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Supersulfated cement (SSC), a binder with significantly low carbon emissions, exhibits excellent chemical resistance  
and considerable potential for marine engineering and other infrastructure applications. However, its intrinsic low early-age 
strength deficit has limited its broader adoption. This study proposes an innovative solution to this limitation by synergistically 
applying chemical activation (calcium formate) and thermal activation (steam curing at 50 °C). It also contributes, through 
the development of a support vector regression (SVR) model, to jointly optimizing compressive strength and carbon footprint, 
as experimentally validated. The results show that the dual-activation blend containing 20 % fly ash (FA) reduces CO2 
emissions by 29.4 % (8.5 kg CO2/100 kg) compared to conventional SSC, while achieving a 7-day strength of 63.6 MPa. This 
leads to an outstanding eco-mechanical index of 0.89 kg CO2/(MPa·100 kg). By integrating chemical activation, thermal 
curing, and multi-objective machine learning, this study provides a promising route to advance SSC's potential as a low- 
-carbon, high-performance infrastructure material.

INTRODUCTION

	 The cement industry is a cornerstone of global infra- 
structure development, yet it remains one of the largest 
contributors to anthropogenic greenhouse gas emissions, 
accounting for approximately 8% of global CO2 
emissions [1]. This environmental burden arises prima- 
rily from the calcination of limestone during OPC pro-
duction and the intensive use of fossil fuels for kiln 
operations [2]. In light of the Paris Agreement’s target  
to limit global warming to 1.5°C as well as China’s 
"dual carbon" goals – peaking carbon emissions by 2030  
and achieving carbon neutrality by 2060 – the develop-
ment of low-carbon cementitious alternatives has become 
both a scientific necessity and an industrial priority [3]. 
Among the emerging solutions, supersulfated cement 
(SSC) has gained increasing attention because of its distinc- 
tive low-clinker composition, which generally consists 
of 75–85 wt. % ground granulated blast furnace slag 
(GGBFS), 10–20 wt. % gypsum, and 1 – 5 wt. % alka-
line activator, such as cement clinker [4, 5]. Compared 
with OPC, SSC has a much lower carbon footprint 
because it largely replaces energy-intensive clinker 
with industrial by-products such as GGBFS and flue 
gas desulfurization gypsum. The hydration of SSC  
is governed by the coupled action of sulfate activation 

and alkaline activation. Gypsum supplies sulfate ions 
and part of the calcium source, whereas the alkaline 
activator increases the alkalinity of the pore solution  
and promotes the dissolution of GGBFS. During this 
process, Ca, Al, and Si species are released from GGBFS. 
The dissolved Al species react with Ca and sulfate  
to form ettringite (AFt), which contributes to the early 
load-bearing skeleton of SSC. Meanwhile, continued 
GGBFS dissolution leads to the formation of calcium 
(alumino) silicate hydrate (C-(A)-S-H) gel, which contri- 
butes to matrix densification and later strength develop-
ment [6, 7]. Therefore, the performance of SSC depends 
not only on sulfate supply, but also on the availability  
of reactive Ca and Al species and the alkalinity required 
for GGBFS activation.
	 Despite these advantages, SSC still faces critical 
barriers to widespread application. In particular,  
its low early-age strength, often lower than 15 MPa  
at 3 days, restricts its use in structural concrete applica-
tions. Curing temperature is a critical factor influencing  
the performance development of cementitious systems 
with high slag content. The hydration of slag is consi-
derably more temperature-sensitive than that of OPC. 
Previous studies [8, 9] have demonstrated that elevated 
early-age curing temperature can significantly enhance 
the strength development of slag-based cement. Barnett 
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[10] investigated a blended cement containing 70 wt. % 
slag and 30 wt. % Portland cement under various curing 
temperatures (10, 20, 30, 40, and 50 °C), and found that 
compressive strength increased with rising tempera-
ture during the first 72 hours; however, after 384 hours,  
the highest strength was observed at 20 °C. In another 
study, Cabrera-Luna [11] examined SSC pre-cured  
at 20, 40, and 60 °C for 24 hours before demolding, fol-
lowed by dry curing at 20 °C (relative humidity below 
80 %) for 28 and 360 days. The results showed that pre-
-curing at 60 °C significantly improved the compressive 
strength of SSC. Moreover, the lower the relative 
humidity at the same curing temperature, the lower  
the compressive strength of SSC, as reported by [12]. 
Given that SSC is a typical high-slag system, its hydra-
tion and hardening behavior are expected to be similarly 
influenced by curing temperature.
	 In addition to thermal activation, chemical 
activation can also be used to improve the early hydration 
of SSC. Calcium formate (CF) is a soluble calcium salt 
that can provide additional Ca2+ in the pore solution  
and accelerate the precipitation of hydration products.  
In SSC, this additional calcium supply may promote 
early supersaturation with respect to AFt and C-(A)-
-S-H, while the formate ions may also affect the ionic 
equilibrium and hydration kinetics of the system. 
Therefore, the use of CF in SSC should be understood  
as an additional chemical activation pathway that 
interacts with both sulfate activation and alkaline 
activation, rather than as a simple calcium addition.
	 Fly ash (FA), a by-product of coal combustion that 
is rich in SiO2 (44.11 %) and Al2O3 (30.59 %), has been 
widely utilized as a supplementary cementitious material 
in OPC systems to improve workability and long- 
-term strength [13-15]. Notably, a synergistic hydration 
effect occurs between slag and low-reactivity FA under 
steam curing conditions. FA-containing specimens 
cured at elevated temperatures achieve higher early- 
-age compressive strength and improved durability [16]. 
Moreover, in FA-rich systems, strength development 
increases progressively with increasing curing 
temperature, whereas in slag-rich systems microcracks 
tend to form [17]. Therefore, identifying the optimal FA-
-to-slag ratio under steam curing conditions is critical.
	 It should be noted that although steam curing  
can significantly enhance the early strength of SSC  
and incorporate more low-reactivity FA, it also increases 
the associated carbon emissions. The environmental 
performance of concrete is commonly evaluated using 
the eco-mechanical index (C/S) which represents  

