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ABSTRACT

To address issues in existing demand response
research, such as oversimplified industrial process
modeling, insufficient multi-timescale coupling, and lack
of multi-production line coordination, this paper
proposes a demand response control strategy for
automotive manufacturing parks that accounts for
material coupling and process constraints. First, a
refined power model for each production line is
developed, utilizing Resource Task Network (RTN) to
characterize inter-line material coupling, thereby
establishing a park-level load adjustability modeling
method tailored for demand response. Second, a
revenue settlement mechanism and effective response
criteria are designed, and a "boundary-capacity"
collaborative optimization method is introduced. The
first stage determines the optimal production baseline
and power adjustable boundaries, while the second
stage optimizes the economically optimal response
capacity within these boundaries. Simulation results
demonstrate that, while ensuring order fulfillment, the
proposed method reduces operating costs by 8.92%
compared to the default scheduling scheme, validating
its effectiveness in enhancing demand response
capability and economic performance.
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1. INTRODUCTION

The construction of zero-carbon industrial parks has
been incorporated into the 15th Five-Year Plan,
becoming a central component of the national energy
strategy [1]. The key to energy decarbonization lies in
reliable load modeling and the exploitation of flexible

load regulation capacity. As power systems increasingly
1

value load-side regulation capabilities, conventional
load modeling methods face challenges in adapting to
new demands:

(1) Oversimplification of industrial processes:
Existing research often simplifies industrial load as
"interruptible loads" or "shiftable loads," only assigning
simple power limits and durations while overlooking
critical process constraints such as rigid sequential logic,
material balance, and equipment startup/shutdown
safety intervals.

(2) Insufficient multi-timescale coupling: Most
demand response optimization models are hourly static
decisions, whereas industrial production, unlike most
residential loads, exhibits continuous dynamic
characteristics [2]. Furthermore, the mismatch between
scheduling and response scales can hinder the practical
implementation of responses [3].

(3) Lack of multi-production line coordination
mechanisms: Material coupling exists between multiple
production lines within a park; the start or stop of any
line directly impacts upstream and downstream
production. A universally applicable solution is still
lacking for reasonably selecting the entity, depth, and
timing of regulation to minimize the impact on
production plans while fulfilling demand response tasks
[4].

To address these issues, this paper focuses on a
typical automotive manufacturing park and conducts
research covering the following:

(1) Developing refined power models for each

production line based on actual assembly line
operations and establishing a park-level load
adjustability modeling method for demand response;
(2) Constructing a revenue settlement mechanism and
effective response criteria for park participation in
demand response, and employing Resource Task
Network (RTN) to describe material coupling between
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lines;

(3) Proposing a "boundary-capacity" collaborative
optimization method: the first stage optimizes line
startup/shutdown and feeding plans to determine the
optimal production baseline and power adjustable
boundaries; the second stage optimizes the actual
response capacity within these boundaries to minimize
operating costs.

The remainder of this paper is organized as follows:
Section 2 constructs basic load models and the RTN
resource network for the automotive manufacturing
park. Section 3 designs the park control strategy and
collaborative optimization method. Section 4 validates
the proposed method through simulation. Section 5
concludes the paper.

2. PRODUCTION LINE CONSTRAINTS AND RTN
MODELING

2.1 Overview of Automotive Manufacturing Park
Process

A typical automotive manufacturing park comprises
three main parts: a component manufacturing plant, an
engine manufacturing plant, and a final assembly plant.
The final assembly plant includes four major processes:
stamping, welding, painting, and final assembly. It
requires various structural components from the
component plant and assembled engines from the
engine plant.

The core production goal is to ensure the
continuous operation of the final assembly line to fulfill
daily orders.  Strict material supply-demand
relationships exist between sub-lines; starting or
stopping any line has cascading effects on upstream and
downstream operations. Therefore, when participating
in demand response, the operating periods and
intensities of adjustable lines must be reasonably
adjusted while ensuring final output.

2.2 Modeling of Production Line Constraints

Assume there are N production lines in the park.
The production status of the i-th line is represented by

the decision variable u,, €{0,1} , indicating whether

feeding occurs in time period t. Each line must satisfy
the following operational constraints:
(1) Total production time constraint:

T .
DI (1)
t=1

where T™" is the minimum number of operating

periods required to meet order demand.

