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Abstract—The participation of Process Industrial Loads (PILs) in
Demand Response (DR) is a key pathway to enhancing power
system flexibility. However, existing dispatch models commonly
treat core PIL production stages as ''black-boxes," whose neglect
of critical internal thermodynamic dynamics often leads to physi-
cally infeasible dispatch decisions. Concurrently, the lack of a
fine-grained modeling method for PIL's power regulation costs
presents another key barrier to their effective participation. To
address these dual challenges, this paper, taking an Electrolytic
Copper Load (ECL) as an example, first establishes a Thermally-
Enhanced Resource-Task Network (ThE-RTN) to ensure the safe-
ty and feasibility of the dispatch plan. Subsequently, a fine-
grained cost model that distinguishes different regulation modes
is developed, and an economic dispatch model aimed at minimiz-
ing the total dispatch cost is formulated. A case study based on a
real-world ECL demonstrates that the proposed framework can
achieve economic optimality of the dispatch plan while satisfying
both DR and production safety constraints, providing an effective
solution for PILs to participate in grid interactions safely and
economically.

Index Terms—Demand Response(DR), Thermally-Enhanced Re-
source-Task Network (ThE-RTN), Economic Dispatch, Electrolyt-
ic Copper Load(ECL).

1. INTRODUCTION

The "dual-carbon" goals are driving the development of a
new-generation power system dominated by renewables,
whose volatility, however, poses severe flexibility challenges
. Engaging demand-side resources in Demand Response(DR)
is considered an economical and efficient way to enhance sys-
tem flexibility™®. In this context, industrial loads are regarded
as ideal DR resources due to their high energy consumption,
strong controllability, and willingness to participate”"*. Their
participation is of great significance for promoting the green
development of the power industry and achieving the "dual-
carbon" targets'.

Aggregating and coordinating dispatchable stages of a Pro-
cess Industrial Load (PIL) for DR participation requires fine-
grained modeling of its production process, which often in-
volves complex inter-stage material interactions and internal
thermo-chemical reactions. To systematically describe its op-
erational status, process modeling methods like the Resource-
Task Network (RTN) and State-Task Network (STN) have
been proposed®”!. However, these models typically treat the
core production stages of a PIL as "black-boxes," focusing on
its macroscopic power regulation capability or inter-stage ma-
terial balances, while systematically neglecting the critical in-
tra-stage thermodynamic couplings among power, temperature,
and efficiency. Dispatch plans based on such models may con-
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sequently be physically infeasible or even violate production
safety constraints.

Economic benefit is the core driver for PILs to participate in
DR, which involves power regulation decisions for dispatcha-
ble stages. However, most existing research focuses on the
overall economic dispatch of industrial loads, with insufficient
investigation into accurately modeling the regulation costs of
individual stages and achieving economic optimality through
multi-stage coordination. Therefore, determining an economic-
optimal power allocation strategy while strictly adhering to the
PIL's internal rigid production constraints is a key challenge
that needs to be addressed for its effective participation in DR.

To address the dual challenges in modeling and economics,
this paper proposes a power regulation strategy for a typical
PIL, an Electrolytic Copper Load (ECL), in DR based on a
Thermally-Enhanced Resource-Task Network. The main con-
tributions are as follows:

i) A Thermally-Enhanced Resource-Task Network (ThE-
RTN) model is proposed, which embeds the internal thermo-
dynamic dynamics of electrolytic cells into the conventional
RTN framework. This approach overcomes the limitations of
"black-box" modeling and captures the relationship between
intra-stage thermodynamic balance and inter-stage material
interactions.

ii) A fine-grained method for calculating power regulation
costs is developed, considering the continuous modulation and
discrete start-stop characteristics of PIL stages. Based on this,
an economic-optimal power allocation strategy is proposed,
which co-optimizes DR requirements with the load's normal
production order.

