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5.3.1 Introduction, Context, and Goals
Industrial activities are a major source of global CO2 emissions, including both energyrelated emissions from the combustion of fossil fuels and process emissions related
to entailed chemical reactions. In the U.S., industry accounts for roughly a quarter of
emissions in recent years, with ~68 percent related to energy demands (electricity and
heat) and the other 32 percent from various industrial processes.¹ As such, a relatively
large share of industry emissions from light industries such as manufacturing of
durable goods, food and textile processing, and even mining and non-ferrous metal
production may be avoided by coordinated efficiency improvements, electrification,
and decarbonization of electricity generation.² Thus, this chapter will focus on those
industrial activities which produce large quantities of process emissions, require very
high temperatures, and/or whose equipment and infrastructure are especially longlived (highlighted in Figure 5.3.1).³ In particular, we address potential technologies and
related policies for eliminating emissions during the production of cement, iron and
steel, and key feedstock chemicals. Our goal is to explore the potential technical pathways
for decarbonizing these industries and the different policies that would support these
pathways.

Figure 5.3.1. U.S. Industry emissions as of 2014 (Hoesly et al., 2018).

5. APPROACHES FOR KEY SECTORS

212

Figure 5.3.2. Economic and emissions data on heavy industries in the U.S.
Panel (a) shows the relative product value of iron and steel (red), cement (green) and chemicals (blue) relative
to other industries in the U.S., Panels (b) through (g) show time trends in the share of U.S. consumption of
cement, steel, and chemicals that are imported (b), the U.S. demand for cement and steel per capita (c), the
intensity of demand for cement and steel per dollar of U.S. GDP (d), total U.S. emissions related to cement,
steel, and chemicals (e), the emissions intensity per ton of cement and steel produced (f), and the emissions
intensity per dollar of U.S. GDP (g). Panels (h) and (i) show the top 10 states by consumption and production
of cement, respectively (figures original; data from Dunham and Associates, Inc., 2018; “Chemical Industry”,
2020; “Cement Statistics”, 2020.; “Gross Output”, 2020; “Total U.S. Chemical”, 2020; “Iron And Steel”, 2020;
“Population”, 2020; “GDP”, 2020; Hoesly et al., 2018; Tong et al., 2019).
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Figure 5.3.2 summarizes several important aspects and trends related to such heavy
industries in the U.S. First, the value of industrial products is overwhelmingly related
to light industry, with the iron and steel, cement, and chemical industries together
representing <5 percent of the aggregate value of industrial products in recent years
(Fig. 5.3.2a).⁴ A substantial fraction of the cement, steel, and chemicals consumed in the
U.S. is imported, with this fraction trending slightly up in the cases of steel and cement
in recent years (Fig. 5.3.2b).⁵ Per capita demand for cement and steel in the U.S. dipped
during the global recession of 2008-2009 but had nearly recovered to pre-crisis levels by
2017. Americans each use ~0.8 kg of both steel and cement every day (Fig. 5.3.2c).⁶ Yet the
material intensity of the U.S. economy has decreased by about 50 percent over the past
two decades. In 2017, every million dollars of gross domestic product (GDP) required 5-6
tons each of cement and steel (Fig. 5.3.2d).⁷ Emissions from cement and steel industries
have been relatively stable since the 1980s, with a substantial uptick in emissions from
the chemical sector in the late 1980s (Fig. 5.3.2e).⁸ Meanwhile, the emissions per unit
of cement and steel produced in the U.S. have decreased only very slightly since the
late 1990s (Fig. 5.3.2e).⁹ Finally, cement consumption is concentrated in a few large and
fast-growing states (Texas, California, and Florida; Fig. 5.3.2h). Each state produces
considerable quantities of cement, added to by other production centers with large, young
cement plants in states like Missouri, Alabama, and Maryland (Figs. 5.3.2i and 5.3.3).¹⁰

Figure 5.3.3. Locations, capacity (size of points), and age (color of points) of U.S. cement plants as of 2018
(figure original; data from Global Cement, 2020)
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Ownership and control
As noted above, this chapter’s focus industries—iron and steel, cement, and feedstock
chemicals—are of particular interest in a decarbonization context precisely because
their conventional production processes entail emissions that are difficult to avoid and
their capital infrastructure tends to be long-lived. Although the U.S. heavy industry as a
category is highly heterogeneous, the magnitude of capital investments in steel, cement,
and chemical industries tends to make the industries relatively concentrated and locationbound. For example, just four companies accounted for over 75 percent of the value of
U.S. petrochemical industry shipments and receipts as of 2012 (the most recent economic
census data compiled as of this writing).¹¹ The nine blast furnace-basic oxygen furnace
steelworks operating in the U.S. are owned by three companies, and all but one are located
in the upper Midwest. Further, industry groups (e.g., the Portland Cement Association,
the American Iron and Steel Institute, and the National Glass Association) are relatively
organized and influential, often representing large multinational companies that operate
both in and outside the U.S. (see, e.g., Fig. 5.3.4).

Figure 5.3.4. Degree of U.S. industrial concentration by sector. Sectors of interest highlighted in blue. Note:
concentration in manufacturing sectors is measured as percent of total value of shipments and receipts;
concentration in other sectors is measured as percent of total revenue. (U.S. Census Bureau, 2015; 2017 data to
be released November 2020).
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However, unlike utilities, heavy industry in the U.S. is not typically overseen by a Public
Utility Commission (PUC) or similar entity focused on issues like output levels and
pricing. The main targets of industrial regulation are environmental, safety, and antitrust
considerations. In the decarbonization context, the Environmental Protection Agency
(EPA) is currently the primary relevant federal regulator, often via its authority over point
source air and water emissions.
The economic downturn related to COVID-19 is expected to have large, lasting effects on
U.S. heavy industry. Demand for industrial products often depends on economic growth
(e.g., construction) or consumer spending (e.g., feedstock chemicals), though targeted
stimulus efforts might alter this dynamic. Based on past experience, facility closures are
often permanent, with reinvestment in more financially favorable parts of the U.S. or
internationally.¹²

5.3.2 Deep Decarbonization of Harder to Abate Sections:
Cement, Steel, and Chemicals
Importantly, the technologies and options for abating industry CO₂ emissions are not all
available or well-represented in models like PATHWAYS and RIO, particularly concerning
systems integration (e.g., electrolytic hydrogen for steel and chemicals and long-duration
energy storage via power-to-gas-to-power; synfuels such as methanol for chemicals).¹³
Rather, such models focus on options of reducing demand for industrial outputs,
electrifying industrial energy inputs, and carbon capture and storage (CCS) of process CO₂
emissions. This means that it may be possible to reduce industry carbon emissions more
synergistically than such models suggest.
Following is a brief description of the technical options for decarbonizing the cement, iron
and steel, and chemicals industries in the U.S.