the amount of CO2 emitted per square meter of concrete 
for each 1 MPa increase in compressive strength. 
However, this approach considers only emissions from 
raw materials and ignores that the strength development 
of concrete is a continuous process that requires energy-
intensive curing [18]. In FA-modified SSC, replacing 
GGBFS with FA may change the relative balance 
between sulfate supply and reactive slag content; 
therefore, this effect should be considered when 
interpreting gypsum consumption and AFt formation. 
Therefore, this study aims to partially replace slag  
in SSC with low-calcium FA at 10, 20, and 30 wt. %, 
investigate the underlying mechanisms by which FA 
influences hydration and hardening behavior, reduce 
the overall carbon footprint of SSC, and optimize  
its eco-mechanical index. Furthermore, by incorporating 
emissions from the curing process, a predictive model 
is developed to estimate the optimal C/S value across 
different curing ages. By quantifying the trade-offs 
between early-strength gain and carbon emissions, 
this work offers practical insights for policymakers  
and industry stakeholders seeking to align infrastructure 
development with planetary boundaries.

EXPERIMENTAL

Raw materials

	 In this study, P·O 42.5 OPC and gypsum were 
used as alkaline and sulfate activators, respectively. 
The chemical compositions of OPC, ground granulated 
blast furnace slag (GGBFS), and FA were determined  
by X-ray fluorescence (XRF), as presented in Table 1. 
The particle size distributions of OPC, GGBFS, gypsum, 
and FA are shown in Figure 1.

Preparation of SSC

	 The mix proportions of the SSC are summarized  
in Table 2. FA was used to partially replace ground 
granulated blast furnace slag (GGBFS) at 10, 20,  
and 30 wt. %, denoted as F10, F20, and F30, respecti-
vely. The contents of OPC and gypsum were kept 
constant at 1, and 25  wt.  % , respectively, to evaluate  
the practical effect of replacing reactive slag with low-
-carbon FA under a fixed activator dosage. It should  
be noted that this replacement strategy changes  
the GGBFS/gypsum ratio and therefore modifies  
the sulfate-to-slag balance of the system. This design  
was adopted to assess a practical low-carbon replace-

Table 1.  Chemical compositions of OPC, slag and FA.

		  CaO	 SiO2	 Al2O3	 SO3	 Fe2O3	 MgO	 TiO2	 LOI
	 OPC	 47.52	 24.65	 11.03	 2.96	 2.33	 3.43	 0.53	 3.56
	 Slag	 37.04	 26.97	 16.56	 2.57	 0.97	 9.40	 0.92	 0.45
	 FA	 2.51	 44.11	 30.59	 1.46	 6.36	 0.40	 1.11	 3.26
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ment route rather than to isolate the intrinsic effect  
of FA under a constant GGBFS/gypsum ratio.  
The water-to-binder ratio (defined as the mass ratio 
of water to the total binder content, including OPC, 
gypsum, GGBFS, and FA) was kept constant at 0.40  
for all mixtures.
	 The fresh paste was cast into 40 × 40 × 40 mm 
cubic molds. Specimens were initially cured at 20±2 °C 
and ≥  95  % relative humidity for 2 days, followed  
by demolding and subsequent steam curing at 50 °C with 
relative humidity maintained above 95 %. Compressive 
strength was measured after 1, 3, and 7 days of curing. 
Selected specimens were immersed in isopropanol 
for 7 days to halt hydration then dried in a vacuum 
oven at 40 °C for 3 days prior to X-ray diffraction 
(XRD), thermogravimetric (TG) analysis, and selective 
dissolution testing.

Test methods
Compressive strength of SSC

	 After curing at 50 °C for 1, 3, and 7 days, the com- 
pressive strength of the specimens was measured using 
a CMT5504 electronic universal testing machine, ope-
rating at a loading rate of 2400 ± 200 N·s-1.

Phase assemblage of SSC

	 The phase compositions of the specimens were 
analyzed by X-ray diffraction (XRD) using a D8 Advance 

diffractometer with Cu Kα1 radiation (λ = 1.5406 Å), 
operating at 40 kV and 40 mA. The scans were conducted 
over a 2θ range of 5° – 80°, with a step size of 0.02°  
and a scan speed of 10°·min-1. For quantitative analysis, 
the crushed and dried samples were mixed with 20 wt. % 
α-Al2O3 as an internal standard and analyzed using 
TOPAS 4.2 software. The AFt content was obtained 
from the quantitative XRD/Rietveld results.

TG analysis

	 Thermogravimetric (TG) and differential 
thermogravimetric (DTG) curves were obtained using 
a TGA55 analyzer under a nitrogen atmosphere. The 
temperature ranged from 40 to 750 °C, with a constant 
heating rate of 10 °C·min-1. The chemically bound 
water (CBW) associated with hydration products was 
determined by integrating the DTG curve between 50 °C 
and 530 °C, excluding CBW contributions from gypsum 
and hydrotalcite within the 300–500 °C range [19, 20]. 
The C-(A)-S-H gel content was calculated by combining 
quantitative XRD and selective dissolution results 
[21]. The total amorphous content of the hydrated SSC  
was obtained from quantitative XRD using the internal 
standard method. The residual amorphous contributions 
of unreacted GGBFS and FA were estimated according 
to the hydration degrees of GGBFS and FA, respectively. 
The C-(A)-S-H gel content was then calculated by sub-
tracting the residual amorphous GGBFS and FA from  
the total amorphous content [22, 23]. The calculated 
values were normalized to 100 g of SSC.  

