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Sustainability Spotlight Statement

Advancing novel, sustainable technologies for hard-to-decarbonize industries such as cement, steel, and 

chemicals has been a major research focus in recent years, but to meet global net-zero emission goals by 

2050, we need to rapidly decarbonize these sectors. This necessitates that presently available, retrofit 

technologies are scaled rapidly to abate existing emissions. Consequently, in this work, we investigate the 

decarbonization potential and costs associated with high TRL technologies available as retrofit alternatives 

for the cement industry. The findings and methodology presented offer a unique perspective to help existing 

industrial facilities pursue a cost-optimized combination of approaches to reach their decarbonization goals. 

This work firmly falls under UN SDGs 9 (industry, innovation, and infrastructure) and 13 (climate action).
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Cost-motivated pathways towards near-term decarbonization of 
the cement industry 

Katelyn M. Ripley, Fadl H. Saadi*, Zara L’Heureux Burke*

Science for America, Cambridge, Massachusetts 02139, United States

* Corresponding author email address: fadl.saadi@scienceforamerica.org and 
zara.burke@scienceforamerica.org

Abstract

Cement production facilities contribute over 8% of global carbon dioxide (CO2) emissions, with 

approximately 60% of these emissions stemming from process-related activities and the remaining 40% 

from energy consumption. This unique emission profile means that merely decarbonizing the energy source 

will be insufficient to achieve net-zero emissions for this sector. Recognizing the hard-to-decarbonize 

nature of the cement industry, this perspective investigates the costs associated with implementing retrofit 

decarbonization options at existing cement facilities to expedite emissions reduction. We evaluate the 

impact of clinker replacement, alternative fuels, point source capture, and direct air capture on both total 

CO2 emissions and cement production costs. After validating the emissions and costs for baseline cement 

production and each decarbonization strategy, we develop dispatch curves (a method to sequentially 

compare costs and removal capacities across available technologies) to identify the most cost-effective 

pathways to achieve net-zero emissions. Through this analysis, we reveal that utilizing all four 

decarbonization strategies is potentially the most cost effective and can facilitate a net-zero future for the 

cement industry with a 29% increase in cement costs. We also explore deployment strategies and tailored 

solutions for individual facilities. This work builds on substantial progress in the field by analyzing the 

combined potential of these sustainable technologies to help the industry meet its decarbonization goals.  
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1. Introduction

The effects of anthropogenic greenhouse gas emissions are recognized as a major challenge of the 21st 

century as global energy use and economic growth continue to rise. This growth and development, 

especially in low and middle-income countries, often necessitates the deployment of fossil fuels, steel, and 

cement – each of which are responsible for the release of large quantities of carbon dioxide (CO2) and other 

gaseous pollutants that can contribute to accelerated global warming. Global cement production is currently 

responsible for 8% of global CO2 emissions and, according to the International Energy Agency (IEA), 

demand for cement is forecasted to increase by 12–23% by 2050 compared to 2018 levels, with significant 

growth expected in regions such as South Asia and Africa.1 If conventional processes are used, this increase 

in demand will also significantly increase CO2 emissions. Multiple organizations have considered the 

amount of CO2 emissions that the cement industry will need to avoid in order to hit specific global 

temperature rise targets. Specifically, the IEA estimates that to ensure at least a 50% chance of limiting 

global warming to 2 °C above pre-industrial revolution era average temperatures, CO2 emissions from 

cement production must decrease by at least 24% between 2018 and 2050 by introducing alternative fuels 

to reduce energy emissions.1,2 Alternatively, the Global Cement and Concrete Association (GCCA) has set 

a more ambitious, net-zero by 2050 goal in order to limit global warming to 1.5 °C.3 To meet these goals, 

significant technological advancements in reducing and/or capturing CO2 emitted during the cement 

production process must be implemented. 