Cement
Cement production relies on driving two sets of reactions: firstly, calcination (the removal
of CO₂ from CaCO₃ to produce CaO) and secondly the clinkering reactions, where the CaO
reacts with silica and other materials including clay (at very high temperatures > 1600°C) to
produce cement clinker (which is then ground and mixed with other materials to produce
cement). The initial calcination means that a large amount of CO₂ is produced intrinsically
during cement production, and this cannot easily be avoided. Carbon capture and storage
(CCS), directly removing CO₂ from the exhaust of the cement plant, is therefore likely to
be required for cement production. An alternative would be to subsequently remove CO₂
from the atmosphere and store it (Direct Air Capture (DAC)). However, this is less efficient
since CO₂ in the atmosphere is at 400 ppm, as opposed to 30 percent by volume in the
exhaust from a cement plant.
Inherently, cement manufacture is one of the more polluting activities in terms of tons
of CO₂ emitted per $ of value added. Yet there is currently large variation in the CO2
emissions per ton of cement produced globally—and within individual countries—
depending upon the exact process route chosen.¹⁴
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Electrification. Electrical heating is potentially of interest to drive both the calcination
and clinkering reactions, but approximately 60 percent of the CO₂ emitted in a cement
plant is directly from the calcination reaction. This means that it will still be necessary to
compress, transport and store the CO₂ produced from this reaction in order to eliminate
CO₂ emissions to the atmosphere.15 Initial studies demonstrate that the energy use may be
around 4.6 MJ per kg per clinker for a plasma-driven process.¹⁶
One possible route to drive calcination using electricity (CO₂ transport and storage
would still be required) is to operate a direct separation reactor. This reactor (essentially
an externally heated tube, through which CaCO₃ falls, with heat transfer from the tube
driving the calcination process) produces a relatively pure stream of CO₂ from the
calciner, meaning that chemical separation is not required.¹⁷ An electrically-driven
direct separation reactor for the calcination, coupled with a plasma process for the
clinkering reactions in the kiln might bring the energy use down to around 3.3 MJ/kg.
However, because electrical energy is significantly more expensive than the thermal
energy from coal or other fuels, the cost of cement from a fully plasma-driven process
has been estimated to be roughly double that of currently produced cement.18 Moreover,
although electrically-driven processes produce a relatively pure stream of CO₂, it may be
challenging to ensure leak-tightness of equipment so that the CO₂ is not contaminated with
air.
CCS. Prior to examining CCS on cement, it is instructive to examine the variety of cost
estimates available in the literature for a number of technologies. Figure 4, from Leeson et
al., shows that there are a wide variety of prices estimated for CCS applications to different
industrial processes, even for the same underlying technology.¹⁹ Some technologies
are more suited to one process than another (in particular, it is frequently found that
post-combustion amine scrubbing is significantly more expensive than many other
technologies, owing to the paucity of waste heat in a modern integrated cement plant). In
the case of cement production, the main CCS technologies available are discussed below.

