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Abstract. Accurate quantification of lime process emissions and subsequent carbonation uptake is needed
to represent the lime carbon cycle in global carbon-budget assessments. We developed a source-prioritized
and internally cross-checked dataset for 1930-2024 by harmonizing USGS statistics, national statistical year-
books, industrial records, and explicitly identified proxy-based reconstructions. The framework resolves 11 ma-
jor lime-producing countries, collectively representing 78.9 % of global lime production, and derives country-
specific process-emission factors from sectoral lime-use structures and CaO-content requirements. Annual
global lime carbonation uptake increased from 4.1 MtCO,yr~! (95% CI: 3.5-4.8 MtCO, yr~!) in 1930
to 136.1MtCO, yr~! (95% CI: 107.9-171.5MtCO, yr~!) in 2024, corresponding to a compound annual
growth rate of 3.8 %. Cumulative process emissions reached 11.3 Gt CO; (95 % confidence interval (CI): 10.7—
11.9 Gt CO,), of which construction and metallurgy contributed 3.9 Gt CO; (34.5 %) and 3.8 Gt CO; (33.5 %),
respectively. Cumulative carbonation uptake reached 4.8 Gt CO; (95 % CI: 3.9-5.8 Gt CO,), offsetting 42.2 %
of process emissions, 3.4 % higher than the 38.8 % estimate for 1930-2020 reported by Bing et al. (2023).
China contributed 5.5 Gt CO, of process emissions (48.3 % of the global total) and 1.9 Gt CO, of carbonation
uptake (40.7 %). Uncertainties associated with data sources, historical reconstruction, and material parameters
were propagated through 10000 Monte Carlo iterations. Metallurgical by-products and construction materials
dominated cumulative uptake. Country-level trajectories indicate that most developed economies have passed
their lime process-emission peaks, whereas China remains on a growth trajectory and Brazil retains substantially
higher emissions than its early historical levels despite a modest decline after its 2013 peak. This dataset pro-
vides a consistent empirical basis for representing lime-related carbon sources and sinks in global carbon-cycle
assessments and is archived in the Science Data Bank at https://doi.org/10.57760/sciencedb.45314 (Bing et al.,
2026).
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1 Introduction

Lime serves as an indispensable feedstock in numerous in-
dustrial processes, playing a pivotal role in sectors such as
steelmaking, construction materials, chemical engineering,
and wastewater treatment (Revuelta, 2021). Over the past
two decades, driven by urbanization, industrialization, and
the accelerated development of large-scale infrastructure,
global lime production has surged by 0.68-fold, rising from
250 Mt in 2004 to 420 Mt in 2024 (United States Geologi-
cal Survey, 2026a). Projections indicate that two-thirds of the
global population will reside in urban areas by 2050 (United
Nations Human Settlements Programme, 2026). This con-
tinuous urbanization process is expected to further drive the
demand for housing, transportation, infrastructure, and envi-
ronmental sanitation facilities, thereby leading to sustained
increase in the consumption of lime as a fundamental mate-
rial.

Lime production is carbon intensive because CO; is re-
leased by carbonate calcination, with additional emissions
from kiln fuels and electricity. Calcination generally ac-
counts for about two-thirds of total lime-production-related
CO; emissions, while energy use contributes much of the
remainder (Han et al., 2022; Laveglia et al., 2024). Follow-
ing IPCC inventory boundaries, this study quantifies process
emissions from lime production and the subsequent carbon-
ation uptake of lime-derived materials; energy-related emis-
sions are excluded to avoid overlap with the energy sector.
Because process emissions are governed by carbonate de-
composition, they cannot be eliminated solely through fuel
switching or energy-efficiency improvements, making lime a
hard-to-abate industrial sector (Davis et al., 2018).

Existing carbon emission inventories and global carbon
budget assessments treat lime production and subsequent car-
bonation uptake inconsistently. CDIAC-FF provides long-
term global and national CO; emission series for fossil fuel
combustion, gas flaring, and cement manufacture, but does
not include process emissions from lime production (Gilfil-
lan and Marland, 2021). MEIC-global-CO, improves source-
category resolution and incorporates subnational information
for major emitters, but mainly focuses on fossil-fuel com-
bustion and cement-related CO, emissions and does not pro-
vide a dedicated, globally consistent representation of lime-
production emissions and lime-product carbonation uptake
(Xu et al., 2024). EDGAR provides a comprehensive national
and gridded greenhouse gas emission inventory covering
multiple sectors and industrial processes. However, its frame-
work is emissions-oriented and does not quantify CO, uptake
resulting from the carbonation of lime products during their
use and disposal stages (Crippa et al., 2024). The Global Car-
bon Budget has incorporated cement carbonation uptake as a
negative flux within the fossil CO, component, but explic-
itly notes that lime-production emissions are not yet globally
covered. Current estimates include lime-production emis-
sions for China and the United States, whereas most non-
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Annex I countries and emissions from other Annex I coun-
tries before 1990 remain unaccounted (Friedlingstein et al.,
2025). Consequently, existing datasets generally cover only
part of the lime carbon cycle: some omit lime process emis-
sions, some focus primarily on carbonate decomposition as-
sociated with cement manufacture, and others include lime
process emissions but do not couple them with the subse-
quent carbonation sink of lime products. To our knowledge,
a standardized, country-resolved, long-term dataset with a
consistent system boundary that jointly quantifies lime pro-
cess emissions and carbonation sink is still lacking, limiting
the comprehensive integration of lime-related carbon budget
and sinks into both global carbon cycle science and Global
Carbon Budget.

However, accurately quantifying process emissions from
the global lime industry remains a significant challenge, pri-
marily due to data gaps and inconsistent statistical frame-
works. First, large volumes of lime are produced for in-
ternal use by steel, sugar, and chemical enterprises, which
does not enter commercial circulation. The prevalence of
this “captive production” leads to omit much of the output
and severely underestimate the official activity data (United
States Geological Survey, 2026a). Second, significant dis-
parities in kiln technology exist across regions. The coexis-
tence of traditional vertical kilns in developing countries and
high-efficiency rotary kilns in developed countries leads to
substantial fluctuations in emission factors (European Com-
mission, 2013). As has been noted, accurate estimation of
emission factors depends heavily on the precise characteriza-
tion of raw-material composition (Andrew, 2019). Ignoring
these variations results in significant process emissions es-
timation biases. Furthermore, overlapping statistical bound-
aries between lime and cement production often lead to mis-
classification or omissions in historical data, which making
it is difficult for existing databases to reflect the true emis-
sion trajectory of lime industry (Andrew, 2019). Accord-
ing to the China Building Materials Federation, total CO,
emissions from China’s building materials industry reached
1.48 billion t in 2020, representing 14.9 % of the national to-
tal, with the lime sector contributing approximately 8.1 %
of the industry’s emissions (CBMF, 2021). Globally, the
lime industry contributes approximately 1 % of total anthro-
pogenic CO; emissions (Campo et al., 2021; Friedlingstein
et al., 2022). Notably, lime is extensively utilized in iron and
steel, construction, chemical engineering, agriculture, and
environmental remediation (European Commission, 2013).
During their lifecycle, the produced lime-based materials un-
dergo carbonation with atmospheric CO, via Egs. (1) and (2),
thereby sequestering a portion of the process CO, released
by their production (Simoni et al., 2022). Previous studies
revealed that between 1930 and 2020, global lime mate-
rials cumulatively sequestered approximately 529.7 Mt CO,
(95 % CI: 372.6-719.0 Mt COy), offsetting 38.83 % of pro-
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cess emissions over the same period (Bing et al., 2023).

CaO + H,0 = Ca(OH), 1)
Ca(OH), + CO, = CaCO3 + H,O 2)

Carbonation represents a pivotal pathway for achieving net-
zero emissions in the lime industry. Although previous stud-
ies have indicated that CO; emissions from lime production
can be mitigated by substituting fossil fuels with residue-
derived fuels (VDZ, 2022), replacing calcium carbonate cal-
cination with electrochemical (Ellis et al., 2020), and chemi-
cal decarbonization methods (Hanein et al., 2021), these ap-
proaches are currently constrained by high costs and tech-
nical complexities and making challenges in large-scale de-
ployment (Simoni et al., 2022). Consequently, carbon se-
questration via carbonation plays an alternative role in the
decarbonization of the lime sector, which creating an ur-
gent need to accurately quantify its contribution. Currently,
China’s Action Plan for Carbon Peaking by 2030 in the
Building Materials Industry promotes utilization of indus-
trial solid wastes, such as steel slag and carbide slag (Min-
istry of Industry and Information Technology, 2026). Sim-
ilarly, the European Lime Association explicitly identifies
Carbon Capture, Utilization, and Storage (CCUS) and nat-
ural carbonation as critical measures, aiming to achieve CO,
negative emissions by 2050 through technological upgrades
(European Lime Association, 2026). The National Lime As-
sociation (National Lime Association, 2026) in the United
States also released a roadmap targeting carbon neutrality by
2050, emphasizing the significance of the carbon sink func-
tion of lime products. At present, the Global Carbon Budget
(GCB) has incorporated cement carbonation sink into the an-
thropogenic CO, sink (Friedlingstein et al., 2022). However,
the lime carbonation sink remains excluded. For context, car-
bon uptake by cement materials in 2021 accounted for ap-
proximately 8.23 % of the global mean land carbon sink from
2010-2020 (Huang et al., 2023; Friedlingstein et al., 2022),
whereas lime materials sequestered an amount equivalent to
approximately 1.09 % of the mean land sink from 2012-2020
(Bing et al., 2023). Incorporating the lime carbonation sink
into the GCB would provide a more accurate reflection of
the global carbon cycle and optimize regional carbon budget
allocations. Therefore, an accurate accounting of lime car-
bonation sink is indispensable.

