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EXECUTIVE SUMMARY

Embodied carbon - the greenhouse gas (GHG) emissions
generated by the manufacturing, transportation, installation,
maintenance, and disposal of construction materials used in
buildings, roads, and other infrastructure - is a critical and
often overlooked solution for addressing climate change.

The United States needs a 50% reduction by 2030 to align
with a 1.5°C goal (Rhodium Group, 2023) and is not on

track to meet this target. Rapid decarbonization of the US
industrial and building sectors through energy efficiency,
electrification, low-carbon material use, and material-
efficient design is crucial to closing the emissions gap and
preserving a livable climate. With limited time to act to avoid
the worst consequences of climate change and increasing
federal headwinds, focusing efforts on the highest potential
strategies and associated policies is critical.

Embodied Carbon Pathways to 2050 for the United States,

a collaboration between the Carbon Leadership Forum
(CLF), RMI, and the University of Washington (UW) Life Cycle
Lab, provides an assessment of embodied carbon from US
construction materials and explores pathways to align with a
1.5°C global warming limit.
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Comparing Business-as-Usual and
1.5°C-aligned Targets

This research begins by establishing a “business-as-usual”
(BAU) trajectory for 30 key construction materials through
2050 and evaluates how far this baseline deviates from
science-based targets. The analysis in this report focuses on
the emissions from the raw material supply and extraction,
transportation, and manufacturing of construction materials
(A1-A3) used in the construction of new buildings and
infrastructure in the United States. For buildings, the analysis
focuses on structure, foundations, enclosure, and some
interiors, and non-building infrastructure focuses on asphalt,
concrete, sand and gravel, and steel.

US cradle-to-gate embodied carbon from buildings and
infrastructure is projected to increase 35% by 2050 under a
BAU scenario, with concrete alone accounting for over 50%
of emissions (see Figure ES-1). This trajectory significantly
exceeds carbon budgets aligned with the 1.5°C target.
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Figure ES-1. Projected business-as-usual embodied carbon from extraction and manufacturing in the United States, 2020-2050.
(Left) Concrete, steel, asphalt, and sand and gravel, excluding newly constructed buildings. (Right) construction materials used in new

building construction (including structure, enclosure, and interiors).
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Science-based targets are ambitious but within reach pay. All methods require aggressive emissions reductions

for some sectors today. Downscaled carbon budgets for immediately. Multifamily housing targets are most achievable
U.S. buildings were developed using three attribution today, whereas commercial buildings require a lot of
principles: grandfathering, equal per capita, and ability to progress to reach targets.
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Figure ES-2. Target ECIs (kgCO,e/m?) for each building typology from 2020-2050 based on downscaled 1.5°C-aligned scenarios for
the United States for residential multifamily (a), residential single-family (b), commercial non-office (c), and commercial office (d).
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Scenario Analysis

Six modeled pathways evaluate the potential of

strategies and policies to close the gap between BAU and
1.5°C-aligned trajectories. Only the “Best Case” scenario—
combining aggressive adoption of all best practices

and rapid development and deployment of emerging
technologies—approaches the necessary reductions by
2050. Scenarios focused on design innovation and energy
strategies also showed substantial promise.

Key takeaways include:

o Aportfolio of strategies is required: No single
intervention is sufficient. The most impactful strategies
in the scope of this analysis were:

«  Cement and clinker substitution in concrete
+  Use of low-carbon electricity in steel production

»  Structural design optimization and material
substitution

«  Cementkiln energy efficiency and carbon capture
and storage (CCS)

+  Reuse / refurbishment of existing concrete
buildings and infrastructure

o Scaling best practices now while investing in
emerging technologies is key: Speed of adoption
matters. Immediate scale-up of current best practices
is crucial and will be responsible for the majority of
reductions for the next twenty years. Deeper reductions
from emerging technologies will start to play a larger
role post-2040 and will be critical for closing in on
targets approaching 2050.

o Design matters: Structural design optimization and
material substitution strategies for new buildings
offer meaningful near-term gains and are currently
deployable. Design optimization of concrete and
steel structures for material efficiency is particularly
important in reducing emissions over the next decade.
This scenario would have even more potential if
research was available on design strategies for non-
building infrastructure, which was mostly unexplored
in current research and roadmaps. Based on the
significance of design opportunities for buildings, this
has large potential.

+ Cement and concrete are central: Because of its
volume and emissions intensity, decarbonizing
concrete is critical to achieving reductions at scale.
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Across scenarios, cement and clinker substitution

in concrete was the top strategy across the entire
construction sector. Cement kiln energy efficiency and
CCS were also critical.

« Policy levers can drive change: The report assesses 32
federal, state, local, and private sector policy tools. The
most impactful policies include:

«  Building-level embodied carbon standards (e.g.,
kgCO,e/m? limits in codes)

«  Financing and incentives for facility upgrades and
raw material substitution

«  Product-level emissions standards (e.g. Clean
Product Standards, product-level GWP limits in
zoning and building codes)

«  Carbon pricing (e.g., cap-and-trade, border
adjustments)

Conclusion

This report serves as a call to action, urging the industrial

and construction sectors to continue progress towards global
targets. The embodied carbon of key construction materials
used in buildings and infrastructure in the United States

is significant and requires deployment of a large range of
strategies. While challenges remain, existing technologies
and strategies can deliver meaningful reductions in the near
term. Success will depend on rapid policy action, cross-sector
collaboration, and sustained investment in both proven and
emerging solutions.
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1. Introduction

Embodied carbon - the greenhouse gas (GHG) emissions generated by the manufacturing, transportation,
installation, maintenance, and disposal of construction materials used in buildings, roads, and other
infrastructure - is a critical and often overlooked solution for addressing climate change.

The industrial sector is the largest contributor to global GHG emissions, contributing to approximately 30%

of global emissions (Carbon Leadership Forum (CLF), 2020). Construction materials used in buildings and
infrastructure account for more than half of industrial emissions and are therefore key to reducing emissions
from this sector (Carbon Leadership Forum (CLF), 2020). In the United States, industrial emissions also account
for 30% of total GHG emissions (US EPA, 2025). Embodied carbon from the construction of buildings represents
at least 5% of US emissions (US DOE, 2024).

Limiting global warming to 1.5°C is crucial to preventing the most severe impacts of climate change, including

irreversible ecosystem loss, extreme weather events, and widespread human and economic harm (IPCC, 2023;

IPCC 2018). The Intergovernmental Panel on Climate Change (IPCC) states that limiting warming to 1.5°C above
pre-industrial levels requires global greenhouse gas emissions to reach net zero by around 2050 (IPCC, 2023).

The United States needs a 50% reduction by 2030 to align with a 1.5°C goal (Rhodium Group, 2023) and is not
on track to meet this target. There remains an urgent need for more ambitious mitigation across all sectors.
Rapid decarbonization of buildings through energy efficiency, electrification, low-carbon material use, and
material-efficient design is crucial to closing the emissions gap and preserving a livable climate.

With limited time to act to avoid the worst consequences of climate change and increasing federal headwinds,
focusing efforts on the highest potential strategies and associated policies is critical. CLF, RMI, and the UW Life
Cycle Lab collaborated to advance research to address the following three questions to support industrial and
building sector decarbonization in the United States:

1. Whatis the projected cradle-to-gate embodied carbon trajectory of the United States between now
and 2050? Using material intensity and historic material consumption data, we established a business-
as-usual (BAU) emissions trajectory for cradle-to-gate embodied carbon for 30 key construction materials
used in the United States between 2020 and 2050. This is described in section 2, “Projecting Business-as-
Usual Material Consumption and Embodied Carbon in the US”.

2. What cradle-to-gate embodied carbon trajectory would be required over the next 30 years for the
United States to meet global climate targets to keep below 1.5°C of warming? We used global emissions
trajectories set by the Intergovernmental Panel on Climate Change (IPCC) to allocate emissions reductions
to the US construction sector using three primary attribution principles. This is described in section 3,
“Embodied carbon targets toward 1.5°C”.

3. Which strategies and policies are most likely to help close the gap between BAU and 1.5°C- aligned
targets? We leveraged existing research on industrial and building decarbonization and demand reduction
strategies and policies to evaluate the relative potential of different levers for closing the gap between
BAU and target emissions trajectories. This is described in section 4, “Pathways to 2050: Reduction
strategies and policies”.
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1.1 Scope

The analysis in this report focuses on the emissions from the raw material supply and extraction,
transportation, and manufacturing of products (A1-A3) used in the construction of buildings and infrastructure
in the United States (see Figure 1), including the following scope:

+ Life Cycle Stages: A1-A3 (referred to as “cradle-to-gate” or “product stage”)

+  Production Region: The United States and countries with construction material exports to the United
States.

«  Physical Scope:

«  New buildings: Structure, foundations, enclosure, and some interiors (SEI). Interiors were reported in
varying degrees of completeness and are generally limited to the primary materials used for interior
partition framing, and wall, floor, and ceiling finishes (Benke et al, 2025).

«  Non-building infrastructure: Asphalt, concrete, sand and gravel, and steel.

«  Renovations: Quantities of steel and concrete used to renovate existing buildings are included in the
non-building infrastructure estimates. Otherwise, renovations are excluded.

+ Indicator: Global Warming Potential (GWP) using GWP 100

+ Biogenic Carbon: Excluded. All included GWP values are based on reported GWP without biogenic carbon.

Product stage Construction Use stage End-of-life stage

Al A2 A3

demolition
recovery

-
c
(]
£

<

oR

e
—
>

N
7}

(4

Manufacturing

C
il
-U-‘—'
c 3
]
c o
S 5
==
fa
g0
w4+
%]
3
S

Deconstruction /
Transport to waste
Waste processing
Disposal of waste
Recycling /reuse/ K

g

-— -
7 c S c
o o c 1
= E=] © IS
€ © = (]
o = o O
g © £ e
c = (18] 1)
e = o
l_

Transport to factory

Figure 1. Life cycle stages included in the analysis. Extraction and manufacturing (A1), transport to factory (A2), and
manufacturing (A3) are included.

The analysis excludes emissions from transportation to the construction site (A4), construction and installation
(A5), use-phase (B stages), and end-of-life activities (C stages) due to data availability constraints for non-
building infrastructure, which comprises approximately half of the emissions in the study. As a result, the
magnitude of embodied carbon reported in this study underestimates the US construction footprint. See
section 2.3 for further discussion of estimated remaining emissions outside the scope of this study.
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2. Projecting Business-as-Usual Material
Consumption and Embodied Carbon in the US

A critical component in evaluating decarbonization pathways for the US building and construction sectors
is establishing a baseline or “business as usual” (BAU) scenario for building floor area projections, material
consumption, and embodied carbon emissions.

We used three primary steps to establish BAU: (1) collecting data on the projected floor area of different
building types in the United States, (2) using historic material consumption data and material use intensity
data for the same building types to project the total consumption of key construction materials per year, and
(3) establishing BAU cradle-to-gate embodied carbon intensity values for each material.

The result is a BAU projection of embodied carbon from 2025 to 2050. This BAU projection represents cradle-
to-gate embodied carbon from construction materials if current practices continue, both in terms of the rate of
consumption and in the production of the materials being consumed.

2.1 Projecting US building floor area additions

Projecting new US floor area by building typology is the first step needed to establish a BAU embodied carbon
scenario projection from 2025 to 2050 for new buildings. The projections described in this section are used
only for new buildings.

We first reviewed available floor area and economic data from the US Energy Information Administration
(EIA) (US Energy Information Administration, n.d.), the US Census Bureau (US Census Bureau, n.d.), and other
sources.

To characterize projected floor area growth from 2025-2050, data was primarily sourced from the EIA Annual
Energy Outlook 2023 (AEO 2023) (US Energy Information Administration, 2023a). Historic data for years
2020-2024 was sourced from a combination of datasets from the EIA (US Energy Information Administration,
2020a) and the US Census Bureau (US Census Bureau, n.d.). More specifically, the projections for each building
typology were derived as follows:

« Commercial floor area projections: Commercial building floor area projections were extracted directly
from EIA AEO 2023 for 9 different building typologies: office, warehouse and storage, mercantile/
service, public assembly, education, food service, lodging, food sales, health care, and other. EIA data
characterizes all commercial building floor area as ‘new additions’ and ‘surviving’ floor area in each
year projected. For this study, the ‘new additions’ for each year were assumed to represent all new
construction activity for each typology. The ‘new additions’ floor area was allocated to each commercial
sub-typology based on the total proportion of floor area added for each building typology in the given
year.

« Residential building projections: Floor area projections for residential buildings followed a different
method, leveraging data from the EIA AEO 2023 (US Energy Information Administration, 2023a), the
Residential Energy Consumption Survey (RECS) 2020 (US Energy Information Administration, 2020b,
2023a), the National Energy Modeling System (NEMS) produced by the EIA (US Energy Information
Administration, 2023b), and the US Census Bureau (US Census Bureau, n.d.). Because the AEO 2023 does
not separate surviving building stock from new additions, additional data from RECS, NEMS, and the
US Census Bureau were needed to approximate the quantity of existing residential buildings that are
demolished each year by building sub-typology (i.e., single-family residential, multifamily residential, and
mobile homes).

10 Embodied Carbon Pathways to 2050 for the United States | July 2025


https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8407522067311356&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:c9b68bda-85aa-4db8-84aa-aa07b0af0094
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7254493669701881&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7254493669701881&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7254493669701881&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7254493669701881&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7254493669701881&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7254493669701881&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7254493669701881&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7254493669701881&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7254493669701881&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7254493669701881&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7254493669701881&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=3539386907854949&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=3539386907854949&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=3539386907854949&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=3539386907854949&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=3539386907854949&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=3539386907854949&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=3539386907854949&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=3539386907854949&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=3539386907854949&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=3539386907854949&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=3539386907854949&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8630327998884776&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:6995489b-4daa-45bf-a7d8-b50586806bed
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=36188848707165544&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=36188848707165544&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=36188848707165544&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=36188848707165544&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=36188848707165544&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=36188848707165544&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=36188848707165544&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=36188848707165544&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=36188848707165544&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=36188848707165544&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=36188848707165544&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8280225931234253&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8280225931234253&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8280225931234253&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8280225931234253&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8280225931234253&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8280225931234253&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8280225931234253&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8280225931234253&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8280225931234253&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8280225931234253&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8280225931234253&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=8195491652958359&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:9c0a2ccc-8d02-438b-9f94-fef3cc71c9a0,1d86790c-684f-43de-ac01-be7ba0a4a6de:f3170e24-658f-48ac-a203-3d0e6869c0cd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=45908097295983064&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:1a1796d4-0d6c-4860-b087-05c436020775
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=45908097295983064&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:1a1796d4-0d6c-4860-b087-05c436020775
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=45908097295983064&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:1a1796d4-0d6c-4860-b087-05c436020775
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=45908097295983064&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:1a1796d4-0d6c-4860-b087-05c436020775
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=45908097295983064&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:1a1796d4-0d6c-4860-b087-05c436020775
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=45908097295983064&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:1a1796d4-0d6c-4860-b087-05c436020775
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=45908097295983064&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:1a1796d4-0d6c-4860-b087-05c436020775
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=45908097295983064&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:1a1796d4-0d6c-4860-b087-05c436020775
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=45908097295983064&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:1a1796d4-0d6c-4860-b087-05c436020775
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=45908097295983064&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:1a1796d4-0d6c-4860-b087-05c436020775
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=45908097295983064&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:1a1796d4-0d6c-4860-b087-05c436020775
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7882085755954897&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7882085755954897&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7882085755954897&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7882085755954897&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7882085755954897&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7882085755954897&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7882085755954897&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7882085755954897&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7882085755954897&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7882085755954897&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd
https://app.readcube.com/library/1d86790c-684f-43de-ac01-be7ba0a4a6de/all?uuid=7882085755954897&item_ids=1d86790c-684f-43de-ac01-be7ba0a4a6de:93fc511d-2e8e-43bf-83ff-f595dc04ccbd

Further information about historical floor area data and floor area projections is included in Appendix A.

