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 6 
Abstract: 7 
Materials production is a primary driver of anthropogenic greenhouse gas (GHG) emissions; yet the 8 
externalized costs of these emissions on society are not reflected in market prices. Here, we estimate the 9 
externalized climate costs from materials production in the United States at approximately 79 billion 10 
USD per annum, and we highlight disparities in materials pricing. Proper accounting for such disparities 11 
can be leveraged to drive breakthroughs in technologies used for our material resources and 12 
manufacturing.  13 
 14 
Introduction: 15 
 16 
The industrial production of materials is a primary source of global anthropogenic greenhouse gas 17 
(GHG) emissions, accounting for an estimated 11 Gt of CO2 in 2015 or ~23% of global GHG 18 
emissions1. Emissions from materials production are expected to grow in coming decades, driven by 19 
factors such as continued build out of infrastructure, particularly in developing economies2. Methods to 20 
mitigate GHG emissions from materials production, such as through the implementation of renewable 21 
energy have been well studied in most cases. The Department of Energy’s roadmap for net-zero 22 
emissions in the industrial sector (specifically for the production of steel, cement, plastics and food 23 
products) highlights the ability for renewable electricity, low-carbon fuels and energy efficiency to lead 24 
to a 60% reduction in GHG emissions by 2050 (compared to 2015 GHG emissions).3 Yet, to achieve 25 
net-zero emissions on a global scale, GHG emissions reductions are also required for process emissions, 26 
and economic barriers are regularly cited as a hindrance to low-emissions technology implementation4. 27 
 28 
Simultaneously, the external costs to society associated with climate damages, including effects on 29 
human health, infrastructure, and ecosystems, are not typically accounted for in the valuation of material 30 
production. The social cost of carbon (SCC) - defined as the estimated cost of the damages caused by a 31 
ton CO2 – is a measure of the quantifiable damages associated with a ton of CO2 emissions. This 32 
concept of internalizing the externalized costs of carbon has been introduced in policies around the 33 
world. In 2021, carbon was priced on 26% of global CO2 emissions through the incorporation of carbon 34 
tax and carbon trading systems5. The level of implementation of and pricing used in these schemes 35 
varies by country and over time, with over 50% of emissions being priced in 17 countries in 20215. 36 
Meanwhile, only 7.5% of CO2 emissions in the United States (US) were covered by a carbon tax or 37 
trading scheme5 in 2021. However, the incorporation of SCC into US policies has been gaining traction; 38 
a SCC has been used in roughly 60 regulatory analyses in the US between 2008 and 20196, summing to 39 
1 trillion USD in total estimated benefits7. Previous studies have applied the SCC to determine the 40 
economic benefit of various GHG mitigation strategies8,9. However, a comprehensive analysis of the 41 
climate damages from materials manufacturing has not been conducted. Such analysis can provide 42 
critical insights into policy mechanisms that drive mitigation efforts for this significant contributor to 43 
GHG emissions.  44 
 45 
In this work, we conduct a systematic analysis of the CO2 emissions from materials production and 46 
estimate associated external climate costs. Other externalities, such as human health impacts from 47 
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particulate matter emissions, were not considered. To ensure consistent and robust data, we focus on 1 
production within a confined geographical scope, the US, and on nine of the most produced materials: 2 
asphalt, plastics, brick, glass, cement, lime, gypsum, steel, and aluminum. Common biogenic materials 3 
(e.g., wood, paper) were omitted from our analysis due to their role in carbon uptake10 and debate 4 
surrounding biogenic emissions accounting11. We use production quantity and recycling rates, energy 5 
consumption statistics, national energy-related emissions factors, and stoichiometric values for 6 
chemical-conversion-driven emissions for the US material industry in 2018 (the most recent year for 7 
which comprehensive data was available12,13). Estimates of the SCC with a 2% discount rate were based 8 
on the US Environmental Protection Agency’s (EPA) recent analysis, and adjusted to 2018 USD 14  (see 9 
Methods). We use these inputs to assess the climate-related externalized cost of each material’s 10 
production, these costs as a share of market value (referred to herein as the fractional change in market 11 
price), and the contribution of both chemical and energy emissions, which can be used to inform various 12 
economic and policy mechanisms to mitigate emissions.  13 
 14 
Methods: 15 
 16 
Scope 17 
In this work, we focus on the CO2 emissions from the production of nine of the most produced materials 18 
in the US. These materials were: asphalt (North American Industry Classification System  19 
 (NAICS) 324121 and 324122), plastics (325211, 325212, and 326), brick (327120), glass (327211, 20 
327212, and 327213), cement (327310), lime (327410), gypsum (327420), iron and steel (331110), and 21 
aluminum (33313). NAICS material categories were combined because of the lack of precise process 22 
emissions (CO2 emissions that result from chemical decomposition) and production data for the 23 
individual categories. In this study, all data for material mass produced as well as production energy and 24 
emissions used are from the year 2018. Emissions reported include Scope 1 and 2 emissions. The mass 25 
values of material production and recycling used are inclusive of all US production. However, due to 26 
some variation in raw material resources, chemical conversion, and final material composition, the 27 
values for process emissions are representative of typical US production methods. It is important to note 28 
that due to synergistic production, the total values for materials production, energy emissions, process 29 
emissions, and social cost may result in double counting (e.g., some lime or gypsum is used in cement). 30 
The US dollar (USD) value referred to here is the 2018 US dollar. The total production (in kt), the 31 
market price, as well as the process and energy emissions per kg of material are reported in Table 1. 32 
 33 

