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Abstract

Concrete is the most used building material. Due to the scale of use, Portland cement and concrete
production drive a large portion of the global greenhouse (GHG) emissions. High-GHG-emitting industries
are under increased pressure to decrease their GHG impacts to minimize the impacts of climate change and
avoid the worst-case climate scenarios. As Portland cement production is the primary driver for the GHG
emissions of cement-based materials, partially replacing Portland cement with supplementary cementitious
materials (SCMs) and/or mineral fillers is one of the primary strategies for reducing the clinker content of
binder materials. However, the supply of common SCMs is already regionally restricted with constrained
supplies of coal fly ash (fly ash) and ground blast furnace slag (GBFS) available for cement-based material
production. Notably, as the high-GHG emitting electricity and metal industries work to decrease their own
GHG impacts, the generation of fly ash and GBFS will decrease and further restrict the availability of SCMs
that decrease the GHG emissions of Portland cement-based binders. Alternative mineral admixtures are
needed to meet the continued demand. In this work, alternative mineral admixtures are investigated.
Specifically, regionally available flows from agricultural rice hull and rice straw residues and post-
consumer flows from waste carpet in Northern California are evaluated using experimental characterization
coupled with material flow analysis and environmental impact assessment. Insights from these efforts are

then used to present a national-level analysis of material availability and identify promising alternatives.

Post-consumer carpet calcium carbonate (PC4), from waste carpeting, was investigated as a filler
material (like limestone). Material flow analysis is used to evaluate the potential annual flow of PC4
materials from post-consumer carpeting, the performance of PC4 in cement-based materials is
characterized, and the environmental impacts of Portland cement-PC4 mixtures was quantified. Results
showed a loss of performance when PC4 is used, but the potential to decrease GHG impacts in Portland
cement-based materials. To address performance loss, PC4 materials was treated to improve mechanical

performance, leading to strengths similar to mixtures made with limestone and Portland cement.
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Rice hull ash (RHA) and rice straw ash (RSA) were investigated as reactive SCMs. Rice hull and
rice straw are lower-value residues from rice cultivation. Rice hulls are already a well investigated
bioderived SCM. A material flow analysis was used to model the generation of rice hull and rice straw from
rice cultivation and the potential ash generation. One challenge with rice straw combustion is the higher
levels of alkali-metals (K, Na) and Cl which can cause slagging and fouling in biomass combustion reactors.
Leaching that reduces slagging was performed and the effect on compressive strength of Portland cement-
ash mortars and the environmental impacts of these ashes was investigated. Results indicate that the use of
ashes from leached biomass may be best coupled with energy production systems. Importantly, ash
production in these systems is optimized for energy generation, not material properties. Thus, additional

investigations were performed into post-combustion processing of RHA and RSA.

These insights from material flow analysis, material performance, and environmental impacts were
coupled together to evaluate alternative mineral flows in comparison to conventional mineral admixtures
(i.e., fly ash, GBFS, limestone, metakaolin, and silica fumes). Recent trends in material generation are
compared to the potential production of alternatives. Projections are made for the future generation of fly
ash, GBFS, total coal combustion products (CCPs) and electric arc furnace (EAF) slags under shifting
production technologies. By coupling performance needs, environmental impact assessment, and modeled
material supply, the potential masses of binary Portland cement-RSA, -RHA, or -PC4 blends are shown to
be smaller even compared to decreasing generation of fly ash and GBFS. Notably, EAF slag and CCPs
remain larger flows compared to fly ash and GBFS. Demonstrating a coupled assessment of environmental
impacts, supply, and performance can be used to identify alternative flows to meet the growing demand for

Portland cement-replacing mineral admixtures.
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CHAPTER 1