Figure 2 shows annual floor area projections in the United States across four building use categories: single-
family residential, multifamily residential, commercial (office), and commercial (non-office). The historic data
from 2020-2022 shows significant shifts in the rate of construction for new single-family residential buildings,
dropping approximately 25% from 2020 to 2021, likely due to the effects of the global COVID-19 pandemic on
housing construction. The effects on multifamily residential, commercial office, and commercial non-office
buildings were less pronounced, with almost <1% change in construction rates for multifamily housing units
from 2020-2022, and a 12% increase in new floor area construction per year for both commercial categories.
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Figure 2. Floor area for newly constructed buildings in the US between 2020-2050. Analysis based on data from the
EIA Annual Energy Outlook 2023
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2.2 Projecting BAU material consumption for buildings and infrastructure

In order to project the BAU consumption of key construction materials from 2020-2050, we used two
complementary approaches:

® Approach 1 (Non-Building Infrastructure) - Historical Consumption and Time Series Modeling:
Utilizing historical raw material consumption data primarily sourced from the US Geological Survey
(USGS) and the National Asphalt Pavement Association (NAPA), we applied statistical time series
regression models (ARIMA/SARIMA) to forecast future material demand for a range of materials. Because
USGS data is typically reported at a broad, sector-wide level, assumptions were necessary to isolate the
portion directly attributable to the building and construction sector. Ultimately, this approach was used to
project the consumption of asphalt, sand and gravel, concrete and steel.

® Approach 2 (New Buildings) - Material Use Data: Approach 2 leverages average (i.e. mean) material
use intensity (MUI, kg/m?) for 117 distinct material types across various new construction building
typologies in North America from A Harmonized Dataset of High-Resolution Whole Building Life Cycle
Assessment Results in North America (Benke et al, 2025). We multiplied MUI with building floor area growth
" projections (see section 2.1) to generate future material stock estimates.

In total, these approaches allowed us to project material consumption of 30 material categories: four
categories representing key materials used for civil infrastructure systems and other construction (using
approach 1), and 26 representing materials commonly found in new construction buildings (using approach
2). For new buildings, the 26 material categories adapted from the classification used in Benke et al (2025) and
Ashtiani et al (2025) include nearly all materials used in the structure, foundations, enclosure and interiors

of new buildings, only excluding materials that made up less than 1% of the quantity of materials. For non-
building infrastructure, concrete, steel, and asphalt together account for more than 90% of Scope 3 emissions
in roadway infrastructure (Ashtiani et al., 2024).

The results from Approaches 1 and 2 were integrated to create a more comprehensive BAU material projection
capturing building, infrastructure, and other construction. This required subtracting the concrete and steel
projections for new buildings calculated using Approach 2 from sector-wide projections from Approach 1 to
prevent double counting. The resulting projection serves as the basis for assessing decarbonization scenarios
and the potential impacts of various policy interventions (see section 4).

Figure 3 provides an overview of the modeling framework used to develop the BAU material stock projections.

Detailed descriptions of each methodological approach, including specific assumptions, data manipulations,
calculations, and a literature review of similar material stock modeling studies, are provided in Appendix

B. Additionally, all Python code scripts and methods employed in these projections are publicly accessible
and documented in a Life Cycle Lab’s GitHub repository (https://github.com/Life-Cycle-Lab/wedge-material-
stock-projection). Although these methods were developed for the building and construction sector in the
United States, the underlying logic and code could be expanded to any geographic scope with appropriate
adjustments to input datasets and assumptions.
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Figure 3. Overview of modeling framework used to create material stock projection. For additional details, see
Appendix B.
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2.3 Projecting BAU embodied carbon from 2020-2050

To project the embodied carbon for the BAU trajectory, we estimated baseline global warming potential
factors for each material to multiply the baseline emissions intensity per unit of material by each stock
projection to establish an emissions estimate.

Baseline emission intensity factors were calculated differently for Approach 1 (non-building) and Approach 2
(new building construction) as follows:

«  Approach 1 (Infrastructure and other): Industry-average GWP values from environmental product
declarations (EPDs) and other life cycle inventory data (where EPDs were not available) were used to
establish baseline A1-A3 emissions intensity factors for concrete, steel, sand and gravel, and asphalt
mixtures. The resulting projections are shown in Figure 4.

«  Approach 2 (New buildings): Simplified A1-A3 emissions intensity factors were calculated by dividing the
average ECI (kgCO2e/m2) by average MUI per material type (kg/m2), derived from the WBLCA benchmark
material-level data. The resulting projections are shown in Figure 5.

While the projected growth in embodied carbon from new buildings is relatively flat, there is a more notable
increase in embodied carbon for non-building infrastructure. This is influenced by the difference in methods
for approaches 1 and 2. The US EIA projects relatively flat growth of new building construction, so new
building materials have only modest growth. Historical consumption pattern data (used for infrastructure and
other uses beyond new buildings) predict more growth.

For non-building infrastructure, Figure 4 shows that embodied carbon due to concrete production contributes
66% of projected emissions in 2050. The second largest contributor is asphalt mixtures at 19%, followed

by steel at 15%. While the proportion of infrastructure project emissions associated with asphalt mixtures
remains relatively unchanged from 2020 to 2050, Figure 4 shows an overall embodied carbon increase of 44%
in the same time period.
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Figure 4. Projected embodied carbon from extraction and manufacturing for concrete, steel, asphalt, and sand and
gravel used in the United States, 2020-2050, excluding newly constructed buildings.
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Figure 5. Projected embodied carbon from extraction and manufacturing for construction materials used in new

building construction in the US, 2020-2050. SEI = structure, enclosure, and interiors.

For new buildings, Figure 5 shows embodied carbon from concrete production as the largest contributor at
approximately 38% of projected A1-A3 emissions in 2050. Steel is the second largest contributor at 24% of
emissions, with 15% from structural steel (e.g. Wide-flanges, HSS, channels) and 9% from reinforcement (e.g.
rebar). Other high embodied carbon materials for building construction include insulation, aluminum, gypsum

board, cladding, glass and windows, interior finishes, and wood.

Figure 6 provides a holistic picture of projected US embodied carbon from construction products, combining
approaches 1 and 2. Projected cradle-to-gate embodied carbon of key construction materials increases an
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Figure 6. Projected embodied carbon from extraction and manufacturing for key construction materials for

buildings and infrastructure in the United States, 2020-2050.
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estimated 35% from 2020 to 2050, assuming the industry continues to produce buildings and infrastructure
following the BAU trend. The largest total contributors to projected embodied carbon are concrete (54%),
steel, (19%), asphalt, (10%), and plastic and chemicals (4%).

As discussed in section 1.1, the project emissions shown in Figure 6 are an underestimate of total US embodied
carbon for buildings and infrastructure. Emissions from raw material supply and extraction, transportation,
and manufacturing of products for the structure, foundations, and enclosure of new buildings is a major
contributor the total life cycle embodied carbon for new buildings, but excludes key emissions from
mechanical, electrical, and plumbing (MEP) systems, furniture and equipment, and other excluded scope that
lacks robust material use intensity data required for inclusion in this analysis. Additionally, construction stage
(A4 and A5) emissions for buildings and infrastructure are excluded, which can be particularly significant for
infrastructure when materials must be trucked long distances to be installed. Refrigerants (typically captured
in B1) and end-of-life emissions (C stage) are also excluded. Last, the renovation of existing building stock
contributes significantly to embodied carbon - particularly in a developed economy like the US - but is
excluded from available floor area projections and therefore not included in this analysis. Only concrete and
steel used in renovations is included.

To understand the scale of excluded scope, we used the analysis in Washington State Carbon Emissions
Estimation: 2025 - 2050: Operational and embodied carbon of the built environment to establish scaling factors
to create an order of magnitude estimate for excluded scopes. This report aims to address a gap in knowledge
by estimating often excluded scopes of embodied carbon to create a more comprehensive estimate of
Washington State embodied carbon projections between 2025 and 2050 (Jensen et al, 2025).

Figure 7 shows the resulting analysis, which demonstrates that the inclusion of scope beyond A1-A3 -
particularly renovation of existing building stock (B4) - is critical in understanding the total US embodied
carbon to 2050 and pathways for decarbonization. Future research could be integrated into the modeling
analysis summarized in this report to provide a more holistic US embodied carbon reduction roadmap.
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Figure 7. Order of magnitude estimate of embodied carbon from renovation of existing building stock, life cycle
stages beyond A1-A3, and additional physical scope for new buildings. Analysis created through scaling factors based
on the results of Jensen et al. (2025). SEI = structure, enclosure, interiors, MEP = mechanical, plumbing, and electrical,
FF&E = furniture, fixtures, and equipment, and AV/IT = audio-visual and information technology.
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3. Embodied carbon targets toward 1.5°C

The global carbon budget must be broken down and allocated to embodied carbon in US buildings to
establish policy pathways for embodied carbon in the United States that comply with a 1.5°C warming limit (in
line with IPCC). Allocating global emissions to the US building stock involves three major steps: (1) allocating a
fair share of the global carbon budget to the United States, (2) allocating a portion of the US carbon budget to
new building construction activity, disaggregated by building typology, and (3) deriving an embodied carbon
intensity per square meter of constructed floorspace based on projected annually constructed floorspace. This
allocation process is referred to as downscaling.

The result is a set of emissions intensity targets for each building typology over time that can guide public
policy, investment strategies, and climate-aligned design and construction practices.

3.1 Downscaling the Global Carbon Budget to Buildings in the US

The global 1.5°C-aligned carbon budget is based on IPCC AR6 mitigation scenarios (Edward Byers et al., 2022).
These scenarios were developed by the IPCC as part of the Sixth Assessment Report (AR6) of Working Group
IIl. The quantitative, model-based scenarios represent a variety of social, economic, and other conditions
that could lead to achieving a 1.5°C warming limit globally, and they report socio-economic development,
greenhouse gas emissions, energy, and other data. Rather than analyzing each ARG scenario, this analysis
considers the median scenario, which is often used in analysis to represent a central tendency or a more
‘typical’ outcome.

The US share of the global carbon budget is derived by applying an attribution principle to the median AR6
scenario. Attribution principles use different metrics such as GDP, population, and historic emissions to
allocate global emissions to different countries. Our analysis applied three widely recognized attribution
principles: grandfathering, ability to pay, and equal per capita which follow the same definitions employed
by the Science Based Targets initiative (SBTi) (Science Based Targets initiative, 2024). There is no consensus
in the scientific community around using specific attribution principles, as they are intended to demonstrate
a diversity of potential allocation scenarios that have different equity implications. The three attribution
principles in this report were chosen as they are commonly used principles that demonstrate a wide range of
potential emissions allocations.

The effort-sharing approaches that we used to downscale global emissions to the United States are described
as follows:

o Grandfathering: The grandfathering principle allocates future emissions allowances based on each
country’s historical share of emissions. In this analysis, the US carbon budget for each year from 2020 to
2050 was calculated by allocating each future year’s global carbon budget based on the United States’
percentage share of global greenhouse gas emissions in the base year 2020 (Climate Watch & World
Resources Institute, 2024). This approach assumes continued proportional responsibility aligned with past
emissions contributions.

o Ability to Pay: The ability to pay approach adjusts carbon budget allocations based on a nation’s
economic capacity. This method incorporates a reduction factor and a correction factor derived from the
GHG emissions data in the base year 2020 (Climate Watch & World Resources Institute, 2024) and GDP
per capita (World Bank Group, 2025) across all countries. The resulting adjusted US budget reflects the
expectation that wealthier nations should contribute more to mitigation efforts. The analytical framework
and formulas for the ability to pay approach were published by (Berg et al., 2020).

« Equal per Capita: This equal per capita principle allocates the global carbon budget based on each
nation’s population, reflecting a rights-based approach, in which resources or burdens are equally
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distributed across a population. For each year between 2020 and 2050, the US share of the global carbon
budget was determined by dividing that year’s global carbon budget by the projected US proportion of
global population for that year. United States and global population projections were sourced from the
United Nations World Population Prospects (United Nations Department of Economic and Social Affairs:
Population Division, 2025).

Each principle yields a unique emissions pathway for the United States from 2020 to 2050, as shown in Figure
8. The grandfathering carbon budget indicates the highest carbon budget for the United States across all
years. This is expected, as the United States has historically had the greatest or second greatest emissions
globally, which would yield it a higher proportion of the carbon budget. In this approach, the 2020 budget is
4557 MMT CO_e, while the 2050 budget is 157 MMT CO,e, indicating a 97% reduction from 2020 to 2050. The
2022 carbon emissions from the United States were reported to be 5604 MMT CO2e (Climate Watch & World
Resources Institute, 2024), which is 23% higher than the 2020 target established using the grandfathering
approach.

The Equal per Capita principle yields a lower budget each year than the grandfathering principle. The Equal
per Capita target is 1734 MMT CO,e for 2020 and 54 MMT CO_e for 2050, a 97% reduction. It is expected that the
Equal per Capita principle would necessitate a lower carbon emissions target for the United States than the
grandfathering principle, as the United States has historically had an outsized carbon emissions footprint per
capita when compared with other countries (IEA, 2024).

The Ability to Pay scenario affords the United States a relatively high carbon budget in the year 2020 when
compared with the Equal per Capita scenario, but it is the only principle to allocate a negative carbon budget
in years 2032-2050, which is in line with the approach outlined by van den Berg et al (Berg et al., 2020). The
negative budget used in this approach indicates that the United States would need to reduce carbon emissions
and in some way offset its emissions via carbon storage or other means.
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Figure 8. US embodied carbon budget downscaled from global emissions based on three attribution principles:
grandfathering, ability to pay, and equal per capita.
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3.2 Allocating the US Carbon Budget to Buildings by Typology

After downscaling the global carbon budget to emissions in the United States using the three attribution
principles discussed above, we performed a secondary analysis to downscale the US carbon budget to new
construction activities for each building typology. This secondary analysis uses the grandfathering approach
to allocate all US carbon emissions to four building typologies based on the historical emissions from new
construction by typology.

Though other downscaling approaches were considered for this step (i.e. equal per capita, ability to pay), only
the grandfathering principle was analyzed in this section for two reasons. First, allocating future emissions to
new construction by building typology based on the historical emissions of each building typology is much
more logical and direct than allocating emissions based on other factors such as population and GDP which
can’t be easily allocated to building types. Second, high quality floor area projection data is available through
2050, while the data needed to apply other attribution principles (e.g., economic data) is not. As a result,
grandfathering is the only approach that was used to downscale emissions from the United States to new
construction activity by building typology.

Under the grandfathering approach, the share of emissions for new construction of each building typology

in the base year (2020) was used to allocate the US carbon budget to each typology over time. For the three
national emissions pathways developed in Section 3.1, building-sector emissions were distributed by typology
using the estimated share of emissions per typology in year 2020. This was assessed by multiplying an
embodied carbon intensity (ECI, kgCO,e/m?) benchmark value for each building typology by the total floor
area of that typology. The floor area for each building typology was derived in section 2.1.