(2) Minimum continuous operation/downtime
constraints:

Some lines (e.g., painting, heat treatment) require
continuous operation for a certain duration after
startup or a cooling/maintenance period after
shutdown:
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where 7, and 7, are the minimum consecutive

operating and downtime periods, respectively.
2.3 Load Ramp-Down Model

When a production line stops feeding, its power
does not drop to zero immediately but gradually
decreases as remaining in-process tasks are completed,
exhibiting a "load ramp-down" characteristic. This paper
constructs the following ramp-down model to capture
this feature:

Let the ramp-down duration for the i-th linebe D,.

Define state variable s, as the remaining ramp-down
periods at the beginning of period t. The update rules
are:

(1) If u,, =1 (feeding in this period):
Q.
o™

where B™is the full-load power, Q,,is the actual

S, =Dy B, =B (4)

feed rate in this period, and Q™" is the maximum feed

capacity.

(2)If u,,=0 and s;,>0:
P, =Emax.i (5)

Update at period end:
-1 (6)

Sive1 = Sig

(3)If u,,=0 and s;,=0:
P, =0 )

This model provided a realistic load adjustability
boundary for demand response scheduling.

2.4 Resource Task Network (RTN) Model



To comprehensively describe material supply-
demand relationships between lines, this paper
introduces the Resource Task Network (RTN) to model
the park production process. The RTN consists of two
node types:

(1) Resource nodes: Represent various materials,
including raw materials, intermediate products, and
final products.

(2) Task nodes: Represent production activities on
each line. Each task consumes specific input resources
and generates specific output resources.

Let R be the set of resources and T the set of
tasks. For task j € T, its execution intensity in period t

is represented by feed rate fj,l . Resource inventory

changes satisfy:
Vo,=V. ..+ Z (p; S e, = Pr*S )

jeT
(8)
where V,  is the inventory of resource r at the
. in out .
end of period t, p,; and p, - are consumption and
production coefficients of task j for resource r, and
7, is the production delay for task j . Inventory must
be non-negative:V,, > 0.

The RTN precisely characterizes the material state
of each line at any period, providing actionable
boundaries for power regulation and avoiding
scheduling failures due to material shortages or
surpluses.
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Fig. 1 RTN Model of the Automotive Assembly Park

3. PARK DEMAND RESPONSE CONTROL STRATEGY

3.1 Effective Peak Regulation Response Criteria for
Users

This paper stipulates that a market participant's
effective response must simultaneously meet two
conditions:

(1) Response completion coefficient target:

For up-regulation (peak shaving) and down-
regulation (valley filling) scenarios, the response

completion coefficient A, is defined as:

Up-regulation period:
base actual
£ -r

2=k (©)
call
F
Down-regulation period:
Pactual __ pbase
/L =— callt (10)
Iy
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where P’““is baseline load, P*" is actual load,

and Ptbm is the called response capacity. When
A, 20.8 (up-regulation) or 4, > 0.7 (down-regulation),
the period is considered compliant.

(2) Minimum compliance period ratio:

Within a complete response period (e.g., 2
consecutive hours), if the proportion of compliant
periods reaches at least 50%, the response is deemed
effective. Settlement uses the contracted capacity;
otherwise, the response is considered failed with zero
revenue.

3.2 "Boundary-Capacity" Collaborative Optimization
Method

Considering the inherent conflict between park
operation and response regulation [5], this paper
proposes a "boundary-capacity" collaborative
optimization method. The core idea is to maximize the
net benefit of park participation in demand response by
adjusting the operating periods and intensities of
adjustable lines while ensuring final output.

(1) Stage 1: Production Boundary Planning

During the day-ahead declaration period, the park
optimizes the operation schedule for each line,
determining the optimal production plan and response
limits for each period. The objective is to minimize the
total required storage space:

minZ(V;,max XCi) (11)
i=1

where V.

i,max

is the maximum daily inventory of

intermediate product for that line, and C, is the

inventory coefficient for that product.
Constraints include production line constraints
(continuous operation, material balance, RTN inventory
constraints) and declaration capacity rationality
constraints (cannot exceed actual adjustability).

