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Unlocking the potential of ordinary Portland
cement with hydration control additive enabling
low-carbon building materials
Xuerun Li 1, Harald Grassl1, Christoph Hesse1 & Joachim Dengler 1✉

Ordinary Portland cement (OPC) is the core ingredient of many construction materials. In 2022,

4.1 billion tons were used worldwide, contributing to ~8% of CO2 emissions ( ~ 3 Gt/year).

Nevertheless, the complete strength-generating capacity of OPC remains unrealized due to the

restricted conversion of aluminates to ettringite, caused by conventional hydration kinetics.

Here we show a hydration control additive that selectively modifies the hydration kinetics,

thereby facilitating enhanced dissolution of aluminates (calcium aluminoferrite and tricalcium

aluminate) in OPC, which promotes ettringite formation at a desired time. Increasing ettringite

content improves packing of the hardened cement, resulting in ~50% higher specific strength

and enabling cement reduction. It also increases OPC strength development efficiency, redu-

cing carbon footprint by ~30%. The use of this additive can be combined with methods such as

reducing water and/or using supplementary cementitiousmaterials (SCMs) to prepare building

materials with significantly fewer CO2 emissions than those from conventional OPC.
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The main component of OPC and the material that gives it
strength, clinker, is produced by sintering a well-defined
raw meal made of limestone mixed with one or more

sources of Si, Al, and Fe at approximately 1450 °C1. During this
process, the limestone decomposes to CaO and releases CO2,
which is the primary source of CO2 emissions in Portland cement
manufacturing2. To decrease the carbon footprint of cement-
containing materials, the amount of clinker used in the final
material must be reduced given its prominent role in the CO2

emissions associated with these materials. Apart from the opti-
mization of energy and raw material sources during the cement
production process, this is currently accomplished by two main
approaches: (1) reducing the water to cement ratio (w/c)3 and 2)
substituting clinker with SCMs2,4,5. These solutions have limita-
tions in their rheological and strength performance and can
contribute only partly to the goal of carbon neutrality of the
cement industry by 2050 until affordable carbon capture, utili-
zation and storage (CCUS) technologies6 and/or other disruptive
innovation7 become viable.

OPC clinker consists of several mineral phases, namely, tri-
calcium silicate (C3S, for details about cement nomenclature see
supplementary), dicalcium silicate (C2S), tricalcium aluminate
(C3A) and calcium aluminoferrite (C4AF)1. An external CaSO4

source (typically gypsum, anhydrite, or bassanite) is added to OPC
clinker during the grinding or sometimes the mixing process to
produce the final cement to control the reaction of C3A.

When the cement is mixed with water, reactive minerals start
to dissolve, and strength-building hydrates including ettringite
(Ca6Al2(SO4)3(OH)12·26H2O)), calcium silicate hydrate (C-S-H)
and Ca(OH)2 are formed at different rates based on the different
reactivities of each clinker mineral phase8. As soon as the cement
meets water, the most reactive phase C3A starts to react. In the
absence of CaSO4, the cement undergoes rapid hardening and
delays the C3S reaction. The addition of CaSO4 slows down
the C3A reaction9, allowing the C3A and C3S reactions to occur
simultaneously. The CaSO4 content is optimized10 to prevent the
formation of ettringite after the main C3S reaction, which prevents
expansion of the hardened cement11,12. As a result, only a partial
conversion of aluminate to ettringite occurs. It should be noted that
the initially formed ettringite before casting the cement does not
significantly contribute to strength. The primary contributor to
strength and setting speed is the C3S, which reacts with water to

form C-S-H and Ca(OH)2, resulting in a hardened structure within
a few hours. Therefore, considerable research13–16 focuses on the
hydration of C3S and its hydrates, specifically C-S-H.

The full potential of OPC to build strength remains untapped.
Not only a small portion of the aluminates converts to ettringite,
but also C4AF mostly acts as an inert material at the beginning of
hydration15. There are some ways to enhance the dissolution
of aluminate phases e.g. using alkanolamines or glycols17–21,
but usually comes with limitation because of their inhibiting
effect on the C3S reaction and negative impact on workability19.
Combinations of retarders, accelerators, and sulfate improve
workability but struggle with proper strength development20.
In summary, unlocking the full strength-building capacity of OPC
requires overcoming the limitations in aluminates conversion to
ettringite and the inert behavior of C4AF during hydration.