Table 1. Referenced production, cost, and emission values for all materials. 34 
Material Production mass 

(kt) 
Market price  
(USD/kg) 

Process emissions 
(kg CO2/kg) 

Energy emissions 
(kg CO2/kg)12 

Aluminum and alumina 460115 2.5315 0.3116 4.15 
Asphalt 1605217 0.4818 0 (assumed) 0.33 
Brick 2640015 0.0615 016 0.12 
Cement 8636815 0.1215 0.5316 0.32 
Glass 1498313 * 4.1719 0.2516 0.59 
Gypsum 3860015 0.0215 † 0.0816 0.09 
Iron and steel 11070015 1.1715 0.516 0.88 
Lime 1810015 0.1515 † 0.8116 0.52 
Plastics 5423120 2.2921 † 0.9822 1.38 
* Calculated by summing all reported mineral flows into glass as shown in Kane and Miller (2024) 23. 35 
† Mass weighted average of multiple reported values for types. 36 
 37 
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 1 
Energy emissions 2 
To determine energy-derived emissions, fuel types, quantities of fuels used, and emissions factors from 3 
US national databases were considered. Fuel consumption data, broken down by fuel type and quantity, 4 
was sourced from the US Environmental Information Administration’s (EIA) Material Energy 5 
Consumption Survey (MECS)12. With two exceptions, the emissions factors used to find the CO2 6 
emissions for each of these fuels were sourced from the US EIA23. The two exceptions for emissions 7 
factors were for electricity demands reported and the “Other” fuel category reported in MECS. For 8 
electricity, emissions factors were modeled based on 2018 data reported by the US EPA24. For the 9 
“Other” fuel category, an emissions factor was approximated as an average of the other fuel types (a 10 
sensitivity analysis of different emissions factors for the “Other” fuel category are presented in the 11 
Supplemental Data, Sheet 4).  In general, the “Other” fuel category contributed to less than 10% of 12 
overall energy-derived emissions, even when assuming a high carbon-intensity fuel. However, for 13 
plastics and lime, the contribution of “other” fuels ranged from being a negligible contribution to 14 
contributing 22% and 16% of overall energy-derived emissions, respectively, depending on the fuel 15 
type. For each material, energy-derived emissions for each material were calculated as: 16 
 17 

𝐸𝐸 =#(𝐹𝐶! × 𝐸𝐹!)
!

 (1) 

