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Abstract

Methane pyrolysis is an emerging technology to produce lower-carbon intensity hydrogen at
scale, as long as the co-produced solid carbon is permanently captured. Partially replacing
Portland cement with pyrolytic carbon would allow the sequestration at a scale that matches the
needs of the H, industry. Our results suggest that mechanical properties of blended cement could
even be improved while the cement manufacture, which contributes to ~9% global anthropogenic
CO, emissions, can be decarbonized. A CO, abatement up to 10% of cement production could be
achieved with the inclusion of selected carbon morphologies, without the need of significant
capital investment and radical modification of current productions processes. The use of solid
carbon could have a higher CO, abatement potential than the incorporation of conventional
industrial wastes used in concrete at the same replacement level. With this approach, the concrete
industry could become an enabler for manufacturing a lower-carbon intensity hydrogen in a win-
win solution.

Keywords: cement & concrete; methane pyrolysis; carbon dioxide; sustainability;
decarbonization.

Impact

Methane pyrolysis is an up-scalable technology that produces hydrogen as a lower carbon
intensity energy carrier and industrial feedstock. This technology can attract more investment for
lower carbon intensity hydrogen if co-produced solid carbon (potentially hundreds of million
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tons per year) has value-added applications. The solid carbon can be permanently stored in
concrete, the second most used commodity worldwide. To understand the feasibility of this
carbon storage strategy, up to 10 wt% of Portland cement is replaced with disk-like or fibrillar
carbon in our study. The incorporation of 5% and 10% fibrillar carbons increase the compressive
strength of the cement-based materials by 12% and 26%, respectively, while disk-like carbons
have little beneficial effects on the mechanical properties. Our life-cycle assessment results
suggest that the 10% cement replacement with the solid carbon can lower ~10% of greenhouse
gas emissions of cement production, which is currently the second-largest industrial emitter in
the world. The use of solid carbon in concrete can supplement the enormous demand for cement
substitute for low-carbon concrete and lower the cost of the low-carbon hydrogen production.
This massively available low-cost solid carbon would create numerous new opportunities in
concrete research and the industrial applications.

Introduction

In a methane pyrolysis process, methane molecules are split into solid carbon and gaseous
hydrogen without CO, emissions associated to the reaction [1]. The technology is an emerging
option to produce hydrogen at lower carbon intensity than the currently mostly used process (i.e.
steam methane reforming) , if the solid carbon produced is sequestered in a permanent form [2].
Since the mass of produced solid carbon is three times the mass of hydrogen, finding an outlet
for the solid carbon is critical for large-scale deployment of the technology.

Current hydrogen market is ~70 Mt/year and projected to grow in the coming decades [3]: if
methane pyrolysis took over overnight, it would require a market for solid carbon of ~210
Mt/year. If we exclude metallurgical applications, the current combined market for carbon
materials does not match such scale. In metallurgical applications (e.g. steel, aluminum), the
solid carbon is in fact used as reducing agent for metal ores and is converted into CO,: although
the market size for metallurgical carbon is significant (~650 Mt/year for metallurgical coke and
~23 Mt/year of calcinable coke) [4], such carbon applications would not qualify as a
sequestration form.