Previous efforts by our team provided a preliminary ac-
counting of lime-based carbonation sink in China and the
United States (Bing et al., 2023). However, the study treated
the rest of the world as a homogeneous entity. It overlooks
the significant divergence in process carbon emissions and
sequestration coefficients caused by variations in production
technologies, raw material compositions, and application in-
dustries across different nations. In particular, the carbon se-
questration of metallurgical wastes has been historically un-
derestimated. For instance, pig iron production requires the
addition of quicklime and limestone as metallurgical fluxes
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(Yang et al., 2024). The resulting slag, with calcium oxide
(Ca0) content ranging from 30 % to 50 % (Ren et al., 2021),
presents substantial carbon sequestration (Elyasi Gomari et
al., 2024), which is also one of key improvements of this
study. Furthermore, global production rates of iron and steel
slag have generally declined due to optimized furnace lin-
ing materials and refined blowing processes (Naito et al.,
2015). Concurrently, the resource utilization of these mate-
rials has continued to improve. On a global scale, blast fur-
nace slag (BFS) and steel slag (SS) are widely repurposed
for cement production, road construction, building materi-
als, and fertilizers (Heraiz et al., 2025). However, significant
disparities exist at the national level. The developed nations
have achieved comprehensive utilization rates of steel slag
exceeding 90 %, while the rate in China remains approxi-
mately 20 % (Gao et al., 2023). By accounting for these tech-
nological and regional discrepancies, this study provides a
more robust quantification of the global lime process emis-
sions and carbonation sink.

To improve the accuracy and transparency of global lime-
carbon accounting, this study makes four principal advances.
(1) Source-prioritized activity-data reconstruction: USGS
statistics, national yearbooks, and industry records were
harmonized for 11 major producing countries, represent-
ing 78.9 % of global output, with proxy-derived and inter-
polated values explicitly identified (Supplement Table SI-
2, Data 1). (2) Composition-sensitive process-emission fac-
tors: following Liu et al. (2015), sector-specific CaO re-
quirements and national lime-use structures were combined
to derive country-level weighted emission factors (Supple-
ment Table SI-3, Data 1). (3) A consistent material-flow
boundary: lime-derived CaO was traced across production,
construction, metallurgical, and chemical pathways while
excluding non-lime CaO inputs. (4) Data-constrained tem-
poral and regional parameterization: SS and BFS genera-
tion and pathway-allocation parameters were assigned for
1930-1949, 1950-1972, 1973-1999, and 2000-2024, using
country-specific data where available and documented re-
gional assumptions otherwise. These intervals are common
accounting windows and do not imply synchronized techno-
logical transitions among countries.

2 Methodology and Data Sources

2.1 Estimation of Process CO» Emissions from Lime
Production

Calculations were conducted using the Tier 2 method from
the 2006 IPCC Guidelines for National Greenhouse Gas In-
ventories (IPCC, 2006), considering CO; emissions gener-
ated solely from limestone calcination. The calculation for-
mula is as follows:

Eprocess,i = Plime,i X EFlime,i 3)
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where, Eprocess,i represents the industrial process CO; emis-
sions from the lime industry in country i; Plime,; denotes
the annual lime production of country i; EFjime,; is the CO;
emission factor for lime production in country i.

Carbon emission factors (CEFs) were calculated follow-
ing the Tier 2 approach for lime production in the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories (IPCC,
2006). Under this approach, process CO, emissions are de-
rived from the stoichiometric relationship between CO, and
carbonate-derived CaO or CaO-MgO in lime products. In this
study, sector-specific CaO contents were compiled for lime
used in major end-use sectors, including metallurgy, con-
struction, and the chemical industry. Because lime quality
and CaO content differ among end-use sectors, these sec-
toral categories were used as practical proxies for product
composition. Sector-specific emission factors were first de-
rived by multiplying the CaO or CaO-MgO content of lime
used in each sector by the corresponding IPCC stoichiomet-
ric ratio. Country-specific average CEFs were then calculated
as weighted averages of sector-specific emission factors ac-
cording to the lime-use shares of each sector. This approach
is consistent with the IPCC Tier 2 principle of deriving emis-
sion factors from lime composition, while allowing national
differences in lime-use structure and product quality to be re-
flected. Detailed CaO contents, sectoral lime-use shares, as-
sumptions, and literature sources are provided in Supplement
Table SI-3 Data 1.

2.2 Estimation of CO» Uptake by Lime

The system boundary was established using material flow
analysis (MFA; Fig. 1), based on the lime-carbonation frame-
work of Liu et al. (2018). It includes ten lime-based materials
classified by lifecycle stage. Lime kiln dust (LKD) is treated
as a direct by-product of lime production. The remaining nine
materials are grouped into three downstream sectors: met-
allurgy, including steel slag (SS), blast furnace slag (BFS),
and red mud (RM); chemicals, including precipitated cal-
cium carbonate (PCC), carbide slag (CS), carbonation sugar
(SUG), and paper mill lime mud (LM); and construction, in-
cluding lime-stabilized soil (LSS) and lime mortar (MOR).
Most material flows follow Liu et al. (2018), while BFS is
newly included to improve the accounting boundary.

To avoid double counting with existing cement-
carbonation datasets, the system boundary for metallurgical
slags (SS and BFS) is defined by the origin of CaO rather
than by the subsequent use of the slag. Only CaO derived
from lime fluxes and represented in the lime production
activity data is attributed to the lime carbonation sink.
CaO originating from iron ore, gangue minerals, limestone,
dolomite, or other non-lime inputs is excluded. Although
some SS and BFS are later used in cement or clinker
production, existing cement-carbonation inventories do
not account for the carbonation of lime-derived CaO in
metallurgical slags, particularly BFS. Therefore, including
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this lime-derived CaO does not overlap with existing
cement-carbonation estimates.

2.2.1 General Calculation Model
(1) Carbon Sequestration

For each lime-derived material pathway, CO, uptake is cal-
culated from material mass, CaO content, and the pathway-
specific effective CaO conversion fraction:

Mco,

Cn=Mpy X fCaO,m X &y x
Mcao

“4)
where My, is the mass of material m, fcao0 m is its CaO mass
fraction, and &y, is the effective fraction of CaO converted
to CaCO3 within the corresponding pathway. The pathway-
specific treatment of &, is defined as follows:

&, = 1(PCC, SUG) )
®m = Ym X Rm(a)(LSS, MOR, SS, BFS) (6)
@y = V.1 (LKD, LM, RM, CS) (7)

For PCC and SUG, carbonation is integral to production and
d, is set to 1 (Wang and Shen, 2002). For LSS, MOR, SS,
and BFS, yy, is the material-specific ultimate CaO conver-
sion fraction and Ry,(a) is the cumulative fraction of that ul-
timate extent reached at material age a. Thus, ym x Rn(a)
represents the cumulative proportion of CaO converted by
that age. Rpp(a) = 1 indicates that the pathway-specific ulti-
mate extent has been reached, but does not imply conversion
of all CaO unless y, = 1. For LKD, LM, RM, and CS, the
evaluation age is fixed at one year and &, is represented
by ¥m.1, the literature-reported pile-average CaO conversion
fraction reached after one year. The reported average values
and ranges are used directly in the Monte Carlo analysis. The
stoichiometric molar-mass ratio Mco, /Mcao is 44/56.

The conversion factor y and temporal function R there-
fore describe different processes. The former constrains the
ultimate chemically available CaO fraction, whereas the lat-
ter represents progression toward that extent. Model selec-
tion follows the order shown in Fig. 2. LSS and MOR use
the slab model (Fig. 2a). The layered stockpile representation
for LKD, LM, RM, and CS (Fig. 2b) explains rapid carbona-
tion near the exposed surface and lower conversion at greater
depths because of restricted CO, transport and successive
covering by newly deposited material (Xi et al., 2025). SS
and BFS use the spherical-particle model (Fig. 2c). Material-
specific conversion and uncertainty parameters are provided
in Supplement Table SI-3, Data 10 and Data 14.

Complete annual, country-specific CaO-content data were
not available for all countries. We therefore compiled re-
ported CaO contents from peer-reviewed studies, technical
standards, and reports issued by national authorities and in-
dustry associations. For lime products, the compilation con-
sidered differences among high-calcium, dolomitic, and hy-
draulic lime, as well as variations in product purity among
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Figure 1. Methodological framework for lime process-emission and carbonation-uptake accounting.
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Figure 2. Schematic carbonation representations: (a) slab model for LSS and MOR; (b) layered stockpile mechanism for LKD, LM, RM,

and CS; and (c) spherical-particle model for SS and BFS.

construction, metallurgical, and chemical applications. CaO-
content data for SS, BFS, RM, and LM were compiled using
the same procedure. Depending on the available data, trian-
gular distributions defined by minimum, central, and max-
imum values or normal distributions defined by means and
standard deviations were constructed for the Monte Carlo
analysis. All CaO-content observations, material classifica-
tions, references, and distribution parameters are provided in
Supplement Table SI-3, Data 7.

