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Abstract

As a resource- and energy-intensive industry and major source of greenhouse gas
emissions, the cement industry is central to China’s carbon peaking and carbon
neutrality goals. However, life cycle assessment using generic databases or industry-
average inventories may obscure production-line differences. Data collected during
2021-2025 from three representative production lines were evaluated under a
harmonized framework. The pathways involved using low-grade limestone and
multiple industrial wastes as alternative raw materials and fuels, co-processing heavy
metal-contaminated soil, and using municipal solid waste as an alternative fuel. Their
integrated environmental load indicators were 16.63%, 17.68%, and 20.42% below
the consistent reference scenario, respectively. The largest reductions occurred in
abiotic depletion potential, human toxicity potential, and global warming potential,
corresponding to resource-conservation, pollution-control, and fuel-substitution
pathways. Environmental benefits and burden shifts depended on the substituted
function and input properties. These findings provide production-line-level evidence

for selecting and optimizing resource-recovery pathways in China’s cement industry.



Abbreviations

Abbreviations Full name

LCA Life cycle assessment

LCI Life cycle inventory

LCIA Life cycle impact assessment

IELI Integrated environmental load indicator
ADP Abiotic depletion potential

GWP Global warming potential

HTP Human toxicity potential

AP Acidification potential

POCP Photochemical oxidation potential

EP Eutrophication potential

LU Land use

AHP Analytic hierarchy process

CUCC-NY Nanyang China United Cement Co., Ltd.
CUCC-XZ Xuzhou China United Cement Co., Ltd.
CRC-TY China Resources Cement (Tianyang) Co., Ltd.
USGS U.S. Geological Survey

NRA National Railway Administration of the People’s Republic of China




Introduction

China is by far the world’s largest cement producer. In 2025, its cement output
was estimated at 1.70 Gt, accounting for approximately 44.7% of the global total of
3.80 Gt !. Given this production scale, improvements in the environmental
performance of China’s cement industry are important not only for achieving national
carbon peaking and carbon neutrality goals but also for global industrial
decarbonization. Cement production is highly energy- and resource-intensive, with
substantial greenhouse gas emissions arising from fuel combustion and carbonate
decomposition 2. As conventional energy-efficiency measures gradually approach
their technical limits, emission-reduction efforts in the sector are shifting towards
integrated pathways involving reductions in the clinker factor **, the use of
alternative raw materials and fuels > ¢, process electrification 78, and carbon capture *
19 In China’s cement industry, production scale, energy efficiency, and process
equipment vary across enterprises and regions, resulting in substantial differences in
the energy-saving, carbon-reduction, and pollution-abatement effects of the same
technology ' 1. Therefore, the assessment of resource-recovery technologies should
not be limited to their average carbon-reduction potential but also examine how they
alter resource inputs, energy consumption, and multiple environmental impacts during
production.

Life cycle assessment (LCA) comprehensively identifies all inputs to and outputs
from a product system throughout its life cycle and quantitatively evaluates their
associated environmental burdens on the natural environment, human health, and
resource consumption '*. However, existing LCA studies of the cement industry
generally rely on generic databases, industry-average inventories, or literature data,
which have limitations in terms of representativeness and transparency '*. Moreover,
the temporal, geographical, and technological relevance of the data directly affects the
reliability of the resulting conclusions '°. Recent plant-level studies have confirmed
appreciable differences among production lines in emission factors, raw material and

fuel characteristics, and pollution-control performance '* %17, Consequently,



differences among innovative technological pathways in raw material formulations,
heat consumption, electricity consumption, waste composition, and emission-control
performance may be obscured by averaging if only generic data are used. A localized
cement LCA therefore requires primary foreground inventories that reflect the actual
raw materials, energy mix and pollutant emissions of the production lines being
evaluated.