Introduction

1.1.Concrete, Portland cement and the climate crisis

Concrete is an ubiquitous construction material composed of aggregates held together by a binder
composed of Portland cement and water. Concrete is the most consumed human-produced material, with
over 4 billion metric tons of Portland cement consumed annually [1], [2] and the estimated mass of concrete
production is even greater. With relatively low greenhouse gas (GHG) emissions associated with the
production of other constituents, Portland cement is the main driver of GHG emissions from concrete
production [3], [4]. The large amount of Portland cement and concrete production contributes
approximately 6% of all anthropogenetic GHG emissions [5] or 7-10% of anthropogenic CO> emissions
[5], [6] globally. Because GHG emissions are the driving force behind global climate change and the
growing climate crisis [3], there has been notable urgency placed on decarbonizing the cement industry. To
mitigate the impacts of climate change, all aspects of the global economy, including concrete and cement

production [7], must reach net-zero GHG emissions by 2050 [8], [9].

Concrete is an integral and pervasive part of the built environment. It comprises an important
component of transportation and mobility networks, buildings and structures, and water and energy
systems. The wide-ranging use of concrete is in part due to its high compressive strength, durability, and
relative ease of construction along with its commonly available constituents and low costs of production.
Thus—while there is an urgent need to decrease the environmental impacts of concrete and Portland cement
production—concrete consumption continues to grow. Historically, regional economic development has
coincided with expanded consumption of cement and concrete as construction of physical infrastructure

increased. From 1960 to 2019 the cement production in the United States nearly doubled, which was paired



with significant economic growth (Figure 1.1a). Similarly, reported Chinese Portland cement production

has increased rapidly, which also coincided with an increase in economic output (Figure 1.1b).
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Figure 1.1. Annual cement production and gross domestic product of (a) the United States and (b) China.
With cement production in billions of metric tons on the left-hand axis and gross domestic product shown
in trillions of US dollars, present day value (2022), on the right-hand axis of each plot. Note: the scale
changes for cement production between the two plots. Data from United States Geologic Survey cement
reports [10], the National Bureau of Statistics of China [11] and the World Bank [12].

Notably, production of Cement in China is projected to decrease in coming year (Figure 1.2). This
follows existing trends in US and European cement production [3], [13]. However, cement production in
other regions (India, Africa, and Parts of Asia) is projected to increase and led to a ~20% increase by 2050
in global cement production (compared to 2020) under high consumption scenarios [14]. As other
economies and populations expand across Asia, South America, and sub-Saharan Africa, demand for new

infrastructure and housing is expected to increase and, with it, the environmental impacts associated with

materials production will also increase [15], [16], [17].
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Figure 1.2. Projected change in Portland cement consumption in China (relative to 2020 production) based
on IEA project high [14] and low [3] cement consumption scenarios for China.

This increasing materials demand, coupled with the need to avoid GHG emissions, has led to
growing interest in alternative building materials with potentially lower environmental impacts. Apart from
novel alternative binder chemistries, wood construction has increased across Europe and North America
[18], [19], [20]. Notably, the majority of the tallest wood buildings require other material resources, and
they remain hybrid concrete-timber, steel-timber, or concrete-steel-timber structures [21]. While some have
argued that planted forests could be increased to meet the demands for soft and hardwoods on a global scale
[22], recent studies suggest that a regional scale analysis is required to balance loss of carbon storage with
using biomass materials as carbon sinks [23]. The applications of timber may be further restricted by
ecological considerations [23] and the limited ability to scale if global demands are to dramatically shift to
increased wood construction [22]. The current trend in timber construction is likely supported by the
location of fellable forest mass being concentrated in North America and Europe (regions with plateauing
populations and less-sharply increasing demands for construction materials) [19]. As such, timber-only
construction is not expected to be feasible for most countries, and concrete will be needed across many

regions.



Similarly, interest in “vernacular” materials (i.e., locally sourced, often lower performance
materials such as adobe bricks or wattles) has reemerged in architectural and some engineering fields [24],
[25], [26], which has been paired with increased efforts to standardize their implementation in parts of
Europe (especially in France) [27]. While vernacular materials tend to be limited to lower-performance
applications, these materials can curb some demand for concrete in specific applications. However, they
are regionally specific, require specialized training, and are typically very manual construction practices
[25], [28], [29]. For many applications, especially higher-performance applications, it is anticipated that
concrete will remain an important building material. In some regions with growing infrastructure demands,
concrete is also the only material with suitable performance and with suitable resource availability to meet
engineering needs and supply demands of the future [15], [30]. Thus, reaching net-zero emissions in

building materials requires reducing the GHG emissions from concrete production.



