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 As the global population has increased and billions of people worldwide have been brought 

out of poverty, the demand for building materials and resources has increased, placing an 

increasing burden on the natural environment. While hundreds of millions still face poverty,1 we 

all face the threats of climate change and the destruction of biodiversity around the globe. As long 

as billions struggle for a better life, it is critical to accommodate the increasing needs of a growing 

population, while promoting the reduction of carbon emissions in order to protect the environment 

and a global economy threatened by climate change. 

 The human population has exploded, along with an increase in the consumption of 

resources and materials for development. According to the United Nations, the world's population 

has more than tripled since the mid-twentieth century.2 As the human population continues to 

increase, billions will strive for a better life and consume more resources and materials. The 

production, transport, consumption, and disposal of food, raw materials, consumer goods, and 

manufactured products continue to erode the natural environment. Due to the growth of cities, 

increased demand for materials, agricultural cultivation, and industrial food production, less than 

one third of the land on Earth remains to support the natural ecosystems upon which life depends. 

In 2012, it was suggested that if every person on Earth lived like a United States (“U.S.”) citizen, 

it would take four Earths to sustain them.3 Since that time, the Earth has added two billion people. 

As the demand for buildings, infrastructure, and materials has continued to increase, pollution from 

development and construction has increased as well.  

 In light of the conflict between economic development and preservation of the 

environment, the need for “sustainable development” has emerged. Although the concept of 

sustainable development has been aspirational for decades, only recently have environmental 

impacts of material production been considered. Within the past two years, historic legislation in 
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the U.S. has been enacted to fund the construction of infrastructure, investments in energy, and 

most significantly, clean building technology. With this funding, the U.S. is beginning to address 

the problem of carbon emissions from buildings, infrastructure, and development. This legislation 

will have an immediate impact on public works construction in the U.S., and could have a long-

term impact on the supply of building materials and the creation of new markets for advanced 

building materials and processes. This paper will address recent developments in sustainable 

building materials, with a focus on the problems of carbon pollution, evolving new technologies, 

regulations, and markets for low-carbon emitting materials. 

1. Role of Buildings and Infrastructure in Carbon Pollution 

 Global population growth and urbanization will necessitate significant amounts of new 

infrastructure and building construction. As the world’s human population approaches 10 billion, 

the global building stock is expected to double in size.4 Capital investments in infrastructure across 

the sector are forecast to grow by 40–70% between 2020 and 2040. By 2060, the total global floor 

area of buildings will double, with more than 50% of this increase anticipated within the next 

twenty years. The growth in new buildings will be particularly rapid in Asia and Africa. 

 Buildings are currently responsible for approximately 40% of global energy-related carbon 

emissions: approximately 28% from operational emissions (energy needed to heat, cool, and power 

buildings), and the remaining 12% from materials and construction. However, it is estimated that 

embodied carbon emissions (“CO2e”) from materials and construction will be responsible for 

approximately 75% of all CO2 emissions from new buildings in the next ten years.5 In the building 

industry, embodied carbon refers to the greenhouse gas (“GHG”) emissions arising from the 

mineral extraction, manufacturing, transportation, installation, maintenance, and disposal of 
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building materials.6 Embodied carbon is the sum impact of all GHG emissions attributed to 

building materials throughout their life cycle. 

Traditionally, the reduction, reuse, and recycling of materials have been common methods 

of carbon reduction and resource conservation.7 A preliminary question to ask with respect to any 

project is whether new construction is needed, or whether existing assets can be repurposed or 

modernized. By avoiding the use of new materials, their impacts can be avoided altogether. 

Building reuse and incorporation of salvaged building materials can greatly reduce embodied 

carbon emissions from construction. Further reductions in emissions and increases in productivity 

can be achieved through material waste reduction, local procurement, and improved building 

technologies, such as building modeling, prefabrication, and electrification of fabrication, 

transportation, and construction equipment. While these practices have been major considerations 

in green construction, this article focuses upon the significant additional reductions that can be 

achieved through the selection of low-carbon emitting building materials, which will be a major 

component in the effort to halt climate change. 