In this paper, we present our Hydration Control additive
(HyCon® B) which fundamentally alters the hydration process by
shifting the main reactions of C4AF and C3A before the C3S
reaction forming high amount of ettringite. With calorimetry, XRD
Rietveld analysis coupled with thermal dynamic modeling, the
overall new hydration process was presented. To evaluate the
performance, we conducted mechanical tests, pore structure ana-
lysis, assessed sulfate attack resistance and the carbon footprint.
We compared our model binder mix (70 wt% OPC, 7 wt% anhy-
drite, and 23 wt% limestone powder with 1.11 % solid of HyCon® B
refer to total solid) with two control groups: 100 wt% OPC and
70 wt% OPC with 30 wt% limestone powder. Characteristics of the
raw materials are given in Supplementary Table 1.

Results and discussion
Hydration stages of OPC with HyCon® B. The initial dissolution
and wetting peak in the calorimetry diagram is significantly
depressed by HyCon® B additive compared to the controls
(Fig. 1a) due to the strong inhabitation of the nucleation of
ettringite caused by the oligomer poly[urea-alt-(glyoxylic acid)]
(PUG) in HyCon® B together with Na2CO3

22 (see also see Sup-
plementary Fig. 1a–f). This is supported by pore solution analysis
performed after 5 min of hydration (Supplementary Table 2). The
high concentration of aluminum in the pore solution further
slows the dissolution of C3A, C4AF and C3S, significantly inhi-
biting the formation of ettringite leads to the 1st induction period.

Fig. 1 Calorimetry results at different stages for OPC control (orange), 70% OPC control (blue), and 70% OPC+ 7% anhydrite + HyCon® B (green).
(a) heat flow during the first 0.5 h from in situ calo, (b) heat flow during the first 6 h, (c) heat flow during the first 3 d, and (d) cumulative heat released
during the first 3 d. Hydration stages of conventional OPC labeled as gray boxes; the new hydration stages with HyCon® B labeled as orange boxes. The
arrow in (b) shows the extremely slow heat release during the 1st induction period with HyCon® B compared to the heat released during the conventional
OPC hydration reaction. Anh. - anhydrite.
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In the sample with HyCon® B, the 1st induction period shows
minimal exothermicity and reaction rates, lasting for ~3 h (Fig. 1a),
depending on the dosage level of HyCon® B. The heat flow during
this duration is significantly lower than the induction period
observed in the controls (Fig. 1b). HyCon® B completely prevents
the reaction of cement phases with water after the initial dissolution
and wetting stage. In contrast, conventional OPC hydration
involves a substantial amount of C3A reacting immediately
after mixing with water, leading to the formation of ettringite
(Figs. 1a and 2d). Although the rate of this reaction slows down
after a few minutes, it continues at a very slow pace during the
induction period of conventional OPC23, which is typically
responsible for undesired changes in OPC rheology during various
applications22,24,25.

The 1st aluminate reaction rapidly restarts after the 1st induction
period in the presence of HyCon® B before the silicate reaction
(mainly C3S), which constitutes the first primary reaction (Fig. 1a,
peak starting at 3 h). HyCon® B promotes the dissolution of C4AF
and C3A during hydration, leading to the rapid release of heat
(Fig. 1c) through ettringite formation (Fig. 2d). Such effect was
mainly achieved via the combination of TEA19–21 and glycerol,
which was known to be able to accelerate the aluminate reaction
(Supplementary Fig. 1a–f). This process consumes 60% of C3A,
50% of C4AF, and 72% of anhydrite within the first 5 h
(Supplementary Figs. 2 and 3b–d). Notably, a significant amount
of ettringite (15 g per 100 g paste) forms from the reacted aluminate
phases, resulting in a rapid increase in strength (Fig. 3j) as early as
5 h. In contrast, in conventional OPC hydration, the main
aluminate reaction is slowed down by CaSO4 to occur partially in
parallel with the main C3S reaction (Fig. 1c).