Currently, 95% of hydraulic cement production in the United States is Ordinary Portland Cement 

(OPC), which is comprised of a mixture of clinker (a binder made of alite, belite, tricalcium aluminate, and 

calcium aluminoferrite) and gypsum.4,5 The production of OPC generally requires the integration of several 

process units and begins with grinding mixtures of limestone and gypsum rocks for calcination in the kiln, 

as shown in Figure 1.4 To produce the clinker material, the finely ground materials are heated to 

temperatures as high as 1450 °C, enabling the conversion of limestone to lime CaCO3
+ heat

CaO + CO2 , 

releasing process related CO2 emissions that ultimately make up 60% of all cement emissions.4,6 The 
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remaining 40% of cement production emissions come from the combustion of either coal or petcoke to heat 

the kiln.6–9 Finally, to make OPC after calcination in the kiln, the clinker is cooled and mixed with gypsum 

to produce the final cement product that is 80–90 wt.% clinker.4,9,10 Given the direct CO2 emissions released 

during cement production, it is evident why such an industry can be “hard-to-decarbonize,” as identifying 

alternative, clean fuels can only reduce emissions by a fraction of the total. Despite this, there have been 

significant strides in decarbonizing the cement industry via retrofit technologies that can update OPC 

manufacturing sites to emit less CO2. While new cement production pathways that target reduced process 

emissions have recently seen growth,11,12 in this perspective, we will focus on how the utilization of high 

technology readiness level retrofit alternatives can combat emissions from existing cement plants with long 

remaining lifetimes. These alternatives include fuel mixtures, clinker replacement, and carbon capture 

technologies (Figure 1).

One extensively investigated retrofit technology involves replacing carbon intensive coal and petcoke 

with cleaner fuel alternatives. While in other industries, such as the power sector, coal can be phased out of 

use due to the availability of renewables and other clean energy sources,13 the high temperatures required 

for the calcination of limestone and the importance of the flame temperature in ensuring high quality clinker 

product has historically limited the shift from coal/petcoke to clean, alternative fuels or electricity.8,9 In the 

last several decades, however, the shift from a single, wet kiln (i.e., a kiln that dries, dehydrates, calcines, 

and sinters/burns the raw materials) to a combination of a pre-calciner with a dry kiln (i.e., a kiln that only 

performs the sintering/burning process) has reduced the clinker calcination time and nearly halved the 

energy required at elevated temperatures.14,15 This allows more time to be spent operating at lower 

temperatures which can be achieved using alternative fuels.14,15 Lower carbon content fuels such as natural 

gas, biomass, and municipal solid waste have been considered as alternatives to reduce CO2 emissions from 

cement plants.9 In industrial applications, biomass-based alternative fuels are often used in mixtures with 

coal/petcoke, and it is estimated that by 2050, this mixture will comprise of 30% coal, 10% petcoke, and 

60% biomass-based fuels.14 While some cement plants have explored alternative, higher rates of 
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replacement fractions, regulatory requirements and restrictions often limit the extent of replacement. Given 

the importance of maintaining high quality clinker, monitoring the relevant operating conditions associated 

with alternative fuels (i.e., a fuel mixture or full replacement by natural gas) has been shown to prevent the 

loss of clinker quality.9,16 In order to ensure that the biomass-based fuels are properly pre-treated (i.e., 

ground to ideal sizes, dried, cleaned, etc.) and that appropriate kilns are used to burn the fuel completely, 

additional capital expenditures must be made to upgrade the fuel choice.17 

Next, given the large fraction of emissions that stem from clinker production (i.e., both process and 

energy emissions), significant research has been done to investigate the replacement of clinker with 

alternative supplementary cementing materials (SCMs). SCMs can be used to reduce the total mass of 

clinker required per ton of cement produced, while still maintaining similar mechanical properties to OPC.18 

Fly ash or blast furnace slag, two of the main SCMs used to date, are byproducts of the combustion of 

pulverized coal and of steel production, respectively.10 While over the last 20 years their use in cement has 

increased (with fly ash utilization approaching 60% in 2021 in the United States), it is anticipated that the 

combined supply of fly ash and slag will decrease as the carbon-heavy industries attempt to improve their 

sustainable practices as well.10,19 Alternatively, calcined clays have been identified as a promising option 

for the future of SCMs, as they are found in abundance across all sections of the earth’s crust.18,20 Despite 

their use in India in the 1970s before fly ash was widely available, clay is not used extensively across the 

world. Specifically, blends of calcined clays, non-calcined limestone, and clinker (LC3) can reduce clinker 

content in cement from 80–90% of the total cement mass down to 50%.18,21 Because large fractions of 

clinker are replaced by clay that does not emit CO2 during calcination, the process CO2 emissions are 

substantially reduced: prior studies reported that by reducing the clinker content in cement from just 70 to 