For single-family residential buildings, a baseline ECI for all detached single-family homes in the United States
was derived from the 2025 report “Building with Biomass: A New American Harvest,” (Magwood et al., 2025)
which established a baseline for embodied carbon across single-family residential homes in the United States.
For all other building typologies, we used average values data extracted from the published dataset from A
Harmonized Dataset of High-Resolution Whole Building Life Cycle Assessment Results in North America (Benke
et al., 2025) and Material Use and Embodied Carbon Intensity of New Construction Buildings in North America
(Ashtiani et al., 2025). Those ECI values are summarized in Table 1.

The scope of the LCAs to derive these ECls is limited to LCA stages A1-A3. The system boundary includes
structure, foundations, enclosure and interiors, but the inclusion of physical scope varies slightly based on
differences in user input for certain materials. In particular, the interiors scope for buildings types other than
single family is very limited compared to the full interior construction and finishes used on a typical project.

LCA data for single-family residential buildings were derived from the BEAM Estimator (v1.1), while LCA data
for all other building typologies came from a combination of Tally and One Click LCA. More detail about the
LCA goals and scopes used can be found in Building with Biomass: A New American Harvest (Magwood et

al., 2025) and the The Embodied Carbon Benchmark Report: Embodied Carbon Budgets and Analysis of 292
Buildings in the US and Canada (Benke et al., 2025).
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Table 1. Average embodied carbon intensity and material use intensity by building typology, including data source.
Embodied carbon intensities are normalized by constructed floor area to match the floor are definition used by EIA.

e Embodied Carbon Intensity (ki
2

Residential single-family* 153 Magwood et al., 2025
Residential multifamily 308 Ashtiani et al., 2025
Warehouse and storage 246 Ashtiani et al., 2025
Commercial office 386 Ashtiani et al., 2025
Mercantile/service** 420 Ashtiani et al., 2025
Public assembly 436 Ashtiani et al., 2025
Education 433 Ashtiani et al., 2025
Food service** 420 Ashtiani et al., 2025
Lodging** 420 Ashtiani et al., 2025
Food sales** 420 Ashtiani et al., 2025
Health care 388 Ashtiani et al., 2025
Other** 413 Ashtiani et al., 2025

*Single-family also used to represent mobile homes due to a lack of data for mobile home ECI.

**Average ECI for all non-office commercial buildings in the CLF V2 dataset used for Mercantile/Service, Food service, Lodging, and
Food sales commercial buildings.

***Average ECI for all commercial buildings (including office buildings) in the CLF V2 dataset used to represent buildings in the

Other category. These are buildings that could not be categorized into any of the other typologies listed above.

The embodied carbon of all newly added floor area in the United States by year (shown in Figure 2) was
calculated by multiplying the floor area for each building typology (m?) by its corresponding ECI (kgCO,e/

m?) as identified in Table 1, resulting in an estimate of total global warming potential by building typology

(kg CO,e). This total was divided by the average annual US carbon emissions from 2016 to 2021 (5650 MMT
CO,e) to yield the percentage of carbon emissions allocated to each building typology. For the grandfathering
approach, the percentage of US emissions allocated to each building typology for A1-A3 is 0.65%, 0.21%,
0.22%, and 1.13% for single-family residential, multifamily residential, commercial office, and commercial
non-office buildings, respectively.

There are several reasons to believe this projection is a conservative estimate of US cradle-to-gate embodied
carbon. The values used to represent industry average in Table 1 are based on collected data from two studies
that likely skew toward project teams that perform whole building life cycle assessments on their projects,
which likely means that these project teams are already implementing some best practices for reducing
embodied carbon emissions. These studies are the best available data sources for their respective building
typologies, but they likely skew toward lower ECI values. Additionally, there are limitations in included LCA
scope, which excludes some interior finish materials, MEP, FF&E, and sitework. Some of the available data
sources do not account for emissions outside of LCA stages A1-A3, so use-phase, renovation, and end-of-life
emissions are also excluded. These shortcomings mean that approximately 70% of the total embodied carbon
for buildings and infrastructure may be excluded from this study. This analysis must therefore be expanded as
data is available to create relevant targets for policies and programs with a more holistic scope.
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3.3 Pathways to 1.5°C in the US Building Sector
3.3.1 Emissions Pathway to 1.5°C for all US Buildings

The CO, emissions for buildings in the United States for each combination of attribution principles is shown
in Figure 9. The trends in Figure 9 for the building sector are similar to those shown in Figure 8 for total US
emissions, as they represent a fixed proportion of the total US budget.

The emissions budget for US Buildings — using the grandfathering approach to downscale global emissions
to the United States and the grandfathering approach to downscale emissions to each typology (G/G) — falls
from 101 MMT CO,e in 2020 to 3.5 MMT CO_e in 2050, indicating a 97% reduction in building sector emissions.
For the equal per capita and grandfathering approach (E/G), the budget falls from 38.4 MMT CO_e in 2020 to
1.2 MMT CO,e in 2050. For the ability to pay and grandfathering scenario (A/G), the budget drops from 89 MMT
CO,ein 2020 to 0 MMT CO,e in 2032 and -81 MMT CO,e in 2050.
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Figure 9. The US Carbon budget for all buildings in the US toward 1.5°C based on three combinations of attribution
principles. Each budget has been downscaled to the US, using either a grandfathering, ability to pay, or equal per capita
approach, and then further to the building sector in the US using a grandfathering approach.

3.3.2 Establishing 1.5°C-aligned ECI targets by building typology

The 1.5°C-aligned carbon budgets for each building typology were converted into ECI targets to serve as a
reference point at the building scale. The downscaled emissions targets for each typology between 2020 and
2050 were divided by the projected floor area to be constructed over the same period, yielding ECI targets for
each year in units of kilograms of CO,-equivalent emissions per square meter (kgCO,e/m?), shown in Figure 9.

Figure 9 also compares the calculated 1.5°C-aligned ECI targets to a static benchmark ECI for each building
typology (see Table 1). These benchmark values represent average US embodied carbon intensity based on
current practices, whereas the 1.5°C-aligned targets identify what that embodied carbon intensity would

need to be for each building typology to be on a path to achieving 1.5°C. In other words, if a building typology,
on aggregate, were to achieve this target in each year, it would indicate that a given segment of the new
construction sector is in line with achieving 1.5°C based on the applicable attribution principles.
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Figure 10 shows that, for all building typologies, the benchmark ECl is notably higher than the 2025
1.5°C-aligned ECl target. Figure 10a shows the ECI targets for single-family residential buildings, with the G/G,
A/G, and E/G scenarios showing a similar trajectory to the national targets presented in Figure 9. For each
scenario, the 2025 target is lower than the benchmark ECI. For the G/G and E/G scenarios, the targets trend
toward zero, while the targets for the A/G scenario approach zero in 2032 and are negative from 2033-2050.
Achieving low or negative ECI targets will require the use of carbon-storing materials, carbon capture and
sequestration (CCS) technologies, or other approaches that store more carbon than is emitted during material
manufacturing and building construction.
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Figure 10. Target ECls (kgCO,e/m?) for each building typology from 2020-2050 based on downscaled 1.5°C-aligned scenarios.
10a =residential single family, 10b = residential multifamily, 10c = commercial office, and 10d commercial non-office.
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Although the 2050 targets show a need to significantly reduce the ECI of different building typologies when
compared with the respective benchmarks, the 2025 targets are achievable today using current techniques.

For example, with multifamily residential buildings, the median ECI benchmark is 308 kgCO2e/m? and

the 2025 targets are between 73-197 kgC02e/m? The CLF WBLCA Benchmark Study V2 includes data from
multifamily residential buildings that meet each of these targets (Benke et al., 2025). Although a minority of
buildings included in the dataset achieve these 2025 targets, those buildings are proof that the 2025 targets
are achievable based on today’s technologies and practices. The low- and negative-ECl targets required in later
years will need to be addressed using more aggressive strategies and policies.

None of the commercial office building ECls from the CLF benchmark study are below the 1.5°C-aligned
targets for 2025. The median ECI benchmark is 386 kgCO2e/m2, while the 1.5°C-aligned targets are between
67-182 kgCO2e/m2. This indicates that today’s “typical” commercial office building (as defined by the CLF
benchmark) would require substantial embodied carbon emissions reductions in order to be aligned with
current 1.5°C-aligned targets, and even greater reductions in future years.
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Figure 11. Comparison of 1.5°C- aligned targets (G/G) for multifamily residential and commercial office against
data from the CLF WBLCA Benchmark Study v2 for each primary building use type. Data generated using the CLF
Benchmark Explorer (https://wblca-benchmark-explorer.carbonleadershipforum.org/).
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4. Pathways to 2050: Reduction Strategies and
Policies

This section describes our research to identify and quantify potential impact from strategies and policies that
can close the gap between BAU and 1.5°C-aligned emissions reduction targets.

4.1 Assessing available emissions reduction strategies

The first step in assessing pathways for reaching 1.5°C-aligned reduction targets was to collect data on the
range of available industrial and building sector decarbonization strategies. We focused on two factors:

1. Unconstrained emissions reduction potential: This factor captures the technical potential of each
reduction strategy, expressed as a percentage reduction from BAU. These percentages express the
potential unconstrained by considerations of cost, technological readiness level (TRL), market-readiness,
and other feasibility challenges.

2. Adoption rate curves: This value (which increases over the period of 2020-2050) expresses the percentage
of the market that has deployed each strategy in a given year, compared to 2020 levels. This factor takes
into account the cost, TRL, and other challenges absent from the unconstrained potential.

4.1.1 Unconstrained emissions reduction potential

We collected data from peer-reviewed papers, government research, and industry roadmaps on the potential
of different strategies to reduce emissions. Our literature review and analysis included:

« Industrial decarbonization strategies that focus on reducing the emissions intensity of production through
energy efficiency, electrification, low carbon fuels, and carbon capture

« Demand reduction strategies like material substitution, circularity, and material efficient design

Figure 12 summarizes the emissions reduction potential for each strategy identified in the reviewed research,
organized by material category. The range of reductions cited here represent differences expressed in the
literature regarding the range of emissions reductions that are possible for different strategies (e.g. if one
source states a 5% reduction potential and another source cites a 50% reduction potential, the range would be
5-50%). Strategies with smaller ranges therefore may have greater agreement on the reduction potential of the
strategy, or less relevant research available.

The reviewed research reveals very broad ranges of emissions reduction potentials. This reflects both the
range of potential dependent on the facility and project as well as disagreement within reviewed research.
Additionally, materials beyond concrete and steel had extremely limited research available on decarbonization
strategies. The results from individual practitioner LCA studies were not a focus of the reviewed research,
which may have changed the percentage reduction on strategies such as building reuse that show larger
percentage reductions on a building-by-building case than found in academic research and industry
roadmaps. Overall, there is a need for additional research on the specific emissions reductions of using
different material substitution, manufacturing R&D, and design innovation strategies (among others).

Table 2 describes the categories we used to group these strategies. To learn more about our methodology
related to reduction strategies, see Appendix C.
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Emissions Reduction Potential from Business-as-usual
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Figure 12a. List of the strategies and associated GHG emissions reduction potential from benchmark levels for the Aluminum,
Asphalt mixtures, Concrete, Glass and windows, Gypsum, and Insulation material groups. Reduction potentials are based on reviewed
academic and industry literature, organized by material category.
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Figure 12b. List of the strategies and associated GHG emissions reduction potential from benchmark levels for the Other, Plastics
and chemicals, Steel, and Wood and composites material groups. Reduction potentials are based on reviewed academic and industry
literature, organized by material category. “Other” category is conservative assumptions used for materials that individually comprise less
than 1% of total emissions.



Table 2. Eight categories of emissions intensity reduction (decarbonization) and demand reduction strategies.

Emissions intensity reduction (decarbonization) strategies

Energy (E)

Energy efficiency (EE)

Electrification (EL)

Low carbon electricity
(RE)

Low carbon fuels (LCF)

Carbon Capture

Carbon capture (CC)

Measures related to reducing the
required energy inputs for a process,
machine, or facility along the value
chain

Electrification of a manufacturing
facility or process along the value chain

Use of electricity downstream from a
completely decarbonized grid.

Replacing traditional fossil fuels
with alternative fuels such as waste,
biomass, or newer technologies like
hydrogen

Integrating technology to capture,
store and/or utilize CO, emissions from
production processes

Demand reduction strategies

Implementing waste heat recovery to improve blast furnace
efficiency in steel production

Using warm mix asphalt technology to reduce the temperature
(and therefore fuel) required to produce and place asphalt

Electrification of steam crackers (a key stage of chemical
processing)

Decarbonizing the power used for aluminum production through
the use of nuclear small modular reactors, hydro power plants and/
or low-carbon electricity grids

Replacing natural gas with alternative fuels like liquid biofuels and
synthetic methane

Displacing coal and gas in steel making through Hydrogen Based
Direct Reduction

Capturing and storing CO, emissions associated with clinker
productions and heat in cement facilities

Material Substitution (MS)

Low Carbon Feedstocks
(LCFS)

Recycled Feedstocks
(LCFS-C)

Material Substitution
(MS)

Material Circularity

Circularity (MC)

Material Efficiency

Material efficient design
(ME)

Replacing traditional ingredients with
lower carbon alternatives

Using secondary (recycled) feedstocks
as ingredients in new products

Substituting higher carbon products or
systems with lower carbon alternatives

Improving the collection, sorting and
recycling of different material types.

Includes reuse and refurbishment to

extend the life of existing elements.

Optimizing the design of a building or
process to reduce the need for new
material, such as through structural
design optimization or prefabrication
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Using cement/clinker substitutes, alternative cements, and/or
alternative chemistries to replace Portland Cement.

Use of Reclaimed Asphalt Pavement (RAP) in asphalt mixtures

Replacing plastics-based insulations (e.g. XPS, EPS) with
conventional (e.g. mineral wool) or alternative (e.g. cellulose, cork,
hemp) insulations

Mechanical recycling and chemical recycling of plastics

Improved design practices to optimize concrete structural systems,
such as voided slab systems, post-tensioned slabs, optimizing
thickness, or topology optimization (e.g. beam/column layout)



4.1.2 Adoption rate

We allocated one of five adoption rates to each strategy shown in Figure 12 based on technology readiness
level, cost, and implementation timelines cited in the reviewed literature and reports:

1. Research and Development (R&D): Strategies that are currently still in the early stages of R&D

2. Demonstration: Strategies that have graduated from research and development but are still not
commercially viable

3. Deployable (low): Deployable technologies that are cost prohibitive or have other commercial viability
constraints (e.g. supply constraints) limiting full adoption.

4. Deployable (medium): Deployable technologies that still have lower market demand due to their lack of
longevity in the market, higher cost, and/or perceived challenges by the construction sector

5. Deployable (high): Widely deployable strategies that are proven to reduce emissions, have low cost
impacts and are ready to scale quickly.

Each of these adoption rates is represented by a curve in Figure 13 that demonstrates the anticipated uptake
over time. Learn more in Appendix C.
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Figure 13. Example adoption rate curves used to model the R&D, Demonstration, and Deployable categories. The
adoption rate describes the growth in deployment of the strategy in the US market based on technology readiness level,
cited cost, and implementation timelines cited in the reviewed literature and reports. Curves follow a logistic function
formula using different growth rates (k) and timelines for adoption.
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4.2 Assessing embodied carbon reduction policies

Additionally, we assessed embodied carbon reduction policies from peer-reviewed papers and industry
reports. We mapped these policies to emissions reductions strategies to help identify which policies may result
in greater embodied carbon reductions.

