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Abstract

The rising penetration of electric vehicles is driving huge demand for lithium batteries,
making low-carbon manufacturing a critical objective. This goal is challenged by insuffi-
cient production scheduling flexibility and the neglect of carbon-reduction technologies.
To address these challenges, this paper develops a low-carbon planning methodology for
lithium battery plant energy systems by leveraging manufacturing chain flexibilities. First,
a lithium battery energy—carbon material modeling approach is developed that accounts
for process production delays and intermediate product storage to capture schedulable
process energy consumption patterns. A nitrogen—oxygen coupling production frame-
work is introduced to facilitate oxygen-enriched combustion technology application, while
energy recovery pathways are incorporated given the high energy consumption of the
formation stage. Subsequently, a process scheduling-driven planning model for lithium
battery industrial integrated energy systems (IIES) is developed. Finally, the planning
model is validated through four contrasting case studies and systematically evaluated
using multi-criteria decision analysis (MCDA). The results demonstrate three principal
conclusions: (1) incorporating process scheduling effectively enhances process energy flexi-
bility and reduces total system costs by 19.4%, with MCDA closeness coefficient improving
from 0.257 to 0.665; (2) oxygen-enriched combustion increases maximum combustion and
carbon capture (CCS) rates from 90% to 95%, reducing carbon tax to 40.5% of the baseline;
(3) energy recovery on the basis of process scheduling further reduces costs and carbon
emissions, with battery recovery achieving an additional 30.2% cost reduction compared
to 24.1% for heat recovery, and MCDA identifies this integrated approach as the optimal
solution with a closeness coefficient of 0.919.

Keywords: lithium battery; industrial integrated energy system; low-carbon planning;
process scheduling; energy storage; energy—carbon material coupled model

Processes 2025, 13, 3360

https://doi.org/10.3390/pr13103360


https://doi.org/10.3390/pr13103360
https://doi.org/10.3390/pr13103360
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-6496-1172
https://orcid.org/0000-0002-0802-9858
https://doi.org/10.3390/pr13103360
https://www.mdpi.com/article/10.3390/pr13103360?type=check_update&version=2

Processes 2025, 13, 3360

2 0f 29

1. Introduction
1.1. Motivations

Lithium batteries play a vital role in transport electrification [1], accelerating the pace
of transportation decarbonization. By 2023, demand for electric vehicle lithium batteries
in the world has reached more than 750 GWh, and it is set to grow more than seven times
by 2035 compared to 2023 based on current policy settings [2]. However, the production
of lithium batteries is characterized by high energy demand and high carbon emissions,
with energy consumption of producing 1 kWh lithium battery ranging from 29 kWh to
37.5 kWh [3] and carbon emissions about 10.3 kg CO,/kWh [4]. Therefore, low-carbon
planning for the lithium battery industry has become imperative [5,6].

To address this challenge, understanding the energy characteristics of lithium battery
manufacturing is crucial. The lithium battery industry represents a typical process man-
ufacturing industry characterized by sequential, tightly coupled unit operations. While
different battery chemistries (e.g., LFP, NCM, NCA) exhibit distinct material properties,
their manufacturing follows broadly similar process flows [7,8]. The energy consumed by
lithium battery production primarily includes electricity and heat [9] along with cooling
requirements and a certain amount of nitrogen used as a protective gas for the production
line [10], making the energy supply system a typical IIES [11]. The high reliance on energy
presents a substantial challenge for carbon reduction, especially when the energy supply
is heavily dependent on fossil fuels [12,13]. In order to decarbonize the lithium battery
industry, it is necessary to optimize energy supply systems, control the manufacturing
process, and make full use of the energy storage features of the process. Hence, this paper
proposes a low-carbon economic planning method for the lithium battery IIES, aiming to
not only reduce the planning costs for industrial users but also to improve energy utilization
efficiency whilst reducing societal carbon emissions.

1.2. Related Work

IIES leverage the synergies among heterogeneous energy carriers, including electricity,
heat, gas, hydrogen, and so on to enable efficient energy utilization and foster green and
sustainable industrial development [14,15]. Consequently, IIES have garnered significant
attention in research and practical applications. Many researchers have constructed IIES
for different energy-intensive industries. Authors in [16] presents an operation scheduling
model for the chemical and metallurgical industries IIES, optimizing the integration and
distribution of electric energy, heating energy, and hydrogen. A multi-stage planning model
for a cement IIES considering cement production process including the rotary kiln system
and low-temperature waste heat power generation technology is developed in [17], aiming
to realize its carbon emission reduction targets. Researchers in [18] established an energy
management system for an offshore oil and gas microgrid to optimize asset operation in the
microgrid to reduce costs and emissions. Han et al. [19] proposed a granular-evolutionary
hybrid computing framework to solve the scheduling of a steel IIES as a constrained multi-
objective problem. A novel hydrogen-based cogeneration system in the paper and pulp
industry is proposed in [20], aiming to satisfying the energy needs. Liu et al. studied the
abandoned coal mine energy system in [21] to achieve the lowest operation cost and the
minimal carbon emissions.

Many researchers have dedicated effort to achieving low-carbon planning of IIES [22].
In energy-intensive industries, low-carbon planning is crucial for enhancing energy ef-
ficiency and achieving environmental goals. Authors in [23,24] proposed a two-stage
low-carbon robust planning method for the steel mill gas utilization system considering
multiple low-carbon technologies to achieve the decarbonization of steelmaking plant.
However, little consideration has been given to the adjustable industrial production pro-
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cesses. To address this, Zhang et al. [25] proposed an optimal dispatching approach based
on a model of industrial process, aiming to the improve the yield of an off-grid industrial
park. But the production process is reduced to a single shop floor, without considering the
coupling between processes.

Moreover, low-carbon mechanisms such as carbon trading, green certificates, and low-
carbon technologies can often play a significant role in IIES planning. Carbon trading, as
an effective market mechanism, provides economic incentives for emission reduction [26].
An integrated energy trading model considering carbon emissions/green certificates equiv-
alent interaction mechanisms was developed in [27], achieving a 4% reduction in system
operating costs and an 11.4% reduction in carbon emissions. Energy recovery technologies,
such as waste heat recovery, are integral to reducing energy consumption and emissions. In
industries like cement and steel, waste heat recovery systems and low-temperature waste
heat power generation have proven effective in cutting emissions and improving energy
efficiency [28,29]. Carbon capture [30] and oxygen-enriched combustion [31] technologies
can better utilize the carbon emission in IIES to make a better economy. Notably, electrolysis-
based Power-to-Hydrogen technology produces high-purity oxygen as a by-product [32],
which can be directly supplied to oxygen-enriched combustion systems. Integrating renew-
able energy sources like solar, wind, and biomass [33], along with energy storage systems,
enables the balancing of supply and demand, reducing reliance on fossil fuels [34,35].
Therefore, to decarbonize the lithium battery industry, it is essential to corporate these
methods to optimize production while lowering carbon emissions.

In summary, current planning researches neglect the differentiated characteristics and
adjustable potential of processes and do not fully explore the energy-saving and carbon-
reducing potential of production processes, resulting in suboptimal equipment capacity
and energy waste.

1.3. Contributions and Organizations

To address the aforementioned issues, this paper proposes the energy consumption
patterns according to the production processes in the lithium battery industry, thoroughly
exploring the adjustable potential on the production side. A planning model for a typical
lithium battery IIES is developed, incorporating process scheduling to reduce production
costs and carbon emissions. The main innovations are as follows:

1.  An energy—carbon material flow modeling method for lithium battery industry is
proposed considering process production and intermediate product storage, enabling
a detailed characterization of energy use in schedulable processes.

2. A nitrogen—oxygen coupling production framework is introduced to support the
application of oxygen-enriched combustion technology in the lithium battery industry,
considering the recycling of tail gas from nitrogen generators.