60% by mass, it is possible to reduce the CO2 emissions by 13.6% from a fossil fuel baseline.22 Additionally, 

current cement facilities can produce LC3 cement with little alterations to the equipment infrastructure, 

specifically the kiln. 
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A third decarbonization technology involves removing and storing CO2 from the effluent gas streams 

leaving the cement facility. Given the “hard-to-decarbonize” nature of cement manufacturing, carbon 

capture, utilization, and storage (CCUS) is anticipated to play a large role in addressing CO2 emissions 

associated with cement manufacturing. Gaseous waste streams leaving cement plants have concentrations 

of 14–33 vol. % CO2, thus it is likely that point-source capture (PSC) can be a viable option for reducing 

up to 90% of the total CO2 emissions.23,24 The exact mechanism by which PSC is most efficient and cost-

effective might vary by application, as both post-combustion capture and oxy-combustion capture have 

been proposed for use in cement plants.25 Because both options have unique advantages and disadvantages, 

in this investigation, we will treat the carbon capture facility as technology agnostic and simply estimate 

viable cost ranges for a PSC facility. These costs will outline goals for each technology to optimize the 

emissions reductions and associated costs. 

Finally, net negative CO2 capture platforms such as direct air capture (DAC) and storage are likely 

necessary for cement manufacturing, as the high process emissions and lack of alternative methods to 

produce OPC will make it incredibly difficult to reach net-zero emissions. Thus, in addition to PSC, DAC 

can help remove CO2 from the atmosphere without making any changes to the cement plant. To the best of 

our knowledge, a full analysis comparing the cost of upgrading a cement manufacturing plant to reduce 

total emissions (i.e., via retrofit options) with the cost of simply buying carbon credits generated from 

proven DAC and storage facilities has yet to be done. Assuming the carbon credits purchased from DAC 

would be in line with any carbon taxes, this sets an upper limit for the cost at which cement manufacturers 

will eventually be willing to pay for upgrading to a more sustainable framework. 

Growing awareness surrounding the need to decarbonize the cement industry has led to several reviews 

and perspectives outlining the technological viability of pursuing the above tactics.4,8,9,20,26,27 Despite this 

interest, there have been limited publications to inform the most promising and affordable pathways towards 

decarbonization at scale. It is unlikely that one technology will be the single solution to decarbonizing the 

cement industry, thus a variety of options will need to be pursued.6 The deployment of these options will 
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depend on the scale of the cement plant and CO2 removal, requiring a marginal cost analysis that not only 

investigates the raw cost of implementing such technologies, but can also prioritize which technology 

should be pursued first to achieve a baseline level of emissions reduction while limiting the costs to the 

cement manufacturer. Technoeconomic studies have been done on these individual platforms, but, to the 

best of our knowledge, further recommendations surrounding optimal pathways to pursue have not been 

investigated.25,28–30

In this perspective, we approach the problem of decarbonizing the cement industry by developing an 

in-house model to compare the decarbonization potential of each retrofit technology on removing CO2 

emissions in the United States cement industry. We first validate the estimated emissions with prior data 

and develop a holistic cost analysis of each platform in order to investigate the impacts of implementing a 

single technology or combining any/all the retrofit options. We use this technoeconomic model to evaluate 

the optimal sequence for deploying technologies to decarbonize the industry, aiming to minimize the total 

costs of abatement. The final costs associated with these decarbonization pathways are ultimately compared 

to inform which combination of technologies can minimize the costs to the manufacturer while achieving 

emissions removal goals. This technoeconomic analysis and discussion provides a basis upon which cement 

facilities can prioritize currently available technologies to meet near-term decarbonization goals.

Figure 1. Schematic of the cement production outlining the key process steps and retrofit decarbonization 
options that we will discuss in this work. The CO2 emissions associated with this process can come from 
process emissions from the calcination of limestone (CaCO3) to lime (CaO) and fuel consumption. In this 
work, we consider mitigating these emissions by evaluating the costs of 1) alternative fuels, 2) clinker 
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replacement by supplementary cementing materials (SCMs), 3) point-source capture (PSC), and 4) direct-
air capture (DAC).