Following the rapid 1st aluminate reaction (Fig. 1b), a 2nd
induction period occurs until ~15 h. The length of the dormant
period of the 2nd induction period is likely influenced by
the kinetics of defect formation on the surface of C3S and the
formation of C-S-H nuclei. The high concentration of Al in the
pore solution with HyCon® B (as shown in Supplementary
Table 2) may prolong this period. This is also the reason why a
significant high amount of anhydrite was needed to react with the
released Aluminum from pore solution forming ettringite.

During the 1st aluminate reactions, ettringite formation acts as a
filler and can impact the hydration kinetics of C-S-H26. C-S-H
surfaces in cement pore solution conditions (pH= ~12.6, Ca=
~20mmol per liter, Supplementary Table 2) have partially
deprotonated silanol groups, resulting in negative charges ranging
from 1–3 e−nm−2 (ref. 27). The zeta potential is negative without
calcium but becomes positive with the presence of 20mmol per
liter calcium in the pore solution due to calcium ion adsorption.
Sulfate ions decrease this potential, but it remains positive under
pore solution conditions. Ettringite carries a positive charge of 1.25
e- nm-2 28, but under pore solution conditions with sulfate ions, the
zeta potential decreases to values ranging from −15 to −20mV.
Studies29,30 using Monte Carlo simulation have analyzed the forces
between oppositely charged surfaces in multivalent ion solutions.
These studies found that under low to medium concentrated
solutions, such as those present in cementitious pore solution, the
surfaces are still attractive, but the attractive forces are relatively
small. This is consistent with the SEM images (Supplementary
Fig. 4d, f), which show that ettringite primarily forms on the
surfaces of clinker phases and limestone powder rather than on
the ettringite needles. Limited C-S-H growth occurs on ettringite
surfaces.

Subsequently, the C3S reaction commences, resulting in the
formation of nanocrystalline C-S-H (Fig. 3c) and Ca(OH)2
(Fig. 2e). Concurrently, the 2nd aluminate reaction takes place
as the embedded aluminate phases and/or alumina impurity in
C3S within the clinker grain are exposed because of the C3S
reaction. After 7 days, the hydration levels of C4AF and C3A in
the presence of HyCon® B are significantly higher, approaching
100%, compared to the control samples (at 70%), as depicted in
Supplementary Fig. 3c, d. The extent of the C3S reaction is
similar between the model and control samples (Fig. 2 (c) and
Supplementary Figure 3 (a)), but it is delayed in the presence of
HyCon® B.

The overall hydration process with HyCon® B produces
significantly more heat than that of the controls due to the
increase in aluminate reaction and ettringite formation. The total
amount of heat released in the sample with 70 wt% OPC modified
with HyCon® B even surpasses that of the 100% OPC reference

Fig. 2 Quantitative analysis of the XRD analysis obtained from in situ (line) and fresh discs (points) samples for OPC control (orange), 70% OPC
control (blue) and 70% OPC+ 7% anhydrite + HyCon® B (green). Hydration stages: 1st Ind. – 1st induction; 1st Alu. – 1st aluminate (C3A and C4AF)
reaction; 2nd Ind. – 2nd induction; C3S and 2nd Alu. – reaction of C3S and 2nd aluminate restart. Anh. – anhydrite. (d) is the reaction products of aluminate
phase represented by (a) and (b); (e) is the reaction product of C3S from (c).
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after ~2 days (Fig. 1c). The total amount of heat released
correlates well with the development of strength (Supplementary
Figure 5 (a)).

High temperatures can compromise the structural integrity of
materials by causing thermal expansion or the decomposition of
ettringite into meta-ettringite, resulting in expansion and cracking
upon rehydration. When limestone is used to reduce clinker, along
with the addition of HyCon® B, it releases a significant amount of
energy (Fig. 1d) which raises the temperature of the samples
(Supplementary Figs. 7 and 8). Despite this increase in tempera-
ture, the sample containing HyCon® B reaches a similar or even
lower peak temperature compared to the reference samples, as
demonstrated in Supplementary Fig. 8. Furthermore, the early
strength provided by HyCon® B (Fig. 3j) helps prevent cracking by
adequately compensating for any length changes that may occur, as
evidenced in Supplementary Figs. 9 and 10.

After 1 year, the final amount of ettringite in the model with the
additive is double the amount in the 100% OPC control (Fig. 2d).