The building industry is the only sector that could rival in market size (tonnages of material per
year) the energy industry and could match a potential market for pyrolytic carbon [5]. The use of
carbon in structural applications (and building in general) is, however, limited. Although carbon-
based composites materials are emerging options in the building sector, concrete and steel
remain the dominant materials, with limited credible alternatives at scale. The full replacement
of concrete with carbon materials derived from methane seems unlikely in the coming decades.
The incorporation in concrete of carbon materials from methane pyrolysis is, however, a more
achievable goal is the short term. By replacing a portion of the clinker (the main component of
Portland cement) [6] in the cement formulation, we could support a partial decarbonization of
two hard-to-abate sectors: hydrogen production [2] and cement manufacturing [7] (see Fig.1).
The sequestration of solid carbon in cement would provide a viable solution for the utilization of
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the carbon from methane pyrolysis, enabling the potential deployment of this lower greenhouse
gas (GHG) technology at scale. On the other hand, the inclusion of solid carbon in the cement
formulation would allow a partial reduction of the overall GHG intensity of the final concrete,
with potential added benefits to the mechanical and electrical properties of the final concrete
products. The partial replacement of the clinker with products from other industries is not a new
approach in the cement industry and would fit well into the decarbonization goals of the broader
building industry [8].
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Figure 1. Schematic for the use of pyrolytic carbon products in concrete production. H, from
methane pyrolysis can be used in different industries and applications, such as mobility,
feedstock for chemicals (e.g., for ammonia production), power, and industrial heat

In this study, we discuss the inclusion of different carbon morphologies into cement, analyzing
the impact on final mechanical properties, workability, and GHG footprint. We have focused on
carbon materials in the micron+ range size, to allow for higher loading into cement (up to 10 wt
%) and an easier dispersion. This is a critical difference from past investigations on carbon nano-
materials in cement [9], where the amount of carbon is limited to a fraction of wt% (to avoid the
negative impact on the desirable rheological properties) and the use of nanomaterials can be
hazardous to builders. Our overall goal is in fact to capture a large fraction of solid pyrolytic
carbon in cement, without affecting performance or perhaps even improving it.

Results and discussion

We have considered the partial replacement of clinker with two different morphologies — carbon
disks and fibers — as potential archetypes of carbon materials derived from methane pyrolysis.
We have focused our analysis on both performance of the cement after the carbon inclusion and
impact of the carbon inclusion on the GHG footprint. To be adopted by the concrete industry,



any novel solutions should provide a performance or cost benefit (or at least not be detrimental)
and support the decarbonization goals of the broader industry.

We have first evaluated the influence of the carbon inclusion on the water required for the binder
paste. The water content affects the consistency of the binder (see Methods section) and overall
workability (e.g., flowability). In Fig.2A, we have summarized the results for water requirement
(expressed in water-to-binder mass ratio (w/b)) as a function of the carbon replacement levels.
For both carbon disks and carbon fibers we observe an increase in the water demand with
increasing level of carbon in the paste. Although disks and fibers show similar trends in water
requirement, the explanations of such behavior are different: carbon disks tend to increase the
binder’s surface area while fibers reduce the flowability of pastes. In both cases, however, water
content needs to be increased to keep a normal consistency [10], and the water demand of binder
increases at a higher carbon content.

The inverse relationship between strength and porosity of solids is well known. More water than
needed for the cement hydration leaves voids when the paste is hardened [11]. Higher w/b ratios
result in higher porosity in hardened pastes and thus lower strength of cement-based materials
(e.g., concrete) [6]. When the paste content or w/b ratio is low, the workability (e.g., flowability)
of concrete is poor, which typically leads to low construction efficiency and defects in concrete.
The defects usually result in concrete’s low strength and poor durability (e.g., steel-rebar
corrosion) [12] [13]. Adding additional water or paste in concrete can improve concrete
workability but would lower the concrete strength or increase the material cost, respectively. As
shown in Fig. 1a, the partial replacement of cement with carbon materials increases the water
demand. It follows that a low dosage of superplasticizer (surfactant, e.g., polycarboxylate ether
(PCE)) [14] is needed to improve the workability without additional water or paste for
construction efficiency [15]. Note that, the use of PCE slightly retards the cement hydration at
the early age, typically up to 1 day [14] [15] [16], but negligibly influences long-term binder
strength.