Despite this need, much of the available evidence on individual resource-
recovery technologies is still derived from laboratory experiments, including
investigations of industrial by-product utilization '8, fuel substitution !°, and pollutant
co-processing 2°. Although such studies are valuable for identifying reaction
mechanisms and demonstrating technical feasibility, they cannot fully capture the
heterogeneity of cement production in China. Over the past five years, studies based
on actual cement-plant or production-line data have been conducted in India !, Saudi
Arabia 22, Denmark 23, and the United States 2*. These studies demonstrate the
importance of operating records for representing actual production conditions.
However, not all of these studies are full LCA researches and generally focus on a
single technology, process or environmental issue. Comparative LCA researches in
cement production based on operating data under a harmonized methodological
framework still remain limited.

To address this methodological and empirical gap, field investigations and
operational data collection covering Chinese cement production lines were conducted
from 2021 to 2025. A structured dataset containing more than 60000 records on raw
material and fuel inputs, energy consumption, product output and pollutant emissions
was compiled. Based on the preceding work, three operating new dry-process cement
production lines were selected as representative cases of three distinct resource-
recovery pathways. CUCC-NY represents a resource-conservation pathway through
the use of low-grade limestone and multiple industrial wastes as alternative raw
materials and fuels. The analysis draws on its 2024 operational data. CUCC-XZ
represents a pollution-control pathway through the co-processing of heavy metal-

contaminated soil in its cement kiln. The analysis draws on its operational data from



2021 to 2023. And CRC-TY represents a fuel-substitution pathway through the use of
municipal solid waste as an alternative fuel. The analysis draws on its operational data
from 2021 to 2024. This study compares seven environmental impact categories and
IELI to identify the principal environmental benefits, burden shifts, and production
hotspots of each production line, and ultimately elucidates the underlying causes of

the differences in environmental benefits.

Results

LCA results for the three production lines

LCA calculations were performed for the conventional cement and the cement
products from the three production lines. The results are summarized in Table 1.

Cements from all three production lines exhibited lower IELI than the
conventional cement. The IELI value was 4.75%107!? for the conventional cement,
compared with 3.96x107'2,3.91x10'2, and 3.78x107!? for CUCC-NY, CUCC-XZ, and
CRC-TY, respectively. The IELI corresponded to reductions of 16.63%, 17.68%, and
20.42%, respectively, as shown in Fig. 1 (a).

Table 1. LCA accounting results for various production lines.

Calculation Environmental
P-O42.5 CUCC-NY CUCC-XZ CRC-TY
categories categories
ADP 1.01x102 3.02x10°3 5.10x1073 5.89x1073
GWP 6.52x10? 6.02x10? 5.96x10? 5.09x102
HTP 1.25%10° 6.07x10°! 7.46x102 3.82x10°
Characterization
AP 8.74x10°! 6.50x102 8.64x102 2.20x10!
results
POCP 3.93x10%? 1.96x10°3 3.00x1073 8.29x1073
EP 5.28x102 1.03x102 1.34x102 3.58x102
LU 1.92x102 1.27x102 1.16x102 2.01x1073
Normalization ADP 4.70x1013 1.41x1013 2.38x1013 2.75%x1013
results GWP 1.56x101 1.44x101! 1.43x101! 1.22x10°1




HTP 4.84x1013 | 2.35x10713 2.89x1014 1.48x10712

AP 3.66x1012 | 2.72x1013 3.62x1013 9.21x1013

POCP 1.07x1012 | 5.33x10° 8.15x10714 2.25%x10713

EP 3.34x10°13 | 6.54x10714 8.48x10714 2.27x10713

LU 1.66x1017 | 1.10x10°"7 9.96x1018 1.73x10°13

IELI 4.75%1012 | 3.96x10"? 3.91x10712 3.78x1012

Differential responses across environmental impact categories

Fig. 1 (b) shows the changes in seven environmental impact categories for
cement products from the three production lines relative to conventional cement.

At CUCC-NY, the normalized ADP value was 3.29x10°'3 lower than that of the
conventional cement, corresponding to a reduction of 70.00%, the largest ADP
reduction among the three production lines. The normalized values of GWP, HTP, AP,
POCP, EP, and LU decreased by 7.69%, 51.45%, 92.57%, 95.02%, 80.42%, and
33.73%, respectively. The pronounced reduction in ADP was consistent with the use
of low-grade limestone, converter slag, sulfuric acid residue, and fly ash as alternative
raw materials, as well as textile waste and carbon black as alternative fuels.