Sulfate balance. With HyCon® B, a significantly greater amount
of CaSO4 can be added to the cement to enhance the formation of
ettringite, approaching the theoretical limit of spacing filling with
OPC clinker, as indicated at point C in Fig. 4. The experimental
points A, B, and C fall within the green range labeled as
OPC+Anh.+HyCon® B. This range represents samples with
varying levels of anhydrite and the addition of the hydration
control additive, ranging from 4% to 10% anhydrite in the 70%
OPC system. Achieving such a range is not possible with the
conventional OPC system due to the premature formation of
ettringite, as indicated by the red range labeled as OPC in Fig. 4).
Results from compressive strength testing indicate that the

Fig. 3 Comparison of phase composition, microstructure, and performance for OPC control (orange), 70% OPC control (blue), and 70% OPC+ 7%
anhydrite + HyCon® B (green). Phase composition of the hardened pastes using thermal dynamic modeling for by GEMS (a–c); BSE images of the
hardened paste samples (d–i); compressive strength of a standard mortar according to EN 196-1 (water to solid ratio 0.5, cured at 23 °C under water) (j);
correlation of the compressive strength and the porosity modeled by GEMS (k); and expansion of the mortar cured under Ca(OH)2 saturated water at
23 °C (l). Ettr ettringite, LS limestone powder. Drying cracks are the cracks because of damaged ettringite during the hydration stoppage process.
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optimal percentage of anhydrite in the 70% OPC system for
achieving the highest strength is 7% (Supplementary Fig. 11a).

With the formation of increasing amounts of ettringite with
additional sulfate, the prisms expand slightly before 2 days due to
the 2nd aluminate reaction forming ettringite ((Fig. 3l and
Supplementary Fig. 11a, b). There is hardly expansion after 2 days
(Supplementary Fig. 11c, d). This is because that most of the
theoretically possible ettringite forms before the start of the C3S
reaction when there is almost no or little stress in the structure,
which prevents cracking and failure31,32. This reaction consumes
~80% of the available sulfate (Supplementary Fig. 3b). The large
initial conversions of C3A, C4AF, and CaSO4 prevent subsequent
formation of ettringite and other aluminate hydrates, decreasing
the long-term risks of expansion during the further reaction or
storage in Na2SO4 solution (sulfate attack) (Fig. 3l and Supple-
mentary Fig. 12)33. The high early conversion of aluminate to
ettringite is not only beneficial for durability against sulfate attack
and potentially other durability issues due to late age aluminate
reaction, but also results in higher strength.

Although the addition of HyCon® B leads to an increase in the
final reaction degree of OPC, the overall GEMs modeled chemical
shrinkage does not show a significant increase. This can be
attributed to the increased formation of ettringite, as shown in
Figs. 4 and 3a–c.

Microstructure and compressive strength. An ettringite-fiber-
reinforced structure formed within the microstructure of the
hardened sample, as shown in the backscattered electron (BSE)
images (Fig. 3f, i and the images in Supplementary Fig. 13). After
1 d, the hydrated matrix of the sample with HyCon® B was filled
with long needles of ettringite (Fig. 3f) that formed a denser
network than that of the controls. The C3S reaction occurred after
ettringite filled the cavities of the network, resulting in a compact
composite structure.

The final hydrate volume is increased by the enhanced
formation of ettringite with HyCon® B additive, resulting in a
larger solid volume (Fig. 3c and Supplementary Fig. 14 and
more chemically bound water (Supplementary Figs. 5b and 6).
The enhanced packing density within the hardened structure

contributes to greater strength (Fig. 3j and Supplementary Figs. 14
and 16a) according to Powers model34 which describes the
relationship between the packing and strength. Based on the
thermodynamic modeling of this cement used, the theoretical
maximum amount of anhydrite is 14% (Fig. 4). 90 % OPC+ 10 %
anhydrite + HyCon® B represents a good compromise (point B in
Fig. 4, corresponding to 70% OPC, 7% anhydrite for the strength)
between strength and initial expansion (Supplementary Figs. 17a
and 11). In contrast, filler in a conventional OPC system is mostly
inert and substituting binders with filler results in dilution
(Fig. 3j). Consequently, the 28-day strength is reduced, as
evidenced by the comparison between the reference samples of
100% OPC control and 70% OPC control (Fig. 3j).