 18 
where EE represents the energy-derived emissions to produce a material (calculated herein in Mt of CO2 19 
emissions), FC represents the quantity of fuel consumption (trillion BTU), EF represents the emissions 20 
factor (Mt CO2 emissions / trillion BTU), and i reflects each fuel type (reported by MECS in terms of 21 
distillate fuel oil, residual fuel oil, hydrocarbon gas liquids, coal, coke, natural gas, electricity, other 22 
fuel). Calculated total CO2 emissions were divided by the mass of material produced in 2018 to assess 23 
energy-derived emissions per kg of material. 24 
 25 
Process emissions 26 
Process emissions, i.e., the emissions derived from resource decomposition and release of gaseous CO2, 27 
were based on typical US production methods. For mineral-derived materials (brick, glass, cement, lime, 28 
gypsum, steel and iron, and aluminum), process emissions were determined from work calculating 29 
stoichiometric flows of emissions based on reactions necessary to achieve desired final material 30 
products16. The process emission factors (i.e., the quantity of chemical emissions per kg of material 31 
produced) used in this work are reflective of mineral resources and processing methods typical for US 32 
production in 2019. These data were selected as these were the most representative values that could be 33 
determined for all materials considered in this work and production methods between 2018 and 2019 did 34 
not vary greatly enough to cause significant changes in chemical emission factors between these years. 35 
Noting the variety of iron and steel products, process emissions reported herein represent mass-36 
weighted-average emissions from carbon steel, alloy steel, stainless steel, and cast iron that were 37 
manufactured in 2018. For plastic production, there can be notable variations in emissions depending on 38 
the type of plastic that is being produced. In this work, process emissions for plastic production are 39 
modeled as 44% of total CO2 emissions, which is a factor derived based on non-energy related fuel 40 
consumption from a global study of plastics production by Zheng and Suh22. 41 
 42 
 43 
The effects of recycling 44 
We integrate US recycling statistics into this assessment. Namely, 2018 recycling rates are accounted for 45 
in the process and energy-derived emissions for each material. The MECS provides industry data for 46 
energy-derived emissions, which already include the impacts of recycling processes. To account for 47 
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recycling in process emissions, the recycled fraction of material was assumed to have no process 1 
emissions and process emissions were assigned only to the mass of primary production.   2 
 3 
 4 
The Social Cost of Carbon 5 
The social cost of carbon (SCC) reported by the EPA14 was used to determine the externalized climate 6 
costs associated with CO2 emissions from materials production. Namely, an SCC factor for 2018 was 7 
determined using the most recently reported 2020 SCC (reported in 2023) by accounting for inflation, 8 
using the same method as the EPA14. We used the 2% discount rate SCC value of 184 USD/t CO2   9 
unless otherwise noted. Distributions of SCC values were obtained from the EPA analysis25. When 10 
examining sensitivity to discount rates, we calculate externalized costs using SCC for each discount rate 11 
provided by the EPA (Table 2). 12 
 13 

Table 2. The social cost of carbon values for each discount rate in 2018 USD14. 14 
Discount Rate 2.5% 2% 1.50% 

USD / t CO2  116 184 330 

 15 
For the nine materials considered in this work, externalized costs were assessed per kg of material 16 
production, and accounting was scaled for total material production in the US. Total US material 17 
production data was based on 2018 statistics. For iron and steel, aluminum, cement, lime, and gypsum, 18 
these production statistics were as reported in the US Geological Survey Mineral Commodity 19 
Summaries 15. The determination of plastic, glass, brick, and asphalt production masses were based on 20 
other statistical reporting (see Table 1). Externalized costs were calculated as follows: 21 
 22 

𝐸𝐶"#$	&' = )𝐸𝐸"#$	&' + 𝐶𝐸"#$	&'+ × 𝑆𝐶𝐶 (2) 
or 23 

𝐸𝐶()(*+ = )𝐸𝐸"#$	&' + 𝐶𝐸"#$	&'+ × 𝑄 × 𝑆𝐶𝐶 (3) 
 24 
where EC is the externalized cost (USD) either per kg (Eq 2) or for the total production of the material 25 
in the US (Eq 3), CE is the chemical emissions, Q is the quantity of material, and all other terms are as 26 
previously defined. 27 
 28 
Comparing externalized costs to market price 29 
Representative 2018 material market prices were used to draw comparisons with the externalized costs 30 
from climate damages from materials. For iron and steel, aluminum, cement, lime, and gypsum, market 31 
price was based on values reported by the US Geological Survey Mineral Commodity Summary15. For 32 
glass, brick, asphalt, and plastic, market prices were determined based on available statistics (see Table 33 
1).  34 
 35 
 36 
Results: 37 
 38 
The total mass of US production of the nine materials examined was 370 Mt in 2018, resulting in a total 39 
of 427 Mt of CO2 emissions, which includes 22% of production being recycled material (Figure 1). For 40 
each of these nine materials, except cement and lime, energy resources were the primary driver of 41 
production CO2 emissions. Process emissions made up approximately 42% of total emissions, and a 42 
majority of the emissions for cement and lime. Due to the combination of large mass produced and high 43 
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emissions, iron and steel had the highest cumulative emissions of any material examined. The emissions 1 
per kg of material produced varied, ranging from 0.1 kg CO2 for brick to 4.5 kg CO2 for aluminum.  2 