3. A process scheduling-driven planning model for lithium battery IIES is developed
considering the battery formation energy recovery.

Based on a lithium battery plant, this paper compares and analyzes the operational
results of different planning schemes within the annual planning scope. This validates the
flexibility of the proposed energy—carbon material flow model and explores the economic
viability of the planning method for lithium battery IIES.

The content of this paper is organized as follows: Section 1 establishes the mathe-
matical models of the lithium battery production and system equipment in the lithium
battery IIES. Section 2 proposes a planning method considering the manufacturing chain
flexibilities. Case studies are carried out in Section 3, with conclusions provided in Section 4.
The flowchart of the study is shown in Figure 1.
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Step 1: Modeling of Lithium-IIES
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Figure 1. Flowchart of this study.

2. Modeling of Lithium Battery Industry Integrated Energy Systems
2.1. Lithium Battery Industrial Integrated Enerqy System

Considering the actual energy consumption and energy supply equipment of lithium
battery industry, a lithium battery IIES is established as shown in Figure 1. The energy
production equipment includes combined heat and power (CHP) units and fired boilers
(FB) using primary energy, as well as renewable energy units such as wind turbines (WT)
and photovoltaic panels (PV). Energy conversion equipment includes electric boilers (EB),
electric chillers (EC), and absorption chillers (AC). Energy storage equipment encompasses
batteries (BT), nitrogen storage tanks (NST), and oxygen-enriched storage tanks (OST).
Additionally, the system incorporates pressure swing adsorption (PSA) nitrogen generators,
tail gas recovery devices for nitrogen generators, and oxygen-enriched CCS technologies.

Taking lithium iron phosphate (LFP) batteries as an example, the production process
of lithium batteries can be reduced to ten steps after rational simplification, which are LFP
preparation, graphite preparation, anode manufacture, cathode manufacture, anode drying,
cathode drying, cell assembly, formation charge, formation discharge, and aging. These
processes consume electricity, heat and cooling, which together constitute the production
loads. Electrical loads cover nearly the entire manufacturing process. Heat loads primarily
originates from the LFP preparation, graphite preparation, all the drying steps and aging.
Cooling loads mainly arise from anode manufacturing and cathode manufacturing. Process
energy consumption accounts for approximately 64% of the total energy use [12]. In addi-
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tion to the above production loads, there are also basic loads to ensure the environmental
temperature, humidity, and cleanliness of lithium battery production. The basic loads are
weakly adjustable, originating from air conditioning units, air filtration equipment, and the
lighting, heating, and cooling needs of living and office areas. The data requirements of the
proposed model are obtainable in modern industrial practice through existing Manufactur-
ing Execution Systems (MES) and energy management systems commonly deployed in
contemporary lithium battery manufacturing facilities.

2.2. Lithium Battery Production Model

This section develops mathematical models for the lithium battery production pro-
cesses. The modeling of lithium battery production is divided into four main aspects:
process route, process production, energy recovery, and load integration. The process route
defines the sequence, coupling, and material output ratio of each process, serving as a math-
ematical description of the process flowchart. Process production describes the relationship
between production velocity and inventory for each process. Energy recovery focuses on
the formation and discharging stages of lithium batteries, aiming to conserve energy. Load
integration combines process loads and basic loads to form the total system load.

1. Process route

To describe the sequential relationships of each production process, processes are
numbered from 1 to z, ensuring that processes with smaller numbers precede those with
larger numbers (parallel processes are not subject to this constraint). To describe the
coupling relationships between processes, a z x z matrix is established. Since processes are
numbered sequentially from smaller to larger, processes with larger number can receive
materials from processes with smaller number, but not vice versa, making the coupling
matrix an upper triangular matrix, as shown in (1).

aip a1z v a1z

0 axp - ay
App=1. . . . 1)

0 0 ... ay

where 4;; denotes the required products output of process i to produce unit product of the
process j.

As shown in (2), introduce the production capacity coefficient 7, ; to connect inter-
mediate products and final products, representing the required intermediate products of
process i to produce unit final products of process z. For processes with direct material
connections (such as graphite production and anode production), the corresponding matrix
element is the negative value of the ratio of their production capacity coefficients. For
processes without direct connections (such as graphite production and anode drying), the
corresponding matrix element is 0. The diagonal elements of the matrix, describing the
output of process i, are always 1.

Top, Z<],l%]
aj =40 i<ji-»j 2)

1 i=j

2. Process production

Based on the production cycle, processes are categorized into continuous production
processes (CP) and discontinuous production processes (DP). Continuous production
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processes have production cycles less than or equal to the minimum scheduling period (1 h),
with outputs produced every hour. Discontinuous production processes have production
cycles longer than the minimum scheduling period, producing outputs only after the
completion of the production cycle with constant loads throughout. In this research, the
production of anodes, cathodes, and cell assembly in lithium battery manufacturing are
classified as CP processes, while the remaining processes are classified as DP processes.
Lithium battery production is divided into two parts: production and intermediate product
storage. The schematic diagram of modeling is depicted in Figure 2.

continuous production  discontinuous production

processes(CP) processes(CP)
P v P v
.
T T T T
t 2t 3t 4t 5t t 2t 3t 4t 5t t 2t 3t 4t 5t t 2t 3t 4t 5t
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| |
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| |
| |
| |
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| |

Storage i

S

it

material  electricity heat cooling carbon
Figure 2. Schematic of production model.

The storage of intermediate products depends on the types of the processes that use the
materials. The inventories for CP and DP processes need to satisfy Equations (3)—(5) respectively.

Sit = Sis—1+0vip— Y ajvj; te€[2T] ®)
Jj€EZ

Sit = Sip—1+Vip — L 4ij0jpT1
j€z 4)

te 2, T+1-Tj]
Sit=Sip1+0vit€[T+2-T,T] ®)

Additionally, the storage capacities for both types of processes have to meet the
constraints of upper and lower capacity limits and initial and final state conditions, as
shown in (6).

0 < Sjp < S

6
Si,O = Si,T =05 x Sﬁnax ( )

where S;; represents the inventory of process i at time t (MWh); S;"® denotes the up-
per limit of inventory for process i (MWh); and v;; indicates the production rate of
process i (MWh/h).

The production rates, along with the energy flow, carbon flow, and material charac-
teristics, are dependent on the types of the production processes. Separate mathematical
models are established for the two types of processes.
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For DP processes, to describe the output delay characteristics of the processes, a
0-1 variable is introduced as the process initiation indicator. The production rate for DP
processes has to satisfy the following relationship:

0y =0 te[l,T;—1] -
0<9v <6y 1,41Cap™™* t € [T;T]

-1
L <1 te LT — (T - 1)] @)

Jip =0 te[T—(T;—1)+1,T]

In the equations, v;; denotes the production rate of process i at time t (MWh/h),
Cap]"™ represents the upper limit of production capacity for process i (MWh/h), and
T; indicates the production cycle of process i (hours).

The energy—carbon material flows of the processes are expressed as in Equation (9):

pelec = pelec (LD g b e [1,T]
Pl = Bl 2 e e
peool = peool g (HTTLD e [1,T] 9)
Carjy = Cﬂfunit,iﬂm(t”ﬁl'n viy tel,T]
N = Nunit,izylin(t+Tj71,T) Vi te[1,T]

where Pfi“, Plhf“t, and Pff“l represent the electric, thermal, and cooling power consumption

of process i at time ¢t (MW); Car; ; denotes the carbon emissions of process i at time ¢ (tons);

., indi i i i 3y. pelec heat
N; indicates the nitrogen consumption rate of process i (m”); Py ., Pt -

electric, thermal, and cooling power consumption per unit product of process i (MW);

P{i% ; denotes the unit carbon emissions of process i (tons); and N;; indicates the unit

nitrogen consumption of process i (m?).

represent the

For CP processes, their production rate and energy—carbon material flows are shown
respectively in (10) and (11):

0 < vy < 6,;Cap™> te[1,T] (10)
P =P, D oy te LT
pleat — pheat swin( =L e (1,7
peool = peool gD g b [1,T] (11)
Car;; = Carunit,ixrm(“Tﬁl'T) viy te[l,T]
Niy = Nunit,iZTi"(tJrTi_l'T) v te[1,T]

To complete the production tasks of the factory, the production rate needs to satisfy
the following relationship:

T
M=) vy VieZ (12)
t=1

where M represents the production task within the factory’s scheduling period (MWh) and
Z denotes the set of all processes.