Hydration degree of FA

	 According to the Chinese standard "GB/T 12960-
2019", the degree of hydration of FA in SSC was deter-
mined using the nitric acid dissolution method. A powder 
sample (< 75 μm) weighing 0.5 ± 0.02 g was placed  
in a 200 mL beaker, followed by the addition of 80 mL 
of distilled water. The mixture was stirred for 5 minutes 
at 20 °C, after which 50 mL of 2.38 mol·L-1 nitric 
acid solution was added, and stirring was continued  
for an additional 30 minutes. The resulting insoluble 
residue was washed twice with ethanol, filtered under 
vacuum, and dried to constant weight in an oven  
at 105 ± 5 °C. The degree of FA hydration was calcu-
lated according to Equation (1):

Figure 1.  The particle size distribution of the raw materials.

Table 2.  Mix proportion of sample (wt. %).

		  OPC	 Gypsum	 Slag	 FA	 Calcium	 GGBFS/	 w/c
						      formate	 Gypsum ratio
	 CF0	 1	 25	 74	 0	 0	 2.96	 0.4
	 F0	 1	 25	 74	 0	 2	 2.96	 0.4
	 F10	 1	 25	 64	 10	 2	 2.56	 0.4
	 F20	 1	 25	 54	 20	 2	 2.16	 0.4
	 F30	 1	 25	 44	 30	 2	 1.76	 0.4
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where αF  is hydration degree of FA (%), WH is the mass 
fraction of insoluble material in the samples (%), WC,0 
is mass fraction of alkaline activator in experimental 
ratio (%), WC, is mass fraction of insoluble substance  
of alkaline activator (%),WS,0 is the mass fraction of slag 
in the experimental ratio (%), WS,H is the mass fraction 
of insoluble substance after dissolving slag (%), WF,0  

is mass fraction of FA in experimental ratio (%), WF,H  
is mass fraction of insoluble substance of FA (%).

Hydration degree of slag

	 The degree of slag hydration in the sample was 
determined using the selective dissolution method 
specified in the Chinese standard "GB/T 12960-2019", 
with modifications based on the method proposed  
by [24]. To account for the influence of residual  
FA during the dissolution process, the calculation for-
mula for slag hydration degree was revised accordingly, 
as shown in Equation (2):

where αs is hydration degree of slag (%), WE is the 
mass fraction of insoluble material in the samples (%),  
WWn is mass fraction of chemically bonded water 
obtained by TG (%), WC,0 is mass fraction of alkaline 
activator in experimental ratio (%), WC,E is mass 
fraction of insoluble substance of alkaline activator (%),  
WF,0 is mass fraction of FA in experimental ratio (%),  
WF,E is mass fraction of insoluble substance of FA (%),  
αF is hydration degree of FA (%), WS,0 is the mass fraction 
of slag in the experimental ratio (%), WS,E is the mass 
fraction of insoluble substance after dissolving slag (%).

Ecological mechanics index optimization model

	 The life cycle inventory (LCI) analysis was 
conducted to quantify the environmental impacts of 
fly ash-modified SSC throughout its production stages. 
Material-specific CO2 emissions were calculated using 
the Equation (3):

where mi represents the mass ratio of each component 
(OPC, gypsum, slag, FA and CF), and EFi denotes its emi- 
ssion factor.
	 Energy consumption during high-temperature 
curing was incorporated into the LCI, with electricity  
use modeled as equation (4):

where P = 1.5 kW, t = 7.2 h/day, EFelectricity = 0.641 kg 
CO2/kWh.
	 This accounted for 35% of total emissions in CF-
containing formulations (e.g., F0). To evaluate the balance 
between mechanical performance and environmental 
impact, a strength-dependent eco-mechanical index 
(C/S) was introduced in equation (5):	

	 To further optimize the C/S index of SSC, this study 
employed an SVR-based model to analyze the effects  
of low-calcium FA replacement levels and curing 
durations. Support vector machines (SVM) are well- 
-suited for handling high-dimensional data, particularly 
in small-sample scenarios, effectively addressing non-
linear regression problems while exhibiting strong robust- 
ness against outliers. The core learning objective of SVM 
is to identify a hyperplane that best fits the training data 
while maximizing the geometric margin.
	 First, standardize all data as Equation (6):

where μ represents the feature mean, σ is the standard 
deviation, and Z denotes the standardized feature value.
	 The solution to the maximum-margin hyperplane  
in the SVM framework is expressed by Equation (7):
where C represents the regularization parameter, ϵ is the 

insensitivity zone width, ξi, ξi
*  denotes slack variables, 

ϕ(·) is the kernel function mapping.
	 In SVM, the kernel function plays a crucial role  
in addressing nonlinearly separable problems. It enables 
the mapping of input data into higher-dimensional 
feature spaces, allowing inner product computations 
without explicitly performing the transformation. This 
study adopts the Gaussian radial basis function (RBF) 
kernel, as shown in Equation (8):

	 To optimize the model and achieve accurate training, 
a grid search combined with 5-fold cross-validation  
was used to identify the optimal parameter combination. 
The defined search space is described in Equations (9) 
and (10):

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)
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	 The objective function is Negative Mean Squared 
Error as equation (11):