At CUCC-XZ, the normalized HTP value was 4.55%107"3 lower than that of the
conventional cement, corresponding to a reduction of 94.03%, the largest HTP
reduction among the three production lines. The normalized values of ADP, GWP, AP,
POCP, EP, and LU decreased by 49.36%, 8.33%, 90.11%, 92.38%, 74.61%, and
40.00%, respectively. This production line uses furnace slag and coal gangue as
alternative raw materials and co-processes heavy metal-contaminated soil at a dosage
equivalent to approximately 3% of the clinker mass. This combination of raw material
substitution and contaminated-soil co-processing is consistent with the particularly
pronounced reduction in HTP.

At CRC-TY, the normalized GWP value was 3.42x10"'? lower than that of the
conventional cement, corresponding to a reduction of 21.79%, the largest GWP
reduction among the three production lines. The normalized values of ADP, AP,

POCP, EP, and LU decreased by 41.49%, 74.84%, 78.97%, 32.04%, and 89.58%,



respectively. This production line uses fly ash and coal boiler slag as alternative raw
materials and municipal solid waste as an alternative fuel. However, its normalized
HTP value was 9.96x10°"® higher than that of the conventional cement, corresponding
to an increase of 205.79%. Overall, all environmental impact categories were lower
than the corresponding reference values for the three production lines, with the sole
exception of HTP at CRC-TY.
Composition of IELI

The composition of IELI for the conventional cement production line and the
three representative production lines is shown in Fig. 1 (c). GWP was the largest
contributor to IELI in all four cases, accounting for 87.46% in conventional cement
production line, and 96.84%, 97.39%, and 85.95% at CUCC-NY, CUCC-XZ, and
CRC-TY, respectively. Although ADP was assigned a higher weight coefficient than
GWP, its normalized value was very low. Consequently, its contribution to IELI was
substantially smaller than that of GWP. HTP accounted for 2.55% of IELI in
conventional cement production line, and 1.48%, 0.18% at CUCC-NY and CUCC-
XZ, respectively. By contrast, its contribution at CRC-TY was markedly higher,
reaching 9.80%, indicating that a reduction in IELI does not necessarily imply that
toxic impacts are negligible. The remaining four impact categories made minor

contributions to IELI at all three representative production lines.
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Fig. 1. Integrated environmental load indicator and pathway-specific environmental responses.
(a) Reduction rate compared with conventional cement for three representative production lines;
(b) Changes in seven environmental categories of cement from three representative production
lines compared to conventional cement; (c) IELI composition of cement.
Production stage hotspots

Production stage analysis further traces the overall changes across the three
production lines to specific production processes. Fig. 2 presents the contributions of
raw material grinding, clinker calcination, and cement grinding to the environmental

impacts of cement production.



Contribution proportion/% Contribution proportion/%

Contribution proportion/%

Contribution proportion/%

100

. B | |
80 = 80
=
2
=]
T
60 2. 60
=
-
=
=
2
40 E 40 4
E
=
=3
20 O 204
0 T T T T 0 T T T T
P-0425 CUCC-NY CucC-Xz CRC-TY P-0425 CUCC-NY CuCC-XZ CRC-TY
Production line Production line
(a) ADP (b) GWP
100 100
80 o 5\\9 80
=
2
=]
-
60 2 60
=]
B
=9
=
£
40 E 40
£
=
=]
20 O 20
0 T T 0 T T T T
P-O425 CUCC-NY CUCC-XZ CRC-TY P-O425 CUCC-NY CUCC-XZ CRC-TY
Production line Production line
(c) HTP () AP
100 100
80 9\\0 80
=
2
-]
-
60 2 60
e
=
=
=
£
40 5 40+
=2
=
=
=3
20 o O 204
0 T T 0 T T T T
P-0425 CUCC-NY CUCC-XZ CRC-TY P-0425 CUCC-NY CUCC-XZ CRC-TY
Production line Production line
(e) POCP (f) EP
80
60 - iy
I Cement grinding
404 [ Clinker calcination
[ Raw material grinding
20
0 T T T T
PO425 CUCC-NY CUCC-XZ CRC-TY

Production line
(g LU

Fig. 2. Production stage contribution profiles across environmental categories.