Figure 5.3.5. Costs of CO₂ avoided for a variety of different processes, using a number of different CCS
technologies (Leeson, et al., 2017).
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Solvent Scrubbing: A solvent scrubs CO₂ from the exhaust of the cement plant. This
solvent is then regenerated after passing to a 2nd reactor by steam from (in general) a
combined heat and power (CHP) system. CHP is necessary because insufficient low-grade
heat is present on the cement works to regenerate the solvent, and because direct heating
using, for example, natural gas is very inefficient.
Calcium looping: CaO (produced from limestone) reacts with CO₂ in the exhaust gases.
The CaCO₃ formed is then transferred to a second reactor (normally, both reactors are
circulating fluidized beds) where the reaction is reversed by burning a fuel, usually
with pure O₂ (and recycled CO₂). This reactor is also where the initial limestone feed is
decarbonized. The result is a pure stream of CO₂. The reaction of CO₂ with CaO is highly
exothermic and takes place at around 650°C, so heat can be removed from the carbonator
and used efficiently in a steam cycle to generate power. This process has significant
synergy with cement production, since the CO₂ sorbent is the main feedstock for cement
production, allowing a high purge rate of exhausted material.
Oxyfuel (full): The cement kiln and the precalciner are both fired with a mixture of fuel
and oxygen, rather than air. This means that pure CO₂ (and H₂O) are produced. The system
requires an air separation unit, which is where the majority of the electricity use (the main
energy cost of this system) comes from. It has the potential to be highly efficient because
the nitrogen in air is essentially heated up in the kiln for no purpose, so that reducing the
volume of gas can improve the efficiency of the process. Issues lie in sealing the (rotating)
kiln against air ingress, which reduces the CO₂ percent in the exhaust and potentially mild
changes in the chemistry in the kiln. Since sealing the kiln is challenging, an alternative is
only to oxyfuel the precalciner. Kiln CO₂ emissions are not captured, but 60 percent overall
capture is possible, and at low cost.
A review of different CCS technologies described in a literature survey suggests that the
addition of CCS to any system will end up significantly increasing the cost of the process.²⁰
Approximately, a doubling in price of cement would be necessary to account for the
additional costs. Importantly, though, this would actually add very little to the overall cost
of a building because the cost of cement is often a small share of the total cost of building
construction.²¹
Hydrogen. The use of hydrogen for decarbonization of cement production suffers from
the same issue as electrification; that use of hydrogen to provide heat again fails to address
the CO₂ emissions from calcination of the limestone (~60 percent of the total). Other issues
include safety considerations with the use of hydrogen gas in the kiln and significant
differences in the kiln flame when using hydrogen.
One possible use of hydrogen in the system would be to provide the external heat to drive
a direct separation reactor. It is also possible to utilize hydrogen to boost the temperature
in an electrically-driven process. A study has shown that resistance heating may struggle
to raise sufficient volumes of air to the high temperature required, but that a combination
of electrical heating with hydrogen to “boost” the air temperature to the temperature
required to effect clinkering reactions may be viable.²² However, it is likely that the cost
and complexity of a hydrogen-driven kiln, together with the limitation in overall CO₂
capture potential, would mean that hydrogen is unlikely to take off as a decarbonization
vector for cement production. This is also the view of International Energy Agency (IEA)
studies.²³
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Supplementary Cementitious Materials, and Fillers. It is possible to directly replace
cement clinker with a number of alternative materials (notably coal ash and ground
granulated blast furnace slag, but also potentially naturally occurring rocks (pozzolans)
and potentially biomass and other ashes). Such replacements can reach a high-level, data
for China suggests an average replacement rate of more than 40 percent in the recent
past.²⁴ Displacing demand for clinker in the cement with such alternative materials may
directly reduce the emissions from cement manufacture while meeting current building
standards (up to a level) for Ordinary Portland Cement. However, some of the materials
used (coal ash and blast furnace slag) may become scarcer moving to a decarbonised
future.
Supplementary cementitious materials are an active replacement (in that they actively
take part in the chemical reactions leading to the production of solid cement). Another
potential class of materials is fillers such as powder limestone.²⁵ These do not take part
in the chemical reactions that give cement its strength, but the fillers can act to reduce
the overall requirement for cementitious materials when making concrete. The use of
limestone in such a context has been known about for many years, but it tends to reduce
the strength of the blend unless alterations to the water content are made. This is an area
under active research.
Backstop, DAC, and Alternative Cements. Due to the high concentration of CO₂ in the flue
gas from cement manufacture, and because of the large amount of CO₂ emitted per unit
of value added, CCS would be preferable as a technology to address the emissions of CO2
from this industry, as opposed to capturing CO₂ directly from the atmosphere (Direct Air
Capture, DAC). There are potentially alternative formulations of cement which drastically
reduce the CO₂ emissions, but none have been commercialized and all face significant
issues with end-user acceptability as mentioned in chapter 5.4 on Buildings. Regarding
CO₂ removal from the atmosphere, it should be noted that cement does actually, over
a sufficiently long period of time, recarbonate.²⁶ Depending on how it is used and the
conditions of its disposal, cement recarbonation may, over the long term (>30 years), take
up as much as 30 percent of the emissions produced during its manufacturing process.
A 2019 report discussed various alternative cement formulations.²⁷ These various types of
alternative cements could reduce CO₂ emissions by 20-100 percent. However, properties
and feedstock requirements limit the practical use of the formulations with high CO₂
reduction potential. For example, geopolymer binders are made out of a mix of silica-rich
sand and sodium carbonate processed at temperatures hundreds of degrees lower than
those required to produce traditional Portland cement clinker. As a result, the theoretical
energy requirements to produce the sodium silicate is 0.306 GJ per ton, while 1.059 GJ per
ton is needed for Portland cement clinker. Moreover, the use of limestone is eliminated,
enabling further reductions in CO₂ emissions. Sodium silicate generates 45 percent less
CO₂ per ton than conventional cement clinker (0.29 versus 0.54 tons of CO₂ per ton).
Advanced technological and experimental methods are needed to establish the viability
of these alternative cements. Alternative binders could provide a simple yet promising
solution for cement clinker replacement by making the cost competitive at industrial
scale, but their potential can only be realized through detailed investigation and
characterization with the help of cutting-edge technologies. Establishing codes, standards,
and setting guidelines with training will be essential in developing alternative cement
concepts. For example, performance-based regulations for concrete, instead of cement
type specifications are beneficial for the growth of geopolymer research and industry.
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In the future, it may be that novel cement formulations gain traction. However, the
cement industry (and in particular cement end users) remain inherently conservative. A
sentiment sometimes heard is “build a bridge, have it stand up for 20 years, and we might
examine your cement substitute.” An example of the difficulty of commercializing new
cements is the failure of the company Novacem, which was setup to commercialize a novel
cement material.²⁸ It may be that there are opportunities available for alternatives in nonstructural cement, though these are a relatively small market in comparison to that for
ordinary Portland Cement.²⁹

