is conducive to encouraging renewable energy generation enterprises to optimize their operation
modes, improve the absorption level of renewable energy, and promote the energy transition and
carbon neutrality goals. Therefore, this section also considers the time-sharing extra consumption
cost to stimulate the users’ participation in demand response.

In addition, the relevant setting parameters of conventional power units and flexible energy
storage groups are shown in Table 3, the relevant parameters of industrial flexible loads are shown
in Table 4, and the upper and lower limits of transmission power of inter-regional tie lines are shown
in Table 5.
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Figure 6: Renewable energy-load forecasting value

Figure 7: Time-sharing extra consumption cost
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Table 3: The relevant setting parameters of conventional power units and energy storage

Parameter name Unit The name of the equipment

Conventional power
generation unit

Energy storage

Upper and lower limits of
generator unit output

PG,max
i,t , PG,min

i,t MW 3.8, 0.3 /

Ramp rate of generator unit ΔPG,max
i,t MW/h 0.4 /

Unit output cost of generator
unit

α CNY/MW 320 /

Number of generator unit G Set 3 /
Energy storage capacity V Ess MWh / 1.41, 1.33
Maximum charge power of
energy storage

PEss,ch,max
g,t MW/h / 0.375

Maximum discharge power of
energy storage

PEss,dch,max
g,t MW/h / 0.375

Unit energy storage cost of
energy storage

λch CNY/MW / 160

Unit output cost of energy
storage

λdch CNY/MW / 200

Table 4: The relevant setting parameters of industrial flexible loads

Parameter name Unit Industrial flexible loads

Operating limits of industrial flexible loads PF ,max
f ,t , PF ,min

f ,t MW 0.7, 0.2
Capacity limits of invoking industrial flexible
loads

PF ,max
f ,sum , PF ,min

f ,sum MWh 1.5, 1.1

Unit cost of invoking industrial flexible loads θ CNY/MW 150
Unit maximum time adjustment of industrial
flexible loads

PF ,max
f ,Δt MW/h 0.5

Table 5: Transmission power upper and lower limits of inter-regional tie lines

Parameter name Unit Inter-regional tie lines

Transmission power upper and lower limits Pl, Pl MW 2, −2

In order to analyze and compare the effectiveness of different types of demand response resources
participating in coordinated dispatching strategies, the following two scenarios are designed:
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Scenario 1: Industrial flexible loads do not participate in optimal dispatching, and the regional
power grid relies only on conventional generator sets and flexible energy storage for dispatching.

Scenario 2: Under the guidance, flexible energy storage and industrial flexible loads participate in
the optimal dispatching of the regional power grid in an orderly manner to achieve renewable energy
consumption.

4.3 Simulation Results Analysis
This paper aims to analyze the impact of industrial flexible load participation in response to the

stable, economic, and secure operation of the regional power grid, and constructs two different simu-
lation scenarios, considering the cases of industrial flexible load participation and non-participation
in regional power grid optimal dispatching. In the simulation process, the objective of the lower-layer
regional power grid optimal dispatching is to minimize the operation cost of the power grid, while
satisfying the load demand and power grid security constraints. The simulation results before the
addition of industrial flexible loads are shown in Fig. 8 and the line over-limit situation at that time
is shown in Fig. 9, the simulation results after the addition of industrial flexible loads are shown in
Fig. 10, the comparison of the power grid operating costs before and after the addition of industrial
flexible loads is shown in Fig. 11, and the simulation results of the addition of industrial flexible loads
using traditional methods are shown in Fig. 12.

Figure 8: The output of each resource when industrial flexible loads do not participate in the optimal
operation of the regional power grid
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Figure 9: The line over-limit situation before adding industrial flexible loads

Figure 10: The output of each resource when industrial flexible loads participate in the optimal
operation of the regional power grid
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Figure 11: Comparison of the power grid operating costs before and after the participation of industrial
flexible loads using the method in this paper vs. after the participation using traditional methods

Figure 12: The output of each resource when industrial flexible loads participate in the optimal
operation of the regional power grid by traditional power grid optimization methods
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In scenario 1, the regional power grid optimal dispatching relies only on conventional power units
and flexible energy storage resources to meet the load demand. As can be seen from Fig. 8, during
the period from 9:00 to 16:00, the wind power output gradually increases, and the photovoltaic power
output is also in a high state, which makes the power of conventional power units decrease, and the
flexible energy storage starts to charge, and begins to absorb excess renewable energy output. However,
during the period from 11:00 to 16:00, the wind power output fluctuates, and the photovoltaic power
output reaches the peak of the day, far exceeding the conventional load demand of the region. Due
to the limited charging power of flexible energy storage, and the limited ramp rate of conventional
power units, it is probably impossible to reduce the power generation significantly in a short time. In
this case, the regional power grid, in order to absorb the excess wind and solar power, appears serious
line over-limit phenomenon, as shown in Fig. 9, in this scenario, the power over-limit percentage of the
inter-regional tie lines 3–4 is the highest at 13:00, reaching 23.49%, and the power over-limit percentage
of the inter-regional tie lines 12–13 and 28–29 also appear during this period, which means that the
power of the regional power grid is unbalanced, and the stability and economy will be greatly affected.
As shown in Fig. 11, the measure of forcibly absorbing the excess wind and solar power will also greatly
increase the cost of maintaining the stable and secure operation of the regional power grid.

