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ABSTRACT

China's cement industry accounts for over half of global production and contributes 8% of global
CO, emissions, making its decarbonization critical for achieving climate targets. While carbon cap-
ture and storage (CCS) and carbon capture and utilization (CCU) are essential deep decarboniza-
tion technologies, existing research has not adequately addressed the regional and temporal var-
iations needed for optimal pathway selection across China's diverse provinces. This study devel-
ops a comprehensive whole-systems optimization model to design provincial-scale decarboniza-
tion pathways for China's cement industry from 2025 to 2060. The model reveals significant spa-
tial and temporal heterogeneity in optimal technology combinations. Before 2050, traditional ce-
ment processes integrated with CCS (TCP-CCS) represent the dominant bridging technology for
low-carbon transition. However, reaching carbon neutrality by 2060 necessitates an eventual shift
toward widespread deployment of novel chemical processes combined with green hydrogen
(NCP-H2) as the ultimate decarbonization pathway. Notably, regional natural gas prices signifi-
cantly affect technology feasibility and deployment timing. The optimized transition pathway re-
duces unit clinker costs by approximately 58% compared to 2025 levels while successfully meet-
ing the 2060 carbon neutrality target. This research framework provides quantitative decision sup-
port for policymakers to design cost-effective, province-specific decarbonization strategies that
align with local resource endowments and economic conditions, ultimately advancing deep decar-
bonization across China's industrial sector.
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INTRODUCTION

In the face of global warming, countries worldwide
are pursuing economic development while striving for en-
vironmental sustainability [1-2]. The cement industry, as
a cornerstone of the built environment, accounts for a
significant percentage of global carbon emissions, mak-
ing it a critical area for decarbonization [3]. China, the
world's largest cement producer [4], plays a pivotal role
in achieving both domestic and global cement industry
carbon neutrality. Given that 58% of cement industry
emissions originate from calcination processes [5], deep
decarbonization cannot be achieved solely through alter-
native energy sources or equipment improvements. Even
emerging methane reforming technology for carbonate

https://doi.org/10.69997/sct.173685

decarbonization requires integration with renewable en-
ergy technologies such as green hydrogen and carbon
capture and utilization (CCU) to achieve net-zero emis-
sions [6-7]. Additionally, carbon capture and storage
(CCS) pathways represent another important pathway
for deep decarbonization [8]. A comprehensive compari-
son of economic and environmental performance for
these technologies, along with their applicable condi-
tions, is urgently needed.

While numerous studies have investigated carbon
reduction methods for the cement industry across China
[9], South Korea [10], Europe [11], and globally [12]. How-
ever, most studies only evaluate and compare different
processes under single or uniform conditions, failing to
consider how regional variations might affect technology
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performance rankings and optimal application scenarios.
Few studies have addressed regional heterogeneity
through refined spatial modeling, with notable examples
including comparative analyses across European coun-
tries. [13]. For China, significant resource disparities exist
across regions, with varying geological resources, re-
newable energy potential, and cement demand [14]. A
one-size-fits-all approach has clear limitations; each
province needs to adopt appropriate decarbonization
methods based on local conditions to meet the national
2060 carbon neutrality vision. However, research com-
paring green hydrogen and CCS technologies across dif-
ferent Chinese provinces remains limited.

Furthermore, given the long timeframe to 2060,
considering dynamic changes in decarbonization tech-
nologies over time is imperative [15-16]. Most studies fo-
cus on technology deployment endpoints rather than
how decarbonization pathways will evolve throughout
the entire transition period, including specific deployment
timing and sequencing [17]. These long-term, large-scale
technological transformations will significantly impact
overall economic and environmental performance, ne-
cessitating whole systems thinking models.

This study develops a comprehensive optimization
model for China's provincial cement industry low-carbon
transformation. It integrates regional heterogeneity in-
cluding renewable energy resources, fossil fuel prices,
electricity costs, CO, geological storage conditions, and
cement demand variations, while considering inter-pro-
vincial transportation of materials. Under constraints re-
garding cement demand, carbon emission targets, and
technological capacity limitations, the model minimizes
the total discounted net cost of system to provide tai-
lored transformation solutions for different regions and
identify advantageous scenarios for different technolo-
gies. Through multiperiod spatially explicit optimization,
the model considers annual capacity changes, produc-
tion adjustments, and inventory management, providing
optimal deployment timing and sequencing for low-car-
bon technologies. This research framework offers de-
tailed transformation pathway planning for cement enter-
prises and provides policymakers with optimal solutions
and policy recommendations for achieving carbon neu-
trality.

MATHEMATICAL FORMULATION

Objective Function

The model minimizes the total discounted net cost
(TDNC) of system from 2025 to 2060:

where DF: the discount factor for year t (assuming 5% an-
nual discount rate), and TC: is the total cost in year t.

Total cost comprises capital costs (cement pro-
cesses and energy facilities), fixed operating costs, and
variable operating costs including material procurement,
transportation, electricity/hydrogen trading, carbon tax,
CO, storage, and inventory holding, retirement costs and
offset by methanol revenue.
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Material and Energy Balance Constraints

Material flows are constrained to adjacent prov-
inces, with transportation between non-adjacent regions
achieved through sequential routing via intermediate
provinces.
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where ADJ denotes the set of adjacent province pairs.