(2) Stage 2: Response Capacity Optimization



During real-time operation on the response day, if a
response instruction is received from the dispatch
agency, the park must adjust line operating status in
real-time to meet the target while ensuring production
safety. Therefore, this stage introduces demand
response capacity as a variable and optimizes for
minimum operating cost:

maX(RDR o CE o CPunish) (12)
where R, isrevenue from demand response, C,

is total electricity cost, and C,, ., is the penalty for

Punis
ineffective response.

The optimization follows an iterative binary search
procedure. Starting from an initial response capacity,
the corresponding production plan is generated and
checked for inventory violations. If violations occur and
adjustments stabilize below a threshold, the capacity is
deemed infeasible, and the upper bound is lowered to
the average of the current capacity and the lower
bound. If no violations occur, the lower bound is raised
to the average of the current capacity and the upper
bound. The process repeats until the change between
successive capacities falls below a threshold, at which
point the final capacity and production plan are
determined.

Fig. 2 Flowchart of the Optimization Method

4. SIMULATION VALIDATION AND RESULT ANALYSIS
4.1 Case Study Setup

To validate the proposed control strategy,
simulations were conducted using MATLAB based on
industrial load data from an automotive manufacturing
park. The simulation models a demand response
scenario. The simulation period is set to one day with a
15-minute resolution, corresponding to the minimum
baseline load calculation scale for demand response.
The simulation includes the park's three main sections:
automotive assembly, engine manufacturing, and
component manufacturing, encompassing the sub-
processes mentioned earlier.

Production line data are based on park surveys and
standard equipment parameters. Lines with longer
processing durations, such as welding and painting,
exhibit corresponding delays in material
consumption/output and the previously described load
ramp-down characteristics. The plant's target is a daily
production of 2000 vehicles, considered completed if
finished by day's end (0:00).

Overall simulation effectiveness is evaluated based
on total electricity consumption, total electricity cost,
total operating cost, and carbon emissions. Total
operating cost excludes order fulfillment considerations
but subtracts demand response revenue from total
electricity cost.

Table 1 Two-part Time-of-Use Electricity Price
Table(35kV Level)
Energy Charge
(Rounded to 2

Price Type Time Period

decimals)
Super- 18:00-20:00 1.10 RMB/kWh
Peak
8:00-11:00,
Peak 100.23:00 0.92 RMB/kWh
7:00-8:00,
Shoulder  13:00-17:00, 0.57 RMB/kWh
23:00-24:00
0:00-7:00,
Off-Peak o or 0.26 RMB/kWh

A genetic algorithm is employed for optimization
with a maximum iteration limit of 100. Convergence is
considered achieved when the average change in the
penalty function and constraint violation fall below
specified thresholds.

Current time-of-use electricity prices follow the
ratio: super-Peak: peak: shoulder :off-peak =
1.92:1.6:1:0.45. The shoulder rate is set at 0.57198575
RMB/kWh, with a corresponding price mechanism for
peak periods (including super-peak). The specific time-
of-use electricity price schedule is shown in Table 1. All
prices in the table are rounded to two decimal places.



4.2 Control Group: Default Scheduling

This group does not participate in demand response
and prioritizes minimizing order completion time.

Power Consumption per 15-min Interval (Original Schedule)
T T

Fig. 4 Control Group Mater/al Proflle

The load curve shows that the control group's load
is concentrated during peak and super-peak time-of-use
periods, primarily because default scheduling prioritizes
rapid order completion without considering electricity
prices. The material inventory curve indicates a need for
substantial initial intermediate material stockpiling to
prevent line stoppages due to shortages.

Overall, while this scheme efficiently completes
orders, its electricity costs are high, and it requires
significant initial inventory, limiting economic efficiency
and startup flexibility.