In scenario 2, the regional power grid introduces industrial flexible loads to participate in the
optimal dispatch, and adjusts the electricity consumption period of industrial flexible loads to respond
to the load demand for renewable energy consumption. Compared with scenario 1, the total load
of the regional power grid remains unchanged, and the industrial flexible loads that were originally
distributed in various periods of the day are concentratedly called to participate in the renewable energy
consumption in the regional power grid from 11 to 16 o’clock when the renewable energy output is
excessive. Through optimal dispatch, the renewable energy output is fully utilized, and the line over-
limit situation caused by the excess wind and solar power in scenario 1 no longer exists, ensuring
the safe and stable operation of the regional power grid. At the same time, as shown in Fig. 13, the
flexible energy storage resources deliver power to the grid when the renewable energy output is low,
and consume the renewable energy output by storing energy when the renewable energy output is
high, which also reduces the operation cost of the grid to some extent and improves the economic
performance of the safe and stable operation of the grid. In addition, as shown in Table 6, due to
the concentrated call of industrial flexible loads from 13 to 15 o’clock, the total load of the rest of
the periods is reduced, which in turn reduces the output demand of conventional power generation
units from 1 to 10 o’clock and 19 to 21 o’clock, and reduces the generation cost of conventional
power generation units, achieving the effect shown in Figs. 10 and 11, that after the industrial flexible
loads participate in the regulation of the regional power grid, under the premise of ensuring the safe
operation of the regional power grid and no line over-limit, the economic benefits of the dispatch are
improved.

As shown in Fig. 12, the simulation results after activating industrial flexible loads through
traditional dispatch methods indicate that during the 11–17 time period, when the regional power
grid faces the challenge of excessive renewable energy output, although traditional dispatch methods
can mobilize industrial flexible loads to respond to the fluctuations of renewable energy, there is a
noticeable lag in response speed compared to the method proposed in this paper. Particularly when
the renewable energy output rises rapidly, this delayed response may lead to line over-limit situations,
thereby triggering a series of issues. In such cases, the regional power grid might have to take emergency
measures to absorb the excess wind and solar power, which not only exacerbates the severity of line
over-limitation but may also significantly increase the cost of maintaining the safe and stable operation
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of the power grid. Therefore, the method presented in this paper demonstrates its superiority in
ensuring the stability and economic efficiency of the power grid.

Figure 13: The simulation results of flexible energy storage invocation

Table 6: The simulation results of industrial flexible load invocation

Period (h) Flexible load A (Node 3)/MW Flexible load B (Node 15)/MW Flexible load C
(Node 23)/MW

1–12 0 0 0
13 0.700 0.700 0
14 0.236 0.348 0.593
15 0.354 0.257 0.7
16–24 0 0 0

5 Conclusion

This paper takes the power grid operation problem with a high proportion of renewable energy
as the research background, discusses the impact of industrial flexible loads on the stable, economic,
and secure operation of the regional power grid, and proposes a two-layer active power optimization
model for power grid partitioning considering industrial flexible loads. The main work and innovation
points of this paper are as follows:

A new energy consumption characteristic evaluation index considering the active power of the line
is proposed, and a partitioning scheme based on the new energy consumption characteristic evaluation
index is designed, which divides the power grid into several partitions, making the power grid operation
more balanced and stable within each partition.

A two-layer active power optimization model considering the power constraints of industrial
flexible loads is established, which considers the regulation capacity, ability, and cost of industrial
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flexible loads, and designs the upper-layer model as the optimal dispatching plan of the regional
power grid as a whole, and the lower-layer model as the regional source-load dispatching plan of each
partition considering the cost of industrial flexible load invocation, and realizes the safe, stable and
economic operation of the power grid and the saving of the total operation cost of the power grid by
coordinating the objectives and constraints of the regional power grid and each partition.

A comparative experiment of industrial flexible load participation and non-participation in power
system operation is designed, and through simulation analysis, the effectiveness of industrial flexible
load participation in power grid regulation is verified, which shows that industrial flexible loads can
effectively participate in absorbing the excess output of renewable energy, reduce the line over-limit
situation that occurs when the regional power grid absorbs the excess output of renewable energy, and
improve the stability and economy of the regional power grid.

This paper provides a feasible scheme for industrial flexible load participation in regional power
grid optimal dispatching and provides an effective way to promote the large-scale grid connection
and utilization of renewable energy. The shortcomings of this paper are that it does not consider the
regulation response time and reliability of industrial flexible loads, nor does it consider the preferences
and satisfaction of industrial users, which will affect the actual effect of industrial flexible load
participation in demand response. Therefore, future research can explore and analyze these aspects
in depth, in order to improve the feasibility and reliability of industrial flexible load participation in
demand response.
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