To evaluate the binders’ mechanical properties, mortar samples were cast by blending paste with
pure quartz sand. At the cement replacement level of 5 wt%, all the carbon-incorporated mortars
exhibited slightly lower uniaxial compressive strengths at 1 day than the reference group due to
the lower cement content and PCE-induced retardation of cement hydration [15] (Fig.2B). As the
cement hydrates over time, the strength of mortar increases. After 7 day, at the replacement level
of 5 wt%, the group incorporated with coarse carbon disks (44 um) still exhibited lower strengths
than the reference while the finer disks slightly increased the compressive strengths. The disks
have no binding properties, and coarser disks decrease the packing density of the mortar matrix:
disks with 44 uym diameter are coarser than cement particles (median value of 11 um). The disks
with 0.1-5 pm diameters are finer than cement particles, thus filling the pores between cement
grains and increasing the compacting density of the mortars. Compared to the reference group,
carbon fibers increase the mortar strength from 7 days, because fibers can bridge microcracks
within the mortar matrix and limit crack propagation during loading. This “tape”-like role of



carbon fibers in cement-based materials is also found in many other fiber reinforced cement
composites [17].
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Figure 2 (A) water demand (water-to-binder ratio (w/b)) for pastes with normal consistency (see
Method section for definition) as a function of cement replacement levels. uniaxial compressive
strength of mortar at different ages with cement replacement level of (B) 5% and (C) 10%. The
disk diameter and fiber length are indicated in parentheses.

At the replacement level of 10 wt%, the strengths are lower than those at replacement levels of
Swt% at 1 day (Fig.2C). This is due to lower cement content and more profound retardation in
cement hydration caused by higher PCE dosages at the higher replacement level. The strengths
of mortar with coarser disks from 7 days are ~20% lower than the reference due to the low
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cement content and the lack of the aforementioned pore-filling effect. The strengths of mortar
with finer disks from 7 days are similar to the reference as the pore-filling effect of finer disk
compensates the negative effect of low cement content. Carbon fibers still slightly increase the
mortar strength from 7+ days at the cement replacement level of 10 wt% due to the beneficial
microcrack-bridging effect [17].

For the GHG footprint we have focused on a California-based scenario, expressing the GHG
emissions (e.g. CO,, CH,) in CO,-equivalent (CO,-e). The influence of carbon on the GHG
emissions on binder in California-based scenario is compared to the scenarios in Texas and
Florida later. The three states are the largest cement consumer in the United States. The low
carbon intensity industrial byproducts, fly ash from coal-fired power plants and blast-furnace slag
from pig-iron making, are commonly used to partially replace cement [8]. The upper limit of
cement replacement with amorphous silicates (e.g., fly ash and blast-furnace slag) is typically 35
wt%, while the cement replacement level with inert materials is limited to 5-10 wt%. Note that,
there has been a global shortage (hundreds of Mt) of blast-furnace slag and high-grade fly ash
(e.g., limited toxic element content) for their use in concrete production [8]. There would be no
competition between solid carbon and fly ash/slag as cement substitutes if hundreds of Mt of
pyrolytic carbons are available. Considering the current decommissioning of coal-fired power
plants and increasing demand for cement, the shortage of cement substitutes would be even
higher, particularly in regions with a limited supply of fly ash or slag (e.g., California). Here, the
influence of carbon, the byproduct from methane pyrolysis, on the GHG emissions of binder
production is compared with that of fly ash and blast-furnace slag at cement replacement level of
5-10 wt% (see a California-based scenario in Fig.3).

In the California-based scenario, cement production dominates the total GHG emissions of the
production/processing/transpiration of binders and PCE superplasticizer (Fig.3A). Thus, the 10%
cement replacement level dominates the GHG emission reduction. The emissions from cement
substitutes (fly ash, slag, and solid carbon) and PCE are below 4% in total. The slight variation in
GHG emissions is due to the different carbon intensity of processing and transportation distance
of fly ash and slag. In addition, the partial replacement of cement with fly ash and slag typically
needs no PCE for maintaining sufficient workability. The cement replacement at 10 wt% with the
three substitutes results in similar GHG reductions (~0.1 kg CO,-e/kg binder in Fig.3A)
compared to the reference group (i.e., no cement replacement) and is expressed as binder saving
in Fig.3B. The contribution of landfill saving (i.e., avoiding landfill of the three substitutes) of
blended binders in GHG reductions is negligible (<0.3% of kg binder) as the GHG emission of
landfill processing is low and landfill transportation distance is typically short [18], modeled as
50 km here.