2. Methodology

To provide insight to the most viable decarbonization pathways, we consider both the total emissions 

avoided and the associated retrofitting costs of the decarbonization technologies outlined above. We start 

by developing an accurate baseline emissions model and describe further calculations of the emissions 

reductions associated with the decarbonization pathways. Following this, we discuss the approach we take 

to calculate the costs of implementing the technologies. 

2.1. Model Validation

To calculate the baseline emissions associated with the cement industry, we assume uniform fuel, 

clinker fraction, and kiln efficiencies based on average values reported in 2021 in the Getting the Numbers 

Right (GNR) database for the United States cement industry.10 While these assumptions oversimplify the 

nature of the cement industry in the United States, the trends in operating emissions still apply regardless 

of the absolute values of the above metrics for specific plants. Additionally, we assume that the reported 

baseline kiln efficiencies and fuel consumption rates apply to a fuel comprised of only coal. Using the 

reported emissions factor values for coal (an average of the emissions factors for bituminous, 

subbituminous, and lignite coal) and the U.S. average yearly cement production (SI Section S.1.), we 

calculate that the U.S. emitted 55.9 Mt CO2 from cement production in 2021, which agrees well with the 

54.2 Mt CO2 reported in the GNR report.10 Additional details surrounding our estimation of carbon 

emissions for both the baseline scenario and the retrofit decarbonization options are included in the SI 

Section S.1..

A further validation of the model involves investigating the effects of replacing clinker with alternative 

SCMs. When performing a similar investigation of clinker replacement, Fennel et al. found that total CO2 

emissions dropped by 13.6% when reducing clinker content from 0.7 to 0.6.22 Using the framework outlined 
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in the SI Section S.1., our model predicts that CO2 emissions will drop from 47 MtCO2 yr-1 to 42 MtCO2 yr-

1 (or a 10.6% drop in emissions) between clinker contents of 0.7 and 0.6, confirming alignment with the 

prior findings.  

2.2. Costing Analysis Framework

When a technology is upgraded, CO2 emissions are reduced in accordance with the relationships 

developed in the SI Section S.1.; however, additional upfront investments may be required, and operating 

costs may be altered, affecting the overall production costs. Assuming a constant cement production rate 

per year, we can price the new materials and fuels according to Eq. 1. 

𝐶cement = 𝐶CAPEX + 𝐶OPEX,fuel + 𝐶OPEX,raw materials + 𝐶capture                (Eq. 1) 

Where 𝐶cement ($ tcement
-1) is the total cost to produce a single ton of cement, 𝐶CAPEX ($ tcement

-1) is the capital 

cost amortized over the lifetime of the plant, 𝐶OPEX,fuel ($ tcement
-1) is the fuel cost to produce a ton of cement, 

𝐶OPEX,raw materials ($ tcement
-1) is the raw material cost required to produce a ton of cement, and 𝐶capture ($ 

tcement
-1) is the cost per ton of cement to capture CO2 over the lifetime of the plant, if relevant. The 

expressions used to calculate the value of each of these terms are expanded in the SI, Section S.2.. 

In this model, we assume 1) additional capital costs associated with implementing the retrofit 

technologies apply regardless of the marginal amount of CO2 removed (SI, Table S2); 2) we use the heating 

values of relevant fuels (SI, Table S1) to convert between mass and energy based cost estimates; 3) baseline 

cost of PSC is $60 tCO2
-1 while that of DAC is $200 tCO2

-1;31–34 4) PSC can only capture up to 90% of the 

remaining CO2 emitted from the cement facility; 5) DAC occurs at an external location and credits must be 

purchased by the cement manufacturer to achieve 100% CO2 abatement; and 6) there are no policy 

initiatives that exist to improve process economics. The baseline costs of PSC are selected from a 2020 

article by Feron et al. which estimated benchmark PSC costs for amine-based PCC systems.31 Those of 

DAC are selected assuming reported, optimistic targets can be achieved at scale. 32–34 Performing PSC at 
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all cement facilities may not be practical / feasible given the different costs associated with CO2 

transportation and / or storage at different geographic locations.35,36

Using the above set of assumptions, combined with additional costs reported in a prior analysis 