 The increasing needs for more infrastructure, housing, and building in general will be a 

major challenge to the construction industry, which will require a radical transition to sustainable 

building materials in order to avoid degradation of the environment. Presently, the embodied 

carbon from building materials contributes anywhere from 15 to 20% of the energy used by a 

building over a fifty-year period.8 This is distinguished from operational carbon from buildings, 

which is the carbon pollution from the energy sources used to heat, cool, ventilate, light, and power 

buildings. As operational carbon pollution is reduced through energy efficiency and transformation 

to renewable energy, embodied energy will be more important in reducing a building’s carbon 
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footprint. The relative percentage of embodied carbon to operational carbon is even greater when 

applied to infrastructure and landscaping. 

 New construction is inevitable, but the release of carbon emissions from such construction 

is not. Designers have tremendous influence in determining which materials are used in buildings. 

They can specify materials with low embodied carbon, thus reducing the amount of fossil-fuel 

energy and other resources expended during production, transportation, and construction. The 

development of low-carbon materials is now of major interest to the building industry. 

2. Measuring Embodied Carbon in Materials 

 There is growing recognition that embodied carbon is not addressed by “operational 

carbon” policies and energy efficiency measures. Unlike operational carbon, which can be reduced 

over the life of a building, embodied carbon is locked in once construction is completed. There is 

a further recognition of a “carbon loophole,” or emissions offshoring, which fails to consider 

embodied carbon through the entire global economy. As developed countries phase out regional 

production-based emissions and move toward meeting national emissions targets, some rely on 

developing countries to provide materials and products produced by carbon-intensive 

manufacturing practices, an outcome that results in a mere redistribution of carbon emissions.9 

 There is an old adage: “If you can’t measure it, you can’t manage it.” While people debate 

the truth of this principle, it is obvious that if you can measure and compare the amount of 

embodied carbon in materials, it will be easier to manage and reduce the amount of CO2e in new 

construction. The disclosure of carbon data and publication of Environmental Product Declarations 

(“EPDs”) in the U.S. are currently voluntary, outside of state and local “Buy Clean” laws and 

federal governmental procurement regulations. EPDs are intended to measure greenhouse gas 

(“GHG”) emissions attributed to construction materials and products, including emissions from 
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mining raw materials, transportation, factory operations, and manufacturing processes. Because 

manufacturers are not required to publish the global warming potential (“GWP”) of their products 

in public databases, the GWP ranges voluntarily reported will vary and likely underestimate the 

carbon impacts of the full material supply chain. However, as discussed below, government 

procurement policies and laws are beginning to generate a market for low-carbon materials and a 

need for accurate reporting of GWP data. Over the past few years, hundreds of EPDs have been 

published for building materials in order to comply with these laws. Various private operators 

throughout the U.S. offer EPD certification and consulting services.10 For LEED certification 

reporting purposes, a third-party verified declaration is required based on International 

Organization for Standardization (“ISO”) standards.11 EPDs are defined by the California 

Department of Transportation (“Caltrans”) as an “independently verified document created and 

verified under International Organization for Standardization (ISO) 14025 for Type III 

environmental declarations that identifies the global warming potential emissions of the facility-

specific material or product through a product stage life cycle assessment.”12 

 EPDs should be based upon a full life cycle assessment (“LCA”) of building products and 

materials. LCA is a method used to calculate environmental impacts, including embodied carbon. 

EPDs based on LCAs are typically measured from raw material extraction to the point at which 

the product or material leaves the factory (cradle to gate), although some EPDs measure impacts 

through use and disposal (cradle to grave). 

In 2021, the Carbon Leadership Forum (“CLF”) published a Material Baseline Report 

which can be used to set measurable targets.13 The number of baselines and other tools to measure 

embodied carbon are evolving. The availability of embodied carbon data for materials and 

products is also growing as more manufacturers produce EPDs for their products. The CLF 
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estimates the cost to generate facility specific EPDs can range from $5,000 to over $50,000, 

depending on material types, complexity of the manufacturing, and methods used to calculate 

GWP data.14 

3. Decarbonization of Building Materials 

Just three materials—concrete, steel, and aluminum—are responsible for approximately 