Because production data disaggregated by high-calcium,
dolomitic, and hydraulic lime were unavailable for many
countries and historical periods, this approach should not be
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interpreted as a complete IPCC Tier 2 implementation. In-
stead, it represents a literature-based probabilistic parame-
terization of compositional uncertainty.

(2) Annual Carbonation Ratio

Quantitative time-dependent carbonation functions were ap-
plied to the slab and spherical-particle pathways. For these
geometries, carbonation depth follows the square-root-of-
time relationship:

d=kxAt 8)

Earth Syst. Sci. Data, 18, 6741-6762, 2026
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where k is a material-specific carbonation-rate coefficient
and ¢ is material age (Papadakis et al., 1991; Johannesson
and Utgenannt, 2001). The carbonation depth is converted to
a carbonated fraction according to material geometry.
For the slab model, the annual carbonation ratio is calcu-
lated as:

Riime = (dlime,i — diime,i—1) /dT )

where dlime,; and djime,i—1 are the carbonation depths at the
end of years i and i — 1, respectively, and dt is the design
thickness of the lime-based material. The resulting R value
is expressed as a decimal fraction in the calculations.

For fine-particle stockpiles, the carbonation age is fixed at
one year. Because the CaO conversion fraction generally de-
creases with stockpile depth, the one-year pile-average con-
version fraction is expressed as:

Hpy

_ 1

Ym1= o / Ym(z, Ddz (10)
0

where H), is the stockpile height and y,(z, 1) is the CaO-
to-CaCOj3 conversion fraction of material m at depth z after
one year. Thus, 3, | represents the mean conversion fraction
over the full stockpile depth. Because continuous depth pro-
files were unavailable for all materials and countries, the cal-
culation directly adopts the literature-reported one-year pile-
average value and its range in the Monte Carlo analysis, with-
out introducing additional depth-profile parameters. The ob-
served decrease in conversion with stockpile depth provides
the physical basis for this treatment (Muriithi et al., 2013).

For the spherical-particle model, the annual carbon-uptake
ratio is calculated as:

b p 3
100% — fﬁ}f’if;'*) x100% (@ > Dyag)
a 67"
5o E(D=Dsg)’
f” T p3

100% — x 100%  (a < Dylag < b)
100% ne b < Dslag)

Y

Riime,i =

where D is slag-particle diameter; Dy, is the maximum di-
ameter of the completely carbonated portion of an SS or BFS
particle; a and b are the minimum and maximum particle di-
ameters in the adopted particle-size distribution; and Dyjae =
2dag,i = 2kslagﬁ . Here, dq),g,; is carbonation depth at age
t; and kglag is the slag-specific carbonation-rate coefficient.
Percentage values from Eq. (11) are converted to decimal
fractions before being used in Eq. (4).

(3) Calculation of Annual and Cumulative Carbon Uptake

For the time-dependent pathways LSS, MOR, SS, and BFS,
cumulative uptake is evaluated by production cohort and ma-
terial age. Annual uptake is then obtained as the increment
between consecutive calendar years:

cim — cgum _ cgum (12)

m,t—1
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where C"" is uptake by material m during year # and C{/'("
is cumulative uptake through year ¢. For PCC and SUG, up-
take is assigned to the production year because carbonation
is integral to production. For LKD, LM, RM, and CS, up-
take is calculated at a fixed carbonation age of one year from
the material mass generated or stockpiled in year ¢ and the

corresponding one-year pile-average conversion fraction.

2.2.2 Details of Material-Specific Calculations
(1) Lime material from the production process (LKD)

LKD is generated during lime calcination. Its uptake at-
tributed to year 7 is calculated as:

Mid = Miime X Tkd (13)

where rxq represents the industry default generation rate of
kiln dust. Due to its fine particle size and high specific sur-
face area, LKD can undergo rapid carbonation during stock-
piling, but its carbonation ratio was not assumed to be 100 %;
the parameter values are provided in Supplement Table SI-3
Datal4 and 17.

(2) Lime materials in the construction industry (LSS and
MOR)

LSS production is calculated as:

Miss = miime X L1 x ai (14)

where mjiye is lime production, L is the fraction of lime
used in construction, and a; is the share of construction lime
allocated to LSS. The slab-model annual carbonation ratio
and carbonation depth are:

diss. ;i — dlss.i—
Rlss _ Iss,i Iss,i—1 (15)
dr
diss = kiss X /s (16)

where dr is the design thickness of LSS, dig,; is carbon-

ation depth at the end of year i, kjss is the LSS-specific

carbonation-rate coefficient, and # is carbonation age.
MOR production is calculated as:

Mnor = miime X L1 X a3 (17)

where a, is the share of construction lime allocated to MOR.
To avoid double counting with cement-carbonation datasets,
MOR includes only commercial lime used in construction
and excludes CaO derived from cement-clinker hydration. Its
annual carbonation ratio and carbonation depth are:

Rinor = dmor.i — dmor.i—1 (18)
dr
dimor = kmor X +/tmor (19)

where dr is mortar design thickness, dmer; is carbona-
tion depth at the end of year i, kyor is the MOR-specific
carbonation-rate coefficient, and #or is carbonation age.

https://doi.org/10.5194/essd-18-6741-2026
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(3) Lime materials in the metallurgical industry (SS, BFS,
and RM)

Total SS production is estimated from crude-steel output as:

Mss,total = Mcrude steel X F'ss (20)

where rg is the time-dependent SS generation rate reported
in Supplement Table SI-3, Data 1. The SS mass included in
natural-carbonation accounting is:

Mg = Mss,total X Ugs 21

where Ug is the combined fraction of SS used in road-base
applications or stored in open-air stockpiles. It is a pathway-
allocation parameter and does not affect estimated total SS
production. Carbonation of this fraction is calculated using
the spherical-particle model in Eq. (11).

The BFS mass included in natural-carbonation accounting
is:

Mygs = myfs X Tofs X Ipts X Ubfs (22)

where mygs represents blast-furnace iron production; rpfs iS
the BFS generation rate, with time-dependent values pro-
vided in Supplement Table SI-3, Data 1; lpf is the propor-
tion of CaO in BFS derived specifically from lime input; and
Upts is the combined fraction of total BFS directed to road-
base applications or stored in open-air stockpiles and there-
fore included in the natural-carbonation accounting. By iso-
lating the lime-derived CaO fraction, lpfs prevents boundary
overlap with clinker-based cement-carbonation accounting,
including when BFS is subsequently used as a supplemen-
tary cementitious material. Upgs is not the ratio of open-air
stockpiling to road-base use and does not affect the estimated
total production of BFS. It is a pathway-allocation parame-
ter used only to identify the fraction of total BFS included
within the natural-carbonation boundary. Carbonation of this
fraction is calculated using the spherical-particle model de-
scribed in Eq. (11).

It should be noted that Ugs and Upgs represent the frac-
tions of SS and BFS, respectively, used in road-base ap-
plications or stored in open-air stockpiles and therefore in-
cluded in the natural-carbonation accounting. These parame-
ters differ from the overall utilization rates described earlier,
which represent the proportions of slag recycled through all
resource-utilization pathways. SS and BFS used in road-base
applications or stored in open-air stockpiles can react with
atmospheric or pore-water CO,. However, the actual extent
of carbonation depends strongly on slag mineralogy, particle
size, gas and moisture transport conditions, and other factors
(Pullin et al., 2019; Chukwuma et al., 2021; Elyasi Gomari
et al., 2024). Slag incorporated into other valorized products
is considered to enter downstream product systems. Because
its subsequent carbonation depends on product-specific ser-
vice and exposure conditions, it is excluded from the present
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accounting (Li et al., 2022). Therefore, exclusion of this frac-
tion from the equations indicates only that its carbonation lies
outside the accounting boundary of this study, rather than that
its actual carbonation is zero.

The lime-derived CaO fraction in BFS was determined
using an ironmaking-burden mass-balance approach. First,
quicklime consumption per tonne of pig iron was estimated
from the total blast-furnace burden consumption per tonne
of pig iron, the shares of sinter, pellets, and lump ore in the
burden, and quicklime consumption per tonne of sinter. The
resulting quicklime input was converted to lime-derived CaO
and divided by the total CaO contained in the generated BFS,
which was calculated from the BFS generation rate and BFS
CaO content. Country- and period-specific parameters used
in this calculation are provided in Supplement Table SI-3,
Data 15.

For RM, uptake attributed to the annual stockpiled mate-
rial flow is calculated as:

CrM,r = Malumina,r X 7RM,¢ X (1 — Urm,1)

Mco,
Mcao

where Mjjumina,; 1S alumina production, rrm,; 1S the RM gen-
eration rate, Urm,; is the recycling and utilization rate, and
YrM,1 18 the one-year pile-average CaO conversion fraction.
The residual fraction is treated as stockpiled material. The
literature-reported average conversion and range are used in
the Monte Carlo analysis.

X fcaO.RM X YRM,1 X (23)

(4) Lime materials in the chemical industry (PCC, SUG,
CS, and LM)

PCC and SUG production is calculated as:
Mpce = Miime X Lo X b (24)

where L, is the fraction of total lime used in the chemi-
cal sector and b is the share allocated to PCC or SUG pro-
duction. Because carbonation is integral to these production
pathways, ®m is set to 1 in Eq. (4).