II. THERMALLY-ENHANCED MODELING OF THE ELECTROLYTIC
COPPER LOAD

A. ECL Process Flow and Dispatchability Analysis

The ECL is a typical PIL, comprising several production
stages: Material Preparation (MP), Side-blown Smelting (SBS),
Top-blown Smelting (TBS), Anode Furnace Smelting (AFS),
Casting (C), Electrolytic Refining (ER), Oxygen Production
(OP), Auxiliary Smelting (AS), and Acid Production (AP). The
MP stage supplies raw materials for subsequent processes. The
pyrometallurgical stages (SBS, TBS, AFS) sequentially refine
the material, while the C stage cools the molten anode copper.
The OP and AS stages support the pyrometallurgical process
by supplying oxygen-rich air, the AP stage produces acid from
flue gas, and the ER stage electrolyzes anode copper to pro-
duce the final cathode copper product. A critical operational
constraint is that the intermediate products of the pyrometal-
lurgical stages are in a molten state, meaning they cannot be
stored or exchanged with equipment on parallel production



lines. [8] derived the coupling relationship between the power
consumption and core production parameters of these stages,
and identified stages such as MP, ER, and OP as being power-
controllable. The power of controllable stages can be regulated
through two primary means: continuous power modulation and
discrete load switching. The power expression for a production
unit is formulated as in Eq. (1):

P/:,i = Bcijleyrxltc,islxc,i = Pkr,;?e’iy/,c,i ey
where P;c,i, x;; and sfc,i are the power consumption, regulation
state, and binary commitment status (1=online) of unit i in
stage k, respectively. P’ is the rated power. The state xj ; cor-
responds to key operational parameters subject to regulation
boundaries (x;, X;) and is assumed constant over period . Eq.
(2) defines the specific regulation constraints:

ke {MP,ER}
ke {PO,PA,AS}
k € {SBS,TBS, AFS,C}

The direct multiplication of a continuous variable xj; and a
binary variable sj; as shown in Eq. (2) introduces a non-linear

term that can cause computational challenges. Therefore, we
employ the standard tight Big-M method to linearize this prod-
uct. A new continuous variable, y;(i is introduced to represent
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the overall power regulation state of the production unit, which
is governed by the constraint set (3):
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B. Formulation of the ThE-RTN Model

Based on the process characteristics of the ECL, it is estab-
lished that the material interactions are constrained by the spe-
cific production lines of each stage. The material interaction
dynamics over the production cycle are therefore formulated as
shown in Egs. (4)-(6):
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where R} denotes the inventory of material x; and v, is the
quantity produced/consumed by the i-th unit of stage k (kEK, i
€ny). Inventory levels are constrained by safety stock and ca-

pacity limits (R,;, R,). The interactions between materials and
process stages are modeled as discrete-time events, which are
assumed to occur only at the beginning or end of each time
period. Fig. 1 depicts the material interaction network, mod-
eled as discrete-time events.

For process stages possessing thermal inertia, their opera-
tional status is not solely determined by material interactions
but is also strictly constrained by internal thermodynamics. In
the ER stage, the electrolysis process must be conducted within
a predefined electrolyte temperature range to ensure production
safety. The electrolyte temperature is a critical state variable
that influences the electrochemical reaction rate of cathode
copper. Therefore, it is imperative to establish a dynamic mod-
el that characterizes the coupling relationship among power,
temperature, and electrolytic efficiency. The temperature and
boundary of the electrolyte in the discrete time period ¢ can be
expressed in Eq. (7)-(8):
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where Tgg; is the temperature of electrolyte of the i-th electro-
Iytic cell. At is the duration of a single time period, during
which the heat dissipation power Qggr; is assumed to remain
constant, justified by the strict and narrow operating tempera-
ture range of the electrolyte. xy, is the efficiency of converting
electrical energy into heat within the electrolytic cell. To en-
sure the proper progression of the electrolytic reaction, the
electrolyte temperature must be maintained within its pre-
scribed boundaries (Tgg ;, TERJ).