Raw material grinding dominated ADP in all four cases, accounting for 98.02%,
98.54%, 86.17%, and 94.87% in the reference scenario, CUCC-NY, CUCC-XZ, and
CRC-TY, respectively. This dominance arose because the burdens assigned to this
stage included raw material supply, encompassing limestone consumption and the
non-renewable resources consumed during extraction and transportation, such as coal
and petroleum. At CUCC-XZ, the contribution of cement grinding to ADP was
markedly higher than in the other cases because of the input of alternative
constituents, including slag, gypsum, and mineral powder.

Clinker calcination overwhelmingly dominated GWP in all four cases,
accounting for 93.17%, 94.15%, 95.96%, and 94.66% in the reference scenario,
CUCC-NY, CUCC-XZ, and CRC-TY, respectively. These results demonstrate that
clinker calcination remained the principal hotspot in climate impact. Although the
three innovative technological pathways reduced GWP, they did not alter this
underlying hotspot structure. It was associated with carbonate decomposition, fuel
combustion, and electricity consumption 2.

Clinker calcination also dominated HTP, accounting for 89.10%, 99.44%,
94.58%, and 99.81% in the reference scenario, CUCC-NY, CUCC-XZ, and CRC-TY,
respectively. HTP decreased at CUCC-NY and CUCC-XZ but increased at CRC-TY.
The increase at CRC-TY was primarily associated with the use of municipal solid
waste as an alternative fuel during clinker calcination. However, the underlying
causes require further examination in relation to the composition, moisture content,
lower heating value, and pretreatment of the municipal solid waste.

At all three production lines, clinker calcination also dominated AP, POCP, and
EP because this stage was associated with substantial emissions of pollutants such as
sulfur dioxide, nitrogen oxides, and fluoride compounds. The stage distribution of LU
differed considerably. Clinker calcination accounted for a relatively large share at
CUCC-NY and CUCC-XZ, whereas raw material grinding accounted for a larger
share at CRC-TY. However, owing to its smallest weight coefficient, its contribution

to IELI is negligible.



Discussion

Although all three innovative pathways reduced IELI, they operated through
different mechanisms because each served a distinct substitution function. CUCC-NY,
CUCC-XZ, and CRC-TY achieved their most pronounced reductions in ADP, HTP,
and GWP, respectively, indicating primary advantages in conserving non-renewable
resources, reducing human toxicity potential, and mitigating climate impacts. These
responses correspond directly to the core substitution function of each pathway: the
displacement of multiple non-renewable resources by diverse industrial solid wastes
at CUCC-NY; the combined functions of raw material substitution and pollution
remediation through the co-processing of heavy metal-contaminated soil at CUCC-
XZ; and the displacement of fossil fuels by municipal solid waste at CRC-TY.
Accordingly, the three production lines can be characterized as resource-conservation,
pollution-control, and fuel-substitution pathways.

These cases further demonstrate that reduction in IELI reflects the combined
balance among three components: (1) the avoided burdens associated with
conventional non-renewable raw material and fuel inputs; (2) the additional burdens
arising from waste treatment, transportation, and related processes; (3) the changes in
energy consumption and emissions after the alternative materials are introduced into
the cement kiln. At CUCC-NY, the reduction in IELI arose primarily from the first
component. Higher substitution rates of alternative raw materials and fuels reduced
the consumption of non-renewable resources such as limestone and coal, as well as
pollutant emissions linked to limestone extraction. This is consistent with the general
LCA mechanism whereby industrial by-products and solid wastes displace
conventional raw materials and fuels, thereby reducing the demand for clinker and
natural minerals *?%27. At CUCC-XZ, the environmental benefits arose from both
avoided raw material inputs and pollution remediation. The process simultaneously
enabled the treatment and resource utilization of contaminated soil, helping to
mitigate environmental contamination and potential long-term risks associated with

hazardous wastes containing heavy metals. This conclusion is consistent with



previous findings 2%. At CRC-TY, the reduction in IELI depended more strongly on
the balance between the benefits of fuel substitution and the additional burdens
associated with waste treatment and changes in emissions. The partial substitution of
fossil fuels with municipal solid waste reduced greenhouse gas emissions,
demonstrating the potential climate benefits of alternative fuel utilization 2% 3°.
However, the use of municipal solid waste as an alternative fuel also introduced
additional pollutant sources, increasing potential risks associated with fluoride
compounds and other pollutants.