3. Energy recovery

In the stages of lithium battery production, besides the high energy consumption
of the coating and drying processes, the formation and aging processes also consume
significant energy, accounting for about 27% of total consumption due to the energy
loss from charge-discharge cycles. The traditional formation process charges lithium
battery cells and typically discharges them through load resistors, leading to an increase in
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equipment temperature. Recovering the energy from the formation discharge process can
effectively save energy. There are two main approaches: one is heat recovery (HTR) from the
high-temperature exhaust gas to the thermal bus, and the other is battery recovery (BTR),
where the energy from the discharge phase is inverted and fed back into the electrical bus.
However, the practical implementation of HTR and BTR pathways requires consideration of
initial capital expenditure, potential maintenance complexity, and energy conversion losses.
Despite these limitations, the net benefits of integrating energy recovery into lithium battery
formation processes are substantial enough to justify the investment. The mathematical
expression for the recoverable energy is shown in (13).

P = iy P
Ptbtr — m)trp;_lec

mc,t

(13)

where P/*" and P/*" represent the heat recovery energy and battery recovery energy (MW),
respectively. Pj’;’lnefc ; denotes the energy consumption of the formation charging process
(MW). #4 and 13,4, are the efficiencies of heat recovery and battery recovery, respectively.

4.  Load integration

In the lithium battery IIES, in addition to the adjustable process loads, there are also
basic loads with limited adjustability, such as auxiliary production equipment, and lighting,
heating, and cooling for production and office areas. The total system load demand can be
represented as the sum of these two parts.

Lilec — y Pieiec + pelec

i#fmd,icZ fixt
heat __ heat heat
Ly = iEZZ P+ PaY (14)
cool __ cool cool
L™ = EZZ P+ Pedy
1

where Pﬁf{ft, P}‘fftt, and Pjﬁ?ﬁlt represent the basic electrical, heating, and cooling loads

(MW), respectively.

2.3. System Equipment Model
This section develops mathematical models for system equipment.

1.  Wind turbine

The output of a WT primarily depends on the energy conversion efficiency, wind
speed, and blade parameters. The predicted output of a WT can be expressed as follows:

PP = 0.5 % 1073 X fuptair Nt TR, - (01)° (15)

where 7 is the energy conversion efficiency of the WT, is the air density (kg/ m3), Oair 1S
the radius of the WT blades (m), N indicates the number of WTs installed, and v; denotes
the wind speed at time .

2. Photovoltaic

The output of a PV system depends on energy conversion efficiency, irradiance, panel
area, and tilt angle. Its predicted output can be shown in (16):

Ptpv,fore = va’?MPPTApvmt cos 9pv (16)

where 77ppr and 17, represent the energy conversion efficiencies of the maximum power
point tracking inverter and the PV modules, respectively. Ay, denotes the installed area of
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the PV panels (m?), R; indicates the irradiance at time ¢ (kW/m?), and Opv is the tilt angle
of the PV panels in degrees.

3.  Combined heating and power

Traditional CHP units predominantly use coal as fuel, termed coal-fired CHP. Sub-
stituting coal with natural gas or biomass can reduce primary energy use and carbon
emissions. These alternatives can be called as natural gas-fired CHP (ng-fired CHP) and
biomass-fired CHP (bio-fired CHP), respectively. According to the actual heat demand in
industrial parks, all three types of CHP units operate in a heat-led mode. Their electrical
and thermal efficiencies vary, and the power outputs can be described as (17) and (18).

Ptchp _ Ptchp,ng + Ptchp,coal + Ptchp,bio
chpn chpn
PP = oy mg LHV,g VP8 /1000 17
chp,coal chp,coal ( )
P, = Yehp,coal Heoal My
chp,bio chp,bio
P, = Nenp,bioHpio™y
ch chpn chp,coal chp,bio
; P —_ Qt png + Qt P + Qt P
_ ~chpng , nchp,ng
Ty = Q1 B (18)
_ ~chp,coal Pchp,coul
rchp,coal - Qt / t
chp,bio , ,chp,bio
Tchp,bio t /Pt

where Pf "P and Q:hp represent the real-time electrical and thermal power outputs of the

CHP units at time t (MW), respectively. Pf hpmg/eoal/bio o g Q:hp g/ coal /bio

indicate the
electrical and thermal power outputs of ng-fired, coal-fired, and bio-fired CHP units,

respectively (MW). 1cp ng /coal /bio are the electrical conversion efficiencies of the three types

of CHP. Additionally, thp "8 represents the natural gas input for ng-fired CHP units
in m3/h, while mihp <01l and mfhp’blo represent the coal and biomass fuel inputs for their
respective CHP units in tons/h. The thermal-to-electric ratios for the three types of CHP

units are given by 7y ng/coal /bio-
4.  Fired boiler

The FB also can use coal, natural gas, and biomass as fuels, termed coal-fired FB,
ng-fired FB, and bio-fired FB, respectively. The thermal power outputs of the three types of
FBs can be expressed as follows:

b b, b,coal b,bi
th{b _ Q{ ng + Q{ ijb + th‘ io
Mn g
Qt & = Ufh,ngLHV”XVt g/lOOO (19)
fb,coal fb,coal
th bi - ﬂfb,coulLHVcoalmbth
Q"™ = gy pioLH Viior] "™

where Q{ b represents the total thermal power output of the FB units at time ¢ (MW). The
variables Q{ bng/coal /b0 genote the real-time thermal power outputs of coal-fired, ng-fired,
and bio-fired FB units (MW), respectively. The parameters 7y ¢ /coal /vio T€present the
energy conversion efficiencies of the three types of FB units. Additionally, LHV ¢ /a1 /bio
indicates the calorific values of the respective fuels, measured in kWh/m? or kWh/ton. The
variables V"8, /P02l fbibi
L t

for the respective FB units, measured in m?3/h or ton/h.

,and m! """ represent the inputs of natural gas, coal, and biomass
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5.  Electric boiler

The EB use electrical to generate heat through electromagnetic induction or resistance
heating. The thermal power output of an EB is described by Equation (20).

Q5 =y PF? (20)

where Q¢! and P{? represent the thermal power output and electrical power input of the
EB at time f in MW. The parameter 7., denotes the conversion efficiency of the EB.

6.  Electric chiller

The EC use electrical energy for cooling through a compression mechanism. The
cooling power output of an EC is given by Equation (21):

& = PP (1)

where PEC and QFC represent the electrical power input and the cooling power output at
time ¢t in MW. The parameter COP,. is the coefficient of performance of the EC.

7. Absorption chiller

The AC converts low-grade thermal energy into cooling power, with the output
cooling power represented as shown in Equation (22):

?c,cool _ COP,;C Q?C (22)

where Q7! and Q% denote the cooling output power and thermal input power of the
AC at time t (MW), respectively, while COP,. represents the coefficient of performance of
the AC.

8.  Energy storage equipment

The energy storage devices considered in this paper include NST, OST, and BT. The
mathematical models for these three types of storage are similar, with the primary differ-
ences being the storage medium and the charge/discharge capabilities.

The state of energy storage at each time step can be described by the previous time
step’s state and the current time step’s charge/discharge state. The storage state must
satisfy the constraints of initial and final state consistency, as well as the upper and lower
limits of storage capacity, as shown in (23).