Steel
In addition to substantial emissions from combustion of fossil fuels for required heat, the
process emissions from steel production (i.e., excluding fossil energy inputs) accounts for
roughly 5 percent of global CO₂ emissions in recent years, mainly related to the coking
coal used to reduce iron ore in blast furnaces (i.e., removing oxygen from raw Fe₂O₃).³⁰
Although the U.S. imports >40 percent of the steel consumed in the country in recent years
(Fig. 1b), steel-related emissions in the country remain substantial: ~40 Mt CO₂ per year, or
just shy of 1 percent of the country’s emissions in recent years.
There are two main pathways for producing steel from raw iron ore. The first is in an
integrated steel mill where iron ore, coke, and flux materials (e.g., lime, to remove
impurities) are melted in a blast furnace to produce pig iron, which is then converted to
steel in a basic oxygen furnace (i.e., blast furnace-basic oxygen furnace (BF-BOF). The
second is by directly reducing the iron using a reducing gas or carbon from natural gas
or coal to remove oxygen from the ore at temperatures below the melting point of the
iron (i.e., direct reduced iron (DRI)), and then converting the DRI iron to steel using an
electric arc furnace (EAF). Of these two, the first is more common in the U.S. Although
there have been numerous analyses of how to decrease CO₂ emissions from these
steelmaking processes, there are still relatively few analyses of how to achieve net-zero
steel emissions.³¹ In addition to CCS, which is what many scenarios anticipate and which
will face similar challenges to those related to cement-CCS, there are a few options:
Recycling. Already, more than half of the steel produced in the U.S. is via processing of
scrap steel in EAFs. The electricity required to energize this process can be decarbonized,
and such recycling avoids the process emissions associated with reducing raw iron ore.
The main challenge to meeting more steel demand via this pathway are impurities such
as tin, copper, nickel, molybdenum, chromium, and lead that may compromise the
quality and integrity of such steel.³² With better sorting and product design (to facilitate
separation of metals at the end of a product’s life), recycled steel could meet 50-75 percent
of global demand.³³
Biocharcoal. It is possible to replace fossil coke in the BF-BOF process with charcoal
derived from biomass, as has been demonstrated at scale by the Brazilian steel industry.³⁴
This would theoretically render process CO₂ emissions net-zero, and any emissions
related to heat inputs could be captured and stored by CCS technologies.³⁵ However, as
with cement, the addition of CCS would substantially increase costs and complexity, and
the biomass and land requirements related to charcoal production also pose their own
emissions challenges.³⁶
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Hydrogen. Another option is to use renewable hydrogen as the reducing gas in the DRIEAF process.³⁷ This pathway is increasingly of interest; three Swedish companies (SSAB,
LKAB and Vattenfall), are working with the Swedish Energy Agency in a joint venture to
pilot this system (named HYBRIT).³⁸
Electrowinning. Yet another possible pathway to emissions-free steel is to use
decarbonized electricity to electrolyze iron ore in an acid or alkaline solution (separating
oxygen from iron ore by adding electrons to Fe₂O₃) at low temperatures (~110°C), and
then further processing the iron into steel either in an EAF or by molten oxide electrolysis
at 1600°C.³⁹ Although the low temperatures of ore reduction may enable a wide range
of cathodes and anodes, this process remains far from commercial-ready, and further
research and development is especially needed to identify and develop cathodes and
anodes which are both cost-effective and can survive the process.⁴⁰

Chemicals
The chemicals industry represented 5 percent of global CO₂ emissions in 2016, and 16
percent of heavy industry emissions.⁴¹ In 2018, the U.S. chemicals industry emitted
286 Mt CO₂e of 6676 Mt, or 4.2 percent of total national emissions. Petrochemical and
plastics synthesis accounted for 80.1 Mt (38 percent), ammonia fertilizer production 39.5
Mt (19 percent), and other organic chemicals 89.7 Mt (43 percent).⁴² There are several
main precursor chemicals which represent a majority of emissions coming from several
different feedstocks with very different production processes, and some variation within
with the chemical families (e.g., hydrogen and hence ammonia is mostly commercially
made via steam methane reformation of natural gas, but has been made commercially by
electrolysis, and ethane can be extracted directly from natural gas (NG) or catalyzed from
crude oil). Net-zero decarbonization of chemicals production is very chemical and process
specific, but targeting the decarbonization of key feedstocks like hydrogen and carbon
monoxide, accompanied by decarbonization of process heat, will cascade through the
production system.⁴³ Given there are thousands of chemicals produced and used, here we
focus on the main feedstock chemicals: hydrogen, ammonia, carbon monoxide, methane,
methanol, ethanol, ethane, olefins (e.g., polyethylene), and the aromatic BTX family
(benzene, toluene, and xylene isomers).
Hydrogen is a key feedstock for almost all organic chemicals and fuels, and it is normally
made through reforming of methane or coal followed by a water-gas shift reaction
to maximize the hydrogen production.⁴⁴ Thus, substantial CO or CO₂ emissions are
standard. However, there are at least two routes to decarbonize hydrogen production with
existing technology.⁴⁵ The simplest and cheapest way today is to partially decarbonize its
production is the use of relatively cheap CCS ($<40/ton CO₂e) for the concentrated process
emissions associated with steam methane reforming.⁴⁶ The process heat requirement for
this process remains, however, and would require more expensive post-combustion CCS
(>$80/ton CO₂e) unless another net-zero source of heat could be found. The second route is
by direct electrolysis of water to create hydrogen; this route produces no CO₂ but requires
significant amounts of electricity. The standard process of alkaline electrolysis is up to 60
percent efficient but the large capital investment requires that units be run at relatively
high capacity factors (40-50 percent or more) to be cost-effective.⁴⁷ Both solid oxide and
polymer electrolyte membrane (PEM) fuel cells offer the possibilities of smaller units
that can be operated more dynamically and reversibly, offering the possibility of valuable
demand response services.⁴⁸ On the technology horizon, there are several ways to directly
separate hydrogen from the carbon in methane (pyrolysis).
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Ammonia is a key feedstock for fertilizer production, which accounts for 4 percent of
industrial emissions. It is made by catalyzing (usually methane steam reformed) hydrogen
with nitrogen using the Haber-Bosch process. However, recent analyses suggest that if
electricity can be purchased for less than $30/MWh and electrolyzers run steadily for
more than 50 percent of the time, carbon emissions-free, “green” ammonia might be costcompetitive with natural gas-based ammonia, particularly if modest carbon prices (i.e.,
~$30/ton CO₂) are incorporated.⁴⁹
Carbon monoxide (CO) & biogenic carbon. CO is a highly reactive precursor chemical to
many hydrocarbon compounds. CO is usually made by partially oxidizing a carbon source,
using coal or methane reformation. It can also be made from CO₂ by reacting it with
carbon. Chemicals made using CO are often combusted at their end of life, releasing the
constituent carbon to the air as CO₂. In order to make CO-based chemicals net-zero, CO₂
could be captured from the air using DAC and reduced or else biomass carbon feedstocks
might be used (assuming the production of this biomass can be carbon-neutral).
Methane is the simplest stable hydrocarbon. It can be made if necessary for combustion
or as a chemical feedstock via methanation, which combines hydrogen and carbon oxides
into methane and water, typically using nickel catalysts. The key is that these processes
use net-zero heat or electricity sources, and that the feedstock hydrogen and carbon are
also net-zero, the former by one of the means described above and the latter by biomass
gasification or direct air capture.⁵⁰ Methanol and ethanol can similarly be made from
carbon, hydrogen and oxygen using biocatalytic (e.g., fermentation), thermocatalytic (e.g.,
gasification), or electrocatalytic processes.⁵¹
Ethane and the simplest olefin, ethylene, are key chemical feedstocks (e.g., for plastics)
that are currently derived directly from natural gas or else processed from crude oil or
coal. Both can be made thermo-catalytically using existing or more efficient near horizon
electrocatalytic processes from net-zero methane or methanol.⁵²
More generally, De Luna et al. 2019 indicate that most chemical feedstocks (from hydrogen
through olefins) can be made electro catalytically, either by themselves or in combination
with known biogenic methods (e.g., fermentation), which could radically reduce heat
requirements.⁵³ Although this is a more sophisticated role for electrification in chemical
production, if necessary, electrification could also provide most of the process heat.
The processing and use of aromatic BTX chemicals are very complex, but if they are
produced with cleaner hydrogen and non-fossil carbon (biomass or captured from the air
by DAC), their carbon emissions intensity will decrease.
Although all of the chemical processes described above are well-known and many have
been used commercially, most have not been used at large scale in an integrated way
because cheap fossil fuels have been readily available as the historical industry norm, and
the combustion and process CO₂ emissions could be freely emitted to the atmosphere.
With the possible potential exception of electrocatalysis, without a price on carbon, all
the processes will be fundamentally more costly than using fossil fuels and full scale
commercialization will require substantial policy support and dedicated lead markets.⁵⁴
As a general rule, the combustion emissions intensity of hydrocarbons rises with their
molecular length, and chemicals are often combusted at the end of their life. A simple
yet effective strategy for reducing CO₂ emissions related to chemicals is to use the lightest
hydrocarbons possible for feedstocks and fuels, e.g., prefer methane, methanol, ethanol,
butane, and propane over heavier, longer-chain carbons, with coal at the very bottom of
the list.
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In the North American context, the presence of very cheap fossil methane from
hydraulically-fractured wells (which often comes up with C5 pentanes +), co-located
with both similarly cheap (and projected to get cheaper) renewable electricity, as well as
geologic carbon storage capacity, may make pairing steam methane reformation with
CCS, DAC for synthetic hydrocarbons, or DAC and storage for negative emissions more
affordable than in other places in the world.