The relative potential of each policy in achieving emissions reductions was assessed through which strategies
each policy can encourage. This is primarily based on the scope of the policy and relative reach (i.e. voluntary
vs. private or public sector projects or all). Learn more in Appendix C.

Table 3 provides an overview of the 32 industrial, building, private sector, urban planning, and waste policies
included in this analysis. Each policy is further grouped under the following five categories:

o Standards that specify technology- or performance-based levels that a facility, product, or building must
achieve. Examples include building codes and facility emissions standards.

» Financing and incentives, such as direct fiscal incentives (e.g., tax credits, tax exemptions, subsidies),
competitive financing (e.g., low-interest loans, loan guarantees, low-cost insurance), competitive grants,
or urban planning incentives (e.g. density bonuses, expedited permitting).

+ Research, Development, and Demonstration (RD&D), including government pilot projects or incentives
and support for developing emerging industrial decarbonization solutions (e.g. hydrogen-based DRI,
chemical recycling).

o Carbon pricing, including carbon taxes, cap-and-trade programs and carbon taxes, or carbon border
adjustment mechanisms (CBAM policies) that establish a direct or indirect price on units of GHG emissions
(e.g., dollars per ton) in a defined market.

« Clean procurement policies like Buy Clean that set standards for public building and infrastructure
projects, establishing a market for low-carbon products.

Many supporting policies and programs — such as workforce training, education, and policies that drive grid
decarbonization — are relevant but out of the scope of this analysis.
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Table 3. Overview of the 32 industrial, building, private sector, urban planning, and waste policies analyzed. Each policy is grouped
into standards, financing and incentives, research development and demonstration (RD&D), carbon pricing, or clean procurement for the
purpose of summarizing findings.

Category Included policies

Industrial policies

Standards

RD&D

Financing and incentives

Clean procurement

Carbon pricing

Building policies

Standards

Clean procurement
Urban planning

Standards

Financing and incentives

Waste & circularity

Standards

Clean procurement
Private sector

Standards/ Clean
procurement

RD&D

Financing and incentives

Facility emissions/pollution standards, targets, and reporting
Facility energy efficiency standards, targets, and mandatory audits
Product emissions standards, targets, and reporting

Near zero emission material mandate for cement, concrete, and steel

Government pilot and demonstration projects
Government-funded R&D Grants (state or federal)

Financing (loans, bonds, green banks)
Tax credits and incentives (facility-level or product-level)

Advance Market Commitments
Government carbon limits for building materials (Buy Clean)
Public sector procurement incentives

Cap and trade systems
Carbon Border Adjustment Mechanism (CBAM) or Border Carbon Adjustments
Carbon taxes

Building-level (kgCO,/m?) embodied carbon requirements in codes (or similar)
Product-level (kgCO,/unit) embodied carbon requirements in codes (or similar)
Prohibition of extremely high emitting materials (e.g. hydrofluorocarbons)

Space use and occupancy efficiency

Zoning and land use policies that encourage density and avoid sensitive soils
Design efficiency policies (e.g. space efficiency guidelines; parking requirement removals or reductions)
Zoning requirements for bio-based materials

Density bonus, expedited permitting, and other incentives for embodied carbon
Incentives for building reuse (e.g. zoning incentives, demolition fees)

Circularity and recycling standards for industrial facilities
Deconstruction and/or construction and demolition (C&D) diversion ordinances

Salvaged, reused, or recycled material minimums for government projects

Product-level owner design and procurement requirements/incentives
Building-level owner design and construction requirements/incentives
Material efficient structural design requirements or targets

Private sector pilot projects

Private sector advance market commitments (AMCs)
Book and claim systems for steel, cement, and concrete
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4.3 Scenario Development

We used a matrix method (described in Appendix C) to model the relative potential of each strategy and
policy to reduce emissions using six different scenarios. The goal of the scenario analysis was to reveal which
strategies hold the greatest emissions reduction potential, what level of strategy adoption will be required to
achieve the targets described in section 3, and which policies could drive that level of adoption.

Each scenario explores a different emissions reduction pathway for the building and industrial sectors over the
next 25 years. All six scenarios rely on the full suite of strategies included in our study, even in scenarios where
a portion of strategies are a larger focus. Appendix D includes a summary of the assumptions and results for
each scenario. Up to three aspects of the model are changed in each scenario:

1.
2.

Reduction potential: A range of emissions reduction potential within range defined in Figure 12.

Level of Adoption: The percentage of manufacturers and projects deploying each strategy on real
projects. Some scenarios use more aggressive curves than those described in Figure 13.

Deployability assumptions: An adjusted adoption rate for a specific subset of strategies that simulates
the potential impact of increased support and/or private sector attention.

The six scenarios are defined as follows:

Scenario 1 “Moderate Deployment” portrays a conservative mid-range of the reduction potential
cited in the reviewed research for all available strategies and institutes moderate adoption rates for all
strategies.

Scenario 2 “Best Case” portrays the maximum cited reduction potential for all available strategies
and institutes aggressive adoption rates for both deployable and emerging technologies; this is the sole
scenario that approaches zero embodied carbon by 2050.

Scenario 3 “Rapid RD&D” portrays the maximum cited reduction potential and aggressive adoption
rates for all R&D and Demonstration strategies. Other strategies are still adopted, but with a conservative
mid-range within the cited reduction potential range and moderate adoption rate .

Scenario 4 “Focus on Design Innovation” portrays the maximum cited reduction potential and
aggressive adoption rates for all material efficient design, building/system-level material substitution
(MS), and low carbon feedstocks (LCFS) strategies. Other strategies are still adopted, but using the
conservative mid-range of cited reduction potentials and moderate adoption rates.

Scenario 5 “Focus on Energy” portrays the maximum cited reduction potential and aggressive adoption
rates for all Energy strategies, including energy efficiency (EE), electrification (EL), renewable energy (RE),
and low carbon fuels (LCF). Other strategies are still adopted, but using the conservative mid-range of
cited reduction potentials and moderate adoption rates.

Scenario 6 “Focus on Circularity” portrays the maximum cited reduction potential and aggressive
adoption rates for all material circularity (MC) and recycled feedstocks (LCFS-C) strategies. Other strategies
are still adopted, but using the conservative mid-range of cited reduction potentials and moderate
adoption rates.

Figure 14 shows the trajectory of emissions between 2020 and 2050 for all materials and the strategies utilized
to achieve reductions in 2050 for each scenario.
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Scenario 1 “Moderate Deployment” portrays a conservative mid-range of the reduction potential cited in the reviewed research for all available strategies and institutes moderate
adoption rates for all strategies.
350
)
o
o 300
—
=
= 250 34%
™
<<
:('I 200 .
= l 11%
5
1 . .
g .
< S
(&)
E 100
0
E “© 37%
€
wi
0
2020 2030 2040 2050 Baseline  Carbon Energy  Material Material Material Remaining
capture circularity efficiency substitution emissions
Scenario 2 “Best Case” portrays the maximum cited reduction potential for all available strategies and institutes aggressive adoption rates for both deployable and emerging
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Scenario 3 “Rapid RD&D” portrays the maximum cited reduction potential and aggressive adoption rates for all R&D and Demonstration strategies. Other strategies are still adopted,
but with a conservative mid-range within the cited reduction potential range and moderate adoption rate .
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Figure 14a. Reductions from business-as-usual (BAU) projected emissions (million metric tons CO_e) for Scenarios 1 “Moderate Deployment, 2
“Best Case”, and 3 “Rapid Research, Development, and Demonstration (RD&D).” Each shows projected emissions (by material) from 2020-2050 for new
buildings and non-building infrastructure (left) and the contribution of each decarbonization pillar (right) to the total 2050 reductions in each scenario.
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Scenario 6 “Focus on Circularity” portrays the maximum cited reduction potential and aggressive adoption rates for all material circularity (MC) and recycled feedstocks (LCFS-C)
strategies. Other strategies are still adopted, but using the conservative mid-range of cited reduction potentials and moderate adoption rates.
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Figure 14b. Reductions from business-as-usual (BAU) projected emissions (million metric tons CO,e) for Scenarios 4 “Focus on Design Innovation”,
5 “Focus on Energy”, and 6 “Focus on Circularity.” Each shows projected emissions (by material) from 2020-2050 for new buildings and non-building
infrastructure (left) and the contribution of each decarbonization pillar (right) to the total 2050 reductions in each scenario.
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4.3.1 Comparing scenarios against 1.5°C-aligned targets

In this section, we separate the reduction pathways for new buildings from other uses of steel, concrete, and
sand and gravel to compare the results of the scenario analysis against the 1.5°C-aligned CO, emissions targets
for buildings in the United States described in Section 3.

Figure 15 explores how each of the 1.5°C-aligned trajectories (see Section 3) compares against the “Best
Case” Scenario. This figure demonstrates that even in the best case scenario, achieving 1.5°C goals will be a
challenge, requiring aggressive adoption of current best practices starting immediately and through the year
2050. The reported 2020 emissions targets for the three 1.5°C-aligned scenarios vary due to the difference in
attribution principles described in Section 3.

Figure 16 shows the trajectory of cradle-to-gate embodied carbon emissions by material from 2020 to 2050
for each scenario. The figure compares that trajectory to the 1.5°C-aligned targets using the G/G approach
described in Section 3. The G/G approach is shown as a reference to highlight the differences across scenarios
and indicates how close or far each scenario is from realizing the most conservative 1.5°C-aligned pathway.
The 2020 embodied carbon emissions for the 1.5°C-aligned G/G approach differ from the projected BAU

2020 emissions because the 1.5°C-aligned targets are calculated using a top-down approach derived from
global emissions, while the scenario analysis relies on bottom-up projections based on material use intensity
benchmarks. Each approach has benefits and limitations, which are explored more in Section 5.
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Figure 15. 2020-2050 Reduction Scenario 2 “Best Case” compared with the 1.5°C-aligned targets for the G/G, E/G, and A/G
downscaling approaches analyzed in Section 3. The G/G targets are achievable for some years in the Best Case Scenario.
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Scenario 1 “Moderate Deployment” portrays a conservative mid-range of the reduction potential cited in the reviewed research for all available strategies and

institutes moderate adoption rates for all strategies.
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Scenario 2 “Best Case” portrays the maximum cited reduction potential for all available strategies and institutes aggressive adoption rates for both deployable and
emerging technologies; this is the sole scenario that approaches zero embodied carbon by 2050.
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Figure 16a. 2020-2050 reduction from business-as-usual by construction material group, calculated using approach 1 (left) and approach 2 (right).
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The dotted line represents the 1.5°C-aligned target generated using the grandfathering > grandfathering (G/G) approach.
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Approach 1 (Non-building infrastructure)
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Scenario 1 “Moderate Deployment” portrays a conservative mid-range of the reduction potential cited in the reviewed research for all available strategies and

institutes moderate adoption rates for all strategies.
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Scenario 2 “Best Case” portrays the maximum cited reduction potential for all available strategies and institutes aggressive adoption rates for both deployable and
emerging technologies; this is the sole scenario that approaches zero embodied carbon by 2050.
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Figure 16b. 2020-2050 reduction from business-as-usual by construction material group, calculated using approach 1 (left) and approach 2 (right).
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The dotted line represents the 1.5°C-aligned target generated using the grandfathering > grandfathering (G/G) approach.
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4.4 Takeaways: Priority Actions

The scenarios that achieved the largest reductions were scenarios #2 Best Case, #4 Focus on Design
Innovation, and #5 Focus on Energy. Figure 17 shows the cumulative reductions and cumulative net emissions
(BAU minus reductions) between 2020 and 2050 resulting from each scenario, highlighting which scenarios are
able to achieve the greatest total reductions.
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Figure 17. Comparison of cumulative reductions and net remaining embodied carbon (2020-2050) across scenarios
1-6. The scenarios with the greatest progress toward 2050 goals (in order) were: #2 Best Case, #4 Focus on Design
Innovation, and #5 Focus on Energy, all of which resulted in less than 5,000 million metric tons of cumulative remaining
embodied carbon across 2020-2050. #6 Focus on Circularity, #3 Rapid RD&D, and #1 Moderate Deployment resulted in less
than 6,000 million metric tons of cumulative remaining embodied carbon.

The scenarios that made the most significant emissions reductions and progress toward zero A1-A3 emissions
by 2050 had three commonalities. They each: (1) deployed a wide range of strategies, (2) balanced a focus

on currently deployable best practices with focus on emerging technologies, and (3) had high adoption of
concrete emissions reductions strategies for buildings and infrastructure. Those keys to success are detailed as
follows:

+ Deploying a wide range of strategies: All scenarios relied on the full suite of potential strategies, with
the more successful strategies either (1) increasing focus on a subset of strategies (e.g. energy, design
innovation) or (2) ramping up adoption rate, likely driven by broad policy adoption. Given that only one
scenario was close to zero emissions in 2050 despite this long list of strategies, it is clear that there is no
silver bullet for limiting embodied carbon by 2050. The construction sector must deploy a wide range of
strategies to make progress.
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« Balancing focus on current best practices and emerging technologies: The speed of technology
and strategy deployment is central to reducing emissions, which is why scaling current best practices
as quickly as possible will be critical to achieving substantial emissions reductions. Directing too much
funding and attention to emerging technologies risks de-emphasizing impactful strategies that are
currently deployable. These strategies could be responsible for the majority of reductions for the next
twenty years while new technologies develop and scale. However, a near-zero emissions scenario is
not possible without the adoption of emerging technologies. Emissions reductions from emerging
technologies like carbon capture are significant and could drive large emissions reductions.

These findings are evidenced by the results of design innovation, rapid RD&D and best case scenarios. The
design innovation scenario focused on currently deployable material efficiency and material substitution
strategies, and achieved 29% greater cumulative emissions reductions than the rapid RD&D scenario.
However, the best case scenario (closest to zero in 2050) required nearly full adoption of design innovation
strategies by 2030 and significant adoption of emerging technologies beginning in 2040.

o High Adoption of Concrete Strategies: Concrete decarbonization and demand reduction strategies are
essential to achieving significant emissions reductions. This is obvious given that concrete comprised over
half of projected cradle-to-gate embodied carbon in 2050.

This is demonstrated in the Focus on Circularity scenario, which focuses on strategies to increase material
circularity and maximize the use of recycled feedstocks. While this scenario achieves large emissions
reductions, the total reductions are restricted, in large part due to the lower number and reduction
potential of circularity strategies for concrete.?

All of the strategies reveal significant differences in the pathways for new buildings as compared with
infrastructure and other construction, as shown in Figure 15. This is due in part to the larger range and market-
readiness of available strategies affecting the buildings sector. The reviewed research did not include analysis
of the reduction potential of project-level material substitution (e.g. timber bridges over steel bridges), design
material efficiency strategies (e.g. structural optimization for material efficiency), or project-level circularity
strategies (e.g. adaptive reuse) for infrastructure.

As a result, infrastructure strategies were more limited to facility-focused improvements and product-level
material substitution, significantly limiting reduction potential. Infrastructure materials were also more
sensitive to the adoption rate of emerging technologies, due to the absence of design innovation strategies.