The deposition efficiency of cathode copper during the elec-
trolytic reaction is significantly influenced by the temperature
of the electrolyte™. This coupling relationship between electro-
Iytic efficiency and electrolyte temperature is formulated as

shown in Eq. (9):
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Fig. 1. Schematic of the material interaction network based on ECL process flow. Ri, Rib, Ric, Rig, Rie, Rpe, Rio, Reas Ris, Rps represent raw material, liquid matte,
liquid crude copper, liquid anode copper, solid anode copper, product cathode copper, oxygen, compressed air, sulfur-containing flue gas, sulfuric acid respective-
ly. The character subscript represents the serial number of the corresponding production equipment. k. represents process with power regulation feasibility. &y
represents process without feasibility of power switching and regulation. k, represents process without feasibility of power switching. x;, represents material that
can inter@b&8&I6df@8nt production line. x;i, represents material whose interaction is limited to specific production line.



Mg = 7713;6,;‘ T CR, (TEr;l,ei —Tix.) )
where 7gg; is the electrolytic efficiency of the i-th cell; egg; is
the temperature-efficiency conversion coefficient; and Tig;
and nfﬁ?i are the electrolyte temperature and the electrolytic
efficiency of the i-th cell under rated operating conditions.

Based on the material balance principle established in Eq.
(4), the cumulative inventory of the final product, cathode cop-
per R,. and production requirement can be formulated as Eq.

(10)-(11):
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where Rgcand Rgc are the inventory levels of R, at the end and
the beginning of the production cycle, respectively; and Ry, is

the required production quantity for the entire production cycle.

From above, the effective production rate of cathode copper
can be expressed as Eq. (12):
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Eq. (12), with coefficients Agg;, Egr;, FEr,, renders the model
a non-convex MINLP due to its quadratic (Part 1) and bilinear
(Part 2) terms. To ensure solvability, we employ the Special
Ordered Sets of Type 2 (SOS2) method"” for the quadratic
term and the McCormick relaxation!"! for the bilinear term.

To validate the approximation accuracy, we derive the theo-
retical upper bound of the total linearization error, denoted as
es.c, which comprises the SOS2 interpolation error and the
McCormick relaxation error:
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Part 1: egg
Eq. (13) indicates that, benefiting from the narrow operating
bands of the state variables(Angi,ATfiR,i), this error bound is

Part 2: ey

theoretically constrained to a negligible level, ensuring that the

linearization preserves physical fidelity of the ThE-RTN model.

The aforementioned ThE-RTN model achieves aggregated
and coordinated control of the different stages within the
ECL’s process flow. By considering both intra-stage and inter-
stage production safety constraints when formulating dispatch
plans, it provides a fundamental modeling basis for the ECL's
participation in DR.

III. FORMULATION OF THE ECONOMIC-OPTIMAL DR DISPATCH
MODEL FOR ECL

This section formulates a day-ahead economic dispatch
model, which is executed after the DR market clearing. The
objective is to optimize the production schedule within the DR
period based on the confirmed response capacity.

A. Objective Function

The objective is to minimize the total dispatch cost F, which
comprises continuous power regulation and discrete start-

up/shutg—;lgg\ggsfa)%?g?gg_sf as in Eq. (14):
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where the time scale for H is one hour. The detailed modeling

of the power regulation costs is presented in Egs. (15)-(17):
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where F, gjr and F, denote the continuous regulation and start-
up/shut-down costs for hour H (with 15-min timescale ¢). ;7;”.

denotes the unit regulation cost, determined by the specific

upward/downward states(7,", 7¢9""), while 75",

represent the corresponding single-action costs and binary sta-
tuses for start-up/shut-down. The regulation costs are calculat-
ed based on production costs within a maintenance cycle and
relative weights determined via the Analytic Hierarchy Process
(AHP)™®.
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B. Constraints

To ensure the physical feasibility of the dispatch plan, the
model must satisfy the following three core sets of constraints:
1)Production Safety Constraints

In perspective of production safety constraints, ECL must
satisfy rigid production constraints at the power regulation,
material, and thermodynamic levels. At the power regulation
level, the constraints for stage equipment are defined in Eqgs.
(2)-(3). At the material level, the constraints for inter-stage
material balance and final product quantity are given in Egs.
(4)-(6) and (9)-(11). At the thermodynamic level, the electro-
lyte temperature constraints are specified in Egs. (7)-(8).
2)Stage Operational Logic Constraints

During power regulation, the start-up and shut-down status
of the stage equipment must satisfy the constraints in (17)-(18).
Specifically, constraint (19) ensures that a unit can either start
up or shut down within the same time period #, but not both.