Due to the hydration kinetics optimization and microstructure
densification, large early strength at 5 h (3.2MPa) was obtained for
the 70% OPC system with HyCon® B (Fig. 3j) right after the 1st
aluminate reaction (Fig. 1a, c). For the two controls, the strength at
5 h was too small to be measured (labeled as 0 in Fig. 3j). After 1 d,
the strength of the 70% OPC system with HyCon® B was slightly
lower than 100% OPC control due to the delayed reaction of C3S.
From 2 day on, the strength of mortar with HyCon® B increased
significantly as the reaction of C3S proceeded, gradually reached a
level similar to that of the 100% OPC control and continued to
increase together with the control (Fig. 3j).

These strength results were consistent with the results for the
total porosity obtained from thermodynamic modeling (Fig. 3k) as
well as MIP porosimetry (Supplementary Figs. 14 and 16a). The
lower total porosity (Fig. 3k and Supplementary Fig. 14) as well as
the reduced proportion of pore within 5–10 nm achieved with
HyCon® B reduces diffusion through the cement stone matric and
is expected to reduce some durability issues of concrete.

The efficiency of OPC clinker producing strength is signifi-
cantly enhanced by the HyCon® B. HyCon® B increases the
specific strength at 28 days from 0.15 in the 100% OPC control to
0.23 MPa per (kg OPC per ton dry mortar) at a w/s ratio of 0.5
(Supplementary Table 3), and can be further increased to
~0.30MPa per (kg OPC per ton dry mortar) when the w/s ratio
was reduced to 0.4.

Carbon footprint impact. The improved strength of the cement
offers opportunities to design construction materials by incor-
porating low-carbon footprint materials. Figure 5 and Supple-
mentary Table 3 illustrate the CO2 footprint of the mortar mix
design when HyCon® B is used. By combining the additive with
conventional CO2 emission reduction methods, such as reducing
water content (Fig. 5a) or incorporating supplementary cemen-
titious materials (SCMs) such as calcined clay (the so-called
limestone calcined clay cement (LC3)35,36) (Fig. 5b and Supple-
mentary Fig. 17c), the carbon footprint of the building materials
can be significantly reduced.

Reducing water content enhances the strength of the cement
stone (Routine 1b). By utilizing HyCon® B with a lower water-to-
solid ratio of 0.4, the OPC content can be further reduced to
50 wt% (Fig. 5a) to achieve a similar strength level, while
compensating with limestone powder, resulting in a final CO2

reduction ~46% compared to OPC control with water-to-cement
ratio of 0.5. Reducing the water content in the OPC-limestone
system is practical due to the rheology improving effect
introduced by HyCon® B and the easy accessibility of limestone
powder to the construction industry.

Another approach is to leverage the higher reactivity of
calcined clays (Routine 2b in Fig. 5b). In the LC3 mix with
HyCon® B, the OPC content can be further reduced to 40 wt%,
significantly lowering the CO2 footprint by ~43% compared to
OPC control while maintaining the same level of performance.

Fig. 4 GEMS modeling of OPC assuming 100% reaction with additional
anhydrite content at w/s ratio 0.5. The theoretical space filling of the OPC
was controlled by the anhydrite content, which was adjusted to regulate the
reaction of C3A (red range labeled OPC). Experimental points A, B, and C in
the green range OPC+Anh.+HyCon® B correspond to the samples with
the hydration control additive together with additional anhydrite.
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This approach demonstrates promising potential as the use of
calcined clay enhances the specific strength of OPC due to its
high reactivity37 (Supplementary Table 3). Moreover, the future
production of calcined clay at a larger scale has the potential to
lower production costs and CO2 emissions associated with its
production (we used the higher end value of 350 kg CO2/ton for
this calculation2). However, reducing the water content in the
LC3 mix poses a challenge due to the inherently high-water
demand of calcined clay.

Conclusion
Our findings demonstrate the effectiveness of the hydration
control additive (HyCon® B) in optimizing the process between
formation of C-S-H and ettringite, resulting in a cement for-
mulation with lower carbon emissions, increased strength, and
improved durability. More work will be needed to understand the
pore structure of the hardened cement, rheology, early age
expansion/shrinkage, durability with the additive HyCon® B.