For LM, uptake attributed to the annual stockpiled material
flow is calculated as:

CLM,t = Mpaper,t XT1LM,t X - ULM,t)
Mco,
Mcq0

X fca0.LM X VLM, 1 X (25)
where Mpaper,; is paper and paperboard production, rpm,, is
the LM generation rate, Uy ; is the recycling and utilization
rate, and ¥ | is the one-year pile-average CaO conversion
fraction. Its literature-reported average and range are used in
the Monte Carlo analysis.

For CS, uptake attributed to the annual stockpiled material
flow is calculated as:

Ccs,t = Miime,r X L2,s X b3 1 X Plime/CS,t X I'CS,t

X (I = Ucs,1) X fcao,cs X V¢s,1 X (26)

Mca0
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where L ; is the fraction of lime used in the chemical sec-
tor, b3, is the share allocated to calcium-carbide produc-
tion, pilime/cs,, converts lime input to calcium-carbide out-
put, rcs,; is the CS generation rate, Ucs,; is the recycling
and utilization rate, and Y ¢g | is the one-year pile-average
CaO conversion fraction. Its literature-reported average and
range are used in the Monte Carlo analysis.

2.3 Data Sources and Processing

Based on the published 1930-2020 lime carbon uptake
dataset established by Bing et al. (2023), we recalibrated
China’s lime production data for 1930-1995, expanded the
lime-related basic activity data to nine additional coun-
tries, including the United Kingdom, France, Germany, Italy,
Japan, Australia, Brazil, Russia, and Canada, and updated the
dataset to 2024.

For the lime-related basic activity data, USGS statistics
were used as the primary data backbone where available, fol-
lowed by national statistical yearbooks, industry association
reports, regression-based estimates, conversion-coefficient
estimates, and linear interpolation for short data gaps. Where
multiple sources overlapped, we systematically compared
statistical units, product definitions, accounting boundaries,
and year-to-year changes to identify missing observations,
source inconsistencies, and implausible data changes. We
acknowledge that combining activity data from different
sources increases the complexity of uncertainty, especially
because statistical boundaries, reporting practices, and data
quality may differ among sources and periods.

2.3.1 Lime Production Data

Before continuous USGS coverage, country-specific his-
torical sources and transparent proxy methods were used.
Japanese limestone shipments to lime manufacture reported
by Shimanishi (2004) were converted to lime output us-
ing 1.8t limestone per tonne of lime and checked against
overlapping industry statistics. Brazilian lime production
for 1940-1964 was taken from the IBGE Physical Produc-
tion Tables (Brazilian Institute of Geography and Statis-
tics, 2026), while 1930-1939 values are explicitly identified
as autoregressive estimates. French, Canadian, German, and
former Soviet records were compiled from national statistical
yearbooks, with Canadian publications cited by their histori-
cal publication years (Dominion Bureau of Statistics (DBS),
Mining, Metallurgical and Chemical Branch, 1934-1959).
Australian lime production was converted from limestone al-
located to lime manufacture using a limestone-to-lime con-
version coefficient of 0.24 (Australian Bureau of Statistics,
1930-1958). For Italy, a mean limestone-to-lime coefficient
of 0.24 was derived from years reporting both inputs and
outputs. For the United Kingdom, fixed 1949-based alloca-
tion ratios of 0.161 for limestone and dolomite and 0.049 for
chalk, together with a lime-yield coefficient of 0.225, were
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used for years lacking direct observations (Ordnance Sur-
vey, 1957). Short gaps in Russian records were linearly in-
terpolated; for 1959—1991, Russian output was estimated as
0.54 of reported Soviet lime production (Upravlenie S. U. T.
statisticheskoe, 1961). All source classifications, equations,
diagnostics, and uncertainty assumptions are documented in
Supplement Table SI-2, Data 1.

To illustrate the source harmonization procedure, China’s
1930-1995 lime-production series was reconstructed by
linking three consecutive source segments: a limestone-
proxy reconstruction for 1930-1949, a sectoral activity-
based reconstruction for 1950-1985, and directly reported or
association-based statistics for 1986—1995.

For 1930-1949, continuous national lime-production
statistics were unavailable for China, particularly for 1930-
1948. We therefore reconstructed annual lime production
using limestone production as the primary proxy. Annual
limestone-production data for mainland China and Northeast
China were obtained from Makino and Guan (2007), which
reports mining production statistics, including limestone, for
1912-1949. Observed lime-production records for Northeast
China reported in Manshii ko6 tokei sokuhd: Showa 15-nen
(Kotoku 7-nen) [Manchurian factory statistics bulletin: 1940]
(Kantokyoku Kanbo Bunshoka et al., 1941) were used to cal-
ibrate the limestone-to-lime conversion relationship, yield-
ing a conversion coefficient of 0.21. The calibrated relation-
ship was applied separately to mainland China and Northeast
China, and the resulting regional estimates were combined to
derive national lime production for 1930-1949.

For 1950-1985, we adopted a sectoral reconstruction ap-
proach constrained by activity data and historical evidence.
Based on the sectoral lime-use shares reported by Liu et al.
(2018), total lime demand was allocated to the construction,
iron and steel, calcium carbide, and alumina sectors. Steel,
calcium carbide, and alumina production were used as activ-
ity indicators for their respective sectors, and through-origin
proportional regression models were developed to estimate
missing sectoral lime consumption. Construction lime de-
mand was reconstructed using completed building floor area
from Cao et al. (2019) as the activity proxy and constrained
by historical information on lime production and application
structure reported by Liao and Yin (1995), based on statistics
from the China Lime Association.

For 1986-1995, lime production data were obtained from
Liao and Yin (1995), based on China Lime Association
statistics, and the China Building Materials Statistical Year-
book. Before merging the three source segments into a con-
tinuous historical series, statistical boundaries were harmo-
nized through overlapping-year comparisons, consistency
checks against sectoral activity indicators, and calibration
of conversion coefficients where necessary to ensure tempo-
ral continuity and comparability. The harmonized series was
subsequently linked with later statistical records to produce
a continuous national dataset. All fitted parameters, recon-
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structed results, model diagnostics, and uncertainty distribu-
tions are documented in Supplement Table SI-2 Datal.

This example illustrates how historical datasets with dif-
ferent statistical boundaries, reporting practices, and data
availability were harmonized into a temporally consistent
activity dataset before subsequent emission estimation and
uncertainty analysis. To reflect the additional uncertainty
introduced by source integration, source-specific uncer-
tainty ranges were assigned to reported statistics, regression-
derived estimates, conversion-derived values, and interpo-
lated data, and propagated through the Monte Carlo analysis
(Sect. 2.4).

2.3.2 Industrial Product Output Data

For the period from 1930 to 2020, data on crude steel, alu-
mina, and paper and paperboard sectors for China, the United
States, and the global total were adopted from the source-
prioritized and internally cross-checked activity dataset con-
structed by Bing et al (2023). For 2021-2024, data on crude
steel and alumina for China, the United States, additional
countries, and the global total were sourced from the USGS,
while data on paper and paperboard were obtained from the
FAO Yearbook of Forest Products. Specific data sources were
organized as follows:

Crude steel and pig iron: Data for additional 9 coun-
tries from 1959 to 2024 were retrieved from the USGS
Iron and Steel Slag Database (United States Geologi-
cal Survey, 2026b), while historical data from 1930 to
1958 were sourced from the British Geological Survey
(British Geological Survey, 2026). Detailed datasets are
provided in Supplement Table SI-2 Data 2 and Data3.

Alumina: Data for additional 9 countries covering
1959-2024 were obtained from the USGS Bauxite and
Alumina Database (United States Geological Survey,
2026c). Data for the 1930-1958 period were derived
from the British Geological Survey (British Geological
Survey, 2026) and the Statistical Yearbook of France
(Annuaire Statistique de la France, 2026). Detailed
datasets are provided in Supplement Table SI-2 Data 4.

Paper and paperboard: Data from 1946 to 2024 were
sourced from the FAO Yearbook of Forest Products
(Food and Agriculture Organization of the United Na-
tions, 2026), and data from 1930 to 1945 were obtained
from the United Nations Statistical Yearbook (United
Nations Statistics Division, 2026). Detailed datasets are
provided in Supplement Table SI-2 Data 5.

To improve transparency and reproducibility across the coun-
try, sector, and material dimensions, we added a method-
ological framework summary table (Table 1). The table lists
the main activity-data sources, model or harmonization ap-
proach, and qualitative uncertainty rating for each account-
ing module. The uncertainty rating is defined as follows: A:
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directly reported and temporally consistent data with low pa-
rameter uncertainty; B: direct statistics supplemented by lit-
erature parameters or limited harmonization; C: mixed di-
rect and reconstructed data requiring regression, conversion
factors, or boundary adjustment; and D: sparse historical or
residual estimates with high integration uncertainty.

2.4 Uncertainty Assessment

We identified 17 groups of factors affecting the estimation
of process CO, emissions from lime production and carbon-
ation uptake by lime-based materials, comprising 1868 in-
put parameters with specified statistical distributions (Sup-
plement Table SI-3, Data 1-17). Given the substantial un-
certainty in these parameters, we applied the Monte Carlo
method recommended by the 2006 IPCC Guidelines for Na-
tional Greenhouse Gas Inventories. The statistical distribu-
tions of these variables were incorporated into the accounting
model, and 10000 Monte Carlo iterations were performed.
Final estimates are reported as the median of the simulated
distributions. The 2.5th and 97.5th percentiles define the
lower and upper bounds, respectively, of the 95 % confidence
interval (CI).