The contrasting responses of CUCC-XZ and CRC-TY further indicate that the
properties and multifunctionality of co-processed materials shape environmental
trade-offs and the resulting burden shifts. CUCC-XZ treats contaminated soil
characterized primarily by concentrations of cadmium, manganese and hydrargyrum
above the relevant threshold values, whereas CRC-TY treats municipal solid waste
with a substantially more complex composition. Although both materials are co-
processed in cement kilns, they differ markedly in their material properties and
substitution functions.

At CUCC-XZ, the contaminated soil partially substitutes for raw materials, while
the cement kiln simultaneously provides a remediation function. Therefore, the LCA
results depend on the treatment route that the contaminated soil would otherwise
follow, the partitioning of metals among cement kiln dust, clinker, and cement, the
leaching behavior of the cement products, and the allocation rules applied to the
treatment function. Allocation approaches for by-products and wastes can also affect
the results 3! 32, Previous research has indicated that using contaminated soil as an
alternative raw material has the potential to avoid raw material extraction, reduce
environmental burdens, and lower treatment costs 2% 33. Nevertheless, controls on total
inputs, compliance with leaching limits, and long-term ecological safety must still be
considered. A reduction in HTP should not be equated with the absence of long-term
risk. At CRC-TY, the moisture content, lower heating value, and composition of
municipal solid waste jointly determine the effective thermal substitution rate and

emission result. The preceding calculations revealed divergent trends in GWP and



HTP, indicating that the climate benefits of fuel substitution can coexist with
additional toxic burdens. Fuel properties, pretreatment energy consumption, and waste
treatment routes can cause HTP to change differently from other environmental
impact categories ** 3°, Therefore, the increase in HTP should not be attributed
simplistically to a single pollutant.

Despite the differences among the three pathways, clinker calcination remained
overwhelmingly dominant across multiple environmental impact categories. Studies
conducted in different national contexts have identified the thermal energy demand of
clinker production, fuel combustion, and kiln emissions as the principal
environmental hotspots of cement production *%3’. Accordingly, the three innovative
pathways examined in this study primarily improved the input and emission profiles
of the production lines rather than altering the structural hotspot associated with
clinker calcination.

This structural constraint also explains why the resource-related, climate-related,
and health-related indicators did not improve in parallel. Raw material substitution
can reduce the demand for natural minerals and the associated upstream burdens.
However, process-related CO> emissions still remain if neither the clinker factor nor
carbonate decomposition is reduced. Alternative fuels can reduce emissions associated
with fossil fuel combustion but cannot directly eliminate the CO; released through
raw material decomposition. The co-processing of contaminated soil adds a pollution
remediation function but does not reduce the thermal energy demand of clinker
production. Recent cement decarbonization studies have similarly indicated that raw
material or fuel substitution alone is insufficient to achieve deep emission reductions.
It should be combined with reductions in clinker use, improvements in kiln thermal
efficiency, and waste heat utilization 3% %,

From an engineering perspective, the comparison of the three production lines
should not be interpreted as a ranking of the three resource-recovery technologies.
What can be transferred from these cases to other cement production lines is their
substitution functions and control conditions, rather than the magnitude of IELI

reduction of a particular enterprise. The environmental benefits of industrial by-