Vel i en—
Syt = Spu-1(l—og) + | T T At
e Y Y V'g,lts/ﬂ'y,dis

2<t<T—-1 (23)
Syt =05-Cap, t=1,T
V'y,mincupy < S’y,t < Vy,maxcapy

The storage devices also should satisfy charge/discharge rate and power constraints,
as shown in (24).
h h
0< V’?,t < ﬁwhxc%'tCapy
0.< VIF < BoaisxiCapy (24)
xEY’ft + xilj <1
where B, ., and B, 4is represent the charge and discharge rates, reflecting the relationship
i
i
that charging and discharging do not occur simultaneously at any time .

between charge/discharge flow and capacity, while x“jl‘t and x%% are 0-1 variables ensuring
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9.  Nitrogen generators

Nitrogen generators are primarily employed in the lithium battery industry using
pressure swing adsorption technology to produce high-purity nitrogen at 99.99% purity,
serving as protective gas in lithium battery production. The nitrogen flow rate generated
by the PSA is expressed as (25):

psa psa
Vr;)istht B Wpsaptpsa (25)
Voxy,t = /\PS“ Vnit,t

where Vﬁ{; denotes the nitrogen flow rate from the PSA at time f, measured in
m>/h. 77psq represents the nitrogen production efficiency of the PSA, P/™* is the power
consumption of the PSA, measured in MW, and A, is the coefficient for oxygen
enrichment production.

10. Carbon capture after combustion and oxygen-enriched combustion technology

Oxygen-enriched combustion technology, as a mature technology in energy-intensive
industries such as glass manufacturing, faces primary challenges of high oxygen production
costs and substantial energy consumption, which can be effectively addressed within the
proposed nitrogen—oxygen coupling framework [36,37]. By utilizing oxygen-enriched tail
gas from nitrogen generators essential for pressure swing adsorption production lines, the
system can acquire oxygen at minimal marginal cost. Consequently, the high-concentration
CO;, flue gas generated from oxygen-enriched combustion can effectively enhance CCS rates
while significantly reducing energy consumption and costs for carbon capture. Therefore,
the application of CCS and storage combined with oxy-fuel combustion in lithium battery
plants demonstrates robust technical and economic feasibility. This paper considers post-
combustion carbon capture technology and oxygen-enriched combustion. The power
consumption of the CCS unit and the corresponding oxygen consumption for each unit are
given by Equations (26) and (27), respectively.

PtCCS — pccs _|_ CCS + CCS

 Tchpt fb,t Ibm,t
ccs o chp,x chp,x Hchp,x
Pchp,t = Kepu Z . Scarb &y Pt
xe{ng,coal,bio} 26)
ccs _ fbx fbx ~fbx
Payy = Kepu Lo Q
xe{ng,coal bio}
— Ib
Plcbcri,t = Kepuly "y Carppy
z€Z
chpoxy chp,x chp,x
Vt = Y ¢ Ochp,oxypt
xe{ng,coal,bio} 27)
fb,oxy o fb,x fb,x
Vt - )3 gt Ofb,onyt
xe{ng,coal bio}

where x.p, represents the energy consumption for capturing one ton of CO;, MWh/ton,

alt™ denotes the capture level of the CCS in the lithium battery manufacturing process,

zxfhp/ X indicates the carbon capture efficiency of the CCS for the three types of CHP /FB

chp/fbx
carb
ton/MWh, and 0.1,/ fp 0xy 1S the oxygen consumption rate per unit power of CHP/FB units

units, € represents the carbon emission intensity of the three types of CHP/FB units,

when operating under oxygen-enriched combustion conditions, m3/MW.
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The carbon capture levels of the CCS for CHP and FB units depend on whether they

. . . . Oxy .
undergo oxygen-enriched combustion. Binary variables a Fomax and & g, 4, are introduced
to indicate the oxygen-enriched combustion status of the units, as shown in Equation (28).

chyp, chp,x chp, chp,x\ chp,x
0<u < -~ ! oxly]max +(1-G P ‘Xma’:x
bx bx fbx b,x b,x
0< ‘X{ < C{ ‘ngy,max + (1 - C{ )“é‘tax (28)

b
0 < oy " < (lem,max

Considering oxygen-enriched combustion and carbon capture, the net carbon emis-
sions can be calculated according to Equation (29).

chp,carb chp,x\ _chp,x ,chp,x
E§ = r (1-a")enn
xe{ng,coal bio}
fb,carb . fbx\ fbx5fbx
E; - )y I—w ‘C’carbpt (29)

xe{ng,coal bio}

Ibm,carb b
E, = (1 — m) Y Carpy,
z€Z

3. Planning of the Lithium Battery IIES

This section establishes a planning model for a typical lithium battery IIES considering
the scheduling of lithium battery production, including the objective function and constraints.

3.1. Objective Function

The objective of the system planning is to minimize economic expenditures over the
planning period. This involves initial equipment investment costs Cis and Cfi’;”, electricity
trading costs Cgy4, various fuel purchase costs Cy,,, operation and maintenance costs of
system equipment C,;;, penalty costs for renewable energy curtailment and heat reduction
Ccurt, and carbon tax costs/revenues Cegpp tax-

The formulation ensures that all relevant economic factors are accounted for in opti-
mizing the energy system for lithium battery production.

Czes Clbm
MinCpy = M
(1 + 1’) (30)
nd(Com + Cgrid + Cfuel + Ceurt + Ccurh,tux)
iENy (1+r)

where Nj, represents the number of years in the planning period and 1, represents the
number of typical days considered.

1.  Equipment investment costs

The investment costs for equipment include the investment in integrated en-
ergy system (IES) equipment and lithium battery production equipment, as shown in
Equations (31) and (32):

cpu

Apy + Cino Cﬂpccs}l-
cnp,
)3 ( ms Capchp x T Clny C“be x)
Cles — xG{Coal ng,bio} (31)
" mvcapd’ + Cmvcapec + Clnvcapﬂc_l_

Yy s Caps + c Cappsu
se{nst,ost,bt}

wt Nwt + C

Z}’l?} mo

Cff;z'f =) ctom, “Cap; (32)

mo
zeZ
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where c?nv represents the unit investment cost of equipment @, which may be expressed in

units such as CNY/MW, CNY/MWh, or CNY/m? depending on the type of equipment.
Nyt denotes the number of installed wind turbines, A, represents the installed area of
photovoltaic panels in square meters, and Capy indicates the capacity of the equipment in
megawatts (MW).

2. Operation and maintenance costs

r t t pv ppo
P el Hepe
chp,x Hchp,x X X
(com PP +c£m Ptf )+
xe{ng,coal,bio}
b
Com =Y. | +comQf + Qi + cfr,Qf + (33)
teT + Z C(s)m (VtS,C”l+‘/g;S)+
se{nst,ost}
hin (Pft’Ch—i—Pft’dlS) Cg;;zpfsa

where cf,, denotes the operation and maintenance costs of the equipment, measured in
CNY/MW or CNY/m?.

2. Electricity trading cost

rid,bu rid,bu id cell pgrid,sell
Corid = ), (c? Y sy _ cgrideell p§ At (34)
teT
where Pf"rld’huy and Ptg ridsell o re electricity purchase and sale power at time ¢, measured in
MW, while cf”d’b”y and 8"l are the corresponding prices in CNY /MWh.

4. Fuel purchase costs

Fuel purchases mainly consider the procurement of coal, natural gas, and biomass, as

shown in (35).

Cngvng,buy + Ccoulmcoul,buy+

Cf“‘?l = Z < bio tbio,buy f At (35)
teT \ €My

where 8 represents the purchase price of natural gas (CNY/m?), ¢ and c" denote the
purchase prices of coal and biomass (CNY/ton), respectively. thg’buy is the quantity of
natural gas purchased at time t (m?/h), while mwal P4 and mfio’buy are the quantities of
coal and biomass purchased at time ¢ (tons).