RESULTS

Compressive strength of SSC

	 Figure 2 illustrates the effect of FA replacement  
of slag on the compressive strength development of 
SSC cured at 50 °C. The results indicate that SSC 
exhibited rapid strength gain after just 1 day of curing 
at 50 °C, with CF0 achieving a compressive strength  
of 14.1 MPa. The incorporation of 2 wt. % CF increased 
the compressive strength of F0 to 22.1 MPa, representing 
a 57 % enhancement. However, replacing slag with 
FA reduced compressive strength, with F10, F20,  
and F30 reaching 21.6, 15.5, and 11.9 MPa, respectively, 
corresponding to decreases of 2.3, 29.9, and 46.2  % 
compared to F0. These findings suggest that, even 
after 1 day of curing at 50 °C, FA substitution for slag 
still affects SSC’s compressive strength, with greater 
replacement levels causing more pronounced reductions. 
Nevertheless, the compressive strengths of F10 and F20 
remained higher than that of CF0.

	 After 3 days of continued curing, the compressive 
strength of CF0 reached 22.7 MPa, while that of F0 in-
creased to 39.7 MPa – representing a 74.9 % improvement 
over CF0 and further demonstrating the promoting effect 
of CF on the strength development of SSC. At this 
stage, the replacing slag with FA still led to a reduction 
in compressive strength; however, the strength of F30 
reached 28.5 MPa, indicating a 20.4 % compared to CF0. 
After 7 days cured at 50 °C, the compressive strength 
of F0 remained higher than that of CF0, although  

the improvement declined to 43 %, suggesting a dimi-
nishing effect of CF on strength enhancement over time. 
Notably, unlike at 1 and 3 days, CF incorporation began 
to enhance the compressive strength of FA-containing 
SSC mixtures. Specifically, the strength increased 
with higher FA replacement levels, with F20 reaching 
63.6  MPa – an increase of 37.8 % over F0. Although 
F30 exhibited a slight reduction in strength to 54.3 MPa, 
it was still 17.5 % higher than that of F10. These findings 
suggest that replacing slag with FA at elevated curing 
temperatures can accelerate hydration and improve  
the compressive strength of SSC:

XRD analysis of SSC

	 To evaluate the phase composition of SSC 
with partial slag replacement by FA, XRD patterns  
of the samples cured at 50 °C for 1 day and 7 days are pre- 
sented in Figure 3. Compared to the OPC-based system, 
only ettringite (AFt) and unhydrated gypsum peaks 
were detected, with no discernible Ca(OH)2 peaks, 
confirming that the addition of CF and FA did not 
produce new hydration products in SSC. Additionally, 
the gel content could not be quantified by XRD due 
to the presence of amorphous substances, including 
C-(A)-S-H gel, un-hydrated slag, and FA. During SSC 
hydration, gypsum acts as a sulfate activator, providing 
SO4

2- for AFt formation, while GGBFS supplies reactive 
Ca and Al species after alkaline activation. After 1 day 
of curing at 50 °C, the gypsum peak intensity in F0 
was lower than that in CF0, indicating less residual 
gypsum. This suggests that CF promoted early gypsum 
consumption, mainly by accelerating early hydration 
and AFt precipitation rather than by directly reacting 
with gypsum. Specifically, soluble Ca2+ provided by CF 
can increase the saturation degree of the pore solution 
with respect to AFt and C-(A)-S-H. When Al species are 

Figure 2.  The compressive strength of SSC with 2 wt. % CF 
and different content of FA.

Figure 3.  XRD patterns of hydration products.

(11)
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released from GGBFS under alkaline activation, sulfate 
supplied by gypsum can be more readily incorporated 
into AFt, resulting in lower residual gypsum intensity.
	 With increasing FA replacement, the residual 
gypsum peak became more pronounced, whereas  
the AFt peak intensity decreased. This result should  
not be attributed solely to the retarding effect of FA. 
Since gypsum content was kept constant while GGBFS 
was partially replaced by FA, the GGBFS/gypsum ratio 
decreased with increasing FA replacement. Therefore, 
the higher residual gypsum intensity mainly reflects the 
combined effects of reduced reactive GGBFS content, 
altered sulfate-to-slag balance, and the limited early- 
-age reactivity of low-calcium FA. Under this condition, 
the release of Ca and Al species from GGBFS was in-
sufficient to consume sulfate effectively through AFt 
formation, leading to lower AFt formation and higher 
residual gypsum at early age.
	 After 7 days of steam curing, the gypsum peak inten-
sity in FA-containing samples decreased and the  AFt 
peak intensity increased, indicating that prolonged 
thermal curing promoted further hydration reactions. 
This behavior can be associated with the continued 
dissolution of GGBFS and the gradual participation 
of FA, which provided additional reactive species 
for hydration product formation. As a result, the FA- 
-containing mixtures, especially F20, showed a marked 
increase in compressive strength from 1 day to 7 days.