The cement inventory balance ensures production
plus net imports equals demand plus net exports, main-
taining dynamic equilibrium across different years. Simi-
lar balance equations govern coal and CO, flows across
provinces, enabling inter-provincial resource allocation
and transportation optimization.
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Electric power balance:

Ele ene
S (ofxCaps, xh)
Jje{Wind,PV}

+Ele)” = (a4, xPro, ) (6)

it

+(a)§‘]§ x Cap2%  x h) +Ele  Vr,t

EC,rt
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where his 8760 hours. w represents the electricity and
hydrogen production coefficients per unit capacity of en-
ergy facilities (MWh/MW or ton H2/MW). a represents the
electricity and hydrogen consumption coefficients for
cement production process i (MWh/ton clinker or ton
H./ton clinker).

Capacity Evolution Constraints

i = 1 . . .
min TDNC ZDF’XTC' M The evolution of cement production capacity over
time is calculated in Equations (8) and (9). These equa-
DF = 1 ) tions account for new investments, automatic lifetime re-
o+ tirements, and early decommissioning, ensuring a
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dynamic balance of capacity.

Cap, = Capy , + Capy7™ )
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Equations (10) establish lower and upper bounds on
new capacity additions, linking the continuous variable to
the binary investment indicator.
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where Build,

ir,t

is a binary variable indicating whether

process i is built in province r and year t, cap®™“** rep-

resents the maximum allowable total cement capacity in
province r, determined by historical data, cap!™ is the

Max

minimum economic capacity for process i, and cap;" are

the maximum economic capacity, calculated in Equation
(11) as a fraction 1 of the total provincial limit.

Several constraints are imposed to limit capacity
and production. Equation (12) constrains the aggregate
cement production capacity across all technologies
within each province. Equation (13) ensures that early de-
commissioning does not exceed existing capacity from
the previous period. Equation (14) constrains clinker pro-
duction to not exceed the installed capacity.
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Similar power generation capacity constraints are
employed, which for the sake of brevity are not explicitly
introduced herein.

CO, Management Constraints

CO, balance ensures sources (process emissions
and inter-provincial imports) equal sinks (storage and ex-
ports).
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where g is the emission factor of process i for clinker

production.

The system emissions must not exceed carbon cap
targets aligned with China's carbon neutrality pathway in
each year t.
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RESULTS

Baseline Scenario Model Results

The MILP model was implemented in GAMS 48.1.0
on a desktop computer equipped with a 13th Gen Intel(R)
Core (TM) i9-13900K CPU @ 3.00 GHz and 128 GB RAM,
and was solved by the Gurobi 12.0.1 solver to obtain the
globally optimal solution.

Based on data from various literature sources and
institutions such as International Energy Statistics (IES)
[18], China's cement clinker demand is projected to de-
cline annually from approximately 1, 233 million tons (Mt)
in 2025 to 563 Mt in 2060. Figure 1a demonstrates that
the model's total cement clinker installed capacity re-
mains relatively smooth and closely tracks total demand
throughout the planning horizon. Furthermore, actual
production levels closely approximate installed capacity,
indicating high-capacity utilization rates and optimal
model performance. The divergence between production
and demand curves represents the model's strategic al-
location of cement inventory.

Figures 1b and 1c present the total and unit clinker
production costs for each year during the planning period
(2025-2060), respectively. The black and red lines in Fig-
ures 1b and 1c represent pre-discount and post-discount
cost values, respectively. While the black line shows an
overall upward trend, the red line exhibits a downward
trend. The red line is better highlighting both the ad-
vantages and necessity for enterprises to transition to
low-carbon production. Although carbon tax prices in-
crease annually, enterprises can reduce costs by adopt-
ing low-carbon processes. The red line in Figure 1c shows
that unit clinker production cost decreases from 540
CNY/ton to 226 CNY/ton (comparing smooth curve val-
ues while ignoring peaks). Notably, the red line peaks
around 2025, 2040, and 2050, indicating these years
represent peak periods for decommissioning old pro-
cesses and constructing new processes facilities. Figure
1e further proves this observation through its depiction
of economic cost composition. This suggests China's ce-
ment industry will undergo three distinct low-carbon
transformation periods by 2060.

As illustrated in Figure 1d, the low-carbon transfor-
mation of cement clinker production can be divided into
three stages: from 2025 to 2050, traditional cement pro-
cesses (TCP) will significantly decline until complete
phase-out; from 2030 to 2050, traditional cement pro-
cesses with carbon capture and storage systems (TCP-
CCS) will serve as the primary decarbonization pathway;
from 2040 onwards, novel cement processes with green
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Figure 1. (a) Temporal evolution of cement clinker demand, production, and installed capacity. (b, c) Total cost
and unit clinker cost trajectories over time, where the red line represents total discounted net cost and the black
line represents pre-discount total cost. (d) Optimal cement decarbonization pathways from 2025 to 2060, where
TCP denotes traditional cement process, NCP represents novel chemical process via methane reforming, TCP-H2
and NCP-H2 indicate integration with green hydrogen technology, and TCP-CCS and NCP-CCS represent
integration with carbon capture and storage systems. (e) Economic cost composition across different years.

hydrogen (NCP-H2) will gradually demonstrate superior
decarbonation advantages, becoming the dominant
technology after 2050 and ultimately capturing nearly the
entire cement clinker market. This progression occurs
because NCP-H2 possesses stronger deep decarboniza-
tion capabilities compared to other processes, and its
net-zero emission capacity makes it the optimal choice
for meeting China's 2060 carbon neutrality target.