5. Curtailment penalties

wt wt, fore wt
C 2 Court Pt - Pt + At (36)
curt =
pv pv, fore PV heat rest
teT | Court Pt — b ) curtQ

where Pwt/pv fore and tht/pv

represent the maximum forecasted outputs and the actual
outputs of WT and PV, respectively (MW). ci‘%py and c"“® are the penalty prices for
wind/solar curtailment and heat curtailment (CNY/MWh). Q’ESt represents the curtailed

heat at the thermal bus at time t (MW).
6. Carbon tax
The carbon tax cost to be paid is given by Equation (37):

Echp,carh Efb carb+
carb tax — Z Ccarb tax lbm carb grld grid,buy At (37)
teT E + caer
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where c.4p 14y Tepresents the carbon tax price (CNY/ton) and s‘g;ﬁ is the carbon emission
factor of external grid (ton/MWh).

3.2. Constraints

1.  Bus balancing

Bus balancing specifically includes electrical, thermal, cooling, nitrogen, and oxygen
bus. For the electrical bus, its balance relationship is shown as Equation (38):

Pzgrld,buy + tht + Ptpv + Ptchp + Ptbt,dis _

psridsell | peb | pec | pbhch | pelec (38)

The thermal bus balances are given by expressions (39) and (40):
Q' + Q" + Q" = QfF + L (39)
Qi = Q" + Q" + Q" — QfF — L= (40)

The cooling demand is primarily met by AC and EC and the cooling bus balance is
shown as (41):
ttzc,cool + ch > Lfool (41)

The nitrogen bus balance is represented by (42):

di it,b ,ch
VI 4 VIO Ly — st L YN, (42)
i€Z
where Vt"it’b“y indicates the amount of nitrogen purchased (m?).

Regarding the oxygen bus, as shown in (43), the oxygen is primarily sourced from the
PSA nitrogen generator’s oxygen-rich tail gas, mainly used for oxygen-enriched combustion
in CHP and FB units, with excess oxygen being vented. Additionally, OST participates in
peak shaving and valley filling for oxygen supply and demand.

Vtost,dis + Vop;ya,t > VtOSt’Ch + Vtchp,oxy + thh,ost (43)

2. Installation capacity constraints

Various types of equipment within the lithium battery IIES must adhere to installation
capacity requirements expressed by Equation (44).

0 < Cap* < Captma (44)

where ) denotes the index for all equipment, and Cap*™** represents the upper limit of
installation capacity for that equipment.

WT and PV, due to the specificity of their installation, should primarily be constrained
by available construction area, as shown in expressions (45) and (46).

0<25m- Nwt(th)Z < bwt’mpswt,mux (45)

0 S SPZ) S Spv,max (46)

where SV and SPYMaX denote the installation limits for WT and PV, respectively.
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3. Equipment operational constraints

The actual electrical output of WT and PV units should be less than their respective
forecasts, as shown in (47) and (48). The electrical or thermal outputs from other equipment
must adhere to the constraints in (49).

0 < Pt < pUvfore (47)
0< Ptpv < Ptpv,fore (48)

{ ,MX,minCﬂPX < Pg( < ﬂ;(,maxcapx (49)

,u)(,mincapx < Qi( < Hx,maxCﬂPX

where 5 1nin and gy, max are the minimum and maximum ratio of the output to the capacity
of equipment yx.

4.  Energy purchase constraints

The internal purchasing of electricity within the system must satisfy Equation (50).

b(tgrid,buy . Pgr_id,buy < Pzgrid,buy < bfrid,huy . Pgrid,buy

max

min
rid,sell rid,sell rid,buy rid,sell rid,sell
bct‘Z ’ Pré;in < P;g < bf : Pr%\ax (50)

bfrld,buy + btgrzd,sell <1

where bfnd’buy and btgmd’se” are binary variables indicating the purchase and sale status,
Pﬂﬂ"’”y and Prgnrif’buy denote the upper and lower limits of electricity purchasing (MW).

The other purchasing constraints are defined as follow:

b hp, b,
A R vl +th ng
ng,bu ng,buy ng,bu
Vmill by = Vtzf Jz = VHZ%X ;/
coal ,bu chp,coa ,coa
m, e ™y P —l—m{ (51)
coal,buy coal,buy coal,buy
m in < my < Mmax
m?io,buy _ m;hp,bio +m{h,bia
bio,bu bio,bu bio,bu
m in Y <m, v < Mmax Y

b b .
where Vs, and Vrﬁéfn " represent the upper and lower limits of natural gas purchas-
coal /bio,buy and mcoal/bio,buy

ing (m3/h), while mmay min denote the upper and lower limits of

coal/biomass fuel purchasing (ton/h).

4. Case Study
4.1. Case Description

Based on the current lithium battery production lines, a planning study for the
lithium battery IIES is conducted in the southeastern coastal region of China, with a
total planning horizon of 20 years. This study assumes that the power structure remains
unchanged throughout the entire planning period, with the grid carbon intensity fac-
tor consistent with China’s average electricity carbon footprint factor in 2023, which is
0.6205 kgCO,e/kWh [38].

To evaluate the comprehensive performance of process scheduling and energy recov-
ery in the formation discharge process, four cases were designed for comparative analysis.
The energy recovery methods selected were battery recycling and heat recovery technolo-
gies, which comprehensively cover the major recoverable energy forms (electrical and
thermal) in lithium battery manufacturing processes, providing representative evaluation
of available decarbonization pathways. Based on the controlled variable principle, the
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specific configurations are as follows: Cases 1 and 2 evaluate the synergistic effects of
combining process scheduling with different energy recovery approaches. Case 1 considers
process scheduling and battery recycling during the formation discharge process. The
current formation discharge efficiency is approximately 90%, and the feedback efficiency of
battery recycling technology ranges from 60% to 80%, resulting in a recovery efficiency of
about 54% to 72% [39]. This case assumes a recovery efficiency of 60%. Case 2 considers
process scheduling and heat recovery during the formation discharge process. Given that
the efficiency of air-to-air heat exchangers ranges from 45% to 50%, the recovery efficiency is
approximately 40% to 45% [40]. This case assumes a recovery efficiency of 40%. Case 3 con-
siders process scheduling during the formation discharge process without energy recovery
to demonstrate the singular impact of process scheduling. Case 4 serves as the control base-
line, representing current industrial practice without optimization interventions. Therefore,
the investment cost of lithium battery production equipment is not considered in this case.

The lithium battery factory produces 100 MWh of batteries per day. In addition to
the core production processes, the electrical, heating, and cooling loads of the workshops,
office buildings, and dormitory areas are illustrated in Figure 3. The time-of-use (TOU)
pricing structure depicted in Figure 4 is derived from the large industrial electricity tariffs
of Jiangsu Province, China in 2019, with peak periods at 9:00-12:00 and 19:00-22:00. The
energy consumption and carbon emission parameters for each process in lithium battery
production, as detailed in Table 1, are derived from life cycle analyses found in [41-44],
ensuring alignment with current industry practices. Detailed technical specifications for
related equipment and processes are provided in Appendix B. The equipment efficiency
parameters are obtained from manufacturer specifications and industry standards, while
the lithium battery production process parameters are derived from validated industrial
sources [3,12].
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Table 1. Lithium battery production parameters.
Unit Energy Consumption Unit Direct
Number Process Name Carbon Process  Production
Electricity Heat (kWh) Cooling Nitrogen Emissions Type Cycle (h)
(kWh) (kWh) (m3/MWh) (tCOL/kWh)
1 Lithium iron phosphate 3.06 6.96 0 1692 0.018 0 6
preparation
2 Graphite preparation 3.56 3.35 0 392 0.013 0 6
3 Anode manufacturing 0.59 2.77 8 45 0 1 1
4 Cathode manufacturing 0.59 2.67 4 45 0 1 1
5 Anode drying 0.01 0.44 0 500 0 0 12
6 Cathode drying 0.01 0.44 0 500 0 0 12
7 Cell assembly 1.97 0 0 300 0 1 1
8 Formation charge 4.85 0 0 50 0 0 4
9 Formation discharge 291 0 0 0 0 0 4
10 Aging 0.49 0.19 0 300 0 0 2
4.2. Case Results
1.  Economic Analysis
The economic results of each case are shown in Table 2.
Table 2. Optimized configuration results: itemized costs.
Case 1l Case 2 Case 3 Case 4
Total cost (k¥) 13,811,380.8 14,199,531.5 16,321,136.0 10,138,279.5
Capital Expenditure ~ Production equipment investment (k¥) 8,101,592.1 7,991,875.0 8,144,897.0 N/A
(CapEx) Investment in other equipment (k¥) 996,216.6 1,025,897.9 1,089,965.7 1,128,267.7