Hydrated cement reacts with atmospheric CO, during the service life of concrete, forming
CaCOs;. The high CaO content, typical over 60 wt%, in Portland cement theoretically results in
~50 wt.% CO, uptake [6]. However, full carbonation of cement during the full life cycle of
concrete (including service life and recycling) is rare, the maximum CO, uptakes during the
service life and after recycling are just ~10% and ~20%, respectively [19]. The 10% of cement
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replacement has insignificant influences on the potential of binder CO, uptake because the low
cement substitute level is low and fly ash (0-30 wt.% CaO and MgO) and blast-furnace slag (~50
wt% CaO and MgO) can be carbonated. Note that excessive carbonation of binder is detrimental
to steel-reinforced concrete structures as carbonation lowers the pH of concrete matrix, de-
passivates the surface of steel reinforcement, and triggers the risk of corrosion [8].

The solid carbon storage has no such detrimental effects on steel-reinforced concrete. The solid
carbon storage is in a permanent form during the service life of cement-based materials as no
phase in cement oxidizes solid carbon. Solid carbon storage of 12g equals to 44 g of CO, storage.
The instant storage of CO, in the form of solid carbon at 10 wt% cement replacement level is
~37 wt% of binder (Fig. 3B), which is nearly twofold the full life-cycle storage of CO,,
maximumly 20 wt%, of binder in the form of carbonated cement (i.e., CaCOs). It is worth
mentioning that the solid carbon storage cannot be credited as GHG reduction to the carbon
incorporated binders as landfilling the solid carbon also results in this solid carbon storage.

(A) Il FCE tranportation B PCE production
I substitute tranportation [l Substitute process
— [ Cement tranportation [l Cement production

1.0

Total binder GHG emissions (kg CO,-e/ kg binder
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Figure 3 (A) GHG emission of binder production including processing, production, and
transportation of cement, cement substitutes, and PCE superplasticizer in a California-based
scenario. (B) sensitivity analysis of GHG reduction (i.e., net saving) with 10% carbon
incorporation by varying 1) transportation distance between H, plants and landfill sites, 2)
transportation distance between H, plants and cement mixing plants, 3) transportation mode of
carbon from H, plants to cement mixing plants, 4) superplasticizer dosage (according to the
maximum and minimum PCE dosage of the strength-test samples), and 5) locations of cement
plants. Baseline: carbon-landfill distance 50 km, truck class-8B; carbon-mixing plant distance
100km, truck class-8B; PCE dosage, 0.2 wt% of total binder; all productions in California.

The net saving (i.e., the binder GHG reduction in Fig.3A plus the landfill saving) of GHG
emissions of binder replacement with 10 wt% carbon shows its sensitivity (Fig.3B) to carbon
transportation to cement mixing plants, the regional difference in the carbon intensity of cement
production, and the dosage of superplasticizer. Its high sensitivity to PCE dosage is due to the
carbon-intense manufacturing of PCE (~0.77 kg CO,-e/ kg PCE) [20]. The use of carbon in
Texas and Florida results in a more pronounced GHG reduction because the cement production
in these regions has a higher carbon intensity, due to the higher carbon intensity of electricity
from the grid.