23% of total global carbon emissions. These are the most significant sources of material-related 

emissions in construction. Cement production is responsible for approximately 8% of global 

carbon emissions, with steel contributing 7–9% of the global total. These emissions constitute a 

greater percentage of annual global emissions than vehicle pollution.15 

 Concrete 

 Concrete is globally the most common building material after water. There have been a 

number of studies attempting to provide an overview of the environmental impacts from 

concrete.16 Portland cement is the primary ingredient in concrete and is responsible for the majority 

of concrete’s carbon emissions. Carbon emissions are released at two points during cement 

production: roughly 40% of the CO2 generated is from the burning of fossil fuels in the 

manufacturing process, and the remaining 60% is from naturally occurring chemical reactions 

during processing.17  

 There are a number of ways to reduce carbon emissions from concrete. A commonsense 

approach is to use less concrete in project designs. Changing the concrete mix design to use less 

cement is another common way to reduce carbon emissions. The proportion of ingredients in a 

concrete mixture can greatly influence its carbon emissions. Supplementary cementing materials 

(“SCMs”) are often used to harden concrete. Typical examples of SCMs are fly ash, slag cement 

(ground, granulated blast-furnace slag), and silica fume. SCMs are often added to concrete to make 
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concrete mixtures more economical, reduce permeability, increase strength, or influence other 

concrete properties. Replacing a portion of the cement in concrete mix with fly ash byproduct from 

burnt coal is a popular embodiment reduction method. The use of fly ash concrete reduces input 

energy, but is dependent on ongoing operations of coal plants.18 

 There is a great deal of innovative research focused on reducing emissions from concrete, 

and companies that are actively developing and marketing low-carbon concrete. One company is 

developing methods to sequester carbon in concrete by injecting CO2 into the concrete mix.19 

Another company is promoting a “carbon negative” cement, which substitutes calcium silicate in 

place of limestone.20 The increased costs of using low-carbon cement vary widely from as much 

as 45% to “negligible.”21 

 Steel 

 By weight, steel has a higher embodied carbon footprint than concrete, and the need to 

significantly reduce carbon emissions from steel production is critical to battling climate change. 

According to the World Steel Association, steel production is responsible for 6.6% of GHG 

emissions globally—more than portland cement. Global production of crude steel has more than 

doubled over the last two decades, and is projected to increase significantly in the future.22 While 

Europe, the United States, and Japan were the largest steel producers in 2000, accounting for more 

than half (53%) of total production, the main sites of production have now shifted to emerging 

markets, which presently account for more than 70% of production. China alone accounts for about 

55% of global steel production and has generated more than 90% of global production growth over 

the past twenty years. Outside of China, the top steel-producing countries today are India, Japan, 

Russia, and the United States.23  
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 Lowering the cost of low-carbon emitting steel and renewable energy will be essential to 

preserving the environment. Steel is manufactured in two types of factories. Large steel mills 

typically use basic oxygen furnaces (“BOFs”), which burn coal or natural gas to melt iron ore to 

extract the iron, and then mix the iron with scraps of iron and steel to make new steel. Most of the 

inputs to a BOF are mined, raw materials, and the recycled content level of BOFs is typically 

between 25%–37%.24 

Recycled content is important because virgin steel can have an embodied carbon footprint 

that is up to five times greater than high-recycled-content steel.25 Smaller factories normally use 

electric arc furnaces (“EAFs”) to melt scrap iron and steel into new steel. EAFs are powered by 

electricity, rather than coal and natural gas, and therefore have the ability to be powered by 

renewable energy sources. EAF steelmaking is effective for smaller sized plants, and is a steel 

production method that avoids the direct use of gas or coal to melt materials. Some factories do 

not have the ability to process raw iron ore, so the steel manufactured in EAFs has high levels of 

recycled content, up to 100%, with an average recycled content of 93% for hot-rolled steel.26 

Structural steel does not lose its metallurgical properties when recycled. As a result, the 

performance characteristics of recycled steel are similar to virgin steel. Low-temperature 

electrowinning also presents an innovative new manufacturing method that involves substantially 

less energy than traditional steelmaking, while also using no onsite coal or gas.27 

In North America, the steel industry has largely switched to EAF technology. Using steel 

from EAFs can significantly reduce embodied emissions, because EAFs use high levels of recycled 

material and can be powered by future renewable energy sources.28 Although the production of 

renewable energy is currently limited, renewable energy comprises the majority of new energy 

production and is an essential component to the reduction of carbon emission from the production 
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of steel and other building materials.29 For this reason, designers should specify steel produced in 

North America or recycled steel that employs EAF technology, if economically feasible. While 

price and availability will always be primary considerations in the procurement of steel for 

construction, new laws and regulations discussed below will generate product development and 

new markets for cleaner steel and other building materials. 