4.3 Optimization  Group: Production  Scheduling
Optimization

Before participating in demand response, the
production task sequence is optimized using a genetic
algorithm, incorporating the operational constraints
and RTN model. The objective is to minimize park
operating costs. The daily load and material profiles for
this group are shown in Fig. 5 and Fig. 6.
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Fig. 5 Opt/m/zatlon Group Load Profile
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Fig. 6 Optimization Group Material Profile

While ensuring order completion, the optimization
group significantly reduces total electricity costs (by
approximately 7.5%) by shifting high-energy processes
to off-peak periods. Total electricity consumption also
slightly decreases, mainly due to concentrated material
feeding reducing unnecessary equipment standby
losses. The material curve shows that the optimized
schedule reduces reliance on initial intermediate
product inventory, enhancing scheduling flexibility.

4.4 Response Group: Up-Regulation Demand Response
Scenario

Building upon the optimization group schedule, an
up-regulation demand response requirement s
introduced. The park can participate in the response
market listing during this period to obtain revenue,
offsetting operating costs. The resulting load and
material profiles are shown in Fig. 7 and Fig. 8.
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Fig. 7 Response Group Load Profile
The load curve shows that, with virtually unchanged
total electricity consumption, the response group



significantly reduces load during the response period
(circled in red). The revenue from demand response
compensates for or even exceeds the associated
increase in electricity costs, resulting in a further
reduction in total operating cost of approximately 8,685
RMB compared to the optimization group. Overall, this
represents an 8.92% reduction compared to the control
group. Evaluation parameters for the three groups are
compared in Table 2, with carbon emissions calculated
based on the 2024 national average electricity carbon
footprint factor.

Inventory (u

Fig. 8 Response Group Material Profile

Table 2 Comparison of Evaluation Parameters for the
Three Simulation Groups

Control Optimizati Response
Parameter
Group on Group Group
Total 1111.20 1109.57 1109.57
Consumption MWh MWh MWh
El;‘;:f‘c'ity 628,500 581,100 578,000
RMB RMB RMB
Cost
DR Revenue - - 5,550 RMB
628,500 581,100 572,400
Total Cost RMB RMB RMB
Carbon
Emissions 641,940.24 640,998.59 640,998.59
(kgCO,e)

5. CONCLUSION AND FUTURE WORK

This paper focused on automotive manufacturing
parks and proposed a demand response control
strategy based on Resource Task Network (RTN) to
address issues in conventional load modeling, such as
simplification of industrial processes, insufficient multi-
timescale coupling, and lack of multi-line coordination.

(1) A refined power model incorporating process
sequence logic, material balance, and equipment
constraints was developed, with RTN characterizing
material coupling between lines to enable accurate load
adjustability modeling.

(2) A control strategy was designed to achieve
collaborative optimization of demand response revenue
and production stability by optimizing
startup/shutdown status, feed rates, and declared
capacity.

(3) Simulation results demonstrate that the
proposed strategy reduces operating costs by 8.92%
compared to the default scheduling scheme and by
approximately 1.5% compared to the optimized
scheduling scheme, validating its economic efficiency
and feasibility.

Future work may explore renewable energy
integration with carbon constraints, multi-agent game
mechanisms for park-grid-market collaboration, and
digital twin-based online rolling optimization.

ACKNOWLEDGEMENT

This article is funded by the Open Project of the
Engineering Research Center for Electric Energy Quality
of the Ministry of Education at Anhui University
(PQKF202505).

REFERENCE

[1] Xu J, et al. Probabilistic prognosis of wind turbine
faults with feature selection and confidence
calibration[J]. IEEE  Trans  Sustainable  Energy
2024;15(1):52--67.

[2]Crowley B, et al. Learning prosumer behavior in
energy communities: Integrating bilevel programming
and online learning[J]. Applied Energy, 2025,
392:125932.-125932.

Compte F P, et al. Sustainable optimal production
scheduling methodology under implicit demand
response and carbon policy: A manufacturing industry
case study[J]. Applied Energy, 2025, 384:125403.
Jokinen |, et al. Decarbonizing a national energy system
through electrification by sector coupling power, district
heat, transport and buildings[J]. Applied Energy, 2025,
401:126686.

Woo BY, et al. Bilevel optimization for multi-user
systems with mixed demand response programs for
enhanced operational efficiency in electric power
grids[J]. Applied Energy, 2025, 399:126507.