1 Scenario 6 may have shown greater emissions reductions if at least a portion of the clinker/cement replacement strategies were
categorized as LCFS-C, e.g. use of waste products (slag, fly ash) as SCMs. This was not the case in our analysis because additional strategies
grouped under this category (LC3, PLC, alternative chemistries) do not use waste products.

38 Embodied Carbon Pathways to 2050 for the United States | July 2025



4.4.1 Key Strategies

The strategies with the largest potential apply to materials with large emissions projections and have either
a very high potential for emissions reductions and/or a medium potential for reductions but can be adopted
immediately. Table 4 highlights the top twelve individual reduction strategies across our analysis.

By far, raw material substitution in concrete was the highest impact strategy, contributing an average of 16% of
cumulative emissions reductions between 2020-2050 across scenarios. This strategy captures reductions from
cement and clinker substitution and use of alternative cements and/or alternative chemistries. Currently, this
is primarily achieved through low-cost supplementary cementitious materials (SCMs) like fly ash and slag that
can reduce the required quantity of clinker. The use of alternative cements (e.g. Portland limestone cement
(PLC) and limestone calcined clay cement (LC3)) are also beginning to play a larger role as they become more
broadly available. Alternative chemistries (such as decarbonated raw materials and alternative binders) may
contribute to these reductions but are not expected to contribute until after 2040 or 2045 due to their low TRL.

Table 4. Top reduction strategies across scenarios, in order of average percent contribution to cumulative
reductions between 2020 and 2050. Created by averaging the percentage contribution to reductions from the top 10
strategies across the six scenarios. Total reductions ranged from approximately 3000 to 5400 million metric tons (MMT).
Strategies are color-coded by their contribution to economy-wide emissions reductions. Greater than 15% (dark blue),
5-10% (medium blue), and less than 5% (light blue)

Cumulative
. reductions b Impacted
Reduction Strategy strategy (MM'IY), m:terial
2020-2050
Raw Material (Cement) Substitution in Concrete “
Use of low-carbon electricity in steel production 220 Steel
Structural design optimization in new buildings 200 Concrete and steel
Cement kiln energy efficiency 200 Cement
Structural system material substitution 170 Concrete and steel
Cement Plant CCS 130 Cement
Reuse / refurbishment of existing concrete buildings and 125
infrastructure Concrete
Warm and cold mix asphalt 90 Asphalt
Increased use of recycled feedstocks in asphalt mixtures 60 Asphalt
Use of biofuels in asphalt production 50 Asphalt
Substituting plastic-based insulation for alternative insulations 40 Insulation
Use of alternative fuels in cement kilns 20 Cement

39 Embodied Carbon Pathways to 2050 for the United States | July 2025



Table 5 shows the top contributing strategies separately for 2030 and 2050 to reveal how key strategies shift
over time. The findings indicate that structural design innovation strategies, including design optimization
and material substitution for concrete and steel structures, are the second and third most effective strategies
for reducing emissions in 2030. They still play a large role in 2050, but with a lower contribution to overall
reductions due to the increased importance of CCS and the use of low-carbon electricity in steel production.
The use of low-carbon electricity in steel production is key to eliminating emissions from the energy usage
and processes of steel making (Delasalle et. al., 2022). This includes the use of low-carbon electricity in steel
production facilities, including both those with electrified processes (i.e. electric arc furnace plants) as well as
plants that must first be upgraded.

Table 5. Top reduction strategies in 2030 and in 2050, in order of percent contribution to cumulative economy-wide
reductions. The percent contribution was calculated as the average contribution from the top 10 strategies across all

scenarios in each year.

Top reduction strategies by % contribution to economy-wide reductions in year 2030 and 2050

2030 Reductions (Average across scenarios) 2050 Reductions (Average across scenarios)

Raw Material (Cement) Substitution in 16% | Raw Material (Cement) Substitution in 18%

Concrete Concrete

Structural design optimization in new 8% Cement Plant CCS 7%

buildings (concrete and steel)

Use of low-carbon electricity in steel 6%  Use of low-carbon electricity in steel 7%

production production

Structural system material substitution 5% Cement kiln energy efficiency 4%

(concrete)

Cement kiln energy efficiency 4%  Structural design optimization in new 4%
buildings (concrete)

Reuse and refurbishment of existing concrete 3%  Structural system material substitution 3%

buildings and infrastructure (concrete)

Warm and cold mix asphalt 3% Reuse and refurbishment of existing 3%
concrete buildings and infrastructure

Cement Plant CCS 2% Warm and cold mix asphalt 2%

Increased use of recycled feedstocks in 1% Increased use of recycled feedstocks in 1%

asphalt mixtures asphalt mixtures

Use of biofuels in asphalt production 1% Cement kiln electrification (with low-carbon  <1%
electricity)

Substituting plastic-based insulation for 1% Use of biofuels in asphalt production <1%

alternative insulations

Structural system material substitution (steel) <1% Use of alternative fuels in cement kilns <1%
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4.5.2 Key Policies to Support Reduction Pathways

The total emissions reductions associated with each policy are dependent on three main factors: the total
emissions reduction potential of the strategies associated with that policy, whether it is voluntary or required,
and its relative reach (i.e. whether it impacts private sector projects, public sector, or both). The policies with
the largest emissions reduction potential therefore are those that incentivize the strategies with the largest
projected reductions and/or are required across the broadest range of projects.

This study was intended to provide an order of magnitude analysis of emissions reduction potentials
stemming from each policy. This helps to reveal which policies would be most effective or most likely to enable
the strategies described above. Key findings include:

o Building-level standards are a key complement to industrial regulations: Establishing mandatory
embodied carbon budgets (e.g. kgCO,e/m?) for new construction on public and private sector projects
was the first or second policy (in terms of associated emissions reductions) across all scenarios. This is
likely due to the fact these policies can incentivize the largest range of strategies of any included policy,
including deployable material substitution and design optimization strategies in addition to reductions
driven by facility upgrades.

e Carbon Pricing: Cap-and-trade systems and carbon border adjustment mechanisms provide flexible
pathways for incentivizing facility changes, if policies are designed correctly.

»  Product vs. facility standards: Industrial policies to regulate the emissions of facilities and products are
both effective tools for emissions reductions. However, product emissions standards had a higher impact
due to their ability to incentivize raw material substitution. For example, regulations on cement facilities
(rather than regulation of the emissions from concrete products) cannot directly incentivize clinker and
cement substitution, the highest impact strategy across all scenarios.

Figure 18 highlights the policy sectors and categories with the greatest potential to reduce emissions via
the strategies analyzed above. Standards had the greatest impact reduction potential, followed by carbon
pricing, and financing and incentives. As expected, clean procurement and RD&D policies had lower reduction

350
3% B Private sector
Voo | (owner requirements)

g 300 .
(3' 115'17% Industrial policies
= 250 — B Waste and circularity
= 18%
2 v Building policies
= 200 .
Tc:: 19-20% B Urban planning
e}
5 10— e
o
o
@
T 100 —
E . | 43-44%
50 —
v
0 B
Baseline RD&D Clean Financing& Carbon Standards Remaining
procurement incentives pricing 2050

emissions

Figure 18. Contribution of different policy levers to 2050 reductions. This figure shows the results from Scenario 2
“Best Case”, but the relative contribution is similar across scenarios.
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potentials as these policies impact a smaller number of projects (and therefore result in less direct emissions
reductions). However, procurement and R&D policies are still foundational in unlocking broader action across
the private sector by creating a market for new low carbon construction materials and accelerating initial
research and deployment of emerging technologies.

Surprisingly, the same policies were dominant in all six scenarios, with only small variations in the percent
contribution to cumulative reductions from 2020-2050. The top 10 policies across all six scenarios, in order of
percentage contribution to cumulative reductions between 2020 and 2050, were:

1.

o ® N o 0k~ ow

Building-level embodied carbon requirements in zoning and building codes (e.g. kgCO2e/m2 reductions)
for all building types

Financing (loans, bonds, green banks) for facility upgrades (i.e. energy efficiency, electrification, low
carbon fuels, carbon capture) and raw material substitution

Product emissions standards, targets, and reporting

Carbon taxes (*Assumes funding is put back into grid decarbonization efforts)
Product-level GWP limits (e.g. kgCO2e/unit of material) in zoning and building codes
Cap and trade systems (applied at the facility level)

Carbon Border Adjustment Mechanism (CBAM) - applied at the facility level

Facility emissions standards, targets, and reporting

Building-level owner requirements and performance incentives (e.g. kgCO2e/m2 reductions)

10. Product-level owner requirements and performance incentives (e.g. private sector Buy Clean)
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5. Opportunities and limitations

This analysis is limited by the underlying floor area, material intensity, and emissions data, as well as the
modeling assumptions that allow us to approximate cradle-to-gate embodied carbon across the United States.
While the limitations of this analysis do constrain the results, they also represent several opportunities for
further analysis, data availability, and innovation in the building and infrastructure sectors.

43

Life cycle scope is limited to A1-A3: The total emissions in this analysis are an underestimate, as they
are limited to A1-A3 and exclude stages that would likely include significant emissions, such as B1 (due to
refrigerants) and B4 (due to renovations) (Jensen et al, 2025).

Future research can identify further reductions available, particularly in the use phase and end of life
phases. For example, inclusion of the use phase would allow for analysis of the benefits of investing in
longer life materials. End of life phase analysis would be able to explore additional emissions reductions
from circularity strategies beyond the existing scope.

Gaps in renovation analysis: Renovations are largely excluded from this analysis, under counting
the projected quantities as well as emissions reduction potential of insulation, gypsum board, and
other interior construction finishes significantly. The non-building infrastructure projections include
uses of concrete and steel in renovations, as these projections capture all uses of cement and steel
for construction in the United States (based on raw material data from USGS), excluding new building
construction.

A more detailed analysis of renovation material quantities including materials beyond concrete and steel
could reveal additional opportunities for circularity and design innovation

Building element scope is limited: The new building construction scope includes the structure,
enclosure, and some interiors. The interior scope is an underestimate, as interior scope was reported in
varying degrees of completeness and generally limited to the primary materials used for interior partition
framing, and wall, floor, and ceiling finishes (Benke et al, 2025). This means that MEP (including key steel,
copper, and aluminum impacts), furniture, equipment, and other building scope is excluded.

Gaps in infrastructure design innovation strategies: This report focuses primarily on product and
material emissions reduction strategies for non-building infrastructure, with a very limited set of project-
level strategies.

Building design optimization for material efficiency and material substitution unlock large emissions
reduction opportunities in new buildings: similar strategies for infrastructure would be significant in
reducing additional emissions between now and 2050. New research and design innovation could help fill
this gap and explore these important strategies.

Available data on EC reduction strategies is very limited: The reviewed research reveals very

broad ranges of emissions reduction potentials with disagreement on the technical potential of some
strategies. Additionally, materials beyond concrete and steel had extremely limited research available on
decarbonization strategies.

There is an opportunity for researchers to develop more science-based models that can quantify specific
emissions reductions using different material substitution, manufacturing R&D, and design innovation
strategies (among others).
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o Detailed policy analysis: This report provides a rough order of magnitude analysis for policies with the
intent to help prioritize between different policy levers.

There is an opportunity for researchers to develop more policy-specific analysis that can quantify the
emissions reductions for individual policy types at different levels of government (e.g. state, city), allowing
for more nuanced investigation of policy design assumptions. For example, this analysis does not test the
impact of different GWP limits in performance-based standards.

« Biogenic carbon is excluded: Biogenic emissions and removals (i.e. storage) are excluded from this
analysis. The use of carbon-storing materials may help address the gap in remaining emissions for the
scenarios evaluated in section 4.

« Top-down and bottom-up approaches based on limited data: The top-down approach utilized to
calculate 1.5°C-aligned targets in Section 3 and the bottom-up approach (utilized to project embodied
carbon in Section 2) each have benefits and drawbacks due to the quality of available data. The top-
down approach relies on the accuracy of projected global GHG emissions, GDP, and population data,
and an allocation of building sector emissions based on historic square footage and the ECl benchmarks
from Benke et al (2025). The bottom-up approach utilized in Section 4 relies on the accuracy of area
projections and representativeness of the material use intensity factors derived from Ashtiani et al (2025).
The combination of these two approaches allow for a more robust analysis of results. However, the
accuracy of results will increase over time as more comprehensive benchmarking data is available based
on greater adoption of whole-building LCA in the United States to increase the sample size, and thus,
representativeness of the data.
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6. Conclusion

This report serves as a call to action, urging the industrial and construction sectors to continue progress
towards global targets. The embodied carbon of key construction materials used in buildings and
infrastructure in the United States is significant and requires deployment of a large range of strategies. Scaling
best practices while advancing emerging technologies will be critical to reducing embodied carbon to reach
global climate targets.

Our analysis reveals that a combination of strategies — from material substitution and design optimization

to electrification and carbon capture — is essential to achieving the necessary emissions reductions. Long-
term success will demand a transformative shift, including the adoption of emerging technologies and uptake
of best practices across the value chain. In the short-term, there is potential for significant reductions by

2030 through current best practices, such as clinker and cement substitution in concrete, structural design
optimization and material substitution in new buildings, and increasing the use of clean power in the US steel
sector, which is already heavily electrified.

The deployment of aggressive policy frameworks — such as building-level embodied carbon budgets and
product-level GWP limits in zoning and building codes; financing and incentives for industrial facility upgrades;
and product emissions standards — will be indispensable to bridging the gap between business-as-usual
trajectories and 1.5°C-aligned embodied carbon targets.

In the short-term, US states and cities can continue to lead by developing effective policy models. They

can build on the strong foundation of Buy Clean policies already in place in the United States by expanding
into building code requirements and standards that target high emissions industrial facilities and products.
The private sector also has a significant role to play in driving reductions by setting building and product
requirements. Governments and real estate firms with building and infrastructure requirements can further
accelerate reductions by using performance incentives to drive larger reductions and supporting leaders
who are taking steps toward the longer term decarbonization pathways outlined in this report. Ultimately,
leadership in the manufacturing sector — particularly for cement, concrete, and steel suppliers — will be
critical in pursuing these pathways.
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Appendix A: Floor Area Projection Methodology

The first key element of the bottom-up approach is to establish floor area projections for each building typology studied. In
this study, floor area projections between 2023-2050 were extracted from the EIA Energy Outlook 2023, while 2020-2022 floor
areas were based on historical data.!

Commercial Building Floor Area

Commercial building floor area data for 2023 and projections from 2024-2050 were extracted directly from the EIA Energy
Outlook 2023. Projections began in year 2023, because at the time of this analysis, the EIA Annual Energy Outlook 2023
included the most up-to-date floor area data for this report. Data in the EIA Outlook was based on 9 different building
typologies: warehouse and storage, office, mercantile/service, public assembly, education, food service, lodging, food sales,
health care, and other. EIA data characterizes all commercial building floor area as ‘new additions’ and ‘surviving’ floor
area. For this study, the ‘new additions’ for each year were allocated to each commercial sub-typology based on the total
proportion of floor area added for each building typology in the given year.

For some graphics in the report, commercial buildings were split into ‘office’ and ‘non-office’ commercial buildings. The
‘commercial non-office’ category includes warehouse and storage, mercantile/service, public assembly, education, food
service, lodging, food sales, health care, and other building categories.

Historical commercial building floor area data for years 2020, 2021, and 2022 were extracted from the respective ‘current year’
floor areas reported in the US EIA Annual Energy Outlook reports from 2020, 2021, and 2022.?