Materials and methods
Materials. Two CEM I 42.5N cements (OPC and OPC2) were
used in this study. A CEM I 52.5 N cement (OPC3) was used for
the sulfate attack test. Different cements were used in the tests in
parallel to test the robustness of the system with different alkali
content. OPC3 contains high aluminate (see Supplementary
Table 1) which is more vulnerable to sulfate attack38,39. Calcined
clay (CC) and limestone powder (LS) were used to make blended
cement according to the mix design given in Supplementary
Table 3 to explore the potential of additive in blended cement.
Anhydrite (CaSO4) was used as the sulfate source due to its
constant dissolution in low and high temperature. An identical
OPC was used in the mix design when needed: OPC for the main
research, OPC2 for the limestone calcined clay cement (LC3)
system and OPC3 for the sulfate attack test. The characteristics of
the raw materials are given in Supplementary Table 1. The
strength data of the LC3 control system were previously reported
by our group36.

A hydration control additive (HyCon® B) was developed to
control the hydration of the aluminate phases (C3A and C4AF).
The additive used in this paper (brand name HyCon® B) was
similar to the Retarder A in WO 2023/02558540,41. HyCon® B is a
solution of poly[urea-alt-(glyoxylic acid)] (PUG, 20 wt%), sodium
carbonate (41 wt%), glycerol (21 wt%), triethanolamine (TEA,
11 wt%), and sodium gluconate (7 wt%) in de-ionized water.

This additive is commercially available from BASF Construction
Additives GmbH, Trostberg, Germany. Additionally, 0.1% and
0.3% stabilizer (Starvis® 3040 F) were introduced into the mortar
samples (strength, expansion test) and paste kinetic experiment,
respectively, to prevent bleeding due to the reduced amount of
OPC in the OPC-limestone-anhydrite system and provide
homogeneous structure. Stabilizer (Starvis® 3040 F) has little
impact on the hydration and of the cement within the dosage
level used32. When it was necessary to use a dispersant to adjust
the workability which is the case for the experiment running at w/
s 0.4 and where calcined clay was used, a commercially available
polycarboxylate ether, Melflux® PCE 2500 L from BASF Con-
struction Additives, Trostberg, Germany, was applied. Detailed
information about the concentrations of the additives can be
found in Supplementary Table 3.

Methods. The mortar strength test was conducted according to the
EN 196-1 standard42, except that curing was performed at 23 ± 2 °C
instead of 20 °C. All the dry components, including the powder
additives and standard sand, were weighed, and premixed in a
bucket for 30 s in a shaking mixer (Skandex SK550 1.1) before
following the standard mixing procedure described in EN 196-1.
The additives were added into the final blended cement as a per-
centage relative to the total solids content. Once the mixing pro-
cedure was completed, the mortar was poured into standard molds
and covered with lids to prevent water evaporation during the
curing process until 1 day before demolding. The demolded mortar
bar samples were then submerged in water and kept in this con-
dition until they were required for subsequent measurements. The
compressive strength was measured at specific ages (5 h, 1, 2, 7, 28,
90, and 365 d) according to the EN 197-1 standard. The reported
compressive strength was the mean of 4 replicates.

A flow table test was conducted based on a standard mortar
according to EN 196-1 by following the protocol described in EN
1015-3. Fifteen shocks were applied before the spread of the
mortar was measured at 5, 15, 30 and 60 min.

An expansion test was performed using the mortar prepared
according to EN 196-1. The length at 1 day was measured as the
initial length. The mortar samples remained under water at 23 °C.
Expansion from 1 day was recorded at 2, 3, 7, 14, 28, and 90 days
for 3 specimens. The reported expansion was the mean of
3 specimens.

A sulfate attack test was conducted using OPC3. Measurements
were taken according to German standard DIN 19573. The

Fig. 5 Plots of compressive strength vs. specific emission. The circle size refers to the CO2 emission by the binder including additive (kg CO2 per ton
binder). The green area corresponds to similar or greater strength but less CO2 emissions compared to the 100% OPC control. a Routine 1 uses OPC,
limestone powder and anhydrite for the binder, and the effect of the additive combined with reduced water content is shown. b Routine 2 is an example of
the use of SCMs in LC3 cement with the additive. The number in each circle represents the total CO2 emission per ton of binder.
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mortar sample was cast with w/s 0.43 with 832 g of binder and
1917 g of sand. The mortar sample was first cured under water for
28 days under the same condition as the strength test before
curing in 44 g/l Na2SO4 solution at 23 °C. Expansion after curing
in Na2SO4 was measured and compared to that of the control
stored in Ca(OH)2 saturated solution.