Uncertainty introduced by historical activity-data recon-
struction and source harmonization was explicitly included
in the Monte Carlo framework. Source-specific uncertainty
ranges were assigned according to data reliability, record
completeness, and reconstruction method. Directly reported
statistics were assigned narrower ranges than reconstructed
data. For regression-derived estimates, uncertainty was char-
acterized using model fitting errors, calibration diagnostics,
and goodness-of-fit information reported in Supplement Ta-
ble SI-2 Datal. For conversion-derived and interpolated esti-
mates, uncertainty ranges were assigned based on the cor-
responding activity-data and conversion-parameter uncer-
tainties in Supplement Table SI-3. Rather than introducing
an additional standalone “source-integration” parameter that
would be difficult to constrain independently, we incorpo-
rated discrepancies among overlapping datasets, uncertainty
associated with limestone-to-lime conversion, differences in
statistical boundaries, and regression-based reconstruction
uncertainty into the uncertainty ranges assigned to historical
activity data. This treatment differentiates complete statisti-
cal records from reconstructed, converted, and interpolated
values, and allows uncertainty levels to vary among countries
and time periods according to source quality.

During each Monte Carlo iteration, these activity-data un-
certainty terms were jointly sampled with emission factors,
CaO contents, material-use shares, carbonation ratios, and
other model parameters, and then propagated through the
process-emission and carbonation-uptake accounting models
to generate distributions of annual and cumulative emissions,
uptake, and net emissions.

No explicit cross-country or cross-parameter correlation
matrix was imposed in the baseline Monte Carlo implemen-
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Table 1. Summary of activity-data sources, accounting models, and qualitative uncertainty ratings used in the lime process-emission and
carbonation-sink framework.

Category Scope Main data/model approach Qualitative ~ Detailed
uncertainty ~ source
Lime CHN, 1930-1985 1930-1949: Limestone-proxy reconstruction calibrated D SI-2 Datal
production with observed lime-production records for Northeast
activity data China; 1950-1985: Sectoral activity-based
reconstruction using lime-use shares and activity
indicators for construction, steel, calcium carbide, and
alumina production.
CHN, 1986-1995 Missing values were linearly interpolated using C
available literature and statistical data.
CHN, 1996-2024 Directly reported national statistical yearbook data. A
USA, DEU, GBK, National yearbooks and historical sources were B-C
FRA, ITA, JPN, BRA, prioritized; conversion ratios or interpolation were
CAN, AUS, RUS, used only when direct records were incomplete.
1930-1958
RUS,1959-2024 1959-1991: Derived based on USSR statistical data B; A
compiled in USGS, combined with Russia’s production
share; 1992-2024: Data sourced from USGS.
USA, DEU, GBK, Directly reported USGS statistics, checked for A
FRA, ITA, JPN, BRA, temporal continuity.
CAN, AUS,
1959-2024
Process- All countries and ROW  Country lime production allocated by sector and B-C SI-3
emission combined with lime-use ratios, localized CaO contents, Datal-7
accounting and process-emission factors.
Carbonation Construction materials ~ Slab/pile carbonation models using material allocation, B-C SI-3
sink accounting (LSS, MOR) CaO content, thickness, conversion fraction, and Data8-11
carbonation-rate parameters.
Chemical materials Output/use rates, utilization ratios, CaO contents, B-C SI-3
(PCC, CS, SUG, LM) conversion fractions, and carbonation-rate parameters. Data8-13
Metallurgical materials  Industrial output, slag/red mud generation rates, C-D SI-3
(SS, BFS, RM) utilization ratios, lime-origin allocation, and Data8-14
time-varying carbonation parameters.
LKD CaO content, Output rate, conversion of CaO to B-C SI-3
CaCOj3 and depth-averaged CaO conversion fraction Data7-
8,14,17
Uncertainty All countries, sectors, Monte Carlo propagation of activity-data uncertainty, Reported as  SI-3
analysis and materials source-integration uncertainty, emission factors, CaO 95 % Datal-17
contents, material allocation ratios, conversion uncertainty
fractions, carbonation rates, and interval

regression/interpolation uncertainty.

Note: Qualitative uncertainty levels indicate data reliability and reconstruction intensity: A, directly reported and temporally complete statistics; B, direct statistics

supplemented by literature parameters or minor harmonization; C, mixed direct and reconstructed data requiring conversion, regression, or interpolation; D, sparse historical
data with substantial reconstruction or source-integration uncertainty. Detailed numerical distributions, fitted parameters, diagnostics, and uncertainty ranges are provided in
the Supplement Information.
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tation; therefore, sampled variables were treated as indepen-
dent within their assigned distributions, except for determin-
istic accounting relationships applied after sampling. We ac-
knowledge that positive correlations may exist among some
parameters, for example among countries using similar sta-
tistical sources or among material parameters governed by
common industrial technologies. Accordingly, the reported
95 % Uls should be interpreted as conditional on this inde-
pendence assumption and may be narrower than intervals ob-
tained under a fully correlated error structure. This limitation
is now explicitly stated, and the reported aggregate uncer-
tainty is not interpreted as evidence that subdivision alone
improves data quality.

Compared with our previous research, this study incorpo-
rates refinements in four key aspects. (1) Regional refine-
ment to enhance the dataset’s representativeness. We sep-
arated the United Kingdom, France, Germany, Italy, Rus-
sia, Japan, Brazil, Australia, and Canada from the rest-of-
the-world (ROW) category used in previous studies. This
allowed us to establish, for the first time, a lime carbona-
tion sink dataset covering 11 countries, which collectively
accounted for an average of 78.9 % of global lime produc-
tion (see Supplement Table SI-2, Data 1). (2) More detailed,
country-specific parameterization. The parameters were up-
dated for lime CO, uptake in the newly added countries.
The parameters include the proportion of lime usage across
various sectors, the CaO content of different lime materi-
als, and the production and utilization rates of lime materi-
als. These improve the accuracy of the accounting compared
to the CO, uptake parameters used for the ROW region in
our previous work (see Supplement Table SI-3, Data 1-15).
(3) Inclusion of BFS in the accounting system. BFS was in-
corporated to address the previous omission of its carbona-
tion contribution from metallurgical slags (see Supplement
Table SI-2, Data 3). (4) Data-constrained temporal and re-
gional parameterization of SS and BFS. Complete annual
and country-specific data were unavailable for the SS and
BFS generation coefficients and for the fractions directed to
road-base applications or open-air stockpiles. We therefore
used four non-overlapping accounting periods: 1930-1949,
1950-1972, 1973-1999, and 2000-2024. These periods rep-
resent broad stages in iron- and steelmaking technology and
serve only as common accounting windows; they do not im-
ply synchronous technological transitions across countries.
Crude steel and pig-iron production were obtained from sta-
tistical data and were not determined by these assumptions.
Country-specific slag generation coefficients and pathway-
allocation fractions were used where available. Otherwise,
separate values were assigned to developed and developing
regions based on differences in industrialization, technology-
adoption timing, and slag-management practices. The pa-
rameter values, assumptions, and supporting references are
provided in Supplement Table SI-3, Data 8-9.
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3 Results and Discussion

3.1 Global Process CO» Emissions from Lime
Production

Figure 3 presents global process CO, emissions from
lime production. Between 1930 and 2024, annual pro-
cess emissions from the global lime industry increased
substantially, from 18.5MtCO,yr~! (95% CI: 18.0-
18.9MtCO, yr~1) in 1930 to 299.2 Mt CO, yr~! (95 % CI:
288.4-310.2MtCO, yr~!) in 2024. Cumulative emissions
over this period reached 11.3GtCO; (95% CI. 10.7-
11.9 Gt CO»; Fig. 3a). This increase was driven by contin-
ued global urbanization and industrialization and the result-
ing demand for lime in construction, metallurgy, the chem-
ical industry, and environmental applications (Wu et al.,
2024). Global lime production increased by approximately
394.6 Mt, from 25.4 Mt in 1930 to 420.0 Mt in 2024, equiva-
lent to a 16.5-fold increase (United States Geological Survey,
2026a; Supplement Table SI-2, Data 1).

Global lime process emissions broadly followed the trend
in lime production because lime production is the princi-
pal activity variable in the emission-accounting model. How-
ever, emissions increased more slowly than production be-
cause the production-weighted emission factor decreased
over time. In the model, this emission factor varies with the
allocation of lime among downstream sectors and the corre-
sponding CaO contents of lime products. Therefore, the di-
vergence between the growth rates of production and process
emissions reflects changes in the modeled composition and
sectoral use of lime rather than improvements in production
technology.