The hydration degree of slag

	 Thermogravimetric analysis (TGA) can be used  
to identify amorphous hydration products such as C-S-H, 
C-(A)-S-H, and portlandite. Measurement of bound 
water and portlandite content by TGA is commonly 
used to monitor hydration progress of Portland cement  

and to assess the reactivity of supplementary cementi-
tious materials (SCMs). Figure 4 shows the TG and DTG 
curves of SSC samples cured at 50 °C for 1 and 7 days. 
To improve readability, the TG and DTG curves are 
pre-sented separately according to curing age, as shown  
in Figure 4a-d.The DTG curves of all samples exhibited 
two main mass-loss peaks. The first peak, located 
between 50 and 110 °C, can be mainly attributed to the de- 
hydration of AFt and C-(A)-S-H gel [19, 20], while  
the second peak, located between 110 and 160 °C, is asso- 
ciated with the dehydration of unhydrated gypsum [24].
	 After 1 day of curing, F0 exhibited a larger mass 
loss related to hydration products than CF0, indicating 
that CF promoted early hydration product formation. 
With increasing FA replacement, the hydration-product- 
-related mass loss decreased, while the gypsum-related 
DTG peak became more evident. This result is consistent 
with the XRD results and suggests that early hydration 
product formation was limited by the reduction in re-
active GGBFS content, the decrease in the GGBFS/
gypsum ratio, and the limited early-age reactivity of low-
-calcium FA.
	 After 7 days of steam curing, the hydration-product-
-related mass loss increased in FA-containing mixtures, 
while the gypsum-related peak decreased. This indicates 
that prolonged steam curing promoted the continued 
reaction of GGBFS and FA and the gradual consumption 
of residual gypsum. The increased formation of hydration 
products contributed to the strength development of FA-
-containing SSC, especially F20. It should be noted that 
the dehydration ranges of AFt and C-(A)-S-H partly 
overlap; therefore, the TG/DTG results were used mainly 
for comparative and semi-quantitative analysis rather 
than for absolute phase quantification.
	 The degree of FA hydration in the samples was deter-
mined using the selective acid dissolution method, as 

a) TG curves at 1 day b) DTG curves at 1 day

Figure 4.  TG and DTG curves of SSC samples cured at 50 °C.						      continued
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illustrated in Figure 5. After 1 day of curing at 50 °C, F10 
exhibited the highest degree of FA hydration. However, 
its subsequent hydration rate declined, with only a 6 % 
increase observed by day 7. In contrast, the degree  
of FA hydration in F20 and F30 increased significant-
ly during high-temperature curing, with F20 exceeding  
25 % at 7 days
	 As the primary component of SSC, the degree  
of slag hydration is crucial to the development of com-
pressive strength. The test results for slag hydration 
in the samples are presented in Figure 6. After 1 day  
of curing, the slag hydration degree in F0 increased  
by 260 % compared to CF0, indicating that CF signifi-
cantly promoted slag hydration under 50 °C curing con-
ditions. However, this enhancement effect diminished 
over time, and after 7 days, the slag hydration degree  
in F0 was only 14 % higher than that in CF0. The influence 
of FA on slag hydration varied with curing duration. 
On day 1, the degree of slag hydration decreased with 

increasing FA content; however, by day 7, it increased 
with higher FA content, with F20 and F30 showing  
the highest values, both exceeding 15 %. These trends 
are consistent with the observed changes in compressive 
strength.	As a typical supplementary cementitious 
material, the incorporation of FA into the cementitious 
system reduces its pH [25] , thereby lowering the 
dissolution rate of slag in SSC and affecting its degree of 
hydration (Figure 6). It has been reported that the addition 
of cal-cium ions under non-equilibrium conditions 
decreases the dissolution rate of synthetic glass [26] . In 
this study, replacing slag with low-calcium FA reduced 
the Ca2+ concentration in the pore solution, thereby 
increasing the undersaturation index of slag and enhancing 
its dissolution rate [24] , similar to the effect observed  
in the NaOH-slag system [27]. Consequently, the degree 
of slag hydration in F20 and F30 increased significantly 
after 7 days. Compared with CF0, the introduction  
of calcium formate in F0 also introduced additional 

c) TG curves at 7 day

Figure 4.  TG and DTG curves of SSC samples cured at 50 °C.						      continued

d) DTG curves at 7 day

Figure 5.  The hydration degree of FA in F10, F20 and F30. Figure 6.  The hydration degree of slag in SSC.
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Ca2+, which promoted slag hydration. This may be attri-
buted to the reaction between formate ions (HCOO-)  
and hydroxide ions (OH-) in the solution, which facilitates 
the linkage of adjacent silicate groups and promotes  
the formation of C-(A)-S-H gel [28], thereby altering 
the ionic equilibrium in the solution and enhancing slag 
hydration.
	 AFt and C-(A)-S-H gel are the primary hydration 
products in SSC, and their quantities significantly 
influence the compressive strength of the specimens. 
Figure 7 presents the normalized contents of AFt  
and C-(A)-S-H gel per 100 g of SSC after 1 and 7 days 
of hydration. The incorporation of calcium formate 
promoted slag hydration in SSC, resulting in higher 
amounts of AFt and C-(A)-S-H gel in F0 compared  
to CF0. Compared to F0, F10 exhibited a reduced AFt 
content and suppressed formation of C-(A)-S-H gel. This 
suggests that incorporating a small amount of FA into 
SSC inhibits the hydration reactivity of slag (Figure 6), 
leading to a reduction in hydration product precipita-
tion. As a result, these specimens exhibited lower early- 
-age compressive strength (Figure 2).
	 At 1 day, the degrees of hydration of both FA  
and slag in F20 and F30 were very low, resulting  
in limited formation of hydration products. With ex-
tended curing time, the accelerated hydration of FA 
and slag in F20 and F30 significantly promoted the 
precipitation of AFt and C-(A)-S-H gel. It was observed 
that the C-(A)-S-H gel content in F20 increased 
substantially from 1 day to 7 days of curing, while 
the increase in AFt content was relatively modest.  
In contrast, tF30 exhibited an opposite trend, with a more 
pronounced increase in AFt content and a smaller rise  
in C-(A)-S-H gel content, which can be attributed  
to the significantly higher aluminum content resulting 
from the high AFt precipitation.