Isothermal calorimetry tests were performed using paste
samples. One hundred grams of premixed blended binder was
mixed with water (a water-to-solid ratio of 0.4, where solid refers
to solid OPC or a mixture of OPC, limestone powder, and
anhydrite) with an overhead mixer at 1600 rpm for 2 min. A
thermal activity monitor (TAM) air calorimeter at 23 °C was used
for the calorimetry experiments. Water (1.143 g) was used as a
reference. Paste (4.29 g) was weighed in a glass ampule. Heat
release data were collected for 7 days. For monitoring the initial
wetting and dissolution, in-situ calorimetry was conducted using
reaction vials containing 3000×g of the sample and the
appropriate amount of deionized water with dissolved additive
components in two syringes. The in-situ mixers were placed in
the calorimeter and allowed to equilibrate overnight. The mixing
procedure involved a 10-second pre-mixing of the dry powder,
followed by the injection of water and continuous stirring for
60 seconds using an electric motor. The reactions were observed
and recorded for a duration of 2–3 days.

The pore solution was analyzed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) according to
references43,44. The pore solution was extracted from paste with
w/s 0.5 after mixing for 5 min. The original extracted pore
solution was diluted using ultra-filtered water at 1:10. HCl was
used to neutralize the pore solution before the analysis.

X-ray diffraction (XRD) measurements were taken using Bruker
D8 Advance diffractometers. More details about the XRD
measurements and the Rietveld analysis routines can be found in
Li et al. 45,46. In situ experiments were conducted on freshly mixed
paste (prepared as described in the previous subsection) covered
with a 3 µm thick Mylar® film. Data were collected between 5-70°
continuously for ~24 h at ~14min per scan using Bruker D8
Advance running at the following conditions: Cu radiation, tension
40 kV, current 30mA, Radius 215mm, divergence slit 0.5 °, sample
spinning at 15 rpm, step size 0.028° and time per step 0.35 s. The
temperature of the XRD chamber was 28 ± 2 °C during the
measuring process. Fresh discs were measured immediately after
they were cut and gently polished by hand and washed as described
previously45,47 to prevent contamination and carbonation. XRD
data between 5-70° for fresh discs were collected within ~10min
using Bruker D8 Advance with the following parameters: Cu
radiation, tension 40 kV, current 35mA, Radius 280mm, diver-
gence slit 0.3°, no sample spinning, step size 0.021° and time per
step 0.20 s.

Rietveld analysis was performed using Bruker Diffrac. Suite
TOPAS version 6. Parameters including cell parameters, crystallite
size of the clinker phases such as C3S, C2S, C3A, and C4AF were
extracted from the OPC analysis. Those parameters were fixed for
the clinker phases in the hydrated samples (the insitu and fresh disc
samples) analysis, only the scale factors was allowed to be refined.
The scale factor, the unit cell, crystallite size, and March Dollase
preferred orientation were refined for the crystalline hydrates. A
2nd order Chebyshev function along with a 1/x term was used for
the background. An external standard method using CaF2 was used
for the Rietveld analysis to evaluate the amorphous or unknown
content. More details of the Rietveld protocol was reported by Li
et al. 45 In situ XRD data were corrected based on the initial
amount according to the mix design and the content of the fresh
disc sample at 24 h, which was considered more accurate45,47.

The hydration stoppage of the hardened paste sample was
carried out by using the solvent exchange method using ~3mm

thick slices with isopropanol following a protocol described in the
literature47. The isopropanol was replaced at a time interval of
1 h, 1 and 2 days. The hydration stoppage process lasts 5–7 days.
After the solvent exchange process, the discs were vacuum dried
at 40 °C before stored in sealed vacuum bags for further analysis.
These samples were used for TGA, SEM, and MIP analysis.
During this process, ettringite tends to decompose partially
depends how long the solvent exchange was carried out45,47. The
decomposed ettringite will leave some characteristic drying cracks
in the sample which can be seem under BSE image47,48 (Fig. 3i
and Supplementary Fig. 13i) as well as in MIP with the
characteristic pore entry size of ~130 nm (Supplementary Fig. 15).