Total cost (excluding production

. . 5,709,788.8 6,207,656.5 8,176,239.0 10,138,279.5
equipment investment) (k¥)

Operation and maintenance costs (k¥) 358,759.8 359,703.7 390,570.7 389,975.9
Electricity trading cost (k¥) 824,604.4 1,353,783.9 2,364,199.6 3,996,347 .4
Operating Natural gas purchasing cost (k¥) 1,634,014.6 1,371,958.1 1,727,959.4 1,620,289.7
Expenditure (OpEx) 'Coal purchasmg cost (k¥) 975,371.6 870,440.4 973,265.9 895,478.6
Biomass purchasing cost (k¥) 798,689.0 798,689.0 798,689.0 798,298.6
Nitrogen purchasing cost (k¥) 0.00 0.00 0.00 31,433.8
Oxygen purchasing cost (k¥) 0.00 0.00 0.00 0.00
Carbon tax cost (k¥) 774,203.2 1,092,877.6 1,493,938.7 1,909,691.5
Biomass carbon tax reward (k¥) —652,070.5 —665,694.0 —662,350.0 —631,503.6

In terms of economics, when excluding process equipment investment, Case 1 demon-
strates the most favorable economic performance with the lowest total cost throughout the
planning period. The cost reduction compared to the baseline Case 4 is most substantial
in Case 1, achieving a 43.7% reduction in total cost. Case 2 and Case 3 show progres-
sively smaller reductions of 38.8% and 19.4%, respectively, relative to Case 4. The superior
performance of Case 1 over Case 2 stems from the higher efficiency of battery recovery
compared to heat recovery, which is particularly impactful given electricity’s dominance in
lithium battery production energy consumption. Overall, the implementation of process
scheduling enables a 19.4% cost reduction versus the baseline, while incorporating battery
recovery and heat recovery provides additional reductions of 30.2% and 24.1%, respectively,
demonstrating the significant economic benefits of the proposed methodology.

From an environmental perspective, progressive reduction in carbon tax cost, which
serves as a direct proxy for total carbon emissions, quantitatively demonstrates the con-
tribution of each decarbonization strategy. Process scheduling (Case 3) establishes the
foundation, reducing the carbon tax by 21.8% from the baseline (Case 4) by optimizing
energy procurement. The integration of energy recovery technologies delivers further sub-
stantial reductions: heat recovery (Case 2) provides an additional 26.9% decrease, while the
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superior battery recovery (Case 1) achieves the highest incremental benefit of 29.1%, under-
scoring its greater efficacy in displacing carbon-intensive grid electricity and maximizing
overall decarbonization. This is achieved by optimizing the energy use profile through
process scheduling, reducing electricity consumption, and utilizing the oxygen-rich tail gas
recovery from nitrogen generators for oxygen-enriched combustion and carbon capture.

2. Configuration Capacity and Investment

The configuration capacities and investment proportions are compared in
Figures 5 and 6, respectively.
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Figure 5. System equipment configuration capacity.
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Figure 6. System equipment investment proportion.

Due to the high construction and maintenance costs of renewable energy units, the total
investment shares for WT and PV are approximately 29% and 20%. Each case configures
55 MW CHP units, accounting for about 18% of the total investment. Although the installed
capacity of bio-fired CHP is not large, its relatively high investment cost—about 6.3 times
that of coal-fired CHP and 3.7 times that of natural gas-fired CHP—results in an 8.48%
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share of the total investment. Additionally, since multiple processes in lithium battery
manufacturing require protective gases and strict moisture control, the nitrogen generators
represent about 15% of the investment. The cost of heating equipment FB accounts for 1%
in all cases. In Case 1, the cost of configuring EB accounts for 1% of the total investment.
The costs for two types of cooling equipment, EC and AC, represent approximately 4% and
9%, respectively. In Case 2, battery storage investment accounts for 3% of the total, while in
Case 3 and Case 4, it accounts for 5%. This demonstrates that battery recovery during the
formation process increases electrical flexibility, reduces the need for battery storage, and
thereby lowers overall costs.

4.3. System Operation Analysis

1.  Manufacturing schedules and production load

The manufacturing schedules of Case 1 to Case 3 are illustrated in Figure 7. It can
be seen that the main difference focuses on the formation discharge stage. In Case 1 and
Case 2, energy recovery predominantly occurs during off-peak hours of the TOU pricing
to meet higher production demands during these times. The energy recover strategy
significantly enhances the economic efficiency of the production process by leveraging
lower electricity costs during off-peak periods. Case 3 is constrained by the upper limit of
equipment production capacity and opted for less investment in production equipment
and sustained production. Furthermore, the cell assembly stage also shows noticeable
differences among the three cases. Furthermore, the anode manufacturing stage also shows
noticeable differences among the three cases. Compared with Case 3, Case 1 and Case 2
attenuate the response to TOU pricing because the energy recovery strategy provides part
of the production energy and reduces the dependence on equipment capacity. The cell
assembly process follows similar trends.
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Figure 7. Manufacturing schedules of Case 1 to Case 3.

However, the manufacturing schedules of the three cases also have common features.
For interruptible processes such as anode manufacturing, cathode manufacturing and
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cell assembly, they are primarily adjusted based on TOU pricing. Production is increased
during off-peak hours and reduced or halted during peak hours. For non-interruptible
processes, including preparation of lithium iron phosphate and graphite, electrode dry-
ing, formation, and aging, high investment costs for production equipment necessitate
minimizing equipment investment, leading to generally stable production.

The process loads of each case are shown in Figure 8. Compared to Case 4, the
electrical loads of the other cases show two valleys, during 9:00 AM to 12:00 AM and
4:00 PM to 7:00 PM, respectively. This is consistent with the two peaks of the TOU pricing.
That is to say, process scheduling can better enable production loads to respond to TOU
pricing, resulting in significant savings in electricity costs. Compared with Case 3, the
peak-to-valley difference between the electrical loads in Case 1 and Case 2 is larger, which
indicates that the energy recover strategy can better supply peak loads. Additionally, due
to the coupled electric heat—cooling nature of the processes, the heating and cooling loads
also exhibit characteristics similar to those of the electric loads.
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Figure 8. Processes load: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4.