Aluminum  

Aluminum is the most abundant metal on Earth.30 It is not found freely in nature, meaning 

that it is always found combined with other elements. Aluminum is often found combined with 

oxygen, which is known as aluminum oxide and is commonly found in bauxite.31 The extraction 

of aluminum is extremely energy intensive, and generates significant carbon emissions. Because 

of this intense energy usage in the extraction process, the recycling of used aluminum is essential 

in reducing intense energy consumption and carbon emissions. Recycling aluminum saves 93% of 

the energy and reduces 94% of carbon footprint compared to producing the metal from bauxite 

ore.32   

The more primary aluminum is in the product, the more striking the difference between 

hydropower smelted aluminum and coal-power smelted aluminum. For instance, the cradle-to-gate 

(mining to shipment) carbon footprint of automotive aluminum sheet made of Chinese primary 

aluminum would be 3.2 times higher than if made of Canadian primary aluminum when assuming 

the same primary aluminum content, due to the type of energy (coal versus hydropower) used in 

smelting.33 

On the positive side, almost 75% of all the aluminum produced in the U.S. is still in use 

today. Aluminum can also be recycled indefinitely if uncontaminated.34 In addition to a reduction 

in carbon emissions, recycling aluminum has a secondary benefit. Both open and underground 
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mines can affect the plant and animal life immediately surrounding an area and beyond. The clear-

cutting of trees and the destruction of ecosystems both contribute to biodiversity loss, habitat loss, 

carbon emissions, and erosion. Even assuming that mining operations incorporate plans for the 

restoration of natural habitats once mining is completed, restoration takes time, and mining 

operations will nevertheless have an immediate negative impact on the environment. In any case, 

from an environmental standpoint, the fact that aluminum can be easily recycled makes it superior 

to plastics for many uses.35 

Other Building Materials 

In addition to steel, concrete, and aluminum, there are other low-carbon building materials 

being developed, marketed, and specified for projects. For instance, Caltrans publishes product 

category rules for a number of other materials, including flat glass, mineral wool board insulation, 

aggregate, and asphalt.36 Further, there is a growing number of non-profit organizations and for-

profit corporations who are invested in the development, production, and promotion of low-carbon 

emitting building materials.37 

4. “Buy Clean” Laws and the Regulation of Embodied Carbon 

 After decades of federal government inaction, the U.S. has recently adopted major 

infrastructure, energy, and climate change mitigation legislation and is currently developing 

regulations that will rapidly accelerate construction and impact the release of embodied carbon in 

North America. 

 The Federal Buy Clean Initiative is part of the Federal Sustainability Plan based upon the 

2021 Executive Order 14057, which requires federal agencies to reduce their GHG emissions by 

65% from 2008 levels by 2030.38 Among other actions, the Plan requires federal agencies to reduce 

“procurement emissions” to net-zero by 2050. The Order states: “As the single largest landowner, 
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energy consumer, and employer in the Nation, the Federal Government can catalyze private sector 

investment and expand the economy and American industry by transforming how we build, buy, 

and manage electricity, vehicles, buildings, and other operations to be clean and sustainable.”39 

 The Federal Buy Clean Task Force is charged with developing policies and procedures 

related to embodied carbon, including the following: 

• Prioritizing the Federal Government’s purchase of steel, concrete, asphalt, and flat glass 

that have lower levels of emissions;40 

• Identifying materials to prioritize for consideration in federal procurement and federally 

funded projects; 

• Increasing the transparency of embodied emissions through supplier reporting, including 

incentives and technical assistance to help domestic manufacturers better report and reduce 

embodied emissions; and, 

• Launching pilot programs to boost federal procurement of clean construction materials. 