Residential Building Floor Area

Floor area projections for residential buildings from 2023-2050 followed a different method from the commercial building
method, leveraging data from the EIA Energy Outlook 2023, the Residential Energy Consumption Survey 2020, and the US
Census Bureau were used to approximate the square footage of newly added single-family residential floor area by residential
sub-typology. While most of the relevant projection data came from the EIA Energy Outlook 2023, this source only provided

a projected ‘number of housing units’ by residential sub-typology (single family, multifamily, and mobile homes) and an
average square footage for all housing units regardless of typology. To robustly determine the exact square footage of added
residential buildings by sub-typology, a more detailed approach needed to be taken:

«  First, the annual number of housing units by residential sub-typology (single family, multifamily, and mobile homes) and
average size of housing unit were extracted from the EIA Outlook 2023.
«  Foragiven year and building sub-typology, the number of newly added housing units (HUs) were calculated as follows,
where building sub-typology is represented by typology ‘A’ and the current year is represented by Year X:
New HU, , = Existing HU , , — (Existing HU ) * HDDR
+  The housing demolition and decay rate (HDDR) value was extracted from HDDRs in the EIA National Energy
Modeling System?

«  Next, the average square footage of each housing unit in a given year by building typology was calculated by using the
average size of housing unit across all typologies, provided by the EIA, and additional data to parse the average size by
sub-typology, as follows:

! Residential floor area data from 2020-2022 based on data from the US Census Bureau Characteristics of New Housing reports. Commercial data based on EIA
Energy Outlook reports from 2020-2022.

2 US Energy Information Administration (EIA). (2020). Annual Energy Outlook 2020. https://www.eia.gov/outlooks/aeo/pdf/ae02020%20full%20report.pdf

US EIA. (2021). Annual Energy Outlook 2021. https://www.eia.gov/outlooks/aeo/pdf/AEO_Narrative 2021.pdf

US EIA (2022). Annual Energy Outlook 2022. https://www.eia.gov/outlooks/aeo/pdf/AE02022 Narrative.pdf

3 See https://github.com/EIAgov/NEMS/blob/main/input/rdm/rsmisc.txt#L21
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Avg. Area, ,= New HU  , * Avg. HU x HU Proportion x CF

AreaAdll EIA2023 A,RECS2020

Avg. Area,  indicates the average area of building typology A in year X

New HU ,  indicates the number of new housing units of typology A in year X from the EIA Annual Energy Outlook
2023, as calculated in the previous step

Avg. HU, . 11000 1S the average size of all residential housing units from the EIA Annual Energy Outlook 2023

HU Proportion, ..., is a proportion of the average size of a specific residential sub-typology to the average size
across all typologies taken from the Residential Energy Consumption Survey (RECS), 2020

CF is a correction factor developed by us to ensure that the average floor area derived in this calculation are
consistent with the average floor area derived via the EIA Energy Outlook 2023. Essentially, it normalizes the
floor areas between RECS 2020 and the EIA Outlook.®

«  Finally, the new floor area for each typology (New Area) per year was calculated as follows, where A represents a given
residential sub-typology and X represents the given year:

New Area, = New HU  , *x Avg. Area

Historical residential floor area data was extracted from several sources. The number of single family, multifamily, and mobile
home units completed in each year from 2020-2022 were extracted from the US Census Bureau. The number of completed
housing units for single-family and multifamily buildings are reported in the US Census Bureau New Residential Construction
reports.® The number of mobile home units constructed for each year between 2020-2022 were taken from the US Census
Bureau Manufactured Housing Survey.” Once the number of historical housing units were recorded, the average area for each
building typology was calculated using the methods listed above for residential floor area projections.

4 US EIA. (2020b). Residential Energy Consumption Survey (RECS). https://www.eia.gov/consumption/residential/
® US EIA. (2023). Annual Energy Outlook 2023. https://www.eia.gov/outlooks/aeo/pdf/ae02023 narrative.pdf

5 US Census Bureau. (n.d.). New Residential Construction. Retrieved July 16, 2025, from https://www.census.gov/construction/nrc/index.html

"Bureau, U. C. (n.d.). Manufactured Housing Survey (MHS) Data. Census.Gov. Retrieved July 16, 2025, from https://www.census.gov/programs-surveys/mhs/

data.html
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Appendix B: Material Stock Projection Methodology Details

B.1 Material Stock Projection Using Historical Consumption and Time Series Modeling
(Approach 1)

Data Acquisition and Preparation

Approach 1 projects future construction material stocks using historical apparent consumption data sourced primarily from
the US Geological Survey (USGS). The projection follows Seasonal Auto-Regressive Integrated Moving Average (SARIMA)
models due to their capability to effectively capture both short-term seasonality and long-term trends. Three primary
datasets underpin this approach:

1. Historic Consumption Data: Annual apparent consumption data for major construction materials in metric tons (1900-
2020), sourced from the USGS.

2. Construction Share Data: Percentages representing the fraction of total material consumption specifically used by the
construction sector (buildings and infrastructure), derived from USGS and supported by assumptions and other resources
from the literature for incomplete data.

3. Embodied Carbon Inventory: Materials’ GWP factors (in kgCO,e per kg of a given material) obtained from various sources
(CLF’s Material Baselines, in particular), critical for estimating bottom-up sectoral embodied carbon impacts.

Data Import and Verification

The following datasets were imported and verified:

+  historic data (Historic consumption)
+  construction_share (Construction sector share)

+ ghg_inventory (Embodied carbon intensities)

Initial data reviews were performed to ensure accuracy and completeness.

Data Imputation

Missing data in historical consumption records were systematically imputed using raw material consumption trends for

the entire US (included in USGS database). Cells containing imputed values were explicitly marked within the historic_data
dataset to transparently indicate areas of uncertainty. Trend-based imputation was assumed to maintain continuity without
significantly compromising data quality.

SARIMA Modeling

SARIMA models are an extension of ARIMA models that account for repeating seasonal patterns in time series data. These
models are especially suitable when historical observations exhibit both cyclical behavior and underlying trends—common
in construction-related material flows. SARIMA includes components for auto regression (AR), differencing to achieve
stationarity (I), and moving averages (MA), alongside explicit seasonal terms. This makes SARIMA particularly powerful

for generating reliable, interpretable forecasts based on historical data with annual or multi-year seasonality. For further
methodological background, refer to Hyndman & Athanasopoulos (2018), Box et al. (2015), and Taylor & Letham (2018).

The following additional steps were taken to implement and validate the SARIMA model:

o  Stationarity Testing: Augmented Dickey-Fuller (ADF) tests were performed to confirm non-stationarity (p-values > 0.05)
in the historic consumption time series, supporting the necessity of differencing methods inherent in SARIMA models. It
was assumed that non-stationarity observed is due primarily to sustained long-term growth or shifts in material usage.
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o Model Selection and Optimization: Optimal SARIMA model parameters for each material category were determined
using Python’s auto_arima function (from the pmdarima package). Multiple seasonal periods were initially tested, but a
consistent seasonal period of 24 months was selected across all materials to balance model complexity and accuracy.
Minimum root mean square error (RMSE) was used as the metric for evaluating model performance. In these models, it
was assumed that historical seasonal consumption patterns remain stable into the future.

e  SARIMA Model Implementation: Optimized SARIMA models projected annual material consumption from 2021 to 2050.
The forecasts were then integrated with historical data, providing coherent and continuous projections. It was assumed
that future material consumption continues historical trends without major disruptions.

o Model Validation: SARIMA forecasts were validated against recent historical data (2010-2020), demonstrating high
accuracy. Comparative scatter plots on a logarithmic scale highlighted strong predictive reliability. Historical and
projected material consumption data were further visualized per material category, explicitly marking imputed data
points within historic data.

Construction Sector Allocation

Material consumption projections were proportionally allocated to the construction sector using historical shares. When
available from USGS, historic construction share data were averaged across years with reported values. A key assumption
in this allocation step is that the share of construction sector in total raw material consumption per material group remain
consistent post-2020.

Recategorization of Materials

Materials were recategorized into industry-standard groupings for practical interpretation:

+  Concrete: Calculated from residual crushed stone not used in asphalt, cement (12%),water (7%), and aggregates (81%).

« Asphalt: Based on average binder content (3.5%), Recycled Asphalt Pavement (RAP) content (20%, 100% asphalt binder
contribution at 5.5% effective asphalt binder content).

«  Aggregates: Split into concrete (27%), asphalt (9%), road base (23%), and other uses (41%).

o Steel: Assumed 35% allocation to construction.

For the baseline scenario, it was assumed that these ratios remain constant through 2050.

Embodied Carbon Calculation

Projected construction material quantities were multiplied by respective GWP factors per material category to quantify
embodied carbon stocks. This analysis is crucial for evaluating the environmental impacts of future construction activities
and as a point of comparison to top-down approaches in establishing carbon budgets. For the baseline scenario, GWP
factors are assumed to remain stable unless explicitly altered by a carbon reduction strategy due to technological or policy
interventions.

Fitting Best Lines to Projections

Alternative regression models (polynomial, exponential, logarithmic, power) were fitted into SARIMA projections from 2020 to
2050 to enhance predictive accuracy and consistency with other projections. Models with the highest R values were selected
to refine long-term forecasts. As a result, trend lines that best represent projection trends per material categories were
generated and used.
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B.2 Material Stock Projection Using Building and Material Level Data (Approach 2)

Approach 2 projects future building material demand using a combination of floor area growth projections and material use
intensities. This method specifically relies on two datasets: floor area growth projections (see section 2.1) and detailed MUI
values from the Carbon Leadership Forum’s (CLF) Whole Building Life Cycle Assessment benchmarking study. By linking the
floor area projections - which represent expected annual growth in building stock across different building types - with CLF’s
empirical material intensity data (kg of material per square meter), the approach provides direct estimates of annual material
consumption. The process described below is scripted in Python and is available in a GitHub repository created for this study.

Data Import and Initial Cleaning

The method begins by importing essential Python libraries required for data handling and visualization, including pandas
and numpy for data manipulation and matpiot1ib for plotting. Two primary datasets from CLF Benchmarking Study were then
imported:

1. Building Metadata (wb1lca meta data), containing descriptive project details such as building use type, construction floor
area (bldg_cfa), building project type (b1dg _proj type), and a unique project identifier (project index).

2. Full Life Cycle Assessment (LCA) Results (wblca results full), which include detailed environmental impact metrics,
specifically the mass inventory (inv_mass) and global warming potential (gwp) for various materials and life cycle stages
across building projects.

Immediately after importing, data cleaning involved removing rows from the LCA results dataset with either zero or missing
(naN) values in the inv_mass or gwp columns. This cleaning step ensures that subsequent analysis is performed on valid and
meaningful data points.

Data Pre-Processing
Calculation of Building-Level MUl and ECI

The analysis focuses specifically on the “A1-A3” life cycle stages, representing material extraction and manufacturing
processes. The LCA dataset was filtered to include only data corresponding to these stages. Aggregation was performed at the
project level (project_index), summing the total mass (inv_mass) and total global warming potential (gwp) for each project.

These aggregated values were then merged with corresponding building metadata based on the project_index. Following this
merge, two critical metrics were computed for each building:

«  Material Use Intensity (MUI): the total mass of materials per unit of building construction floor area (kg/m?):

« Embodied Carbon Intensity (ECI): the total global warming potential per unit of building construction floor area (kgCO,e/
m?2).

Calculation of Material-Level MUI and ECI
Three metrics were computed at the material level for each project:

«  Material-level MUL: calculated as the individual material mass divided by the building’s construction floor area.
»  Material-level ECI: calculated as the individual material GWP divided by the building’s construction floor area.

+  Global Warming Potential Factor (GWP Factor): calculated as the ratio of material GWP to material mass, quantifying the
embodied carbon per unit of material mass.

Outlier Detection and Removal

To maintain the integrity and robustness of the analysis, potential outlier projects were identified and excluded. Due to the
significant variability observed in MUl and ECl values, the method applied a log-transformation before calculating z-scores
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for both metrics. Projects exhibiting an absolute z-score greater than 3 in either log-transformed MUI or ECI were classified as
outliers and subsequently removed from the dataset.

Data Merging and Filtering

Following outlier removal, the cleaned metadata was merged back with the full LCA results dataset (wblca results full)
using a left join based on the project_index. This merged dataset was further filtered to include only new construction
projects (bldg proj type=“New Construction”) and exclusively the life cycle stage “A1-A3.” For streamlined analysis, the
dataset was reduced to retain only relevant columns, including project identifiers, material and element classifications (mat_
group, mat_type), physical parameters (inv_mass, gwp, bldg cfa), building usage information (b1dg prim use), and metadata
about LCA software and physical scope (1ca_software, 1ca phys_scope).

Data Restructuring and Building Use Type Categorization

To facilitate detailed analysis by building use, a new categorical variable, wedge bldg prim use, was created by recategorizing
the original primary building use types (o1dg_prim use). The rationale behind this categorization was to consolidate less
frequent building use types into an “Other” category to ensure sufficient representation for statistical analyses:

+  Project Count Evaluation: The number of unique projects (project index) within each original building use category was
computed. Categories with fewer than five projects were identified as insufficiently represented.

+  Category Consolidation: Original building use categories with fewer than five unique projects were combined into a
broader “Other” category, while categories with adequate representation remained unchanged.

«  Final Categorization: The new categorical variable, wedge bldg prim_use, thus represents a simplified and statistically
robust grouping of building uses for subsequent analyses.

Data Summaries

Data Summaries for All Buildings

MUl was analyzed at the material group (mat_group) level without segmenting by building use type. The analysis included the
following steps:

«  Summation per Project: The total MUI for each mat_group was calculated for every individual project (project _index).

«  Summary Statistics Calculation: Key summary statistics were computed across all projects, including mean, median, first
quartile (Q1), third quartile (Q3), and project count for each mat_group.

+  Aggregate Metrics: The sum of average MUIs across all material groups provided a comprehensive intensity measure, and
the average total MUI across all projects was calculated to indicate typical project intensity.

«  Material Type Contributions: MUIs were computed at the more detailed material type (mat_type) level. Each material
type’s mean contributions to its corresponding material group were quantified and normalized to reflect proportional
contributions accurately within each material group. These normalized contributions were visualized using stacked
horizontal bar charts.

Similar analytical procedures were employed for the case of ECI. Since these MUl and ECI values consider all building use
types in the dataset, they are sometimes referred to as “weighted average” values.

Data Summaries by Building Use Type

The analysis was extended to investigate MUI specifically segmented by primary building use type (wedge bldg prim use).
The following steps were undertaken for each distinct building use category:
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« Data Segmentation: The dataset was filtered based on individual building use types, creating subsets of data specific to
each building function.

+  Project-Level Aggregation: Within each filtered subset, MUl values were summed for each material group (mat_group) at
the individual project (project _index) level.

«  Statistical Analysis: Comprehensive summary statistics, including mean, median, first quartile (Q1), third quartile (Q3),
and project count, were calculated across all projects within each building use category and material group.

«  Visualization: Horizontal bar charts illustrated these summary statistics clearly, showing mean and median intensities per
material group with interquartile range (IQR) error bars. These charts utilized a logarithmic scale to effectively manage
the wide variability and range of the data.

«  Material Type Breakdown: Further analysis detailed each material type’s (mat_type) proportional contributions within
their corresponding material groups. Mean and median contributions for each material type were normalized against
total material group intensities. Stacked horizontal bar charts visually represented these normalized contributions,
providing insights into the relative importance of individual material types in different building use contexts.