2. Multi-energy bus balance

The system’s balance of electricity, heat, cooling, nitrogen, and oxygen-enriched buses
is shown in Appendix A, Figure Al. The energy recover strategy significantly enhances
the economic efficiency of the production process by leveraging lower electricity costs
during off-peak periods. As illustrated in Figure Ala, the primary sources of electricity
for the system include WT/PV output, electricity purchases, CHP electric output, and
recovered electricity from the formation process. Major electricity demands encompass
production power, EB, PSA, and CCS. Due to the influence of TOU pricing, two peak
electricity consumption periods occur from 1:00 to 8:00 and 13:00 to 17:00. During high-
price periods, the system reduces electricity purchases and utilizes stored energy from BT
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to meet power demands. As shown in Figure Alb, the system’s heat energy primarily
supplies the thermal requirements of the lithium battery production process, such as anode
manufacturing, cathode manufacturing, anode drying, cathode drying and aging, as well
as the thermal needs of auxiliary production equipment (e.g., dehumidifiers) and non-
production areas. The primary sources of heat are CHP units, FB, and EB. Figure Alc shows
that the system’s cooling demand is primarily met by EC, with AC as a supplementary
source. As depicted in Figure Ald, the PSA nitrogen generator, which supplies nitrogen
for production processes, frequently operates at full capacity. Additionally, a 182,559 m?
nitrogen storage tank allows for increased nitrogen production during low electricity price
periods to meet high-demand periods. Figure Ale illustrated that oxygen is sourced from
the PSA tail gas recovery unit, providing a stable concentration of approximately 30%,
suitable for oxygen-enriched combustion in CHP and FB. CHP consumes more oxygen
overall, and an OST with a capacity of 2117 m? is employed to balance supply and demand
peaks and troughs.

3. Output of key equipment

Figures 9 and 10 depict the output composition of CHP and FB. Within the CHP units,
both coal-fired CHP and bio-fired CHP operate at full capacity throughout. This is because
CHP operates in a heat-first mode in this paper where the thermal-to-electric ratio of
coal/bio-fired CHP is higher than that of ng-fired CHP, prioritizing output to meet thermal
demands. Regarding FB, bio-fired FB’s thermal efficiency is 0.9, surpassing coal-fired FB’s
0.6. Moreover, biomass fuels can achieve “negative carbon emissions” when combined
with CCS to qualify for carbon trading subsidies, placing its output priority at the highest
level, operating at full capacity for most periods.
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Figure 9. Electrical power of CHP, Case 1.
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Figure 10. Heating power of FB, Case 1.
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4. Carbon capture status

The paper considers the impact of oxygen-enriched combustion in CHP and FB on
the maximum carbon capture level of CCS. If oxygen-enriched combustion is employed,
the maximum carbon capture level reaches 95%; otherwise, it remains at 90%. The oxygen-
enriched combustion and carbon capture status for the three types of CHP and FB are
illustrated in Figure 11. Among the CHP units, coal-fired CHP exhibits the highest car-
bon emission intensity, making it a priority candidate for oxygen-enriched combustion.
Similarly, among FB units, coal-fired FB has the highest carbon emission intensity and is
prioritized for oxygen-enriched combustion. Oxygen-enriched combustion in bio-fired
CHP/FB can enhance negative carbon emission reward. In Case 1, negative carbon emis-
sion reward reaches CNY 65,207.04 million, significantly aiding in decarbonizing lithium
battery production.
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Figure 11. Bus balance for each energy flow: (a) CHP; (b) FB.

4.4. Multi-Criteria Decision Analysis

Based on the comprehensive experimental results and analysis presented above, this
section employs MCDA to conduct a systematic evaluation of the four cases and identify
the optimal solution.

The specific evaluation criteria and their weights are presented in Table 3. Based on
the characteristics of lithium battery manufacturing decarbonization and the requirements
of industrial energy system planning, the criteria selection follows three fundamental
principles: (1) alignment with decarbonization objectives; (2) consideration of industrial
feasibility; (3) quantitative measurability from case study results. The criterion weights are
determined through a hybrid approach combining the Analytic Hierarchy Process (AHP)
with industrial expert consultation and literature review.

Table 3. MCDA evaluation criteria system.

Dimension Criteria Code Optimization Direction = Weight
Fconomic Total System Cost Cy Minimize 30%
Cost Reduction Ratio Cy Maximize 25%
Envi | Carbon Tax Cost (@ Minimize 25%
nvironmenta Carbon Reward Achievement Cy Maximize 20%

Note: Total system cost and carbon tax cost are defined in Section 3.1; cost reduction ratio and carbon reward
achievement are presented in Table 2.

Subsequently, the TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution) method [45] is adopted due to its effectiveness in handling multiple conflicting
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criteria and its wide acceptance in energy system planning studies. Following the TOPSIS
normalization and weighting procedures, the weighted normalized performance matrix is
obtained. Table 4 shows the key intermediate results including the positive ideal solution
(PIS) and negative ideal solution (NIS). The final MCDA evaluation results are presented in
Table 5.

The comprehensive MCDA evaluation unequivocally identifies Case 1, which com-
bines process scheduling with battery recovery technology, as the optimal solution among
the four evaluated cases. Both Case 1 and Case 2 demonstrate competitive performance
levels due to their incorporation of process scheduling optimization, with Case 1’s bat-
tery recycling technology (60% recovery efficiency) providing additional advantages over
Case 2’s heat recovery approach (40% recovery efficiency). Case 3 exhibits a moderate per-
formance level with a closeness coefficient of 0.665, as it benefits from process scheduling
but lacks energy recovery mechanisms during the formation discharge process. Case 4, serv-
ing as the baseline scenario without process scheduling consideration, exhibits significantly
lower performance.

Table 4. Weighted normalized matrix and ideal solutions.

Criteria Weight Case 1 Case 2 Case 3 Case 4 PIS NIS
G 0.30 0.204 0.210 0.241 0.298 0.204 0.298
G 0.25 0.189 0.178 0.114 0.000 0.189 0.000
Cs 0.25 0.075 0.106 0.145 0.185 0.075 0.185
Cy 0.20 0.131 0.134 0.133 0.127 0.134 0.127

Table 5. MCDA evaluation results and ranking.

Case Distance to PIS (D*)  Distance to PIS (D~)  Closeness Coefficient (CC;) Ranking

1 0.021 0.237 0.919 1
2 0.041 0.206 0.834 2
3 0.082 0.163 0.665 3
4 0.188 0.065 0.257 4

5. Conclusions

To support low-carbon transitions in industry and transport, this paper models and
plans an IIES for lithium battery manufacturing and proposes a planning methodology
that incorporates process scheduling. By lowering the battery manufacturing cost, it
holds substantial potential for reducing the lifetime levelized cost of energy (LCOE) of
downstream energy storage systems. The conclusions of this paper are as follows:

1. A lithium battery energy—carbon material flow model was developed considering
delays in process production and intermediate product storage. This model accurately
depicts schedulable processes, providing a realistic reflection of actual production
activities and laying the foundation for the planning of lithium battery IIES.

2. By considering process scheduling, the proposed planning methodology for lithium
battery IIES effectively taps into the adjustable potential of lithium battery production.
It can respond efficiently to time-of-use electricity pricing by adjusting production
schedules, smoothing production loads, and reducing the need for equipment (es-
pecially storage equipment), cutting total system costs by 19.4%, with the closeness
coefficient under MCDA increasing from 0.257 to 0.665.

3. Given the high energy consumption of the formation stage, this study introduces
energy recovery pathways. The battery recovery method achieves an additional
cost reduction of 30.2%, which is 6.1 percentage points higher than the heat re-
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covery method’s 24.1%, delivering superior economic performance. The MCDA
further demonstrates that the integration of battery recovery with process schedul-
ing achieves a closeness coefficient of 0.919, significantly outperforming the other
three cases and representing the optimal balance between economic efficiency and
environmental sustainability.

4. Recovering oxygen-rich PSA tail gas reduces oxygen costs and enables oxygen-
enriched combustion with CCS. With oxygen-enriched operation, the maximum
CCS capture level increases from 90% to 95%, effectively reducing system carbon
emissions. In Case 1, the negative carbon reward reaches CNY 652,070,400, and the
carbon tax falls to 40.5% of the baseline (Case 4).

However, the modeling and planning research for lithium battery integrated energy
systems presented in this manuscript still exhibits several limitations. Future work should
pursue more in-depth investigations in the following areas:

1.  The planning methodology adopts perfect foresight assumptions without considering
operational uncertainties and employs typical-day representation, which may inad-
equately capture seasonal variations and long-term trends. Future research should
develop stochastic optimization frameworks accounting for renewable variability,
demand uncertainties, and price fluctuations.