5.3.3 Future: Infrastructure and Demand
The challenge of decarbonizing industrial activities is made easier if overall demand for
industrial products can be reduced. For example, the MATTER (MATerials Technologies
for greenhouse gas Emission Reduction) project found that 35 percent of the potential
reductions in materials-related emissions relate to materials systems optimization,
ranging from reductions in materials used per unit of product to waste management.
Yet, although dematerialization and materials efficiency can play a key role in the deep
decarbonization of the U.S. economy—particularly as related to the key industries of
cement, steel, and chemicals, detailed data and modeling of materials demands remain
rare.⁵⁵

Figure 5.3.6. Materials intensity continues to fall dramatically. In the U.S., the amount of resources extracted
per dollar of GDP has decreased by nearly 75 percent over the past 90 years (figure original; data from Smil,
2014).

Although potentially misleading, (e.g., because substantial materials may be virtually
embodied in imports), aggregate materials intensity is often measured as the mass of a
material per $ of GDP (see, e.g., Fig. 5.3.2d). However, materials are versatile and widely
deployed. In the case of steel, 50 percent is used for building & infrastructure; 18 percent
transport; 16 percent mechanical equipment; 11 percent metal products (packaging, etc.);
5 percent electrical and domestic appliances. Because of this versatility, opportunities to
reduce demand must be considered in the light of the specific application, usually by a
product-specific life cycle analysis. The complexity of such bottom-up analyses is what
makes estimates of materials efficiency scarce.
As mentioned in the chapter introduction, the cement and steel intensity of U.S. economic
activity has declined over time (Figs. 5.3.2d and 5.3.6), but per capita consumption has
not.⁵⁶ The intensity trend is a net result of structural change in demand (e.g., buying
software instead of a house) and technical efficiency gains (e.g., lightweighting and
recycling).
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Potentials quantified: case studies
Wood construction (cement and steel). The built environment represents an enormous
and growing stock of materials, especially of cement and steel. Although these materials
have the potential to be a source of secondary materials, reliable and consistent
information about such stocks, especially at the global level, is missing. Recent estimates
are that residential buildings worldwide contain 240 billion tons of concrete, projected to
grow by 25-50 percent by 2050.⁵⁷
However, there are a number of opportunities to reduce the materials and thus
emissions intensity of the buildings sector both by using materials more efficiently and
by substituting less emissions-intensive materials. Recent IEA reports indicate that the
cement and steel intensity of building and infrastructure can be reduced by up to 26
percent and 40 percent, respectively, by reducing use of greenhouse gas (GHG) intense
materials, extending infrastructure lifetimes, and reusing or recycling more building
materials.⁵⁸ As a prominent example, if wood can be used instead of cement or steel,
industrial emissions during materials production are reduced, and carbon is meanwhile
stored in the wood products. A recent review of 51 studies suggests that for each kilogram
of C in wood products that substitute non-wood products, on average 4.4 kg CO₂ emissions
are avoided (with 95 percent of the values ranging from an increase of 2.6 kg of CO₂
emissions up to 18.7 kg CO₂ avoided).⁵⁹ These substitution benefits from using wood over
alternative non-wood products are largely gained from less fossil CO₂ emissions during the
production of the wood product (two-thirds of the benefit, on average). The other third of
the substitution benefits are obtained from energy recovery at the end-of-life stage. These
substitution benefits are sensitive to type of application, with benefits in construction of
4.8 to 5.9 kg of CO₂ avoided per kg of wood C, whereas using wood for producing textiles
may lead to a substitution effect of 10.3 kg CO₂ / kg C (the largest benefit across all product
types considered). It should be noted that these numbers do not include land use change
emissions which might result from increased demand for forest products (see Chapter
5.5).
However, the extent to which wood can replace other construction materials varies.
In the U.S., context wood frame buildings have traditionally been widely deployed for
single family residences, but the U.S. is also leading a trend to use more wood in highrise buildings (up to seven floors high in places where the codes have been relaxed).⁶⁰
Materials such as cross-laminated timber may even enable the use of wood in buildings
taller than ten stories, but such applications will require alteration of materials and
building standards.
Cement substitutes (cement). Cement clinker may also be substituted by other
materials with similar properties, thereby reducing demand for cement. Supplementary
cementitious materials (SCMs) can be used either as fillers or for their pozzolanic
properties. Natural pozzolans are pyroclastic rocks (volcanic ash) and do not need
pretreatment to react with calcium hydroxide. However, their availability is limited to
specific locations, and shipping costs are a substantial barrier to trade given the relatively
low cost of cement. Abundant and globally extensive silicon and aluminum oxide clays
such as kaolinite (widely available is tropical and subtropical regions) may also be suitable
substitutes after calcination at temperatures between 600 and 800°C. Fillers such as ground
limestone are widely used in some regions such as China and can have positive effects
on cement quality. However, standards have yet prevented the growth of this practice
elsewhere, and extensive testing is needed before new standards are approved. Coupled
substitution of limestone, calcined clay, and clinker (a so-called ternary blend) have been
shown to give good mechanical performances at 50 percent clinker content.⁶¹
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Other major options include blast furnace slag and fly ash from coal-fired power plants (of
which 330 and 900 Mt are produced annually in recent years, respectively), both of which
may have quality issues. Moreover, the amount of blast furnace slag is projected to decline
as DRI iron-making processes gain importance. Similarly, the quantity of fly ash substitute
is also projected to decline as coal consumption for power generation declines.
The majority of cement is used for concrete production, where cement is mixed with
gravel, sand and water to yield a slurry that hardens.62 Proske designed low-cement
concretes (using superplasticizer and limestone filler) and concluded that: “CO₂emissions can be reduced significantly in structural concretes. A significant reduction in
Portland cement demand may be achieved by using high performance superplasticizer,
high-strength cement and optimized particle-size distribution.”⁶³ This can result in: “a
reduction in the global warming potential of up to 35 percent compared with conventional
concrete… ”.⁶⁴ However new concrete formulations are subject to strict and long testing
procedures before they are approved. The most potential seems to be in concrete types
that have been approved for challenging environments such as high-rise buildings and
bridges. It’s a matter of cost reduction through learning and upscaling to apply these in
less demanding environments.