(18)
19)
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3)DR Requirement Constraints
The total period for the ECL's participation in DR is denoted

as T,. The required response capacity constraints are formulat-
ed in (20)-(22):
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where P and Py represent the ECL power and baseline

power at DR time period #,, respectively; Ct and cﬁ’;d are the
actual and awarded response capacities for the H;-th hour. The
time scales for H; and ¢, are one hour and 15 minutes, respec-
tively. Eq. (21) defines the actual response capacity as the sum
of the power reduction from the baseline over the response



period. Eq. (22) is the DR capacity constraint, which stipulates
that the actual response capacity must not be lower than the
awarded capacity. Furthermore, to ensure an effective DR, the
peak and average values of the ECL actual power during the
DR period must not exceed those of the baseline, as expressed
in constraints (23)-(24):

P <P, VH €T, (23)
Py <Py VH, €T, (24)

where Pf:'lax and Pgrv are the maximum and average power of
the load during the response period H,, respectively. Pg;lax and

H, . .
Py, are the corresponding maximum and average power val-
ues of the load baseline. These constraints ensure the quality of
the demand response.

IV. CASE STUDY

To validate the effectiveness of the proposed economic-
optimal DR dispatch model for ECL, this section presents a
comprehensive case study based on a typical ECL located in
Yunnan, China. The entire optimization model is formulated
using the YALMIP modeling language within the MATLAB
R2023a environment and solved by the commercial solver
Gurobi 12.0. The computations were performed on a personal
computer equipped with an Intel Core i9-14900HX CPU and
32 GB of RAM. The scheduling cycle is discretized into 15-
minute time periods, constituting a 24-hour production cycle
with a total of 96 periods.

A. Parameter Settings

Validation is based on real-world ECL data, with stage and
cost parameters detailed in Tables I and II. Key settings in-
clude: storage caps for materials(R;,, Rio, Rcas Ris) of 1500, 4800,
1500, and 60, with initial stocks of 1000 for R;, and 2400 for
R;,. A production target for R, within the production cycle is
7500. For the ER stage, the temperature is constrained to 35-
40°C (initialized at 40/39.5/40°C), with a maximum efficiency
of 0.99 and a conversion coefficient egg; of 0.01. The scenario
simulates a day-ahead DR event (15:00-19:00) with awarded
capacities of 10023, 23750, 9503, and 25787 kWh.

TABLE I POWER CONSUMPTION AND REGULATION BOUNDARIES OF PRO-
DUCTION STAGES OF ECL

Power regulation

Power con- .
Process Flow sumption boundaries
(kWh/h) Lower Upper
limit limit
MP 15793 0.85 1.05
SBS 16437 / /
TBS 16437 / /
AFS 10296 / /
C 11100 / /
ER (Set]) 21689 0.75 1.05
ER (Set II) 21689 0.75 1.05
ER (Set III) 21689 0.75 1.05
op 45560 0.8 1.05
AS (Set I) 5356 0.95 1
AS (Set II) 4656 0.9 1
AS (Set IIT) 3456 0.8 1
AP 25902 0.9 1.05

IIMI=0=00 TO=0TOO0=1

TABLE II POWER REGULATION COST OF PRODUCTION EQUIPMENT WITH
POWER REGULATION FEASIBILITY

Process MP ER OP AS AP
Stage Stage Stage Stage Stage Stage
Down

(yuan/kWh) 0.2094 0.2944 0.2116 0.0346 0.3566
Up
(vuan/kWh) 0.4188 0.5299 0.4232 0.0346 0.7132
Shut—Doyvn 20 60 / ; ,
(yuan/per time)
Start-up 10 40 / p )

(yuan/per time)