(outlined in the SI, Table S3),37 we calculate the baseline costs (i.e., coal only, 90% clinker) to be $99.9 

tcement
-1. This establishes an estimate of the costs that may be anticipated; however, the specific production 

costs of each cement plant will vary, and thus this generalized analysis likely oversimplifies some of the 

nuances associated with operating each cement plant. Despite this, current cement prices in the United 

States are ~$132 tcement
-1.38 To estimate the cost of the cement produced in the United States, one can remove 

the profits that the cement company earns (the cement industry is estimated to have a 10% profit margin)39 

and any additional taxes or operating costs (estimated to be ~$15 tcement
-1).37 Removing profits and taxes, we 

achieve an estimated cost of cement production in the United States of ~$106 tcement
-1, well in alignment 

with our model. Given this, we conclude that we have captured the major production costs that are likely 

to change with clinker and energy replacements. This suggests that studying the additional costs ($ tcement
-1) 

incurred beyond the baseline conditions that result from implementing any decarbonization option are 

representative of the changes to commercial plant total costs. Thus, for the remainder of the discussion, 

costs presented will be the additional decarbonization costs required beyond the baseline of $106 tcement
-1 

(i.e., current cost at 0% CO2 removal). 

3. Costing Pathways Towards Decarbonization

Using the above emission and costing frameworks, we first address the costs associated with pursuing 

each of the decarbonization pathways individually in order to assess their decarbonization potential and 

understand the rough order of magnitude cost increases that may be expected for each technology. We then 

consider the benefits of combining decarbonization options by developing an analysis to determine the most 

cost-effective way to achieve net-zero emissions in the cement industry. We use this analysis to recommend 

a cost-effective path forward for individual facilities looking to achieve their decarbonization goals. While 
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10

we focus on a single cement plant here, we note that the cost of implementing these new technologies may 

vary depending on the specific plant considered. 

3.1. Individual Decarbonization Options

Each of the technologies introduced above can be considered independently, as has often been done by 

cement plants and researchers in the past.18,40,41 According to Figure 2a, we observe that simply replacing 

clinker with alternative SCMs or exchanging coal with natural gas for the kiln fuel can lower total costs 

below the current baseline conditions. Previous studies have reported similar trends in clinker replacement 

costs, but regulatory approval is still needed for use of 50% clinker by mass in all cement applications.18 

On the contrary, the replacement of coal with natural gas has not been studied as extensively. This is because 

historically, natural gas prices have been much higher than those of solid fuels and natural gas still emits 

CO2.42 Additionally, switching to a gaseous fuel requires adjustments for changes in radiative heat transfer, 

which can lead to inconsistent production and increased CO2 emissions.42 Instead, it is more likely that the 

fuel mixture discussed previously (30% coal, 10% petcoke, and 60% biomass-based fuels) will be used in 

the next several decades (vide supra), which only has the potential to reduce CO2 emissions by 16.7% while 

increasing the costs of cement production by $3 tcement
-1, or 3% from the current baseline cement cost in the 

United States. Because fuel mixtures are more likely to prevail, we will not explore natural gas as a part of 

this analysis. When considered in isolation, all options to replace raw materials (i.e., clinker or fuel 

replacement) cannot achieve large abatement fractions: at most, we predict that only 35% of the CO2 

emissions can be removed by lowering the clinker fraction from 0.90 to 0.50 (or 90% to 50% clinker). 

While this has the potential to hit the described IEA 24% target for cement by 2050, it will be insufficient 

for the net-zero by 2050 goal set by the GCCA.3 

Instead of replacing raw materials, capturing any CO2 emissions via PSC (Figure 2a) can clearly 

achieve at least 90% removal, depending on the capture fraction of the implemented technology.43 

However, a major limitation of PSC technologies are their large capital and operating costs. Specifically, 

we note that regardless of the amount of CO2 removed for PSC, a large capital cost expenditure will elevate 
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the production costs, as indicated by the increase in cost to $18 tcement
-1 at 0% removal in Figure 2a. For 

PSC costs of $60 tCO2
-1 reported for amine-based post-combustion capture platforms (that can achieve 90% 

removal), cement costs could rise by $42 tcement
-1, or 40%. Such a large increase in price is likely to be 

unacceptable for an industry with low margins and, thus, would likely require external motivation to 

encourage industrial implementation (i.e., policy incentives). 