Figure 5.3.7. Trends and forecasts for global materials in the automotive industry (Fitzgerald etal., 2018)

Car lightweighting (steel). Figure 5.3.7 shows an example of how lightweighting in the
automotive sector (with materials such as aluminum and plastic) could decrease the share
of heavy (and emissions-intensive) conventional materials such as steel, with weight
reductions leading to fuel savings (but note that the total weight of materials used by the
automotive sector nonetheless increases over time as the number and average size of
vehicles increases). Yet, public policies focused on reducing road transport emissions
focus on fuel economy or tailpipe CO₂, neglecting potential life cycle and industry
emissions reductions. Fortunately, car manufacturers recognize the potential of using
lightweight materials to help meet fuel economy standards. For example, in 2015, Ford
began making the body structure of its most successful vehicle, the F-150 pickup truck,
entirely out of aluminum, reducing the mass of each vehicle by 700 pounds (318 kg) and
improving fuel economy by ~20 percent relative to the 2014 model.⁶⁵
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Reduction, redesign and recycling of plastic packaging (chemicals). Packaging materials
include various types of paper,, glass containers, wood pallets, aluminum and steel cans,
and—relevant to the chemical industry—plastic films, plastic boxes, and plastic bottles.
More than a third of all plastics and fibers are used for packaging, around 150 Mt per
year.⁶⁶ Accounting for 26 percent of the total plastics market, it is argued that plastic
packaging offers benefits in terms of convenience and performance. It is not possible
to come up with a verifiable statement of how much plastic is discarded each year. This
is largely due to problems with government tracking. One estimate has the figure at
32 million tons, and another has it at 39.9 million tons.⁶⁷ In any case, either number
represents an amount of discarded materials that burdens local government budgets and
overwhelms management systems.⁶⁸ One analysis has 81.4 percent of this material being
landfilled, and 13.4 percent incinerated, leaving 5.2 percent recycled.⁶⁹ This analysis does
not account for plastic waste that becomes litter. Annual global production of plastic has
reached 335 million tons and continues to rise, and global plastic production will triple
by 2050, accounting for twenty percent of global oil consumption.⁷⁰ Of the 8.3 billion
metric tons of plastic produced in the past 60 years, 6.3 billion metric tons have become
plastic waste.⁷¹ This reflects the fact that most plastic packaging is designed for single use.
Improvements to product design and waste management systems, coupled with a national
phase-out of single use plastics (see Chapter 5.6), might drastically reduce the amount of
discarded plastic materials, and increase plastic recycling, thereby reducing demand for
chemicals such as ethylene.⁷²

5.3.4 Conclusions and Policy Recommendations
Policy Recommendations
• Target funding of research and development to decarbonized cement, steel, and
chemical processes, ideally in the context of public-private projects where technical
bottlenecks are preventing private investment.
• Establish and encourage lead markets for decarbonized industrial commodities via,
e.g., green procurement policies, GHG content regulations, and guaranteed production
subsidies.
• Revise codes and regulations to allow testing and use of alternative building materials,
and to reward more efficient use of emissions-intensive materials.
• Convene and coordinate forums of key stakeholders to map out complex system
transitions and develop and establish standards and supporting institutions.