product substitution depend on the regional availability and supply stability of solid
wastes, the chemical composition of the alternative materials, clinker quality
requirements and transportation distances. The co-processing of contaminated soil
requires clearly defined limits on heavy metal inputs, together with monitoring of kiln
emissions and the long-term leaching behavior of cement products. The use of
municipal solid waste as an alternative fuel requires simultaneous control of its
moisture content, lower heating value, and pretreatment energy consumption.
Therefore, pathway selection should begin by identifying the intended function:
substituting for natural minerals, providing pollution remediation or displacing fossil
fuels. Then, the characteristics of locally available wastes, production line equipment,
and pollution control capacity should be evaluated to determine whether the avoided
burdens are sufficient to offset the additional burdens introduced by the pathway.
Deployment decisions should simultaneously apply climate-related, resource-related,
and toxicity-related criteria, thereby avoiding technology selection based solely on
IELI or on a reduction in a single environmental impact category. This function-
oriented decision logic is summarized in Fig. 3. At the industry level, resource-
recovery measures should be implemented in conjunction with reductions in the
clinker factor, improvements in kiln thermal efficiency, the use of low-carbon
electricity, and strengthened pollutant emission controls. The three resource-recovery
pathways can improve specific environmental objectives but cannot independently

eliminate the structural environmental burdens associated with clinker calcination.
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Fig. 3. Function-oriented selection of cement resource-recovery pathways.

To translate this decision framework into industrial practice, the assessment
framework was operationalized as a digital tool for actual production line. Following
data cleaning, unit harmonization, and process integration, the “Localized Database
System for Full Life Cycle Environmental Loads of Cementitious Materials V1.0”
(Fig. 4 (a)) was established. On this basis, the supporting software “Cement Full Life
Cycle Assessment (LCA) System” (Fig. 4 (b)), was developed and applied at the
participating production lines (Fig. 4 (¢) and (d)). By linking actual operating data
with harmonized allocation and impact assessment procedures, the system supports
the identification of environmental hotspots and potential burden shifts. This
industrial application converts production-line evidence into a repeatable workflow

for environmental management and technology selection.
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Fig. 4. Digital implementation of the assessment framework at an operating cement production
line. (a) Login interface of the localized LCA database system; (b) The “Cement Full Life Cycle
Assessment (LCA) System”; (c) Central control system of the cement production line; (d)
Enlarged view of the dedicated LCA display.

Taken together, the cross-case analysis showed that the principal environmental
benefit was associated with the substitution function, whereas environmental trade-
offs and resulting burden shifts were shaped by the properties and multifunctionality
of the co-processed materials. IELI provides a useful summary of overall
environmental performance, but it must be interpreted alongside the results for all
seven environmental impact categories and their production stage contributions. By
linking a harmonized assessment framework with localized operating data and digital
implementation, this study not only quantify changes in the IELI, but also provide an
actionable basis for selecting and optimizing innovative technological pathways under

different operating conditions.

Methods

According to ISO 14040 '* and ISO 14044 “°. LCA comprises four phases: goal
and scope definition, life cycle inventory (LCI), life cycle impact assessment (LCIA),

and life cycle interpretation.



Goal and scope definition

The function unit and system boundary are defined according to the specific
study context, providing the basis for subsequent analysis. In cement production, the
system boundary is commonly defined as “cradle-to-gate” and encompasses raw
material extraction, raw meal preparation, clinker calcination, cement preparation, and
transportation processes !, as shown in Fig. 5.

This study adopted “cradle-to-gate” system boundary, including the acquisition
and transportation of conventional and alternative raw materials, necessary waste
pretreatment, raw meal preparation, clinker calcination, cement grinding, the
upstream production of fuels and electricity, and power generation from waste heat
recovery. The functional unit is defined as 1t of cement, and P-O 42.5 cement is used
as the reference for comparison.

System Boundary: Cement Production (Cradle-To-Gate)
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Fig. 5. System boundary of conventional cement production.
Life cycle inventory
LCI involves various input and output data throughout the entire life cycle. The
data used in this study were obtained from the operational records of the three
production lines and the results of independent third-party testing. Secondary data
were used only for upstream processes that could not be obtained directly from plant
operating records. Some data for the raw material extraction stage were obtained from

the “Chinese Life Cycle Database (CLCD).” Missing parameters related to railway



transportation were supplemented using the 2021 Railway Statistical Bulletin ** and
the 2023 Railway Statistical Bulletin *.
Life cycle impact assessment

LCIA involves compiling and calculating the input and output data, then
qualitatively describing and quantitatively evaluating the magnitude and significance
of environmental burdens throughout the life cycle. It mainly comprises three
procedures: impact classification, characterization, normalization and weighting.