Meanwhile, Figure 1e also reveals that methanol
revenue gradually increases after 2040, reaching a peak
in 2053. After 2053, methanol revenue declines as ce-
ment clinker demand and process capacity decreases.
Additionally, natural gas costs account for a substantial
proportion of total costs because the NCP-H2 process
requires natural gas as a raw material, meaning natural
gas prices will significantly influence cement clinker pro-
duction costs during this period.

Regional Technology Deployment Pathways

Figure 2a illustrates the temporal evolution of low-
carbon cement processes across different Chinese
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provinces. Figure 2b displays natural gas prices across
different provinces, highlighting how regional price dis-
parities result in different economic advantages for NCP-
H2 and influence its adoption. The evolution of low-car-
bon cement processes in each province can be broadly
categorized into three patterns:

Firstly, in provinces where natural gas prices remain
below 5, 050 CNY per ton (represented by yellow bars),
the NCP-H2 process demonstrates superior economics
compared to TCP-CCS. These provinces show greater
willingness to adopt NCP-H2 for low-carbon transfor-
mation, with provinces having lower natural gas prices
transitioning from traditional cement processes (TCP) to
NCP-H2 earlier in the planning horizon.

Secondly, in provinces where natural gas prices
range from 5, 050 to 5, 500 CNY per ton (represented by
light green bars), the economic advantage of NCP-H2
over TCP-CCS becomes marginal. Consequently, these
provinces primarily utilize TCP-CCS for decarbonization
before 2050, then transition to NCP-H2 in the post-2050
period to meet increasingly stringent carbon neutrality
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Figure 2. (a) Provincial cement decarbonization pathway trajectories across China (excluding Hong Kong, Macao,
and Taiwan), with all subplots sharing identical x-axis (years 2025-2060) and y-axis (cement clinker production)
scales. (b) Natural gas prices across Chinese provinces, categorized into three tiers (low, medium, high)
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requirements.

For provinces where natural gas prices exceed 5,
500 CNY per ton (represented by dark green bars), NCP-
H2 loses its economic competitiveness entirely. These
provinces rely exclusively on TCP-CCS throughout their
decarbonization pathway. When local TCP-CCS clinker
production capacity cannot satisfy demand, additional
clinker is sourced from neighboring provinces through in-
ter-provincial trade.

Several provinces exhibit unique decarbonization
patterns worth noting. Yunnan (YN), benefiting from fa-
vorable solar radiation conditions conducive to photovol-
taic development and green hydrogen production. Simul-
taneously, it faces substantial clinker demand that makes
premature TCP retirement economically prohibitive.
Therefore, it adopts TCP-H2 as a transitional process, of-
fering a balanced compromise between cost and envi-
ronmental performance. Meanwhile, Zhejiang (ZJ),
Jiangxi (JX), and Fujian (FJ), constrained by insufficient
geological capacity for CO, storage, demonstrate
stronger preference for hydrogen-based processes
(TCP-H2 or NCP-H2) rather than CCS-dependent pro-
cesses.

Wang et al. / LAPSE:2026.0226

CONCLUSIONS

This study presents a comprehensive whole-system
optimization model for China's cement industry decar-
bonization, incorporating spatial heterogeneity across
provinces, cement technologies, renewable energy inte-
gration, and CCS. The model provides quantitative in-
sights into optimal technology deployment pathways,
identifying when, where, and which technologies should
be adopted to achieve carbon neutrality cost-effectively.

The optimization results reveal the principles for se-
lecting low-carbon transformation processes in China's
cement industry. First, the low-carbon transformation of
China's cement industry requires a gradual transition. Be-
fore 2050, the traditional cement process combined with
CCS (TCP-CCS) is an important low-carbon transition
process. However, to achieve the carbon neutrality tar-
get by 2060, the adoption of a novel methane reforming
and green hydrogen process (NCP-H2) is the ultimate
solution, as it is the only process with the potential for
net-zero or even negative emissions. It is worth noting,
natural gas prices are a significant factor influencing the
NCP-H2 process and determining whether it can surpass
TCP-CCS technology and be adopted by different
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provinces.

The modeling framework developed in this study
provides a template applicable to other hard-to-abate in-
dustrial sectors (steel, chemicals) facing similar decar-
bonization challenges, contributing to broader climate
mitigation strategies in China and globally.

Future work should extend this framework to incor-
porate demand-side uncertainties through two-stage
stochastic programming, integrate life cycle assessment
across multiple environmental impact categories, and
couple with techno-economic analysis for comprehen-
sive sustainability evaluation.
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