Similarly, the analysis was performed for the case of ECI. Resulted analysis data were exported and maintained for future
reference or use by the other steps of the methodology.

Estimating MUI and ECI for Single-Family Residential Buildings

Because the CLF WBLCA Benchmark Study V2 dataset lacked sufficient direct representation of new construction, single-
family buildings, a proxy-based method was employed to estimate their material and embodied carbon intensities. This
estimation process involved filtering and transforming relevant subsets of the dataset, calculating summary statistics, and
generating visualizations.

To approximate Single-Family Residential MUl and ECI:

”

»  Building use types categorized as “Residential: Multifamily (5 or more units)” and constructed with “Wood: Light-frame
structural systems were selected.

« These projects were relabeled as “Residential: Single-family” to serve as a reasonable proxy for detached low-rise
construction, aligning with dominant practices in the single-family sector.

A similar process was then followed to create MUl and ECl summaries per material categories and for the newly defined
single-family residential buildings. The single-family estimates were further merged with the broader dataset of other
building use types to create a comprehensive dataset that includes all building use types.

These estimates are limited in that they do not account for alternative single family structural systems (e.g., concrete block)
and it assumes that single-family MUIs are similar to multifamily MUIs for stick-framed buildings. However, given that
concrete single family residences make up a negligible percentage of overall single family building stock, this was not seen as
a major limitation.

Note: Due to normalization by material group, total intensities may not align exactly with project-level averages. However, this
approach prioritizes material-level insight, which is critical for targeted carbon-reduction strategies.

Bottom-Up Integration of Floor Area Growth and MU/

The final phase of Approach 2 focused on generating forward-looking material and embodied carbon projections by
integrating floor area growth estimates with material use intensity data. This bottom-up process linked projected new
construction floor area across multiple building typologies to the resultant MUI data as explained earlier. The goal was to
produce high-resolution forecasts of both material stock (in metric tons) and associated embodied carbon (in metric tons
CO,e) from 2020 through 2050 by material type.
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Data Import and Preprocessing

Annual floor area growth data (in million m?/year) across a range of US building typologies were imported from the analysis
conducted (see Section 2.1). These projections spanned from 2020 to 2050 and included the following building typologies:
«  Single-family residential

«  Multifamily residential

+  Office

+  Education

+  Healthcare

+  Warehouse and storage

+  Mercantile and service

+ Food sales and service

+ Lodging

+  Public assembly

+  Other

Initial processing involved removing extraneous characters and harmonizing column names. A new total floor area growth

column (RMI_total growth million m2)was created by summing across all typologies, providing a baseline check for
completeness.

Harmonization of Building Use Categories

The typologies provided in the RMI projections did not fully align with the CLF WBLCA categories, particularly in categories
where detailed MUI or ECI data were sparse or missing (e.g., Lodging, Food Sales, and Mercantile). To address this mismatch
and ensure complete coverage of all floor area categories, several RMI categories were consolidated into a composite category
called “Other CLF category.” To calculate material and carbon projections for this catch-all group, the weighted average MUI
and ECl values will be used as the best representation.

Merging Floor Area and MUI/ECI data

After harmonizing typologies, the floor area dataset was transposed to make each building use category a row and each year
a column. This format was joined with a cleaned material intensity building use list,which contains average (mean)
material MUl and ECI by material type and building use. Using the merged datasets, the following formulas were applied:

«  Material Stock (tons):
Floor Area x Mean MUI (kg/m?) x 1000

« Embodied Carbon Stock (tons CO,e):
Floor Area x Mean GWP Intensity (kgCO,e/m?) x 1000

Two new data frames were created from this process:

- mui_df: Projected material quantities by year, material type, and building use.

« eci_df: Projected embodied carbon by year, material type, and building use.
To support external analysis, validation, and policy modeling, projection data were exported to structured CSV files:

« material_stock_projection_by_wedge_categories.csv

« carbon_stock_projection_by_wedge_categories.csv
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These tables summarize total stock and emissions by material type for every year from 2020 through 2050.

Estimating Global Warming Potential (GWP) Factors for the Year 2020

To harmonize Approach 2 with the time-series projections in Approach 1, the script calculated a simplified GWP factor for
each material type using 2020 projection data:

« Formula:
GWP Factor = CO,e Stock / Material Stock (for 2020 only)

These values represent the average GWP factor of each material within the material type categories (in kgCO,e/kg) as
modeled in the baseline scenario, incorporating both empirical material intensity values and projected floor area. The
resulting dataset (gwp_factor by material type 2020.csv)was saved for use in downstream modeling tasks, including
emissions back casting and comparative assessments. The following assumptions are also implicitly or explicitly made:

«  Stability of Intensity Values: All MUI and ECI values were assumed to remain constant over time in the absence of
decarbonization interventions.

«  Full Floor Area Coverage: The weighted average category was developed to ensure that all RMI floor area projections were
accounted for, even when direct benchmarking data were limited.

«  Proportional Scaling: Material and carbon stock estimates were linearly scaled based on floor area, assuming no changes
in construction practices or material substitution in the baseline scenario.

Estimating GWP factors is inherently challenging to calculate for materials at this scale, as each of the 26 categories includes
a large range and difference within materials. The GWP factors for the year 2020 used for new construction use data from the
CLF Benchmarking Study v2 and therefore pull from at least two background datasets (from two WBLCA tools).

B.3 Integration of Material Stock Projections from Approaches 1 and 2

To establish a unified and comprehensive baseline of material stock projections, results from both methodological
approaches (i.e., Approach 1 and Approach 2) were systematically merged. This integration ensures that projections
account for both historical macro-scale material trends and building-level construction practices, enabling a more nuanced
understanding of future material demand across the US built environment.

Data Harmonization and Preparation

Projections from Approach 1, which rely on historical apparent consumption data and SARIMA time series models, were first
transposed and reformatted to match the structure of Approach 2 data, which was derived from floor area growth projections
and measured material use intensities. Each dataset was tagged with an identifying label (approach_1 or approach_2) and
concatenated into a single combined dataset.

Because raw materials in Approach 1 are sometimes reported at a finer level of disaggregation (e.g., cement, aggregates, and

concrete products), key material categories were restructured to align with the more aggregated “wedge material categories”
used in Approach 2. For example, four distinct material entries related to cement and aggregates were summed and relabeled
as “cement_concrete” to ensure consistency with corresponding categories in Approach 2 (i.e., the “concrete” material group
category).

Filtering for Relevant Materials and Avoiding Double Counting

To avoid redundancy and ensure complementary integration of data sources, a material-specific inclusion strategy was
employed. Material types projected through Approach 1 were retained only if they were either not represented or only
partially represented in Approach 2. These included:

«  Concrete components not covered in building-level assessments (e.g., infrastructure concrete, and all concrete not used
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in new construction buildings),

«  Steel materials not used in new construction buildings (which includes all other uses within the construction sector per
USGS definition),

« Asphalt concrete, which is almost entirely used in road pavements,

+  Road base and other construction aggregates that are neither used in concrete manufacturing nor asphalt production.

To reconcile overlapping materials such as concrete and steel, both of which appear in projections from Approaches 1 and
2, differential calculations were applied. Total projected quantities from Approach 2 were subtracted from their broader
counterparts in Approach 1 to isolate quantities not otherwise captured in building-level data. The residuals were retained
and labeled as “Concrete (not covered in Approach 2)” and “Steel (not covered in Approach 2)” to ensure clarity and prevent
duplication.

Material Group Classification and Final Merging

All material types, regardless of origin, were mapped to corresponding material groups based on the classification system
used in the CLF WBLCA Benchmark Study. This allowed for coherent aggregation and comparison across sources, and for
materials with uncertain or hybrid categories, a logical assignment was made based on dominant usage patterns.

The final combined dataset includes:

«  Material quantities projected using building-level methods for major typologies (Approach 2),
«  Aggregated historical projections for large-scale materials not captured at the building level (Approach 1),
+  Residual quantities for overlapping categories to prevent overestimation,

« Aconsistent assignment of each material to a higher-level group for visualization and reporting.

Material Type Recategorization

In order to align with the list of material-specific decarbonization strategies, the material types obtained from combining
Approach 1 and 2 stock projections were recategorized. In that, material types were either kept intact or were assigned

to a new, more generic category, called “wedge_material_category”. For example, all material types related to ready-mix
concrete but with different classes (e.g., different compressive strengths or gradations) were aggregated and assigned a new
category called “ready-mix concrete” since carbon reduction strategies developed in this study were generic to this type of
concrete. Material stock projections were then summed per this new material categorization scheme to fully align with the
decarbonization matrix that mapped material categories to carbon reduction strategies.

B.4 Material Groupings

In total, approaches 1 and 2 include 30 material categories: four categories representing key materials used for civil
infrastructure systems and other construction (using approach 1), and 26 representing materials commonly found in new
construction buildings (using approach 2).

Benke et al (2025) categorized building materials into 122 distinct material types and 22 broader material groups, using life
cycle assessment (LCA) data from 292 buildings across North America. Because carbon reduction strategies are generally
designed around higher-level material categories (e.g., treating all ready-mix concrete classes as a single group), we adapted
the material group categories to allow for more actionable mapping of carbon reduction strategies to the materials studied,
resulting in 26 (rather than 122) material categories for new buildings.

Table B.1 summarizes the 30 materials included in the analysis as well and how they are grouped for the visualizations used
in sections 2 and 4.
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Table B.1 Construction material groupings used in the analysis. “Building” refers to new building construction projected using Approach
2. “Infrastructure” refers to non-building infrastructure calculated using Approach 1. Material Groups 1 and 2 indicate how materials were

grouped for summary purposes in the charts included in sections 2 and 4 of this report.

Buildi
. uilding or Material Group 1 Material Group 2
infrastructure

M1 - Acoustic ceilings Building Interior construction and finishes  Other

M2 - Aluminum Building Aluminum Aluminum

M3 - Asphalt mixtures Infrastructure  Asphalt mixtures Asphalt

M4 - Cladding Building Cladding and roofing Other

MS5 - Coatings Building Interior construction and finishes  Plastic and chemicals
M6 - Concrete (incl cement) Building Concrete Concrete

M7 - Concrete (infrastructure) Infrastructure  Concrete Concrete

M8 - Doors and frames Building Interior construction and finishes ~ Other

M9 - Flooring and tile (non-plastic) Building Interior construction and finishes ~ Other

M10 - Flooring and tile (rubber/plastic-based) Building Interior construction and finishes  Plastic and chemicals
M11 - Glazing Building Glass and Windows Glass and Windows
M12 - Gypsum board Building Gypsum board Gypsum board

M13 - Insulation (Non-plastic) Building Insulation Other

M14 - Insulation (Plastic-based) Building Insulation Plastic and chemicals
M15 - Masonry (CMU) Building Concrete Concrete

M16 - Masonry (mortar and grout) Building Concrete Concrete

M17 - Masonry (other) Building Cladding and roofing Other

M18 - Other Building Other Other

M19 - Other (metals) Building Other Other

M20 - Other (plastics and chemicals) Building Other Plastic and chemicals
M21 - Roofing and waterproofing (asphalt-based) Building Cladding and roofing Asphalt

M22 - Roofing and waterproofing (plastics-based) Building Cladding and roofing Plastic and chemicals
M23 - Sand and gravel (infrastructure) Infrastructure  Sand and gravel Other

M24 - Sand and gravel (other) Building Sand and gravel Other

M25 - Steel (infrastructure/other) Infrastructure  Steel Steel

M26 - Steel (rebar and reinforcement) Building Steel Steel

M27 - Steel (structural/other) Building Steel Steel

M28 - Windows and frames Building Glass and Windows Glass and Windows
M29 - Wood (engineered wood) Building Wood Wood

M30 - Wood (softwood framing/panels/other) Building Wood Wood
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Appendix C: Matrix Methodology and Data Collection

C.1 Matrix Methodology

CLF used a matrix method to explore which strategies and policies hold the greatest potential at the scale of all US embodied
emissions through 2050. In addition to the material list and stock projections described in Appendix B, there are three core
lists that underpin much of the analysis:

1. Strategy List (S): Alist of 173 decarbonization and demand reduction strategies. Each strategy includes a
description, a minimum and maximum reduction potential, an adoption rate category as collected from reviewed
research. Each strategy is mapped to a specific material and a group. For example, “S11 - Aluminum: Recycled
Feedstocks” and “S16 - Asphalt mixtures: Recycled feedstocks”) are two separate strategies both in the category of
“Recycled Feedstocks (LCFS-C)”.

2. Adoption rate scenario (A): Adoption rate curves with an adoption rate percentage assigned to each year between
2020 and 2050 for the five categories (R&D, Demonstration, Deployable (low), Deployable (medium), and Deployable
(high)).

3. Policy List (P): Alist of 32 policies, which groups of strategies (e.g. energy efficiency, Recycled Feedstocks) they apply
to, the uptake category (see below), and any additional methodology notes (i.e. whether they only apply to certain
materials or projects).

Figure C.1 provides a visual summary of the relationships between the matrices described in Table C.1, an overview of the
matrices required to calculate the reduction scenarios described in Section 4.4. and highlights which elements were collected
or calculated. The method for the “Collect” matrices are described in further detail elsewhere in this report: the material
quantity by year and material baseline carbon intensity in section 2, the strategy list and adoption rate scenarios in section
4.1, and the policy list in section 4.2.
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Table C.1. Overview matrices, development method (create, collect or calculate) and relationship to other matrices.

m_m

MqY (m xy)

MbCI (m
x1)

SY (sxy)
MS (m x s)

PS (p xs)

MSw

MS'

PSw

PS’
MP (m x p)

MP’ (m x p)

AsY (s xy)

MbC
SbC
SbC’
PbC

ScY (sxy)
McY (m x y)
PcY (pxy)
McR

ScR

PcR

Policy List
Strategy List

Adoption Rate Scenario
Material quantity by Year (MqY)

Material baseline Carbon Intensity (MbCI)

- kgCO2e/kg

Strategy-carbon reduction percentage from
baseline per Year

Material-Strategy (MS)

Policy-Strategy (PS)

Weights assigned to MS

Normalized weighted Material-Strategy
matrix

Weights assigned to PS

Weighted Policy-Strategy Matrix

Material-Policy (MP)

Normalized Material-Policy (MP’)
Adoption rate of carbon reduction strategy
per Year

Material Baseline Carbon

Strategy Baseline Carbon

Weighted Strategy Baseline Carbon

Policy Baseline Carbon

Strategy-carbon reduction quantity per Year
Material-carbon reduction quantity per Year
Policy-carbon reduction quantity per Year
Material Roadmap

Strategy Roadmap

Policy Roadmap

Create
Create

Create

Collect

Collect

Collect

Collect

Collect

Calculate

Calculate

Calculate

Calculate

Calculate

Calculate

Calculate

Calculate
Calculate
Calculate

Calculate

Calculate
Calculate
Calculate
Calculate
Calculate

Calculate
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Links to PS
Used to define SY and link to PS, MS

Used to define AsY by year

From Approach 1 and 2 material stock
projections (see section 2.2)

Used in MbC and McY

Informed by S and A

Maximum reduction potential found in S
multiplied by its associated adoption rate
foundin A

Policy uptake factors multiplied by PS for each
element per building or infrastructure related
strategy

PS’=PS * PSw (element-wise multiplication)

MP =MS x PS’T

AsY = lookup(S, A)

MbC =MqY x MbCI

SbC = MST x MbC

SbC’ = MS'T x MbC

PbC = MP'T x MbC

ScY =-SY*AsY*SbC if SY*AsY*SbC<SbC’;
otherwise -SbC’

McY = MS x ScY

PcY = MP'T x McY
McR =MbC + McY
ScR=SbC’ + ScY
PcR=PbC + PcY
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Figure C.1. Summary of matrix methodology used to assess the cumulative reduction potential of available decarbonization

strategies and related policies.