In addition to simply understanding the impact of these decarbonization costs on the cost of cement 

production ($ tcement
-1), we can also translate the costs into the cost of CO2 removal ($ tCO2

-1) (Figure 2b). 

This allows us to compare cement decarbonization costs to decarbonization technologies implemented in 

other industries. In Figure 2b, we observe that, as expected, it is possible to save money by fully 

implementing alternative SCMs or by replacing coal with natural gas; however, if clinker replacement were 

only pursued to reduce CO2 emissions by ≤ 2%, there would be no cost savings to be had due to both the 

capital cost investment (SI, Table S2) in order to upgrade the flash calciner for clay and the low carbon 

removal rates. Notably, PSC costs are minimized when the total CO2 removed is maximized due to the 

large capital cost that applies across all capture fractions and causes the observed non-linear drop in costs. 

The nominal cost of PSC that we investigate here (i.e., $60 tCO2
-1) is only achieved when the CO2 removed 

achieves its design targets of 90%. At any removal rates below this, the marginal amount of CO2 avoided 

is not enough to access the benefits of economies of scale in PSC systems. The cost magnitudes predicted 

in Figure 2b align with other decarbonization technologies and projections for the total costs to decarbonize 

power industries, agriculture, and other industrial sectors (i.e., iron and steel, chemicals).44 
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Figure 2. (a) Additional costs of implementing the decarbonization technology for cement production ($ 
tcement

-1) beyond the current baseline costs of cement production ($106 tcement
-1). (b) Costs of CO2 removal ($ 

tCO2
-1) associated with pursuing clinker replacement, fuel replacement, and/or retrofitting a capture unit 

onto the plant with varying costs of capture. The costs of capture at the maximum capture fraction of 90% 
are $60 tCO2

-1, in-line with current PSC systems. The fuel alternatives are single data points because the 
technology can only remove a set amount of CO2 when the fuel is replaced. On the contrary, the clinker 
replacement and PSC curves represent the range of decarbonization amounts that can result by varying the 
amount of clinker replaced or CO2 captured, respectively. The dashed gray line at $0 in both figures 
represents the baseline costs.

3.2. Optimizing pathways towards complete decarbonization

It is evident from the above analysis that achieving high CO2 removal rates via CO2 capture can be 

quite expensive, thus we choose to further investigate the possibility of implementing a combination of 

decarbonization platforms that can both achieve 100% CO2 removal and lower the total costs to the cement 

manufacturers. To assess this, we consider combining some/all the decarbonization pathways to optimize 

their deployment and achieve complete decarbonization (i.e., net-zero emissions). We outline 8 different 

pathways using combinations of clinker replacement with LC3 SCMs (i.e., lower the clinker content to 

50%), coal replacement by a fuel mixture, PSC, and DAC. The introduction of DAC at this point in the 

investigation allows us to achieve 100% CO2 avoidance by simply offsetting any emissions that are not 

covered by the retrofit alternatives introduced in Section 3.1. Each of the pathways are outlined in Table 

1.
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Table 1. Pathways towards complete decarbonization of the cement industry. These options only consider 
technologies that are currently available for retrofit or carbon credit purchase via direct air capture to 
achieve 100% CO2 removal. In each scenario, baseline clinker content is 90% while clinker replacement 
diminishes clinker content to 50%. Baseline fuel is coal while the fuel mixture is 30% coal, 10% petcoke, 
and 60% biomass-based fuels. When implemented, point source capture removes 90% of any remaining 
emissions after clinker replacement and fuel mixtures have been implemented (if relevant).