Incentives to innovate
We have established in earlier sections that the basic technologies to decarbonize most
heavy industry emissions already exist, but at technology readiness levels that range
from the lab bench to commercially demonstrated. In most cases, such alternatives have
not been adopted because without policy interventions, fossil fuels are cheaper (e.g.,
electric vs. natural gas boilers). This has meant that, despite substantial and consistent
improvements in the energy efficiency of industry, emissions intensities have remained
high.
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Reduce risks with lead markets. Innovations to decrease such emissions will be slow
without policy drivers because profit margins on undifferentiated products are low; there
is intense global competition; capital costs are high and can take decades to amortize; it
may be difficult to capture the benefits of innovation; facility lives are long and turnover is
slow; and most importantly, there is no market for more expensive low-carbon materials.
Policies to encourage deep decarbonization of heavy industry must address these physical
and market barriers.⁷³ Fundamentally, deep decarbonization of heavy industries like
cement, steel, and chemicals is about reorienting the economy towards use of less
emissions-intense materials while directing and reducing the risks of innovation to reduce
emissions intensity. This will require a layered, mutually reinforcing policy package that
tackles the numerous challenges directly.
First, the federal and state governments, industry associations, and large firms should
signal directionality for investment and operation going forward with policy commitments
to transition to a net-zero emissions industry.⁷⁴
As discussed in Section 3, reducing industrial emissions isn’t just about decarbonizing
production, but demand as well.⁷⁵ Material efficiency and enhanced circularity have great
potential to eliminate heavy industry emissions before they happen by reducing our need
for primary steel, cement, chemicals, and other GHG intense materials. However, many
of the opportunities for using materials more efficiently and using alternative materials
would require sophisticated geotechnical testing and revision of buildings codes. For
example, amended codes should: allow more substitution of low-carbon cementitious
materials; mandate professional concrete mixing – the better concrete is made, the
less needed for a given task; and explicitly consider emissions intensity in building and
infrastructure design. Architects, designers, civil engineers, and contractors could also
increasingly be trained to use steel and concrete only where needed.⁷⁶
Decarbonizing key industrial processes will likely require a process to plan transition
pathways that will include all the various stakeholders (i.e., sector associations, firms,
governments, unions, interested and influential non-governmental organizations (NGOs),
banks that do industrial finance) to assess technical options, strategic and competitive
advantages, critical barriers, and uncertainties. The goal would be to reach sufficient
working consensus to establish a long run industrial policy, including a policy package,
collective innovation and finance needs, labour re-education, and a sequence of target
markets for which low-emissions materials have value to end consumers.

Incentives to deploy
As discussed in previous sections of this chapter, technologies exist to decarbonize heavy
industry. Moreover, the additional costs associated with these technologies may represent
modest increases in the overall cost of buildings or vehicles. However, policy will be vital
to accelerating remaining research, development, and—especially—commercialization of
these technologies. Specifically, policies can create lead or niche markets to reduce risk
for early innovators and to build economies of scale, much as satellites, calculators and
remote electronics allowed solar photovoltaic (PV) to evolve beyond the lab.⁷⁷ For example,
green public procurement, public GHG content regulations (e.g., California AB 262),
private supply chain branding (e.g., luxury electric vehicle (EV) car manufacturers could
use green steel and add it to the branding), supply chain linkages (e.g., the HYBRIT steel
and ELYSIS aluminum projects), or guaranteed pricing & output subsidies.
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The latter can be applied using “contracts for difference”(CfDs), a common mechanism
used for renewable electricity generation, where the government or a private buyers
consortium agrees upfront to offer a premium over market prices for usually generic
commodities.⁷⁸ The ELYSIS project to make virtually zero GHG aluminum (via inert
electrodes, eliminating electrolysis smelting process CO₂ emissions) not only links the
supply chain from aluminum producer (Rio Tinto and Alcoa) to consumer (Apple),
it allows the high cost of the inert electrodes to flow through to consumer, for whom
the costs will be less than a dollar per computer. Applying this logic to electric car
manufacturing, if VW, Tesla, or BMW committed to using only ultra-low-emissions steel
when available, it would add an estimated $200-400 per vehicle, improve the company’s
green branding, and dramatically reduce the risks for steel producers.
Overcome system technical, financial and logistic barriers with public-private
coordination. Sometimes fundamental technical challenges beyond any one firm’s
technical or financial capability stand in the way of innovation. The U.K. Offshore Wind
Accelerator project, initiated by the U.K. government and including participation by all the
key North Sea wind turbine firms, was set up to analyse the supply chain for a potential
offshore floating wind industry, identify and solve the technical bottlenecks collectively
with government support, and then return to competition all owning the necessary
new intellectual property.⁷⁹ This project was key to recent successful unsubsidized
auctions at 5-7 euro cents/kWh. The Federal Government and its agencies could similarly
catalyze progress by initiating similar programs around specific technical challenges
such as demonstrating alternative cement binders, green steel-making process, or
electrosynthesis of key chemical feedstocks.
Ensure competitiveness of green industries. It is highly likely once the best available
technology standard is to reset to very low or zero levels that in most jurisdictions green
steel or cement will still cost more than today’s commodity until a high level of general
carbon pricing or standards is applied to all market participants. When lead market
subsidies are eventually removed, U.S. industry will need to be gradually exposed to
full carbon pricing or equivalent performance standards. If trading partners do not
have equivalent policy, the U.S. may need to apply competitiveness protections such as
border carbon adjustments or border standards to even the playing field while adhering
to WTO rules.⁸⁰ Importantly, such measures should be designed to allow new supply
green material supply chains to evolve. For example, green steel might be made using
hydrogen DRI EAFs in Australia or other locations with good solar insolation and iron ore,
or more general intermediate commodities (e.g., green sponge iron, ammonia, methanol,
etc.) could be processed where it is least costly and transported for final low-emissions
processing where they are needed (e.g., hydrogen DRI iron made with solar energy in
South Africa or Australia or with wind and hydroelectricity in Québec, and then shipped
to BF-BOFs or EAFs for final processing into steel products in Europe, North America or
China).⁸¹ Eventually, full supply chain carbon pricing will be needed to “mine” material
efficiencies across the economy.
Manage phase-out of existing infrastructure. Given the large existing fleet of steel and
cement plants, with an especially young fleet in China, locked-in production may start
to interfere with uptake of new ultra-low- and zero-emissions technologies.⁸² Much of
it will be retrofittable, but for the elements that aren’t, “sunsetting” or early retirement
may be necessary, with real costs for companies to the extent these facilities are not
yet amortized.⁸³ It also implies that the costs of industrial decarbonization may be
geographically concentrated in the communities and regions where current infrastructure
exists, similar to what is occurring with coal mining today globally.
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The political economy implications of this must be planned for ahead of time including
retraining, new investment in growing industry in the region, etc. (see general discussion
of environmental justice in Chapter 3).
Supporting institutions for all the above will be required. Infrastructure planning and
construction, because of its natural monopoly nature and long life, tends to be a joint
public and private activity, and such planning will be critical for a capital-intensive
transition of U.S. industry. In particular, a clear, easy-to-implement, and broadly-used
method of life cycle accounting for materials will be required to support effective carbon
pricing and border carbon adjustments policies. Education must be enhanced for
building and infrastructure architects and designers, civil engineers, trades, building code
regulators and everyone else involved with the building and infrastructure supply chain.
Last but not least, the regulatory and legal environment must be clarified: who is liable
for what with regard to carbon capture and storage, storage and transport of hydrogen,
contracts for difference, etc.
Finally, depending at what jurisdictional level policy enforcement takes hold, which will
depend on the constellation of willing jurisdictions and firms, arm’s length institutions
to monitor progress and suggest policy adjustments will be needed; successful examples
include the role of the California Air Resources Board in driving innovations to reduce
transport emissions and improve air quality in the state and nationwide, as well as the
U.K. Commission on Climate Change, which monitors the U.K. economy-wide policies
and carbon budgets. If the U.S. were to establish a White House Office of Climate Change,
as we recommend in Chapter 4, that body could oversee and coordinate monitoring and
policy adjustments, which would have the additional benefit of preventing inter-state
leakage (i.e., emissions-intensive industries migrating to states and jurisdictions with less
regulation of emissions).