Construction was the largest cumulative source of lime-
related process emissions during 1930-2024 (Fig. 3b).
Annual construction-sector emissions increased from 3.6
MtCO,yr~! (95% CIL: 2.4-52MtCO, yr~ 1) in 1930 to
130.9MtCO, yr~! (95% CI: 97.7-164.2MtCO, yr~!) in
2024. Cumulative construction-sector emissions reached
39GtCO; (95% CI: 2.9-49GtCOy), accounting for
34.5% of total cumulative process emissions. Metallurgy
was the second-largest contributor, with annual emis-
sions increasing from 6.6MtCO,yr~! (95% CI: 5.5-
7. 7MtCOz yr~ 1) in 1930 to 96.2MtCO, yr~! (95% CI:
65.3-129.5 Mt CO, yr’l) in 2024. Cumulative metallurgical
emissions reached 3.8 GtCO, (95 % CI: 2.9-4.7 Gt CO»),
representing 33.5% of the global total. Chemical-sector
emissions increased from 3.6 Mt CO, yr! (95% CI: 2.6-
47MtCO, yr~ 1) in 1930 to 45.4MtCOyyr~! (95% CI:
34.2-58.0 Mt CO, yr’1 ) in 2024. Cumulative emissions from
this sector reached 2.0 GtCO, (95 % CI: 1.5-2.4 Gt CO»),
accounting for 17.2 % of total cumulative emissions. Cumu-
lative emissions from other sectors amounted to 1.7 Gt CO,
95% CI: 1.3-2.7GtCO,), representing the remaining
14.7 %.
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Figure 3. Global process CO, emissions from lime production: (a) annual global emissions; and (b) cumulative emissions by country and

sector.

Process-emission trajectories differed substantially among
countries between 1930 and 2024. Developed countries
peaked at different times, ranging from 1964 in Germany and
the 1970s—1980s in France, Japan, and the United Kingdom
to 1999-2011 in Canada, the United States, Italy, and Aus-
tralia, after which emissions generally declined. In the United
States, emissions rebounded during the early 21st century,
peaked in 2006, and subsequently decreased. In contrast,
China and Brazil exhibited pronounced long-term growth,
while Russia experienced a sharp decline following the dis-
solution of the Soviet Union and a partial rebound after 2000.

China was the largest contributor to both global lime
production and associated process emissions. Its annual
emissions increased from 0.4MtCO,yr~! (95% CI: 0.2—
0.7MtCO, yr~1) in 1930 to 226.7MtCO, yr~! (95% CI:
216.1-237.6 Mt CO, yr~!) in 2024, corresponding to a com-
pound annual growth rate of 6.9 %. China’s cumulative emis-
sions reached 5.5GtCO; (95% CI. 4.9-6.0GtCO,), ac-
counting for 48.3 % of the global total (Fig. 3b). The United
States was the largest cumulative emitter among developed
countries, with emissions of 953.9 Mt CO, (95 % CI: 910.5-
997.4 Mt CO»), representing 8.4 % of the global total. Russia
and Germany contributed 611.1 and 605.4 Mt CO», respec-
tively, each accounting for 5.4 % of global cumulative emis-
sions. Japan (370.2MtCO,), Brazil (258.2MtCO,), Italy
(220.9MtCO,), and France (189.2MtCO;) contributed
33%, 2.3%, 2.0%, and 1.7 %, respectively. Contribu-
tions from the United Kingdom (129.4 MtCO;), Canada
(115.2MtCQO»), and Australia (76.4 Mt CO,) were smaller,
accounting for 1.1%, 1.0%, and 0.7 %, respectively. Cu-
mulative emissions from the rest of the world amounted to
2.3GtCO; (95 % CI: 2.2-2.4 Gt COy), representing 20.5 %
of the global total (Fig. 3b).
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3.2 Global Carbon Uptake by Lime Carbonation

The global lime carbonation sink increased from
41MtCOyr~! (95% CI: 3.5-4.8 MtCO,yr~') in 1930
to 136.1MtCO, yr~! (95% CI: 107.9-171.5MtCO, yr~ 1)
in 2024, corresponding to a compound annual growth rate
of 3.8 %. The cumulative carbonation sink over 1930-2024
reached 4.8GtCO, (95% CI: 3.9-5.8 GtCO,; Fig. 4a).
Net emissions, calculated as process emissions minus
carbonation uptake, increased from 14.3 MtCO, yr*1 in
1930 to 163.2 Mt CO, yr_1 in 2024, resulting in cumulative
net emissions of 6.5 Gt CO,. Overall, lime-based materials
reabsorbed approximately 42.2% of cumulative process
emissions (Fig. 4b), 3.4 percentage points higher than the
38.8 % estimate reported by Bing et al. (2023).

The 11 countries represented in this study contributed a
cumulative carbonation sink of 3.7 GtCO,, accounting for
77.4 % of the global total. Refinement of the activity data for
nine additional countries reduced the share assigned to the
aggregated rest-of-world region from 34.4 % in Bing et al.
(2023) to 22.6 % in the present study (Fig. 4a). The account-
ing boundary was further refined by incorporating BFS and
applying period-specific parameters to SS and BFES to reflect
changes in iron- and steel-production practices.

The increasing carbon-offset level partly reflects the time
lag between lime-material production and subsequent car-
bonation (Niu et al., 2025). Materials such as MOR, LSS,
SS, and BFS do not attain their ultimate carbonation extent
immediately and can continue to absorb CO; in subsequent
years. Consequently, the annual carbonation sink includes
both uptake by materials produced in the current year and
continued uptake by materials inherited from previous years.
In 2024, the lime carbonation sink was equivalent to approx-
imately 1.5 %-2.0 % of the global terrestrial carbon sink in
2023 (Friedlingstein et al., 2025). Quantifying this anthro-
pogenic carbonation sink provides data relevant to IPCC as-
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Figure 4. Global lime carbon balance: (a) annual process emissions and carbonation uptake; (b) carbon-offset ratio (carbonation uptake
divided by process emissions); (¢) annual uptake by country and region; and (d) annual uptake by material.

sessments and improves the completeness of the Global Car-
bon Budget.

Among the lime-derived materials considered, SS ex-
hibited the largest cumulative carbon uptake, reaching
1.3GtCO; and accounting for 27.1 % of the global cu-
mulative carbonation sink (Fig. 4d). BFS and MOR fol-
lowed, each contributing approximately 0.9 Gt CO;, and ac-
counting for 19.6 % and 19.1 %, respectively. LKD and
LSS each contributed approximately 0.5 Gt CO,, represent-
ing 9.8% and 9.6 % of the global total, respectively. To-
gether, these five materials contributed 4.1 Gt CO,, account-
ing for 85.2% of the cumulative carbonation sink. PCC,
CS, and SUG contributed 0.3 GtCO, (6.5 %), 0.2 GtCO,
(4.5 %), and 0.2 Gt CO» (3.8 %), respectively. Contributions
from RM and LM were negligible, each accounting for less
than 0.1 % of the global total.

China’s annual lime carbonation sink increased
markedly from 0.1MtCOyr~! (95% CI: 0.04-
02MtCOyr~!) in 1930 to 92.0MtCO,yr~! (95%
CI: 65.8-125.6 Mt CO, yr~!) in 2024. Its cumulative carbon
uptake reached 1.9GtCO; (95% CI: 1.5-2.5GtCO,),
accounting for 40.7 % of the global total (Fig. 4c). This dom-
inant contribution was primarily associated with sustained
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lime demand from China’s large-scale construction and iron
and steel industries.

Among developed countries, the United States made the
largest contribution. Its annual carbonation sink increased
from 1.2MtCO, yr~! (95% CI: 0.8-1.7MtCO>yr™!) in
1930 to 5.9MtCO, yr~! (95 % CI: 4.4-7.7MtCO, yr~!) in
2024. Its cumulative uptake reached 629.6 Mt CO; (95 % CI:
456.2-843.5 Mt CO»), equivalent to 13.2 % of the global to-
tal.

Japan, Russia, Germany, Brazil, and Italy contributed cu-
mulative carbonation sinks of 292.1,271.7, 186.4, 113.6, and
67.4MtCO,, respectively, corresponding to 6.1 %, 5.7 %,
39%, 24%, and 1.4% of the global total (Fig. 4c).
France and Canada contributed 58.3MtCO; (1.2%) and
57.4 Mt CO; (1.2 %), respectively. By contrast, the contribu-
tions from the United Kingdom and Australia were each be-
low 1 %, amounting to 40.5 Mt CO; (0.8 %) and 33.9 Mt CO,
(0.7 %), respectively. The rest of the world collectively con-
tributed 1.1 Gt CO», representing 22.6 % of the global cumu-
lative lime carbonation sink.

Earth Syst. Sci. Data, 18, 6741-6762, 2026
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3.3 Global Lime Carbonation Sink in Different Industries

Industry-based analysis indicates that carbon uptake by lime-
based materials generally increased across the major indus-
trial sectors between 1930 and 2024. However, substantial
inter-sectoral differences were observed in the magnitude of
the carbonation sink, dominant material types, and temporal
trajectories (Fig. 5). The metallurgical sector was the largest
contributor to the global lime carbonation sink, followed by
construction and the chemical industry. LKD, which is gener-
ated directly during lime production, was accounted for sepa-
rately rather than allocated to a downstream industrial sector.

Carbon uptake in the metallurgical sector in-
creased from 1.4MtCO, yr_l in 1930 95% CI. 1.0-
1L9MtCOyyr~!) to 57.6MtCO,yr~' in 2024 (95%
CL: 47.9-68.9MtCO, yr~'). The cumulative carbonation
sink over the study period reached 2.2 GtCO; (95 % CI:
1.9-2.6 Gt CO,), accounting for 46.6 % of the global lime
carbonation sink (Fig. 5). Lime-derived materials generated
during metallurgical processes, particularly SS and BFS,
provide a substantial material basis for mineral carbonation.
With the sustained growth of global iron and steel production
over the past century, the carbonation potential of metal-
lurgical slags has increased considerably. By incorporating
period-specific historical parameters, this study accounts for
temporal and cross-country variations in the generation and
utilization of metallurgical by-products, thereby improving
the representation of the sector’s historical carbonation sink.
Previous studies have identified pronounced differences
among countries in their management of steel slag and
blast-furnace residues (Guo et al., 2018; Horii et al., 2015;
O’Connor et al., 2021; United States Geological Survey,
2026b). Developed countries generally established mature
resource-utilization systems earlier, whereas developing
countries have gradually shifted from long-term stockpiling
toward more comprehensive utilization. Technological
development and policy intervention have therefore played
important roles in shaping the long-term evolution of the
metallurgical carbonation sink.