Conclusions and path forward

In this study, we have described a potential pathway for sequestering solid carbon materials from
methane pyrolysis in a (semi)permanent way by including the carbon into cement formulation.
This solid carbon can be permanently stored in concrete if carbon-incorporated concrete is
recycled after the service life (e.g., 50 years) and reused in new concrete production. The
proposed solution would be advantageous for two different industries — hydrogen and cement —
both looking into decarbonization options and with similar material scales. We have analyzed the
inclusion of morphologically different solid carbons, as potential archetypes of materials derived
from methane pyrolysis. The analysis is far from being conclusive, but our preliminary findings
are encouraging and could create multiple research avenues in both methane pyrolysis and
concrete fields.

A future direction of exploration is to correlate the chemistry and morphology of specific carbon
materials to final concrete performance, so as to guide the selection of relevant process
conditions during the methane pyrolysis process. For a given morphology (i.e., disks, fibers,
etc.), further optimization is needed to improve their final performance in the concrete. For
example, coarse carbon disks would lower concrete strengths, while ultrafine disks would require
higher superplasticizer dosage during concrete production, with negative impact on the removal
time of concrete formwork. The disks size distribution should be tuned for improving the
packing density of the binder matrix. Although fibrous carbon materials could provide
mechanical benefit, the optimal length and aspect ratio remain unknown. For example, the use of
extra-long fibers in concrete would result in workability issues. The carbon surface can be
potentially functionalized for improving the binder-carbon interaction. Further topics of
investigation include the impact of carbon on concrete aging, potential mitigation of rebar
corrosion, effect on electrical conductivity and electromagnetic shielding, and overall appearance
(Fig. S1).

Materials

White Portland cement with 57.3% alite, 30.1% belite, 4.6% tricalcium aluminate, and 3.1%
calcium sulfates was used. The specific surface area (SSA) and median particle size of the
cement are 1.2 m*/g and 10.9 um, respectively. Two types of carbons were used to partially
replace cement: 1) carbon fibers with a median diameter (D) of 6-7 um and a nominal length of
(L) of 1-2 mm, and D = 6-7 um and L = 50-80 um; and 2) graphite disks with D =44 pym (3.8
m?%g), D = 3-5 um (SSA 16.7 m?*/g), and D = 0.1-0.2 um (SSA 180 m*/g). Deionized water was
used to prepare paste and mortar. #30—100 grade standard quartz sand (0.15-0.6 mm sieve size)
was used in mortar preparation. The 50mm mortar cubes with a sand-to-cement mass ratio of
2.75 were cured at 24 °C at 100% relative humidity for different durations until strength
measurement. A polycarboxylate ether-based superplasticizer solution (40 wt%, BASF) was used
to adjust the required workability of both pastes and mortars when necessary.



Methods

The water demands for normal consistency of different binder mixes were determined according
to ASTM C187 [10]. Water demand for normal consistency is defined as the water content that
permits a Vicat plunger to penetrate a paste by 9-11 mm depth during 30s of settling after
completion of mixing. For uniaxial compressive strength measurement, three mortar cubes in
each group were loaded at a rate of 0.5 MPa/s.

The goal of the life cycle assessment (LCA) is to compare the GHG emissions of binders
incorporated with carbon and other industrial byproducts (fly ash and blast-furnace slag). The life
cycle model built on ISO 14044 includes the acquisition of cement raw materials and the
production, processing, and transportation of materials. The functional unit in the LCA is 1kg of
binder, including cement, substitutes, and superplasticizer. Thus, this modeling involves a cradle-
to-gate assessment of binder production, while the effects of mixing and curing, or other use
(e.g., casting) on the GHG emissions are excluded. Solid carbon is considered a waste by-
product of methane pyrolysis, and therefore all methane pyrolysis process and upstream
emissions are assumed to be allocated to the H, product.

In all scenarios, we assumed that a preheater/precalciner kiln was used for cement production
with a thermal requirement of 3.3 MJ/kg for clinkering. The fuel mixes in California, Florida,
and Texas were all based on the United States average kiln fuel mix. More details regarding the
cement production and the transportation and origins of the materials can be found in
supplementary materials.
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