 The implementation of these policies can be tracked through the Office of the Federal Chief 

Sustainability Officer.41 The Federal Buy Clean Initiative will be supported by recent legislation, 

including the Infrastructure Investment and Jobs Act of 2021 (“Infrastructure Act”) and the 

Inflation Reduction Act of 2022 (“IRA”). 

 Infrastructure Act  

 In 2021, the U.S. enacted the bipartisan Infrastructure Act.42 The Infrastructure Act 

contains provisions for the procurement and sourcing of materials from within the U.S. for 

federally funded construction projects. These provisions, commonly referred to as “Buy America,” 

are prevalent throughout the text of the legislation.43 The Infrastructure Act also states that its 

provisions “shall be applied in a manner consistent with United States obligations under 
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international agreements.”44 Subject to these international agreements, the Infrastructure Act 

requires that all iron and steel products and construction materials used in a project that receives 

federal financial assistance be produced in the U.S.45 With respect to steel, the Infrastructure Act 

requires that “all manufacturing processes, from the initial melting stage through the application 

of coatings, occur in the United States.”46 For manufactured products, the manufacture must occur 

in the U.S. and “the cost of the components of the manufactured product that are mined, produced, 

or manufactured in the United States [must be] greater than 55 percent of the total cost of all 

components of the manufactured product[.]”47 For construction materials, “all manufacturing 

processes” for such materials must occur in the U.S.48  

 As the regulations implementing the Infrastructure Act are currently being developed, the 

precise scope of the “Buy Clean” regulations is not yet fully known. However, the procurement of 

materials for federal projects will likely be subject to the Federal Buy Clean Initiative discussed 

above. Therefore, the procurement of materials for construction projects under the Infrastructure 

Act could have a significant impact on the implementation of embodied carbon regulations in the 

U.S., and the development of markets for low-carbon materials. 

 Inflation Reduction Act  

 In 2022, the U.S. enacted the IRA.49 The IRA provides $2.15 billion in funding to the U.S. 

General Services Administration (“GSA”), which manages over 1,500 buildings in the U.S., to 

install low-carbon materials. The GSA has announced a number of construction and renovation 

projects funded through the IRA. These projects aim to “catalyze clean energy innovation and spur 

domestic clean manufacturing by incorporating emerging technologies and low-carbon materials 

into construction and renovation projects at federal facilities across America.”50 The GSA plans to 

invest $3.4 billion to achieve a net-zero emissions federal building portfolio by 2045.51  
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 State Buy Clean Laws 

 Many states have either enacted or proposed legislation in furtherance of their own “Buy 

Clean” objectives.52 California has led in this area, enacting a wide range of procurement 

requirements for state projects. 

 In October 2017, California passed the Buy Clean California Act, becoming the first state 

to require facility specific EPDs and to set GWP thresholds for eligible materials used on public 

projects. The Buy Clean California Act (“BCCA”) (California Public Contract Code sections 

3500–3505) was developed to address climate change through the power of procurement.53 It 

targets the embodied carbon of construction materials used in infrastructure projects such as roads, 

bridges, and public buildings. 

 The BCCA states the Department of General Services (“DGS”), in consultation with the 

California Air Resources Board (“CARB”), is required to establish and publish the maximum 

acceptable GWP limit for four eligible materials. The BCCA targets carbon emissions associated 

with the production of structural steel (hot-rolled sections, hollow structural sections, and plate), 

concrete reinforcing steel, flat glass, and mineral wool board insulation. When used in public 

works projects, these eligible materials must have a GWP that does not exceed the limit set by the 

DGS. In 2020, California initiated the mandatory submission of EPDs. In 2021, California required 

the four eligible materials listed above to meet published GWP thresholds. State construction 

contracts require eligible construction materials to have a GWP equal to or lower than a level 

established by state standards. Beginning July 1, 2022, the awarding authorities will determine 

GWP limit compliance standards for eligible materials using EPDs. Contractors engaged in public 

construction projects are now required to report to Caltrans the quantities of such eligible materials 

delivered to their jobsites.54 
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 In September 2022, California enacted the Carbon Intensity of Construction and Building 

Materials Act.55 This act requires the development of a framework for calculating and then 

reducing GHG emissions in the construction of all public and private buildings. The law requires 

CARB to encourage the production and use of low-carbon construction materials, leveraging state 

and federal financial incentives where possible to drive market demand. The new law also requires 

CARB to include a comprehensive strategy to achieve a 20% net reduction in the GHG emissions 

of building materials by December 31, 2030, and a 40% net reduction no later than December 31, 

2035. 