The construction sector constituted the second-largest
global lime carbonation sink. Annual carbon uptake in-
creased from 0.8 MtCO, yr_1 in 1930 (95% CI. 0.5-
1.2MtCOy yr~ 1) to 48.4MtCO,yr~! in 2024 (95% CI:
25.4-80.2MtCO, yr~!). The cumulative carbonation sink
reached 1.4 GtCO; (95 % CI: 0.9-2.0 Gt CO;,), accounting
for 28.8 % of the global total (Fig. 5). This contribution pri-
marily resulted from the widespread use of MOR and LSS,
together with their continued carbonation during service.
Since the second half of the twentieth century, accelerating
urbanization and infrastructure investment have substantially
expanded the use of lime-based construction materials, driv-
ing a corresponding increase in carbon uptake (Manzoor and
Yousuf, 2020).

The chemical industry made a smaller but rela-
tively stable contribution. Its annual carbon uptake in-
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creased from 1.2MtCO,yr~! in 1930 (95% CI: 0.9-
1L7MtCOyyr™ 1) to 17.5MtCO,yr~! in 2024 (95%
CI: 12.1-24.2MtCO, yr‘l). Cumulative uptake reached
0.7GtCO; (95% CI: 0.5-0.9GtCO;), accounting for
14.8 % of the global lime carbonation sink. Carbon uptake
in this sector occurred mainly through industrial carbonation
pathways involving CS, PCC, SUG, RM, and LM.

LKD generated directly during lime production con-
tributed the remaining 0.5 Gt CO,, equivalent to 9.8 % of
the global cumulative carbonation sink. Because LKD is a
production-stage by-product rather than a material associated
with a specific downstream industry, it was reported sepa-
rately from the metallurgical, construction, and chemical sec-
tors.

From spatial perspective, industry-dominated patterns of
lime carbon sequestration exhibit pronounced heterogene-
ity across countries and regions (Fig. 5). Developed coun-
tries (e.g., the United States, Japan, and major European na-
tions), characterized by long histories of iron and steel pro-
duction and well-established circular economy systems, have
long been dominated by metallurgical-sector lime carbona-
tion sink, with cumulative effects that are particularly evi-
dent on historical timescales (Spring and Cirella, 2022). In
contrast, developing countries undergoing rapid industrial-
ization and urbanization (e.g., China, Brazil, and parts of the
rest-of-world regions) have experienced surging demand for
lime-based materials in the construction sector, which has
gradually become the primary regional source of lime-related
carbon sequestration. In China, carbon uptake by lime mate-
rials in the construction sector accelerated markedly in the
early twenty-first century, closely coinciding with the timing
of rapid urbanization (Cai et al., 2020).

Overall, the differentiated global distribution of lime car-
bonation sink across industries and regions fundamentally
reflects the combined influences of industrial structure, eco-
nomic development pathways, resource utilization efficiency,
and policy frameworks. Clarifying the relative contributions
of different sectors and their underlying evolutionary mecha-
nisms is of critical scientific importance for designing sector-
specific carbon management strategies for enhancing the car-
bon sequestration potential of lime-based materials.

3.4 Time-Lag Effect of Lime Carbonation Sink

Both current-year and historical CO, uptake by global lime-
based materials exhibited long-term increasing trends be-
tween 1930 and 2024, although interannual fluctuations oc-
curred (Fig. 6a). “Current-year uptake” refers to CO, ab-
sorbed by materials produced in the corresponding year,
whereas “historical uptake” represents continued CO, uptake
in subsequent years by material cohorts produced in earlier
years.

Mechanistically, the time-lag effect reflects the accumu-
lation of legacy material stocks and the progressive carbon-
ation of reactive Ca-bearing phases. Within the accounting
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CO, uptake disaggregated by production year.

framework, annual uptake comprises uptake attributed to ma-
terials produced in the current year and continued uptake by
incompletely carbonated materials inherited from previous
years. For PCC and SUG, carbonation is integral to the pro-
duction process, and uptake is therefore assigned to the pro-
duction year. LKD, LM, RM, and CS are represented using
literature-derived, one-year, pile-average CaO conversion pa-
rameters; this treatment does not assume complete conver-
sion of CaO. By contrast, LSS and MOR follow the slab
model, whereas SS and BFS follow the spherical-particle

https://doi.org/10.5194/essd-18-6741-2026

model and continue to carbonate over multiple years (Sect.
2.3.1-2.3.2).

As carbonation proceeds, the formation of a CaCOj3-rich
product layer can impede inward CO; transport, shifting the
reaction from relatively rapid initial uptake toward a slower,
diffusion-controlled stage (Xi et al., 2016; Niu et al., 2025).
For metallurgical slags, carbonation is further controlled by
particle size, reactive Ca-bearing mineral phases, humidity,
temperature, and stockpiling or reuse conditions (Zhao et al.,
2025). Each year introduces a new cohort of lime-based ma-
terials, while incompletely carbonated cohorts from previous
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years continue to absorb CO;. Over most of the study period,
additions to this historical reactive stock exceeded its deple-
tion, explaining the sustained increase in historical uptake.
This mechanism also explains why carbonation sinks can de-
cline more slowly than process emissions in countries that
have already reached their emission peaks.

Current-year uptake increased from 4.1 MtCO, yr~! in
1930 to 72.6 Mt CO, yr~! in 2024, corresponding to a com-
pound annual growth rate of 3.1 %. Cumulative current-year
uptake reached 2.7 Gt CO,, accounting for 56.2% of the
total cumulative uptake. Historical uptake increased from
0.7MtCO; yr—! in 1931 to 63.5MtCO, yr~! in 2024, with
a compound annual growth rate of 5.0 %. Cumulative histor-
ical uptake reached 2.1 Gt CO,, representing the remaining
43.8 % (Fig. 6a).

MOR was the largest contributor to current-year up-
take, accumulating 703.7 Mt CO, and accounting for 26.2 %
of cumulative current-year uptake, followed by LKD with
465.1 Mt CO; (17.3 %). In contrast, SS dominated histori-
cal uptake, accumulating 949.3 Mt CO, and accounting for
45.3 % of cumulative historical uptake, followed by BFS
with 570.3 Mt CO; (27.2 %) (Supplement Table SI-1, Data
7-8). These results highlight the distinct temporal patterns
of carbonation among lime-based materials (Fig. 6b). His-
torical uptake from SS and BFS exceeded their current-year
uptake because these materials do not attain their material-
specific maximum carbonation extent in the year they are
generated, and substantial uptake therefore occurs gradually
in subsequent years (Liu et al., 2018). Their natural carbona-
tion rates are also influenced by environmental conditions,
particularly temperature and humidity (Zhao et al., 2025).
Future research could evaluate accelerated carbonation and
CO; mineralization technologies within carbon capture, uti-
lization, and storage frameworks to enhance controlled and
verifiable CO; sequestration (Yang et al., 2024).

3.5 Peaking Trajectories and Regional Disparities in
Lime Carbon Balance

Based on lime process emissions and carbonation sink data,
this study reveals significant regional heterogeneity in the
global lime carbon balance: developed countries, represented
by Europe, North America, Japan, and Australia, have gener-
ally achieved carbon peaking, whereas developing and tran-
sition economies show continued long-term growth or a post-
2000 rebound in process emissions.

In developed countries, CO, emissions peaked between
the 1960s and early 2010s. Germany (1964, 12.7 Mt CO3),
France (1974, 3.7MtCO,), Japan (1973, 8.6 Mt CO,), and
the UK (1980, 2.9MtCO;) peaked earlier, followed by
Canada (1999, 1.9 Mt COy), the USA (2006, 15.6 Mt CO»),
Italy (2007, 4.4 Mt CO3), and Australia (2011, 1.8 Mt CO»).
The carbon offset levels in their respective peak years were
21.6 % for Germany, 25.6 % for France, 57.0 % for Japan,
24.1 % for the UK, 50.6 % for Canada, 48.1 % for the USA,
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30.0 % for Italy, and 33.2 % for Australia. Following the peak
year, lime process emissions in these countries generally de-
clined, with compound annual decline rates from the peak
year to 2024 ranging from 0.8 % to 5.2 %. Carbonation sinks
also tended to decrease with reductions in lime production,
but the decline in carbon uptake was often less pronounced
than that of process emissions because of the time-lag ef-
fect in the carbonation of certain lime-based materials. Con-
sequently, carbon offset levels generally increased after the
emission peak, helping to narrow net emissions from the lime
production sector. This characteristic is closely related to ma-
ture secondary resource recycling systems and stringent cli-
mate policy constraints in developed countries (Dolphin et
al., 2023), particularly the high recovery and comprehensive
utilization of metallurgical by-products such as BFS and SS
(Yietal., 2012). In construction and civil engineering, substi-
tuting primary lime materials with these alkaline solid wastes
can reduce process-related carbon emissions during produc-
tion while maintaining carbonation sink potential through
continuous mineral carbonation during their secondary-use
phase (Pan et al., 2017).