Thermogravimetric analysis (TGA) was conducted using a TA
Instruments TGA5500. After hydration was stopped, the disc
sample was freshly ground before ~10 mg of the sample was
loaded into the sample holder. During the measurement, the
sample was heated from 30 °C to 1000 °C at a rate of 10 °C/min
under N2 flow. The chemically bound water was calculated from
the weight loss until 550 °C according to the recommended
protocol47.

Thermodynamic modeling was performed using GEM-Selektor
version 349 (GEMS) based on the database published by
Lothenbach et. al. 50. The reacted cement clinker phases were
obtained from the XRD Rietveld analysis, the modeling was
performed at 23 °C and 101 KPa.

Scanning electron microscopy (SEM) was performed using a
JSM-IT500 from JEOL. Secondary electron (SE) images were
collected of the powders obtained after the hydration of samples
was stopped to investigate the morphology of the hydrated
samples during the early hydration period (less than 1 d). The
powders were coated using 10 nm gold/palladium to perform the
SE experiment. Backscattered electron images of polished sections
of the slices of paste after hydration was stopped that were coated
with 10 nm of carbon were acquired.

Mercury intrusion porosimetry (MIP) was performed using a
MicroActive AutoPore V 9600. Surface and edges of the hydration
stopped discs samples (~3mm thick) was removed by polishing
with sandpaper, then the discs were broken into 2–5mm pieces for
MIP experiments. The contact angle of mercury to the cement
paste sample was set to 140° according to Berodier et al. 51. Even
though there is artifact due to decomposition of ettringite during
the hydration stoppage process, the overall total pore volume
correlation to GEMs modeled values still showed quite good fit
(Supplementary Figure 16 (b)). The correlation of the MIP total
pore volume to strength was slightly shifted due the artifacts
(Supplementary Fig. 16a).

The temperature rises as well as cracks formation of the paste
samples was investigated using a large volume of sample placed in
a sealed plastic container with a diameter of Ø 11 cm. The
samples were cured in a thermal container at room temperature
(23 ± 2 °C), as depicted in Supplementary Fig. 7. For the test, each
sample contained 2−2.5 kg of total solid. The temperature of the
samples was monitored by inserting a thermal meter into the
core of each sample. After three days of curing, the cement pastes
were sliced in the middle and carefully polished by hand using
sandpaper. The cross-sections of the samples were visually
inspected, both with the naked eye and under a microscope, to
identify any visible cracks.

The specific strength contribution of unit OPC was calculated
as follows:

σopc ¼ σ

Wopc ´
1350þ 450

450
´

1
1000

; ð1Þ

where σ is the compressive strength; 1350 and 450 refer to the
grams of sand and binder in the standard mortar design
according to EN 196-1, respectively; Wopc is the weight fraction
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of OPC in the blended cement (including SCMs, limestone filler
and anhydrite); and 1000 converts to units of MPa/(kg OPC in
ton dry mortar).

The CO2 footprint for a mix design was calculated as follows:

CObinder
2 ¼ ∑n

i w
i ´COi

2; ð2Þ
where CObinder

2 is the final CO2 footprint for the binder mix
design in kgCO2/ton, wi is the weight fraction of the materials
(binder or additive), and COi

2 is the CO2 footprint of the binder
component. Product carbon footprint (PCF)52,53 data as of
January 2023 from BASF were used for the chemical additives
in this manuscript, and such data are subject to change due to
changes in the carbon footprints of the raw materials and the
energy makeup of production. The values of CO2 emissions for
the binder and filler were taken from the literature as listed
Supplementary Table 3.

The specific performance-based CO2 footprint was calculated
based on compressive mortar strength following a similar approach
reported previously54:

SCO2 ¼ COsample
2

σ
´

450
1350þ 450

; ð3Þ

where SCO2 is the performance-based CO2 footprint in units of
(kg CO2)/(MPa ton dry mortar), σ is the compressive strength,
and 1350 and 450 refer to the grams of sand and binder solid,
respectively.

The data analysis was conducted using the statistical program-
ming software R55 running via RStudio®. The package tidyverse56

was used to process the data.

Data availability
The data that support the findings of this study are available from the authors on
reasonable request.
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