Carbon emissions of SSC

	 To quantify the impact of replacing slag with FA 
on the carbon emissions of SSC, the CO2 emissions 
from each raw material in SSC were calculated based 
on the mix proportions, as illustrated in Figure 8.  
The CO2 emission factors used in the calculation were  
as follows: 0.726 kg CO2 per kg of P·O 42.5 cement [29], 
0.052 kg CO2 per kg of slag [30], 0.031 kg CO2 per kg  
of gypsum [31], and 0.004 kg CO2 per kg of FA [29].  
The emission factor for CF was estimated at approxima-
tely 1.6 kg CO2-equivalent per kg, based on global annual 
CO2 emissions and the production ratio of the industry 
[32], at approximately 1.6 kg CO2 equivalent/kg. In SSC, 
slag is the dominant contributor to carbon emissions, 
accounting for 32 – 72 % of the total. As the FA content 
increases, the proportion of slag decreases accordingly. 
Despite a small addition (2 wt. %), CF remains the pri-
mary source of CO2 emissions in SSC.
	 Figure 9 illustrates the total CO2 emissions genera-
ted from 100 kg of raw materials in SSC. For OPC,  
the total CO2 emission reaches 72.6 kg/100 kg of material.  
In contrast, the CF0 sample without CF addition emits 
only 5.3 kg CO2 per 100 kg, representing a 92.6 % reduc-
tion compared to OPC. Although the incorporation  
of 2 wt. % CF in F0 increases CO2 emissions by 60 %, 
the total remains as low as 8.5 kg CO2 per 100 kg, 
corresponding to an 88.2 % reduction relative to OPC. 
Moreover, the CO2 emissions associated with SSC pre- 
paration decline progressively with increasing FA re-
placement levels.
	 Since a constant-temperature curing chamber 
at 50 °C was used in this study, considering only raw 
material-related emissions would be insufficient. Based 
on the regional electricity carbon emission factor 
(~0.641 kg CO2/kWh, Jinan, China) and curing chamber 
specifications (power ~1.5 kW, effective operation time 
~7.2 h), the additional carbon emissions during curing 

a) AFt content b) C-(A)-S-H content

Figure 7.  The influence of CF and FA on the ettringite and C-(A)-S-H gel content of SSC.
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were calculated to be approximately 0.29  kg  CO2/h.  
The influence of low-calcium FA replacement  
on  the optimized CO2-to-strength ratio (C/S) of SSC  
is presented in Figure 10. The results indicate that both 
FA replacement level and curing duration significantly 
affect the C/S value. Within 72 hours, increasing FA 
content progressively increased the C/S value. However, 
after 168 hours, FA replacement incorporation markedly 
reduced the C/S of SSC, with F20 reaching 0.89 kg 
CO2/(MPa·100 kg). Furthermore, the C/S values of F0  
and F10 continued to increase with curing time, while 
those of F20 and F30 peaked at 24 hours, declined  

to minima at 72 hours, and then rose again with pro-
longed curing.
	 To facilitate practical engineering applications, 
this study employs SVR to develop an optimization 
model for material proportioning. The optimal hyper-
parameters – including the regularization parameter (C), 
kernel function, and epsilon-insensitive loss (ε)  
– are determined using a grid search algorithm, with 
5-fold cross-validation employed to ensure model gene-
ralizability. A collaborative optimization model for slag 
and FA is established under fixed contents of OPC 
(1 wt. %), gypsum (25 wt. %), calcium formate (2 wt. %), 

Figure 8.  Percentage contribution to impact the CO2 emissions.

Figure 9.  The total CO2 emissions in 100 kg SSC. Figure 10.  C/S with FA content and curing time in SSC.
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and specified curing durations (24, 72, and 168 h).
	 A constrained optimization algorithm is applied 
to minimize the predicted C/S ratio. Based on the SVR 
model, optimization objectives are formulated to identify 
optimal material combinations under fixed component 
constraints, aiming to:

where x is slag content (kg), h denotes curing time.
	 Model evaluation results and optimization outcomes 
are presented in Tables 3 and 4. The SVR model with 

C  =  10, ε = 0.01, and RBF kernel achieved an MSE  
of 0.0096 and R2 of 0.597 on the test set, demonstrating 
moderate predictive performance. Optimization results 
reveal a nonlinear variation in mineral powder propor-
tion as "low-high-medium" (24 h: 69.7 %, 72 h: 74.0 %, 
168 h: 52.1 %), indicating an optimal curing time exists.
	 Based on the predicted results, 4.3 wt. % FA replace-
ment for mineral powder was selected for validation. 
After curing at 50 °C for 24 hours under constant 
tempe-rature, the measured compressive strength  
was 24.0 MPa, yielding a calculated C/S value of 0.64 kg 
CO2/(MPa·100 kg), which is essentially consistent with 
the predicted value of 0.66 kg CO2/(MPa 100 kg).