This study applies the CML2001 impact assessment method ** and selects seven
environmental impact categories for comprehensive assessment: abiotic depletion
potential (ADP), global warming potential (GWP), human toxicity potential (HTP),
acidification potential (AP), photochemical oxidation potential (POCP),
eutrophication potential (EP), and land use (LU).

Characterization builds on impact classification and uses characterization factors
(ci) to quantify the contributions of different inventory items (Q;) to a given
environmental impact category. The characterization results for each category are then
aggregated into an environmental load equivalent (Ex), calculated as follows:

Ey= Z Qi X ¢ (D

Due to environmental load equivalents are expressed in different units,
normalization is required to enable comparison of their relative magnitudes. The
normalized result is the dimensionless ratio of an environmental load equivalent (Ex)
to its corresponding reference value (Ex ). In this study, the global total equivalent for
each environmental load is used as the normalization reference value *°.

To quantify the integrated environmental load of the system and enable
comparisons among different systems, each normalized environmental load is
assigned a weight coefficient (wx) according to its relative importance. The weighted
calculation yields the final assessment value, referred to as the integrated

environmental load indicator (IELI). The IELI is calculated as follows:

E
1EL1=waE—",wa=1 (2)
x,0

The weight coefficients used in this study were derived from our previous



research *°, in which the AHP was applied to questionnaire responses collected from

experts in China’s cement research and industrial communities.

The Base value of environmental load and weight coefficients are presented in

Table 2
Table 2. Base value of environmental load and weight coefficients.
Environmental
_ _ Equivalent unit Base value Weight coefficients
1mpact categories
ADP kg Sb eq. 2.14x10'0 0.3005
GWP kg CO; eq. 4.18x10"3 0.2663
HTP kg 1,4-dichlorobenzene eq. 2.58x10'? 0.2502
AP kg SOz eq. 2.39x10" 0.0704
POCP kg ethylene eq. 3.68x101° 0.0565
EP kg PO4*eq. 1.58x10!" 0.0326
LU Net primary productivity 1.16x10% 0.0235

Life cycle interpretation

IELI provides an overall measure of the environmental impacts throughout the

material life cycle. During this phase, the assessment results for the

individual life

cycle stages are comprehensively analyzed. The LCA calculation structure is

illustrated in Fig. 6.
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Fig. 6. Calculation structure of LCA.

Allocation of environmental burdens for inputs




This study adopted a multiple-case comparative design with a common reference
scenario. All three lines employ new dry process cement production technology, with
each representing a distinct technological pathway. To improve consistency across
cases, all production lines were evaluated using a conventional P-O 42.5 cement
reference and the same calculation method. Within this common framework, natural
raw materials, industrial by-products, and co-processed wastes were treated separately
according to the origins and technical functions of the alternative inputs used by each
production line.

At the upstream stage, natural raw materials were first distinguished from
industrial by-products. The environmental burdens of natural raw materials were
calculated directly using actual LCI or background database data for extraction,
processing, and transportation. For an industrial by-product generated jointly with a
main product, the total environmental burden assigned to the by-product consisted of
two components: the share of the upstream joint production burden allocated to the
by-product and the burden arising from its subsequent treatment. The total burden was
calculated as follows:

ELy totat = Mw X fwup + My X futr 3)
where EL,, torq; 15 the total environmental burden assigned to industrial by-
product; m,, is the mass of industrial by-product; f,., is the upstream joint
production burden allocated per unit mass of the industrial by-product; and f,, ;- 1s
the environmental-burden factor associated with the subsequent treatment of the
industrial by-product.

The upstream joint production burden allocated per unit mass of the industrial
by-product was calculated using Eq. (4):
ELjoine X C

fw,up = = ,Cq € {Ce' Cm} 4)

w
where ELj,ipn; 1s the total environmental burden of the upstream joint
production process that generates both the main product and the industrial by-product;

C, 1s the allocation coefficient applied in the calculation, corresponding to either the

economic allocation coefficient C, or the mass allocation coefficient C,,. Only one



of the two allocation methods was applied in an individual baseline calculation, and
the results were not added together.