 3 

 4 
Figure 1. Mass flows of material mass production (left) and production CO2 emissions (right) for the nine materials 5 

examined in the US, as of 2018. 6 

As a result of these CO2 emissions, the 2018 production of these nine materials resulted in 7 
approximately 79 billion USD of externalized climate costs. For each material, the externalized climate 8 
costs range from 4-163 % of the material’s market price, with variations being driven both by the 9 
magnitude of emissions and the current market price. For example, externalized cost relative to market 10 
price for aluminum is a relatively low despite high CO2 emissions per kg of material because current 11 
market drivers yield a high price for this commodity. Materials such as plastic, asphalt, glass, and steel, 12 
would also have a relatively small fractional change in market price, < 22%, if externalized costs were 13 
addressed in valuation. However, the materials with the largest contribution of process-derived 14 
emissions, specifically gypsum (47%), lime (61%), and cement (62%), have almost triple the 15 
externalized cost to market price ratio of any other material (Figure 2a). These materials have a 16 
relatively low market price partially due to low feedstock costs and less energy-intensive processing. 17 
Using energy has inherent costs, whereas CO2 emissions derived from chemical reactions (i.e. process 18 
emissions) do not currently influence costs given that CO2 emissions today remain largely unpriced. 19 
Introducing a pricing scheme that reflects the externalized cost of CO2 emissions could incentivize 20 
changes in production methods or consumer practices that would address such emissions, which are 21 
particularly pronounced in industry (including materials production) relative to other sectors. 22 
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 1 

 2 
Figure 2. Summary of the externalized costs of materials and main drivers (a) Box plot of externalized climate costs as a percentage of the 3 
2018 material market price for the EPA SCC 2% discount rate (indicated by the circle), 25th and 75th percentiles (box upper and lower 4 
limits) and 5th and 95th percentiles (error bars) 14. (b) Total externalized climate costs for each material considered, broken down by process 5 
and energy contributions. (c) Comparison of production mass and externalized cost for each material, with the area of the circle indicating 6 
relative total externalized cost. 7 