Benefit of SSC

	 The technical approach of using FA to replace 
slag in SSC demonstrates significant environmental, 
techno-economic, and social benefits by reducing carbon 
emissions and optimizing material performance.
	 Firstly, SSC can significantly reduce carbon 
emissions. The carbon emission of OPC is as high  
as 72.6 kg CO2/100 kg, while the SSC system without 
activator addition (CF0) emits only 5.3 kg CO2/100 kg,  
a 92.6 % reduction compared to OPC; the SSC con-
taining 2  % CF (such as the F0 series) emits 8.5  kg 
CO2/100 kg, still an 88.2% decrease compared to OPC. 
The unit carbon emission of slag (0.052 kg CO2/kg)  
is 13 times that of FA (0.004 kg CO2/kg). As the FA re-
placement rate increases, the slag proportion decreases 

significantly (from 32  to  72  %), and the total carbon 
emissions continues to decline, making FA replacement 
for slag an effective way to further reduce the carbon 
footprint of SSC cement. Moreover, despite the CF 
content being only 2 wt. %, it is the main source of carbon 
emissions in SSC (1.6 kg CO2/kg). The introduction  
of FA can enhance material efficiency, reducing  
the carbon emission per unit strength (C/S) while 
meeting compressive strength requirements, thereby off- 
setting the negative environmental impact of CF.
	 Secondly, regarding techno-economic benefits: 
From the perspective of comprehensive optimization  
of compressive strength and carbon emissions, although 

CF improves the compressive strength of SSC, it in-
creases the C/S (F0) by 11.8 % compared to CF0. How-
ever, replacing slag with FA not only reduces material 
costs but also significantly lowers the C/S value.  
The C/S value of F20 (20 % FA replacement) is only 
0.89 kg CO2/(MPa·100 kg), a 28.2 % decrease compared 
to CF0, making it the optimal balance point, while 
F10 and F30 decrease by 8.9 and 16.9 %, respectively.  
On the other hand, blast furnace slag requires prepara-
tion through grinding, which is energy-intensive  
and produces high carbon emissions. In contrast, FA, 
as a by-product of coal combustion, is abundant and in- 
expensive (sometimes even obtainable at negative 
cost). The SSC system replaces slag with FA, reducing 
dependence on high-carbon raw materials and further 
lowering production costs.
	 Finally, in terms of social benefits, FA, as a ma-
jor solid waste from the power industry with global 
annual production exceeding one billion tons, poses 
risks of soil and water pollution if conventionally land- 
filled. By replacing slag with FA, industrial waste  
can be transformed into low-carbon building materials, 
achieving "treating waste with waste" and promoting  
the circular economy and sustainable resource manage-
ment. The combination of SSC and FA technology 
aligns with international carbon neutrality goals  
and has the potential to replace high-carbon OPC 
systems. Even with CF addition, the carbon emissions 
of the SSC system remain over 88 % lower than OPC, 
promoting the low-carbon transition of the cement 

(12)

Table 3.  Model evaluation metrics.

	 optimum parameter	 MSE	 R2

	 C = 10, ε = 0.01, RBF	 0.0096	 0.597

Table 4.  Mix proportions optimization results.

	 Curing time (h)	 Slag (wt. %)	 FA (wt. %)	 C/S
	 24	 69.7	 4.3	 0.66
	 72	 74	 0	 0.75
	 168	 52.1	 21.9	 0.88
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industry and assisting in reducing emissions for carbon- 
-intensive sectors such as construction and infrastructure. 
The low-carbon attributes of FA-based SSC can serve  
as a key metric for green building certification (e.g., 
LEED), enhancing the market competitiveness of engi-
neering projects. As carbon taxation and carbon trading 
schemes continue to be implemented, the economic 
benefits of green buildings will become even more 
pronounced.

DISCUSSION

	 The findings of this study reveal a complex 
interrelationship between FA substitution, mechanical 
performance, and environmental sustainability in SSC. 
By integrating experimental data and machine learning, 
this research enhances the understanding of FA-modified 
SSC as a feasible low-carbon alternative to OPC. Below, 
the following sections examine the mechanisms driving 
these outcomes, address environmental trade-offs, and 
outline implications for policy and future research.

Synergistic mechanisms of carbon reduction 
and environmental performance

	 The substitution of slag with FA in SSC offers dual 
benefits: direct carbon reduction and enhanced hydration 
kinetics. First, the low carbon footprint of FA (0.004 kg 
CO2/kg) compared to slag (0.052 kg CO2/kg) enables  
a 29.4 % reduction in CO2 emissions for the F20 formu-
lation (8.5 kg CO2/100 kg relative to conventional SSC). 
This aligns with industrial symbiosis principles, where 
waste valorization - such as the reuse of FA minimizes 
resource extraction and landfill burdens. Second, FA’s 
high SiO2 (44.11 %) and Al2O3 (30.59 %) content may 
contribute to hydration product formation during pro-
longed steam curing, thereby compensating for its limi-
ted early-age reactivity.  Indicate that FA-containing mix- 
tures showed higher residual gypsum and lower AFt for- 
mation at early age. This behavior was not caused 
solely by the intrinsic retardation effect of FA, but was 
closely related to the reduction in reactive GGBFS 
content and the decrease in the GGBFS/gypsum ratio. 
After 7 days of steam curing, the continued reaction  
of GGBFS and FA promoted hydration product formation, 
which contributed to the strength development of FA- 
-containing SSC, especially F20.
	 The use of calcium formate as an alkaline activator 
presents a nuanced trade-off. While CF enhances early- 
-age compressive strength by 57 % (F0: 22.1 MPa 
vs. CF0: 14.1 MPa at 1 day), it also increases carbon 
emissions by 60 % (F0: 8.5 kg CO2/100 kg vs. CF0: 5.3 kg 
CO2/100 kg). However, FA incorporation mitigates this 
environmental burden by lowering the eco-mechanical 
index (C/S) to 0.89 kg CO2/(MPa·100 kg) for F20,  
a 28.2 % improvement over F0. This synergy highlights 

FA’s dual function as both a carbon-reducing agent  
and a performance-enhancing component in SSC 
systems.