Technologies Implemented in Scenario

Scenario Clinker 
Replacement

Fuel 
Mixture

Point Source 
Capture (PSC)

Direct Air 
Capture (DAC)

1 ✔�
2 ✔� ✔�
3 ✔� ✔�
4 ✔� ✔� ✔�
5 ✔� ✔�
6 ✔� ✔� ✔�
7 ✔� ✔� ✔�
8 ✔� ✔� ✔� ✔�

Given the observations in Figure 2, while the total cost of cement production ($ tcement
-1) may increase, 

the marginal cost of CO2 removal ($ tCO2
-1) is minimized by avoiding as much CO2 as possible when using 

a selected method. Thus, for this investigation, we do not consider intermediate values of CO2 removal (i.e., 

only 50% clinker fractions are considered when replacing clinker with alternative SCMs and 90% of any 

remaining CO2 emissions are always removed via PSC). Additionally, we consider each of the scenarios 

from Table 1 to determine the total costs of decarbonizing via the selected method. These investigations 

allow us to outline the most cost-effective pathways for a cement company to pursue or a regulatory body 

to recommend when outlining their decarbonization goals, as the pathway chosen will likely depend on the 

long-term plan for CO2 removal. 

To capture the difference in each of the scenarios, we developed dispatch curves (Figure 3) for each of 

the 8 scenarios outlined in Table 1 to inform the most cost-effective pathways towards achieving net-zero 

emissions in the cement industry. We base this dispatch curve on the costs of CO2 abatement ($ tCO2
-1) to 

align with prior dispatch curves for industrial decarbonization.44 As observed previously, clinker removal 

offers the most benefit to both removing CO2 while lowering the cement facility costs, thus across each of 
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the scenarios, it is always the first option that should be deployed. After clinker replacement, the fuel 

mixture replacement is the next most affordable, but it cannot achieve large amounts of CO2 abatement due 

to both the CO2 emissions associated with fuel mixtures and the presence of process emissions. As expected, 

when PSC is an option for and analyzed in terms of the marginal cost of removal ($ tCO2
-1), it should be 

pursued prior to deploying DAC and DAC should serve as a “catch all” for any remaining emissions, as the 

cost of DAC is comparatively high per ton of CO2 ($200 tCO2
-1).

Figure 3. Dispatch curve of technologies for each of the decarbonization pathways outlined in Table 1 (a 
– h). Dispatch curve is developed based on the costs of CO2 removal ($ tCO2

-1). The black line indicates the 
costs associated with decarbonizing via the technology associated with the color under/above the curve.

As previously mentioned, these curves are based on the cost of abatement ($ tCO2
-1); however, given 

the low margins in the cement industry, the direct costs of cement production ($ tcement
-1) are critical to 

determine how likely producers are to implement such technologies. By calculating the area under each of 

the dispatch curves in Figure 3, we can derive the total costs of cement production, allowing us to compare 

the final costs that result from each scenario and pick the option that minimizes the total costs for 100% 

decarbonization (Figure 4a, 100% removal). From this calculation, we observe that Scenario #8 minimizes 

the total costs at $31 tcement
-1 (or a 29% increase from the current cost of cement), with Scenario #4 a close 
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competitor at $34 tcement
-1 (or a 32% increase from the current cost of cement), suggesting that pursuing fuel 

mixture replacement may not be worth it to minimize the total costs. 

We performed a brief sensitivity analysis to understand the effects that capture costs might have on the 

preferred decarbonization pathway by lowering both PSC and DAC costs to $20 tCO2
-1 and $100 tCO2

-1, 

respectively (SI, Figure S1). The metric for PSC was selected as the lowest reported cost estimate45 while 

that of DAC was chosen because it is a well-known, near-term cost target.46,47 We observed that at these 

lower, optimistic cost estimates, the preferred pathway for decarbonization remained the same, but the 

lowest cost option available for 100% decarbonization (Scenario #8) dropped to only a $7 tcement
-1 increase 

from the current cost of cement (or a 7% increase). This brief study reveals that improvements in the costs 

of carbon capture can make decarbonizing the cement industry much more economically feasible, enabling 

additional time for non-retrofit alternative cement production technologies (i.e., technologies under 

development by companies such as Sublime and Brimstone) to have more time to develop for later 

deployment.