 8 
The total externalized climate costs from production of each material are driven by demand for these 9 
materials as well as their per kg emissions. For example, steel and plastics, despite their low fractional 10 
change in market price of 22% and 19%, respectively, each result in double the externalized damages as 11 
cement, and they result in nearly five times the externalized damages than any other material examined. 12 
These high externalized costs are because of both the extensive use of steel and plastics and their high 13 
emissions per unit mass.   14 
 15 
Long-standing economic theory recommends internalizing the externalized costs of CO2 emissions using 16 
carbon pricing or emissions trading. Such a policy would alter the relative prices of more carbon 17 
intensive materials, providing appropriate incentives for both conservation and technological mitigation 18 
strategies. For some materials, CO2 emissions could be mostly or entirely mitigated by transitioning 19 
fully to net-zero energy sources. For example, the total externalized cost of aluminum and steel would 20 
decrease by 95% and 79%, respectively, if wind and biogas energy are used as the energy sources (see 21 
Supplemental Data 1, Sheet 3). However, the process emissions, which total 33 billion USD or 42% of 22 
total externalized costs across all materials, would not be addressed by a shift to zero-carbon energy 23 
sources and need to be addressed separately (e.g., via changes to process chemistry or through recycling 24 
to reduce the total amount of raw material produced). It is important for future policies to target these 25 
process-based emissions to minimize the need for new energy-intensive technologies such as carbon 26 
capture and storage. For example, recycling meaningfully reduces emissions relative to primary 27 
production for materials such as aluminum and steel, where recycling makes up 75% and 63% of total 28 
production. If aluminum and steel materials were not recycled, we could expect an additional 5 and 128 29 
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Mt of CO2 emitted per year from those industries, respectively, just from the process emissions. Policies 1 
that could help improve recycling rates of materials include extended producer responsibility laws, and 2 
minimum recycled content targets26. While recent studies have explored the recyclability of cement from 3 
waste concrete,27,28 it is still an energy-intensive and expensive process. Therefore, for materials like 4 
cement, which have significant process emissions and are challenging to recycle, introducing a carbon 5 
tax or creating an embodied carbon material standard could help accelerate the development and demand 6 
for alternative, low-carbon cement binders4. Further, policies could incorporate material efficiency 7 
standards to minimize the overuse of materials like cement and steel, particularly in the building 8 
industry.  9 
 10 
While this study focused on US materials production, it is important to note that as some materials 11 
production is highly globalized, a carbon pricing scheme would be most effective if it were implemented 12 
globally or alongside other policies such as carbon tariffs29. Otherwise, incorporating carbon costs into 13 
materials pricing in the US could result in increased importation of lower-cost but possibly higher 14 
carbon-emitting materials, also known as carbon leakage. Therefore, future research on potential policy 15 
solutions such as border carbon adjustments or carbon tariffs is needed to understand how carbon 16 
pricing can best be leveraged to reduce the emissions of materials production globally30. 17 
 18 
For gypsum, lime, and cement, the externalized costs from CO2 emissions are greater than their market 19 
value, highlighting another set of factors that may inform decision-making. These non-alloy mineral 20 
commodities are commonly locally sourced and have been reported to have closer ties to local 21 
economies and poverty reduction than more heavily traded commodities31. Yet for many commodities, 22 
the populations being most adversely affected by industrial processes are not necessarily those 23 
benefiting from manufacturing32, and climate change is affecting specific populations more than others 24 
and driving increased inequalities 33. Here, we focus on US materials production, but it is important to 25 
note that the US emits only 9% of global material production-driven GHG emissions 34. Current 26 
investments, such as those being made in the US to encourage lower-GHG emissions materials 27 
production and use, likely do not reflect the localized burdens tied to the production of materials, 28 
particularly imported materials, which potentially result in environmental damages to one region while 29 
providing economic benefits to the importing nation. Further, it is pertinent to incorporate developing 30 
economies into climate mitigation strategies and carbon pricing schemes given that 90% of additional 31 
material production by 2050 is expected to occur in developing economies35.  32 
 33 
While externalized damages can be a significant fraction of total costs, we note that SCC is an 34 
accounting system with significant uncertainty and is continuously being revised. The lack of an 35 
internationally standardized method for internalizing climate costs has led to the development of 64 36 
individual carbon schemes globally35. However, most of these mechanisms undervalue the cost of 37 
carbon, with only 9 using a carbon price above 40 USD/t CO2 35. According to the Intergovernmental 38 
Panel on Climate Change (IPCC), although introducing carbon pricing schemes has generally resulted in 39 
a reduction in CO2 emissions, to reach net-zero emissions by 2050, the carbon price needs to be 40 
meaningfully higher35. The SCC value of 184 USD/t CO2 used in this study could be considered a 41 
conservative estimate. Other analysts estimate the social cost of carbon can be up to 1000 USD/t CO2, 42 
with a literature average from 2018-2021 of 379 USD/t CO2 (with a 5th-95th percentile range of 3.57-850 43 
USD/t CO2) 36,37. The total externalized climate costs from the US production of the nine materials 44 
considered would increase to 141 billion USD if the EPA 1.5% discount rate were used, and it would 45 
exceed 160 billion USD if an average SCC value from the 2018-2021 literature was used (with a 5th-95th 46 
percentile range of 1.5-362 billion USD). At the upper range of these values, only glass, asphalt, and 47 
plastic have higher market prices than their externalized costs. 48 
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 1 
Other environmental externalities, such as human health or ecosystem damages, have been considered 2 
low relative to climate damages for some sectors; however, materials production can have notable 3 
burdens for such externalities38,39, which should be considered in future work. Further, future work 4 
should expand to encapsulate a broader range of material types, industrial processes, and other 5 
geographical areas. Cumulatively, the damages estimated for US materials production alone are 6 
expected to be a small fraction of global climate externalities from industrial manufacturing, suggesting 7 
that appropriate valuation of emissions from this critical sector of society would likely warrant rapid 8 
investments to lower emissions and reduce damages.  9 
 10 
Conclusion: 11 
 12 
This work unveils the significant, yet often unaccounted for, climate costs of materials production in the 13 
US, estimated at approximately 79 billion USD. These findings highlight the true cost of materials 14 
production and addresses the disparities in market pricing which fail to reflect these externalities. 15 
Further, by examining the breakdown of emissions sources, this work serves as a foundation for the 16 
identification of relevant policy drivers to help mitigate emissions from materials production. Policies to 17 
integrate the externalized costs of climate change into market prices can align the incentives of all 18 
economic actors to lower emissions and limit climate change costs. High price point is a common reason 19 
why low emission alternative materials are not adopted voluntarily by industries. Accounting for the 20 
externalized cost of emissions could provide an economic basis for driving innovation and 21 
implementation of alternative material production methods. Additionally, carbon pricing may increase 22 
the viability of recycling, avoiding damages associated with waste disposal or shift demand to existing 23 
materials with lower emissions. Presenting the externalized climate costs for various materials quantifies 24 
the impact that an economic policy focused on carbon pricing may have in removing these externalities 25 
to incentivize more sustainable materials production and create a more fair, sustainable market.  26 
 27 
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