 A number of other jurisdictions have also enacted laws related to embodied carbon in 

building materials. As of September 2022, Buy Clean laws have been passed in Colorado and 

Oregon, and additional states that have considered Buy Clean legislation include Washington, 

Texas, Minnesota, New York, and New Jersey.56 The CLF publishes a regularly updated list of 

nations, states, and municipalities that have adopted embodied carbon policies and laws; Canada, 

France, and Finland have done so, and a growing number of nations are considering doing so. 57 

5. Emerging Market for Sustainable Materials and Development 

 There must be a balanced approach to the transition to sustainable development that 

recognizes the material needs of the current generation. Buy Clean laws and regulations in the U.S. 

will initially spur the use of low-carbon emitting materials in federal and state projects. These laws 

and regulations will result in new products and processes, which will eventually lower the cost of 

such materials. Laws relating to the regulation of embodied carbon will likely expand to private 

projects in a number of jurisdictions and will likely be adopted into building codes. As a result of 

competition and innovation, market forces will eventually drive industry to abandon many high-

polluting materials and manufacturing processes.  
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 This transition could result significant additional costs and burdens on development and 

construction if not implemented wisely. Unfortunately, environmental laws and regulations have 

often been used to impede needed development, sometimes by parties who have no sincere interest 

in the environment.58 For decades, new highways, resource extraction, infrastructure, 

development, and housing have often faced opposition from local property owners and competing 

business interests, as well as trade, labor, and industry groups. The misuse of federal, state, and 

local laws by these groups has increased the cost of development and construction, and impeded 

desperately needed housing, transportation, renewable energy production, and infrastructure in 

general. To avoid this result, Buy Clean laws should not be implemented so as to unreasonably 

impede critical development by unnecessarily increasing the cost of construction.  

 There is a need for a new generation of leaders, entrepreneurs, and innovators to modernize 

the construction industry and to provide critical development for the welfare of an increasing 

population. While labor productivity has increased in numerous industries in the U.S., the 

productivity of the construction industry has not significantly improved since 1950.59 Despite 

growth in productivity for the U.S. economy as a whole, the U.S. construction sector measures of 

labor and total factor productivity (“TFP”) have trended downward. According to a recent study, 

the sector has become less productive over time: value added per worker in the sector was about 

40% lower in 2020 than it was in 1970.60 Unless the U.S. can reverse this trend, its development 

of critical infrastructure and manufacturing may fall behind other nations. While an examination 

of possible solutions for this problem goes beyond the scope of this paper, U.S. investments in 

new building technology could provide major opportunities to move ahead in efficient and 

sustainable design, construction, and development. 
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 Fortunately, there are both for-profit and non-profit organizations that are engaged in the 

development of sustainable materials. While major corporations are concerned with 

environmental, social, and governance issues, the primary incentives for adopting sustainability 

will always be the market and the ability to profit from research and innovation.  

 The role of non-profit organizations in accelerating the development of these markets is 

critical. For instance, the major requirements for LEED certification of buildings by the U.S. Green 

Building Council were adopted and mandated by the State of California in its building codes in 

2019.61 California has led the U.S. in building energy efficiency codes, renewal energy 

development, the transition to electric vehicles, and the promotion of low-emitting materials, while 

growing to become potentially the fourth-largest economy in the world.62 However, because 

California faces major challenges due to the cost of housing and construction, it has wisely initiated 

Buy Clean laws in the public sector, in order to spur development of cost-effective low-carbon 

building materials that can be used by the private sector. 

 Unless we accelerate the change from development as usual, continued environmental 

degradation may result in potentially irreversible catastrophic consequences and conflicts.63 

Although we must give priority to the implementation of effective solutions to counteract serious 

environmental damage, the solutions cannot be at the expense of critical development, or the 

solutions will likely be rejected. The enactment of “Buy Clean” laws and policies will hopefully 

spur the development of cost-effective non-polluting materials, and facilitate both widespread 

prosperity and the transition to a more sustainable future. 
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