Environmental trade-offs and policy implications

	 While FA substitution significantly reduces global 
warming potential (GWP: 96.4 kg CO2-eq/t for F20 
compared to 136.6 kg CO2-eq/t for F0), it introduces 
secondary environmental impacts. First, extended high-
-temperature curing (50 °C) increases acidification 
potential (AP) by 6 % in F20 (1.89 kg SO2-eq/t vs. 
1.70  kg SO2-eq/t for CF0), primarily due to coal- 
-dependent electricity use in regions like China  
and India. To mitigate this, it is recommended to limit  
FA substitution to ≤ 20 % in coal-reliant areas and integ-
rate renewable energy (e.g., solar, wind) to reduce AP  
by up to 40 %. For instance, adopting the Nordic 
grid mix (0.02 kg CO2/kWh) could lower F20’s GWP  
to 72  kg CO2/t. Second, large-scale SSC production 
may place pressure on FA supply chains, as global FA 
demand is projected to exceed 35 million tons by 2030 
[33]. Policymakers should consider promoting cross- 
-sectoral FA recycling through tax rebates or mandates 
(e.g., ≥ 15 % FA content in cement in cement by 2030)  
to ensure sustainable material flows.
	 Techno-economic benefits further bolster FA- 
-SSC adoption. FA’s low cost (often negative due  
to waste status) reduces raw material expenses  
by 15 – 20 % compared to slag, while green certifica-
tions (e.g., LEED) enhance market competitiveness. 
Carbon pricing mechanisms (e.g., taxes, trading) could 
amplify these advantages, aligning infrastructure 
development with climate targets. Socially, FA reuse 
mitigates landfill risks (e.g., soil/water contamination) 
and supports circular economy goals, particularly  
in high-FA-producing countries like China and India.

Model limitations and future directions

	 It should be noted that FA was used to replace GGBFS 
while the gypsum content was kept constant in this study. 
Therefore, the GGBFS/gypsum ratio decreased with 
increasing FA replacement, which modified the sulfate-
-to-slag balance and influenced gypsum consumption 
and AFt formation. This design was adopted to evaluate 
a practical low-carbon slag-replacement route under 
fixed activator contents. Therefore, the conclusions 
regarding the effect of FA should be understood within 
the investigated mixture design and curing condition, 
rather than as the isolated effect of FA under a constant 
GGBFS/gypsum ratio.
	 While this study provides a comprehensive 
framework for optimizing FA-SSC, several limita- 
tions warrant consideration. First, this work assumes 
uniform electricity carbon intensity (0.641 kg CO2/
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kWh), which overlooks regional variations. For example,  
in Scandinavian countries, F20’s GWP could decrease 
by 25 % (72 kg CO2/t) under a decarbonized grid. Future 
studies should incorporate spatially resolved energy data 
to refine accuracy. Second, transportation emissions  
(5 – 8 % of total emissions for slag and FA) were 
excluded [34]. Integrating logistics optimization models 
(e.g., vehicle routing algorithms) could further reduce  
the carbon footprint. Third, the long-term durability  
of FA-SSC under aggressive environmental conditions 
(e.g., marine exposure, sulfate-rich soils) remains 
unverified. Accelerated durability tests, such as those 
specified in ASTM C1012, are essential for evaluating 
long-term performance and broadening the potential 
applications of FA-SSC systems.
	 Future research should prioritize multi-objective 
optimization balancing cost, mechanical performance, 
and emissions, leveraging advanced machine learning 
techniques (e.g., neural networks) to model complex 
nonlinear interactions. Investigating CO2 mineralization 
pathways - in which FA captures and sequesters CO2 
during hydration - could further reduce GWP. Region-
-specific validations in diverse climatic conditions  
(e.g., tropical vs. arid) are also essential to ensure global 
scalability. Finally, collaboration among academia, 
industry, and policymakers is crucial to standardize SSC 
testing protocols (e.g., early-age strength assessments) 
and establish FA supply chains via platforms like 
“Industrial Waste Exchanges”.

CONCLUSIONS

	 This study developed SSC by partially replacing 
slag with FA and incorporating 2 wt. % CF. Under 
50°C curing conditions, high compressive strength was 
achieved within 7 days, thereby addressing the low 
early strength in SSC. Through mechanical property  
and microstructural analyses, combined with environ-
mental benefit assessment, the following conclusions 
were drawn:
	 1) Under 50 °C curing, CF significantly enhances 
the compressive strength of SSC, although its promoting 
effect decreased with curing time. CF promoted early 
GGBFS hydration and indirectly accelerated gypsum 
consumption by enhancing the precipitation of AFt  
and C-(A)-S-H gel, rather than through a direct reaction 
with gypsum.
	 2) Partial replacement of slag with FA reduces  
the 1-day and 3-day compressive strength of SSC. This 
was mainly associated with the reduction in reactive 
GGBFS content, the decreased GGBFS/gypsum ratio, 
and the limited early-age reactivity of low-calcium 
FA, which restricted the early formation of AFt  
and C-(A)-S-H gel. After 7 days of steam curing, 
however, F20 showed the highest compressive strength 

within the investigated replacement range, which  
was related to the continued hydration of GGBFS and FA  
and the increased formation of hydration products.
	 3) The incorporation of FA significantly reduces 
the carbon emissions of SSC and decreases the CO2 
emissions per unit strength gain (C/S). Specifically,  
for every 100 kg of F20 (20 wt. % FA), the CO2 emis-
sions required to achieve a 1 MPa strength gain are only 
0.12  kg, representing a 29.4 % reduction compared  
to CF0 (without CF and FA).
	 4) A support vector regression (SVR) model that 
synergistically optimizes compressive strength and car-
bon footprint was proposed and validated. This model 
has been shown to effectively guide the mix proportion 
design of supersulfated cement (SSC), providing a quanti- 
tative tool for the engineering application of low-carbon, 
high-performance SSC.
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