B. Comparative Analysis: Economic Performance, Operational
Feasibility, and Production Safety

To validate the necessity of the proposed framework, we
compare the ThE-RTN with a conventional RTN model (which
ignores thermodynamic constraints). The comparative results
regarding dispatch costs, production targets, and safety con-

straints are presented in Table III and Figs. 2—4.
TABLE III COMPARISON OF DR RESPONSE PERFORMANCE AND
DISPATCH COSTS BETWEEN MODELS

Model Response Capacity C,I:S' (kWh) Dispatch Cost
H=1 H=2 H=3 H=4 F (yuan)
Proposed ThE-RTN 10023 23750 9530 25787 9781.1
Conventional RTN 10023 23750 9530 25787 9737.6

As shown in Table III, the conventional RTN model appears
to achieve a marginally lower dispatch cost. This is primarily
because it prioritizes regulating the power-intensive electroly-
sis stage to minimize costs, as indicated by the regulation pat-
terns in Fig. 2. However, a deeper analysis reveals that this

economic advantage is a “false optimum” obtained by violating

critical physical constraints.

First, regarding operational feasibility, Fig. 3 indicates that
the conventional model fails to meet the rigid production de-
mand, yielding only 7473 t of cathode copper against the 7500
t target (Fig. 3(b)). In contrast, the ThE-RTN successfully ful-
fills the quota (Fig. 3(a)). Second, and more critically regard-
ing production safety, Fig. 4 exposes severe violations in the
conventional schedule. As the model blindly reduces power,
the electrolyte temperature drops significantly below the lower
safety limit of 35°C (Fig. 4(b)), thereby severely compromis-
ing product quality and production safety. Conversely, the
ThE-RTN maintains the temperature strictly within the safe
range of 35-40°C (Fig. 4(a)).

(a)K, stages under the ThE-RTN model

(b)K. stages under the ThE-RTN model
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(a)Evolution of Material Inventories Under the ThE-RTN Model
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Fig. 3. Evolution of material inventories. (a)Evolution of material inventories
under the ThE-RTN models; (b)Evolution of material inventories under the
conventional RTN models.

(a)Temperature Evolution Under the ThE-RTN Model
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Fig. 4. Evolution of electrolyte temperatures. (a)Evolution of temperatures
under the ThE-RTN RTN models; (b)Evolution of temperatures under the
conventional RTN models.

In summary, the comparative results validate that the pro-
posed ThE-RTN framework effectively navigates the trade-off
between economy and safety. By incorporating thermodynamic
constraints, it produces a dispatch plan that is not only eco-
nomically optimized under real-world conditions but, more
importantly, operationally feasible and safe, all while precisely
meeting the grid's DR requirements.

979-8-3315-8138-1

C. Algorithm Accuracy and Solution Sensitivity

This section evaluates the linearization accuracy and model
robustness. Computationally, the model achieves a global op-
timum within 0.62 s, with a negligible optimality gap of
0.0098%. The resulting schedule yields an actual production of
7491.4 t, with a relative linearization error of only 0.1146%.
This deviation satisfies the theoretical upper bound derived in
Eq. (13), confirming that the linearization error is negligible.
Furthermore, sensitivity analysis shows that a 20% increase in
power regulation costs leads to a proportional total cost rise to
11,737 (also a 20% increase). This indicates that the optimal
dispatch strategy remains highly stable against economic pa-
rameter fluctuations.

V. CONCLUSION

This paper proposes an economic dispatch model based on
the ThE-RTN to address the dual challenges of production
safety and economic efficiency when PILs participate in DR.
Using an ECL as an example, the model embeds thermody-
namic balance into the conventional RTN and incorporates
fine-grained regulation costs to establish the optimal dispatch
model. Simulation results demonstrate that the proposed strat-
egy minimizes total dispatch costs while strictly adhering to
production safety and DR constraints. Finally, the proposed
framework exhibits significant transferability to other energy-
intensive industries (e.g., steel, aluminum), as the key flexible
stages—specifically motor-driven material preparation and
electrolysis processes—are generic and widely applied across
various industrial loads.
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