2. The system model simplifies the production chain into continuous and discontinuous
processes without capturing complex interdependencies, and limits energy recovery
to two mature pathways with fixed efficiencies. Future research should integrate
detailed process models, explore advanced energy recovery technologies, and develop
multi-objective optimization frameworks.

3. The case study focuses solely on LFP battery manufacturing without addressing
other chemistries (NCM, NCA) or different production scales. Future investigations
should extend the framework to diverse battery chemistries and production capacities,
establishing scalable methodologies for heterogeneous manufacturing processes.
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Appendix B

Table A1l. Factory fixed load.

Summer Typical Day (MW)

Transitional Season

Winter Typical Day (MW)

Time (h) (Spring/Autumn) (MW)
Power Heating  Cooling Power Heating  Cooling Power Heating  Cooling
1 0.32588 0.13484 0.17387  9.24158 1.67117 1.63610 8.65017  6.09279 0.82512
2 0.15018 0.12886 0.17796  3.93350 1.77015 1.70645  3.34208 6.15369 0.82809
3 0.16346 0.12886 0.18205  4.47965 1.73026 1.77679  3.88823 6.08714  0.82544
4 0.27674 0.15448 0.18615 7.96857 1.79621 1.84714 7.37716 6.05280 0.82833
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Table A1. Cont.
Summer Typical Day (MW) Transitional Season Winter Typical Day (MW)
Time (h) (Spring/Autumn) (MW)
Power Heating  Cooling Power Heating  Cooling Power Heating  Cooling
5 0.28013 0.15442 0.20272 7.93137 1.80671 2.13196 7.33996 6.19883 0.83368
6 0.29286 0.16118 0.21566 8.07599 2.09914 2.35419 7.36629 6.07910 0.83082
7 0.28354 0.16076 0.23893 6.85023 3.13749 2.75398 6.14053 5.97074 0.96024
8 0.45247 0.39975 0.30419 1191805  3.67880 3.10024 11.20835  4.94652 1.53924
9 0.54670 0.54300 0.37906 14.74507  3.71767 3.69703 14.03537  5.08340 1.85076
10 0.56176 0.56611 0.42183 15.19675  3.74291 4.28489 14.48705  5.12417 2.07694
11 0.46371 0.54122 0.42937  12.72856  3.78326 4.38854 12.01886  5.03220 2.35930
12 0.47994 0.54937 0.44100 13.21548  3.72378 4.54844 12.50578  4.94449 2.39306
13 0.56557 0.53597 0.44919 1542934  3.76787 4.66102 14.71965  5.06609 2.40171
14 0.55591 0.55383 0.44510 15.16322  3.81438 4.60474 14.45352  4.20648 2.40414
15 0.56001 0.53964 0.44228 15.38103  3.71394 4.56595 14.67133  4.19068 2.39276
16 0.40360 0.54554 0.43821 10.68854  3.63536 4.51002 9.97884 4.18629 2.38279
17 0.40521 0.51080 0.41838 10.73699  3.61823 4.23754 10.02729  5.12107 2.38279
18 0.43233 0.49563 0.37185 12.02370  3.61603 3.59786 11.31400  5.11572 2.36855
19 0.38807 0.50154 0.27383 10.93236  3.31138 2.68297  10.22266  5.17791 2.21199
20 0.46790 0.38922 0.21910 13.56385  2.41141 2.44041 12.85415  5.14159 1.62310
21 0.42163 0.16965 0.19174 11.22954  1.82857 1.94322 10.51984  4.96590 0.89911
22 0.40266 0.14147 0.18010 10.42378 1.86196 1.74331 9.71409 5.02169 0.82371
23 0.38438 0.13891 0.17619 9.87538 1.88014 1.67607 9.16568 5.12308 0.81914
24 0.28142 0.12727 0.17387 7.96934 1.82084 1.63610 7.25964 5.16140 0.81941
Table A2. Process production parameters.
Number Process Name Production Investment  Production Investment Storage Investment Maximum Production
(k¥YMWh) (Cap/MWh) (Cap/MWh) (per Unit)
1 Lithium iron phosphate 10,000 500 100 25 ¢
preparation
2 Graphite preparation 13,300 500 100 25t
3 Anode manufacturing 443,800 500 100 m?/h
4 Cathode manufacturing 443,800 500 100 m2/h
5 Anode drying 32,300 500 100 m?/h
6 Cathode drying 32,300 500 100 m?/h
7 Cell assembly 7740 500 100 per/h
8 Formation charge 8070 500 100 per/h
9 Formation discharge 1000 500 100 per/h
10 Aging 22,180 500 100 per/h
Table A3. Maximum installed capacity of equipment.
Equipment Value
Wind Turbine (Quantity, unit) 80
Photovoltaic (Area, m?) 400,000
Electric Boiler EB (Power, MW) 100
Electric Chiller EC (Power, MW) 50
Absorption Chiller AC (Power, MW) 100
Oxygen Storage Tank OST (Capacity, m?) 150,000
Battery BT (Capacity, MWh) 60
Carbon Capture, Compression, and Purification Unit CPU (Power, MW) 15
Pressure Swing Adsorption Nitrogen Generation Unit PSAN (Capacity, m®) 4,000,000
Nitrogen Storage Tank NST (Capacity, m?) 300,000
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Table A3. Cont.

Equipment Value
CHP_NG Unit (Power, MW) 20
CHP_coal Unit (Power, MW) 25
CHP_bio Unit (Power, MW) 10
Gas-fired Boiler FB_NG (Power, MW) 25
Gas-fired Boiler FB_coal (Power, MW) 20
Gas-fired Boiler FB_bio (Power, MW) 10
Table A4. Cell battery parameters.
Model CB310
Nominal Voltage (V) 3.2
Rated Capacity (Ah) 280
Nominal Energy (kWh) 0.896
State of Charge (SOC) at Shipment 0.4
Self-discharge Rate (/day) 0.001
Cell Weight (kg) 5.34
Cell Dimensions (mm) 173.9
Standard Charge Power (kW) 0.224
Standard Discharge Power (kW) 0.224

Table A5. Economic parameters of key equipment.

Number Equipment Name Unit Investment Cost Unit Unit Operation & Maintenance Cost Unit
1 Wind Turbine 8970 k¥/ MW 0.02 k¥/MWh
2 Photovoltaic 6630 k¥/MW 0.02 k¥/MWh
3 Natural Gas-driven CHP 2540 k¥/ MW 0.01 k¥/MWh
4 Coal-driven CHP 1500 k¥/ MW 0.01 k¥/MWh
5 Biomass-driven CHP 9500 k¥/MW 0.01 k¥/MWh
6 Gas Turbine 264 k¥/MW 0.01 k¥/MWh
7 Coal-fired Turbine 184 k¥/MW 0.01 k¥/MWh
8 Biomass Turbine 278 k¥/MW 0.01 k¥/MWh
9 Electric Boiler 750 k¥/ MW 0.01 k¥/MWh
10 Electric Chiller 800 k¥/MW 0.01 k¥/MWh
11 Absorption Chiller 2000 k¥/ MW 0.01 k¥/MWh
12 Oxygen Storage Tank 40 ¥/m3 0.005 ¥/m?3
13 Nitrogen Storage Tank 45 ¥/m3 0.005 ¥/m?3
14 Hydrogen Storage Tank 80 ¥/m3 0.005 ¥/m3
15 Battery Storage 950 k¥/MWh 0.05 k¥/m?
16 Nitrogen Generator 0.35 k¥/m3 0.84 k¥/m3

Table A6. Carbon emission reduction costs.

Equipment/Technology Price Unit

Investment Cost 1810  k¥/MW

Operating Cost  0.01  k¥/MWh
Battery Recycling Technology 4400 k¥/MWh

Waste Heat Recovery Technology 3400 k¥/MWh

The Carbon Capture Compression and Purification Unit
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