Monitoring and regulating the emergent system
Decarbonizing the industrial sector will take place in the context of two major dynamics:
a changing industrial base and a changing climate. Designing an effective monitoring and
regulatory regime thus motivates a clear understanding and acknowledgment of these
changes and their likely impact on climate and other outcomes. Socio-environmental
assessment before and during transitions should account for the possibility (and
probability) that assumptions made today might not be valid in the future. Some of these
changes might be relevant during the life cycle of equipment installed today, and others
might become more relevant in the far future, after decarbonization is mostly complete.
For example, evaluation of the climate impact of electrifying a process now should
account for expectations that the electricity grid will continue to decarbonize, which is
immediately relevant.⁸⁴ Evaluation of the relative merits of alternative zero carbon energy
carriers, however, should consider both the immediate impacts relative to a present-day
counterfactual (e.g., displacing a fossil fuel) as well as the potential impacts relative to a
far-future counterfactual (e.g., displacing a different zero-carbon energy carrier).⁸⁵
Scenario-based assessments of the transitioning industrial sector can help highlight
possible conditional weaknesses and increase confidence in the robustness of a decision
in the face of considerable uncertainty.⁸⁶ Scenario analysis could be a particularly valuable
tool in the early stages of industrial transition, especially with respect to identifying
sectoral interdependencies and potentially hidden assumptions about integrated systems.
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Just as investing in electric trucks relies on the assumption that roads and electricity will
be available, investing in specific industrial technologies relies on assumptions about
the broader system that might or might not be realistic amidst industrial and climate
dynamics. For example, the cement industry has already observed that the supply of
fly ash from coal-fired power plants for use as a supplementary cementitious material
(SCM) depends on coal-fired electricity generation, which is expected to disappear as
decarbonization proceeds.⁸⁷ Monitoring the emergent system should therefore include the
goal of identifying such dependencies.
Both monitoring and regulation of emergent zero- or low- carbon industrial activities
should also consider the impact of scale on socio-environmental characteristics. Problems
that are negligible at pilot scale might not remain negligible at industrial scale, and vice
versa. For example, small-scale demand for a mined resource could be easily met with
waste streams from other mined resources or high-grade mines, but extensive demand
might require development of larger, costlier mining complexes. Similarly, repurposing
infrastructure might require reconsideration of maintenance schedules and needs. For
example, natural gas pipelines repurposed to transport alternative hydrogen carriers
might have different product loss rates (e.g., hydrogen is a smaller molecule than methane
and more readily escapes pipes designed for methane); different operating pressures;
different costs; and different safety requirements.
The impact of the changing climate is another major consideration for industry
monitoring and regulation. Design standards, maintenance requirements, reliability
assumptions, and other characteristics should all be considered in the context of
expectations about the future, rather than current climate. See, for example, LopezCantu et al. thoughtful analysis of future climate risks in designing stormwater system
standards.⁸⁸ Today’s capital investments are the future’s committed infrastructure, so
carefully considering issues like heat, humidity, extreme storms, and other impacts of
climate change while designing, monitoring, and regulating those investments may be
critical to their cost-effectiveness and long-term success.

5. APPROACHES FOR KEY SECTORS

230

Conclusions
Industrial processes to produce cement, steel, and chemicals are expected to be among
the most challenging parts of modern economies to decarbonize.⁸⁹ In addition to CCS,
technical solutions are available to both reduce demand for emissions-intensive products
and decarbonize the underlying processes. However, such alternatives face a number of
barriers that can be directly addressed by policies. Such policy priorities include:
• Revising building and infrastructure codes and best practices of design to encourage
material efficiency improvements and explicitly consider emissions intensity of
materials
• Increase public funding of research and development of new technologies that could
eliminate CO₂ emissions from the cement, steel and chemical industries, and foster
public-private collaborations to support the demonstration of the most-promising
technologies at commercial scale.
• Convening and coordinating forums of key stakeholders, including manufacturers,
regulators, scientists, and research institutions, to map out complex system transitions
and develop and establish standards and supporting institutions.
• Incentivizing commercialization by establishing lead markets for more expensive green
industrial products and, eventually, protecting nascent green industries with border
standards or border carbon adjustments.
• Proactively addressing challenges of lock-in and environmental justice associated with
existing industry infrastructure, for instance by targeted public support for “sunsetting”
of emissions-intensive capital, retraining industry workers, growing new industry in
affected regions.
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