Conversely, developing and transition economies exhibit
continued growth pressure or emission rebound. China’s lime
process emissions increased from 0.4 Mt CO, yr~! in 1930
to 226.7 Mt CO, ylr_1 in 2024 (CAGR: 6.9 %), with a post-
2002 annual growth rate of 4.0 %, driven by urbanization
and infrastructure demand. China’s carbonation sink reached
92.0 Mt CO, yr~! in 2024, corresponding to an offset level
of 40.6 %. Nevertheless, abatement pressure remains sub-
stantial because of the country’s large absolute process emis-
sions. Brazil’s lime process emissions also increased over the
long term, reaching 5.9 Mt CO, yr~! in 2024, with an offset
level of 44.3 %, although emissions declined slightly from
their 2013 peak of 6.1 Mt CO;,. Russia peaked during the So-
viet era in 1988 at 12.2 Mt CO», but its emissions rebounded
after 2000 (CAGR: 1.3%), reaching 8.0MtCO,yr~! in
2024, with an offset level of 52.8 %. Lime process emission
growth in these regions is mainly associated with infrastruc-
ture demand during industrialization and urbanization (Chen
et al., 2022), while Russia’s rebound is related to economic
recovery and the restoration of industrial capacity after 2000.

In summary, regional differences in process emissions
and carbonation sink trajectories reflect distinct development
stages. Developed countries have achieved inflection points
through industrial transformation, resource recycling, and
policy intervention, whereas developing countries face the
dual challenge of supporting economic growth while reduc-
ing process emissions. The divergence in carbon offset levels
further reflects cross-country differences in the recycling ef-
ficiency and secondary utilization of lime-based materials.

3.6 Uncertainty Analysis

The uncertainty analysis in this study was designed to reflect
data-source reliability, reconstruction intensity, and country-
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level heterogeneity. Building on the accounting model estab-
lished by Xi et al. (2016) and the framework of Bing et al.
(2023), probability distributions were assigned to process-
emission factors, CaO contents, material-use shares, carbon-
ation ratios, activity data, and reconstruction parameters. In
addition, source-specific uncertainty ranges were assigned
to directly reported statistics, regression-derived estimates,
conversion-derived estimates, and interpolated values. To
show country-level differences in uncertainty, Fig. 6 presents
the 95 % uncertainty intervals for process emissions, carbon-
ation sink, and net emissions across 11 countries. The corre-
sponding uncertainty parameters are provided in Supplement
Table SI-3 Datal—15.

The results indicate that cumulative global lime process
emissions from 1930 to 2024 were 11.3 GtCO, (95 % CI:
10.7-11.9 Gt CO,), while the cumulative lime carbonation
sink was 4.8 Gt CO, (95 % CI: 3.9-5.8 Gt COy). The rela-
tive half-width of the 95 % confidence interval was 5.1 %
for cumulative process emissions and 19.5 % for cumula-
tive carbonation sink, indicating that carbonation uptake is
substantially more uncertain than process emissions. This
larger uncertainty mainly arises from variability in CaO con-
tents, carbonation rates, material-use allocation, utilization
rates, time-lag parameters, and the additional uncertainty in-
troduced during historical data-source harmonization.

Country-level uncertainty results further show that uncer-
tainty is not uniform across regions or variables (Fig. 7). In
2024, the relative half-width of the 95 % uncertainty inter-
vals for process emissions across the 11 countries ranged
from 4.5% to 4.8 %, reflecting the dominant role of re-
ported statistical data in recent emission estimates. In con-
trast, carbonation-sink uncertainty was larger, with relative
half-widths ranging from 19.2 % in Russia to 36.2 % in the
United Kingdom, because uptake estimates depend on mate-
rial allocation, carbonation kinetics, and utilization assump-
tions. When emissions and uptake are similar in magnitude,
net-emission uncertainty can be further amplified. These re-
sults indicate that the uncertainty framework used in this
study captures important differences between original and
reconstructed data, among countries, and between emission
and uptake processes.

4 Data availability

The datasets generated and analyzed in this
study are available in the Science Data Bank:
https://doi.org/10.57760/sciencedb.45314 (Bing et al.,
2026). The dataset comprises three data files, including the
results of lime-related carbon emissions and CO; uptake
(Supplement Table SI-1), basic activity data for lime-based
materials (Supplement Table SI-2), and uncertainty parame-
ters associated with lime carbon emissions and CO; uptake
(Supplement Table SI-3).
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5 Conclusion

In this study, we advanced the high-resolution accounting of
global lime-related process emissions and carbonation up-
take. For process-emission accounting, we extended the tem-
poral coverage to 1930-2024 and refined the spatial resolu-
tion to 11 major lime-producing countries, collectively ac-
counting for 78.9 % of global lime production. By integrat-
ing country-specific activity data, sectoral lime-use struc-
tures, and localized CaO-content parameters, the framework
provides a more detailed representation of process emis-
sions across regions and downstream industries. Cumulative
lime process emissions reached 11.3 Gt CO, (95 % CI: 10.7—
11.9 Gt CO,) between 1930 and 2024. Construction was the
largest source, contributing 3.9 Gt CO; (34.5 %), followed by
metallurgy with 3.8 Gt CO; (33.5 %) and the chemical indus-
try with 2.0 Gt CO; (17.2 %). Process emissions continued to
increase in developing regions, indicating that reductions in
absolute emissions remain necessary despite the partial offset
provided by carbonation uptake.

For carbon uptake, the system boundary was refined
by incorporating BFS into the lime-carbonation accounting
framework and applying period-specific generation and uti-
lization parameters to SS and BFS to represent historical
changes in iron and steel production. Between 1930 and
2024, global lime-based materials cumulatively sequestered
4.8GtCO2 (95 % CI: 3.9-5.8 GtCO»), offsetting 42.2 % of
cumulative process emissions. The annual lime carbona-
tion sink in 2024 was equivalent to approximately 1.5 %—
2.0% of the global terrestrial carbon sink in 2023. China
was the largest contributor, with cumulative process emis-
sions of 5.5GtCO;, and cumulative carbonation uptake of
1.9 Gt CO,, accounting for 48.3 % and 40.7 % of the corre-
sponding global totals, respectively.

SS, BES, MOR, LKD, and LSS were the principal carbon-
ation materials, contributing 27.1 %, 19.6 %, 19.1 %, 9.8 %,
and 9.6 % of the cumulative sink, respectively. Together,
these five materials accounted for 85.2 % of global cumula-
tive carbonation uptake. SS and BFS were also the dominant
contributors to historical uptake, accounting for 45.3 % and
27.2 %, respectively. This dominance arises because these
materials do not attain their material-specific maximum car-
bonation extent in the year they are generated, and substantial
CO; uptake therefore occurs gradually in subsequent years.
These results provide an improved empirical basis for inte-
grating lime-related process emissions and carbonation up-
take into global carbon-budget assessments and for develop-
ing region- and material-specific mitigation strategies.

Regional divergence in lime carbonation uptake and net
emissions is pronounced. In developing countries such as
China and Brazil, carbonation uptake is mainly associated
with construction-related materials and metallurgical by-
products, while in developed regions such as the United
States, metallurgical materials such as SS and BFS contribute
substantially to the carbonation sink. Developed economies,
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Figure 7. Lime process emissions, carbonation uptake, and net emissions in 11 countries, 1930-2024.

including countries in Europe, the United States, Japan, and
Australia, have generally passed their lime process-emission
peaks, with declining gross emissions and net emissions
gradually narrowing. In contrast, developing countries con-
tinue to show simultaneous growth in both emissions and up-
take, and face increasing pressure from rising absolute emis-
sion volumes. These findings highlight the carbon-sink value
of lime-based materials and provide an improved empirical
basis for incorporating lime carbonation uptake into global
carbon budget assessments and carbon-neutrality pathway
analyses.

Future work should extend this historical dataset to sce-
nario projections for 2025-2050 to better support global

Earth Syst. Sci. Data, 18, 6741-6762, 2026

and national carbon-neutrality assessments. Such projections
should consider changes in lime demand, regional industrial
structure, kiln technology, material recycling rates, slag uti-
lization, CCUS deployment, and enhanced-carbonation path-
ways. In particular, linking the lime carbonation sink dataset
with national mitigation scenarios would help quantify the
potential contribution of lime-based carbon uptake to net-
zero roadmaps and identify priority countries, sectors, and
material streams for future emission reduction and carbon
sink enhancement (Simoni et al., 2022; European Lime As-
sociation, 2026b; National Lime Association, 2026).
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Appendix A: Abbreviations and symbols

Abbreviation/symbol  Definition

BFS Blast furnace slag

CEF Carbon emission factor

CI Confidence interval

CS Carbide slag

GCB Global Carbon Budget

IPCC Intergovernmental Panel on
Climate Change

IPPU Industrial Processes and
Product Use

LKD Lime kiln dust

LM Paper-mill lime mud

LSS Lime-stabilized soil

MFA Material Flow Analysis

MOR Lime mortar

PCC Precipitated calcium carbonate

RM Red mud

ROW Rest of the world

SS Steel slag

SUG Carbonation sugar

USGS United States Geological Survey
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