C.2 Data Collection: Strategies

The following general methods were used to create the final list of 173 strategies:

1. Review of Available Research: We reviewed of available academic literature, industry association roadmaps, and
NGO reports on industrial decarbonization related to aluminum, asphalt, cement, concrete, copper, glass, gypsum
drywall, insulation, masonry, plastics, sand and gravel, steel, and wood to identify (1) potential strategies to reduce
A1-A3 emissions for each material and (2) the reduction potential of each of those strategies.

2. Grouping strategies: Each strategy was grouped into the eight categories described in Table 2 included in Section
4.1.1. These categories strategies enabled us to aggregate similar strategies that may otherwise create double
counting in our model and increased our confidence in the reduction potential range for each strategy group, making
the model less dependent on individual technologies being successful.

a. Example 1: We found research on the potential of inert anode technology and mechanical vapor
recompression to increase the energy efficiency during smelting and bauxite digestion as well as on the
potential generally for energy efficiency across alumina refining, smelting, and secondary production. These
are all grouped into the ranges for “S07 - Aluminum: Energy Efficiency”.

b. Example 2: The full range for the “S34 - Concrete: Raw Material Substitution” strategy is 5% - 66%. This
strategy incorporates a range of cement and clinker substitutes (e.g. fly ash, slag), alternative cements (e.g.
limestone calcined clay cement (LC3)), and alternative chemistries (e.g. belite, sulphoaluminate, and other
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engineered materials in development). There is a range of reduction potentials associated with the different
material substitution opportunities within this strategy, and only some are additive (e.g. mixes can include
either LC3 or alternative chemistries to achieve a 55% emissions reduction in concrete, but they cannot be
added together to get a 110% reduction in practice).

¢.  Where possible, we separated out the reduction potential of low carbon electricity from electrification.
However, this was not always possible as much of the research cited in our model reports the reduction
potential of electrification in combination with a completely clean power source.

3. Applying raw material strategies to downstream products: For some materials, we adjusted the percentages

identified in literature to apply decarbonization strategies for raw materials to downstream products. This was done
using data on the relative impact of that ingredient of life cycle stage on the total A1-A3 impact.

a. Example 1: Concrete, concrete masonry units (CMU) and mortar and grout includes reductions from cement
and clinker strategies. In order to ensure that the potential of strategies for upstream materials in the
supply chain were not over counted, these were scaled based on theirimpact on A1-A3 emissions. A 100%
maximum reduction potential for cement would only be a 90% maximum reduction potential for ready-
mixed concrete, as cement is responsible for approximately 90% of the A1-A3 impacts of typical ready-mix
concrete.

b. Example 2: Decarbonization strategies for plastic and chemicals strategies are used for a range of building
materials, including chemical or plastic-based paints and coatings, insulations, flooring and tile products,
roofing and waterproofing, and synthetic composites. Similar to concrete products, the reduction potentials
for plastic and chemicals were scaled to reflect their reduction potential on the final product.

c. Note: In some cases, there is a mismatch between materials and the applied strategies due to data
limitations. For example - the category of “windows” includes a mix of glass products and plastic/metals
for the frames that we are not able to separate out. However, this whole category is grouped under glazing
strategies. This is a limitation that was allowed only for categories that do not have a large impact on total
results (i.e. comprise a small overall percentage of emissions reduction opportunities).

C.3 Adoption Rates

Essential to the technical potential of each strategy to reduce emissions is the actual adoption of the strategy by the market.
In our model, this is described as the adoption rate. The adoption rate describes the growth in deployment of the strategy in
the US market. CLF allocated one of five “Adoption Rate Categories” to each strategy based technology readiness level, cited
cost, and implementation timelines cited in the reviewed literature and reports. These categories include:

1.

Research and Development (R&D): Strategies that are currently still in the stages of R&D. These strategies have a
technology readiness level (TRL) in the 2-5 range and may or may not have been tested in pilots. These strategies
currently have little to no impact but could possibly have substantial impact 15-30 years from now.

Demonstration: Strategies that have graduated from research and development but are still not commercially
viable. They may have been tested through various pilots and typically have a TRL in the 4-7 range.

Deployable (low): Deployable technologies that are cost prohibitive or have other commercial viability constraints
(e.g. supply constraints) limiting full adoption. These strategies likely require significant policy change, subsidies and
investment, and/or radical changes in demand to increase deployability.

Deployable (medium): Deployable technologies that are less cost prohibitive but still new to the market; these
strategies have been proven to work but still have lower market demand due to their lack of longevity in the market
and/or perceived challenges by the construction sectors. These still require time to scale, but have potential to make
emissions reduction in the near to medium term.
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5. Deployable (high): Widely deployable strategies that have proven to reduce emissions, have low cost impacts
and are ready to scale quickly (e.g. do not have supply constraints). They have the largest near-term potential for
reductions.

Each of these five adoption rates follows the following logistic function formula using different growth rates (k) and timelines
for adoption (here noted by t ). This “S-Curve” is often used to model typical technology adoption, beginning slowly with
innovators and then early adopters, accelerating with early and late majority adoption, and slowing growth as it reaches the
late adopters (“laggards”):

Where:

e tisyears,

e Listhetheoretical maximum of the logistic function,

* erepresents the exponential function,

» kisthe growth rate constant (controls the steepness of the curve),

* t,isthe halfway point of the curve (the point of maximum growth, in this case representing adoption of a strategy by
50% of the market), and

*  f{t) is the cumulative adoption rate.

All adoption rates begin at zero (no adoption) in year one in our model, as the model focuses on additional adoption beyond
today.

C.4 Data Collection: Policies

Our review included policies from five “sectors”: industrial policies, building policies, private sector, urban planning,

and waste and circularity. These sector distinctions are helpful only in grouping policies by which stakeholders are most
directly involved in complying with and managing a policy, as many policies have a broad range of impacts across a range

of stakeholders. For example, industrial policies most directly impact manufacturers and their suppliers, setting direct
requirements or incentives for facilities or products. In contrast, building policies directly impact newly constructed buildings
(including private or public sector projects) by setting requirements or incentives at the building level, which may ultimately
require changes from industrial facilities upstream but also allow for demand reduction strategies at the building-level.

Within these broader policy sectors, CLF categorized policies into five categories: standards, R&D/demonstration projects and
grants, financing and incentives, clean procurement, and carbon pricing, with the bulk of policies fitting within the category
of standards. CLF adapted these categories primarily from ACEEE’s Enabling Industrial Decarbonization: A policy guidebook for
U.S. State Policy Guidebook (2022), which defines them as follows:

« Standards: Standards specify levels of performance that a project, business, or piece of equipment must achieve, and
can be technology- or performance-based in design. Technology-based standards require the use of a specific technology
to achieve emissions goals, whereas performance-based standards require achievement of a specific benchmark without
prescribing technology to allow for innovation and flexibility. Standards also include regulations at the building level,
such as building and zoning codes.

« Financing and incentives: Incentives come in a variety of forms, such as fiscal (e.g., tax credits, tax exemptions,
subsidies), competitive financing (e.g., low-interest loans, loan guarantees, low-cost insurance), or competitive grants.
These can help industry defray the upfront cost of investment in a new technology. Urban planning policies also
include a suite of potential incentives often used to drive green building practices, such as density bonuses or expedited
permitting.
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o Research, Development, and Demonstration (RD&D): RD&D covers government incentives and support for
developing and commercially scaling emerging industrial decarbonization solutions. Policies that support industrial
decarbonization RD&D help drive down the cost of new technologies and complement other policies that scale demand
for lower emissions facilities and products. While universities and corporations largely conduct early-stage research and
development (R&D), government RD&D policies accelerate investment and the technology maturation and reduce market
and financial barriers that the private sector will not overcome on its own.

o Carbon pricing: Carbon pricing policies, such as cap-and-trade programs and carbon taxes, establish a direct or
indirect price on units of GHG emissions (dollars per ton) in a defined market. These policies offer a technology-neutral
approach for driving down emissions and a cost-effective option for the diverse industrial sector. Carbon pricing
programs can also generate revenue that state governments may redeploy toward other critical policy levers, such as
industrial decarbonization RD&D, incentives, and technical assistance, and targeting investments towards disadvantaged
communities.

e Clean procurement: Procurement (by public and private entities) offers near- to mid-term opportunities to drive
demand and create new markets for low-carbon industrial products by rewarding industry’s investment in emissions
reduction strategies and providing a price signal for manufacturers to preferentially produce lower-carbon materials.
Procurement policies may also seed a viable market for future participation from private actors as well.

Mapping policies to strategies

CLF mapped each policy and strategy to each other using several key steps:

1. Can ‘X’ policy result in adoption of ‘X’ strategy? Primarily, policies were mapped to strategies through the use of the
eight categories described in Table 2 in section 4.1.1 (energy efficiency, electrification, etc.). For example, “Facility
energy efficiency standards, targets, and mandatory audits” was mapped to strategies marked as Energy Efficiency.

2. R&D/Demonstration: Does this policy reach R&D and Demonstration strategies, or does it primarily encourage
adoption of strategies that are already deployable (or vice versa)? Using the adoption rate category described in
section 4.1.2, we excluded or included strategies from mapping based on their deployability. For example, “pilot
projects” were mapped to R&D and Demonstration strategies, whereas embodied carbon requirements for materials
in codes excluded R&D and Demonstration strategies, as these policies typically set very high limits that only exclude
the most carbon intensive practices.

3. Application: Some policies apply only to building (not infrastructure) or vice versa. We excluded non-building related
strategies for asphalt, concrete, steel, and sand and gravel from building and urban planning policies, and building
materials from infrastructure-focused policies.

4. Material-specific policies: A small number of policies applied only to specific materials. For example, we only mapped
book and claim systems to concrete and steel strategies, as we only found proposals to cover these materials in
research.

Last, we applied a very simple weighting system to reflect the reality that different policy levers have radically different

reach in terms of what percentage of the market is required to comply. Policies that influence all public and private sector
construction received a “1”, the highest possible uptake weighting, as these requirements can theoretically impact the

entire industrial and building sector in the US. For building materials, policies that impact only private sector construction
received a weighting of 0.75 and policies that impact only public sector projects (e.g. green public procurement) received

a 0.25 weighting. This reflects the fact that approximately 75% of emissions from construction of new buildings in the US

are for private sector projects, and the other 25% are for public projects (Waldman 2024). This ratio is reversed for materials
calculated using approach 1 (see section 2.2) as these primarily include infrastructure projects which are heavily public sector
driven. Last, incentives received the lowest weighting (0.25) as these are non-mandatory and depend heavily on the value of
the incentive as to their uptake.
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Appendix D: Description of Scenarios

This section provides a summary of the assumptions and results used in each scenario. Each scenario explores a different
emissions reduction pathway for the building and industrial sectors over the next 25 years. All six scenarios rely on the full
suite of strategies included in our study, even in scenarios where a portion of strategies are a larger focus.

Up to three aspects of the model are changed in each scenario. Table D1 and Figure D1 summarizes the assumptions across
these six scenarios for the following three factors:

1. Reduction potential range used: What range of emissions reduction potentials (within the range defined in Figure 12)
was used in this scenario?

2. Level of Adoption: What assumptions were made about the level of adoption for each of the five adoption categories in
this scenario?

3. Deployability assumptions: Were any of the assumptions about deployability adjusted for a subset of “focus”
strategies?

Changes in assumptions were based on either adoption rate category or strategy group:
« Adoption rate category (see section 4.1.2 for descriptions)
+  Research and Development (R&D)
« Demonstration
+ Deployable (low)
«  Deployable (medium)
+ Deployable (high)
« Strategy category
« Energy (E)
«  Energy efficiency (EE)
o  Electrification (EL)
+  Low carbon electricity (RE)
+  Low carbon fuels (LCF)
«  Carbon capture (CC)
«  Material substitution (MS)
«  Low carbon feedstocks (LCFS)
+  Recycled feedstocks (LCFS-C)
«  Material/assembly substitution (MS-B)
«  Material circularity
«  Circularity (MC)
«  Material efficient design (ME)
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Table D1. Summary of modeling assumptions for six scenarios. “Cited range” refers to the range of emissions reduction potential from
benchmark levels identified in reviewed academic literature and industry roadmaps

Scenario #

Impacted strategies

Reduction potential

Level of adoption

Deployability

1 Moderate
Deployment

2 Best Case

3 Rapid
RD&D

4 Focus
on Design
Innovation

5 Focus on
Energy

6 Focus on
Circularity

All strategies

All strategies

R&D and Demonstration
strategies

Remaining strategies
(deployable
low-med-high)

Material efficiency
design (ME) and
substitution (LCFS, MS-
B) strategies

Remaining strategies (E,
CC, LCFS-C, MC)

Energy strategies (EE,
EL, RE, and LCF)

Remaining strategies
(CC, MS, MC, ME)

Circularity and recycled
feedstocks (LCFS-C)
strategies

Remaining strategies (E,
CC, MS, ME)

range

Conservative mid-range
(33% in 2020 to 50% in 2050)
of the cited range

Maximum reduction
potential from cited range

Maximum reduction
potential from cited range

Conservative mid-range
(33% in 2020 to 50% in 2050)
of the cited range

Maximum reduction
potential from cited range

Conservative mid-range
(33% in 2020 to 50% in 2050)
of the cited range

Maximum reduction
potential from cited range

Conservative mid-range
(33% in 2020 to 50% in 2050)
of the cited range

Maximum reduction
potential from cited range

Conservative mid-range
(33% in 2020 to 50% in 2050)
of the cited range
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Moderate growth in adoption

Aggressive growth in
adoption

Aggressive growth in
adoption

Moderate growth in adoption

Moderate growth in adoption

Moderate growth in adoption

Moderate growth in adoption

No changes in deployability
assumptions.

No changes in deployability
assumptions.

No changes in deployability
assumptions.

Upgraded one level in
adoption rate.

Example - A “deployable
- low” strategy would
be “upgraded” to
“deployable-med”

No changes in deployability
assumptions.

Upgraded one levelin
adoption rate.

No changes in deployability
assumptions.

Upgraded one level in
adoption rate.

No changes in deployability
assumptions.



“Moderate growth” adoption rate curves: Scenarios 1, 4-6

100% = Deployable (High)

- Deployable (Medium)

75% Deployable (Low)

== Demonstration

50% — R&D

Percentage adoption
(compared to 2020 adoption rate)

25%

_/

2020 2030 2040 2050

0%

Adoption rate curves: Scenario 3 “Rapid RD&D”
100%

75%

50%

Percentage adoption
(compared to 2020 adoption rate)

25%

0%
2020 2030 2040 2050

Adoption rate curves: Scenario 2 “Best Case”
100%

75%

50%

25%

Percentage adoption
(compared to 2020 adoption rate)

0%

2020 2030 2040 2050

Figure D1. Adoption rate curves used in Scenario modeling. Scenario 1 and 4-6 use “moderate growth” adoption rate curves. Scenario 2
“Best Case” and 3 “Rapid RD&D” have unique adoption rate curves.
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