Under economic allocation, the share of the upstream burden assigned to the
industrial by-product was determined from its share of the combined economic value
of the main product and by-product. The economic allocation coefficient was

calculated as follows:

mew

C,=— W 5
¢ myP, +m,P, ®)

where C, is the economic allocation coefficient; m,, is the mass of the main
product generated jointly with the industrial by-product; and P, and P, are the unit
economic values of the industrial by-product and main product, respectively. They
must be expressed in the same monetary unit.

Under mass allocation, the share of the upstream burden assigned to the
industrial by-product was determined from its share of the combined mass of the main
product and by-product. The mass allocation coefficient was calculated as follows:

my

Cm = ———— (6)

B my, +my,

where C,, is the mass allocation coefficient. Where several industrial by-
products were used in cement production, the environmental burden assigned to each
by-product was calculated separately using Eq. (3)-(6), after which the individual
results were summed.
Three representative cement production lines and their technological pathways

CUCC-NY produces cement using low-grade limestone and alternative raw
materials and fuels. For this production line, solid wastes used as alternative raw
materials and fuels were classified into resource-recovery and non-resource-recovery
categories. And an appropriate allocation procedure was incorporated into the LCA
framework to quantify reductions in IELI for different cement types produced using
low-grade limestone and alternative raw materials and fuels. CUCC-XZ co-processes
heavy metal-contaminated soil in its cement kiln. To account for the specific
characteristics of this pathway, a dedicated “heavy metal accounting factor” was

incorporated into the LCA framework. This factor was used to quantify reductions in



IELI for different cement types produced while co-processing heavy metal-
contaminated soil. The IELI is calculated using Eq. (7), whereas Eq. (8) is used to

calculate HTP while accounting for the impacts of heavy metals.

Ey Eapp Ecwp Enrp Egp
IELI:ZW = =Wapp— T Wewp— T Waurp + - wep (7)
YExo Eapp,o Ecwpo Eurpp Egpo
2 XQ; Cso, X Uso, +* = Chm X Qnm
———— X Wyrp = —2 : X Wytp (8)
EHTP,O EHTP,O

where cy,, is the heavy metal characterization factor; Qy,, is the heavy metal
content.

CRC-TY uses alternative raw materials and fuels in cement production and co-
processes municipal solid waste as an alternative fuel in its cement kiln. Similarly, the
solid wastes were classified into resource-recovery and non-resource-recovery
categories, and an appropriate allocation procedure was applied to quantify the
reductions in IELI for the different cement types produced using these alternative
inputs. The case characteristics and distinctive technical functions of the three
production lines are summarized in Table 3.

Table 3. Case attributes and featured technical functions of various production lines.

Main alternative input/
Production line name Featured technical function
co-processing object

Low-grade limestone, Converter
Use of low-grade limestone and
CUCC-NY slag, Sulfuric acid residue, Fly
alternative raw materials & fuels
ash, Textile waste, Carbon black

Furnace slag, Coal gangue, Heavy Cement kiln co-processing of
CUCC-XZ
metal-contaminated soil heavy metal-contaminated soil

Alternative raw materials & fuels
Fly ash, Coal boiler slag,
CRC-TY and cement kiln co-processing of
Municipal solid waste
municipal solid waste

Based on the LCA methodology and the distinctive technical characteristics of
the three production lines, the corresponding LCA calculation frameworks are

illustrated in Fig. 7.
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Fig. 7. Featured LCA accounting frameworks for three representative production lines.

(a)CUCC-NY; (b)CUCC-XZ; (¢)CRC-TY.

Data availability

The production-line inventory data that can be publicly disclosed are provided in
Table 1. The underlying plant-level operating records, online monitoring data, and
third-party test reports contain commercially sensitive information and are subject to
confidentiality agreements with the participating companies. The authors do not have

permission to make these raw data publicly available.

Code availability

The LCA framework, calculation procedures, equations, and parameter settings
used in this study are described in the Methods section. The codes used to process the
life cycle inventory data and calculate the integrated environmental load indicator are

available from the corresponding author on request.
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