Achieving net-zero emissions in the cement industry is an ambitious goal and thus, in case companies 

want to partially reduce their emissions, we have included the projected costs associated with partially 

decarbonizing 25%, 50%, or 75% of current emissions (Figure 4a). The costs associated with intermediate 

fractional removal quantities are included in the SI, Figure S2. These analyses reveal an interesting 

deviation from the prior observations, whereby Scenario 7 becomes more affordable than Scenario 8 if a 

company is looking to achieve 50% removal. At 50% capture, only a small amount of CO2 needs to be 

removed by carbon capture, while the rest is avoided by pursuing clinker and fuel replacement. Because 

we assume that DAC is implemented offsite without any capital costs to the cement company, it always 

costs $200 tCO2
-1 regardless of the amount of CO2 captured; however, PSC requires that the capture facility 

is retrofitted to the cement plant with extensive capital investments. These high capital investments prevent 

PSC from being affordable at low capture amounts, leading to large increases in the cost of cement 

production. This trend is further emphasized in Figure 4b between 0.48 and 0.61 removal fractions where 
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cement facilities would save significantly by pursuing only DAC and not PSC (i.e., Scenario #7 would be 

preferred over Scenario #8). Like the sensitivity study we performed previously, we also chose to lower the 

cost of DAC to $100 tCO2
-1 while keeping PSC costs at $60 tCO2

-1 to investigate the effect this had on the 

optimal cost and pathway (SI, Figure S3). While this is unlikely to occur, it highlights that the favorable 

range for Scenario #7 over Scenario #8 extends to ~80% removal, making the DAC option more desirable 

over a wider range of decarbonization amounts. Consequently, if DAC costs are lowered significantly, the 

difference between installing a PSC facility and only performing DAC may be minimal, allowing the 

cement facility to avoid new plant construction and further capital expenditures.

Figure 4. (a) Additional costs to a cement plant ($ tcement
-1) to achieve up to net-zero CO2 removal assuming 

PSC = $60 tCO2
-1 and DAC = $200 tCO2

-1. The costs at 25%, 50%, 75%, and 100% removal are 
representative of actual costs that will be incurred by the cement manufacturing facility to achieve the 
desired CO2 removal. (b) The total additional costs to a cement plant ($ tcement

-1) to achieve a fraction of CO2 
removal in Scenarios #4, #7, and #8. The dashed gray line at $0 tcement

-1 represents the baseline costs.

4. Conclusions

Considering the “hard-to-decarbonize” nature of the cement industry and the breadth of research 

dedicated to this challenge, it is clear that initiating decarbonization efforts in the near term is crucial. The 

perspective presented here identifies a potential pathway forward using technologies that are at higher 

technology readiness levels compared to the more nascent platforms aimed at eliminating cement process 

emissions entirely. While there are still significant strides in cement regulation that are required to begin 

pursuing these retrofit technologies, we show that the breadth of available research supports the transition 

Page 17 of 24 RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

4 
9:

01
:5

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D4SU00590B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00590b


17

towards replacing clinker, implementing fuel alternatives, and employing carbon capture technologies to 

significantly reduce carbon emissions. In this work, we show that it is possible to eliminate carbon 

emissions with a $31 tcement
-1 increase in production costs by pursuing a combination of all four 

decarbonization options. If even more aggressive point source and direct air capture system costs of $20 

tCO2
-1 and $100 tCO2

-1, respectively, are assumed, cement costs may only increase by $7 tcement
-1. While the 

margins are low in the cement industry, we hope that regulatory changes and policy incentives will enable 

the deployment of the technologies outlined in this work. It is also important to acknowledge that there are 

potentially other aspects for cement companies to consider such as the high capital costs associated with 

PSC, how easy retrofitting a decarbonization pathway may be in a particular facility, and/or the experience 

the facility has with altering operating conditions to account for varying system inputs. While the approach 

presented herein is used to broadly analyze the United States cement industry, it can be adapted to perform 

similar investigations of other countries and regions. Further, the operating conditions, costs, efficiencies, 

etc. that are associated with operational plants can be considered to improve the model’s accuracy for 

specific applications.

The analysis presented here supports the idea that these pathways can help achieve the decarbonization 

goals set by the IEA and GCCA, however, we also want to emphasize the need for continued support for 

new cement manufacturing pathways that avoid CO2 process emissions. The high emissions rate and the 

costs associated with decarbonizing often make net-zero emissions extremely difficult to envision for the 

industry, but the search for new technologies that rely on electrical inputs may warrant continued attention. 

These futuristic goals are important to continue investigating but, in this perspective, we have used an 

analytical framework to support that it is possible to begin transitioning towards a cleaner industrial 

platform to prevent the magnitude of cement industry emissions from continuing to contribute to the broader 

climate issues.
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