1.2. Cement as a concrete binder and GHG emission driver

Portland cement is a hydraulic cement that, when mixed with water, hydrates to form a binder that
can hold together the aggregates and other additives used to produce concrete and other cement-based
materials. Portland cement is comprised predominately of Ca and Si oxides, with smaller concentrations of
metal (i.e., Al, Mg, Fe) oxides. These oxides are produced by calcining and pyro-processing (kilning)
limestone (as the Ca source) and other Al, Si, and Fe minerals (e.g., clays, shales, and ores) at ~1400°C [31,
p. 19], [32]. This process forms a product called “clinker”, which is then milled with gypsum to produce
Portland cement [31]. This kilning process create specific Ca-, Si-, Al-, and Fe-bearing oxides in the
Portland cement (namely: alite, belite, aluminate, and ferrite). These oxides react hydraulicly in the presence
of water and assemble into calcium-silicate-hydrates (C-S-H), calcium-aluminate-silicate hydrates (C-A-S-
H), calcium hydroxide (CH), and ettringite hydration products [33]. Of which, C-S-H, C-A-S-H, and
ettringite contribute to the densification and structural development of the hydrated binder [33]. A summary

of the cement chemistry notation used here is provided in Table 1.1.

Table 1.1. Summary of key abbreviations from cement chemistry notation and the indicated compound

Notation Compound

C CaO

S SiO2

A AlO;

H H,O

C-S-H calcium-silicate hydrate

C-A-S-H calcium-aluminate-silicate hydrate
CH calcium hydroxide

* based on the notation and reactions described in [33], [34], [35]

As noted, Portland cement accounts for the majority of the GHG emissions in concrete production
[4], [36]. The calcining of limestone during Portland cement production (CaCOs3) is a chemical conversion
that results in the release of CO, and contributes over 60% of the GHG emissions from Portland cement
production. The second highest driver of the GHG emissions is energy resources that are commonly fossil

fuels required for the high-temperature kilning [5]. The contribution to GHG emissions from the production



of aggregate (despite making up the largest volume of the concrete), constituent transportation, and batching
processes are small relative to the Portland cement produced. As a result, strategies to reduce the GHG
emissions from concrete target reduction in the Portland cement demand [3], [37]. This demand reduction
is often achieved via partially replacing the Portland cement with other materials [38] or fully replacing

Portland cement with alternative binder chemistries [2], [38], [39].

Since the 1970’s, significant progress has been made to improve the fuel and energy efficiency of
Portland cement production (production illustrated in Figure 1.3) [40]. These efforts have included
increasing thermal efficiency by implementing pre-heating and pre-calcining processes before kilning.
Additionally, switching to dry conveyance of feedstocks instead of wet slurry methods reduces the need to
first drive off water in the kiln and further improves the energy efficiency [31]. Together, these
improvements in dry rotary kilns can increase energy efficiency and significantly reduce GHG emissions
by reducing the energy resources required for production [41]. While these energy savings can result in cost
savings due to the long-lived functionality of cement kilns, the operating savings do not always outweigh
the capital investment costs. As a result, some regions, especially those with established kilns, have not
implemented all of these methods [40]. These lower-efficiency kilns lead to some countries producing

Portland cement that is much higher in embodied energy and production GHG emissions.

Quarry processes Milling and blending ™ pre-heating & pre-calcning Kilning Cooling & finish milling

Figure 1.3. Pictorial illustration of Portland cement production process.

Alternative clinkers and binder chemistries, such as ye’elimite-based (calcium sulfoaluminate),
periclase-based (MgO), and various alkali-activated binders, have been investigated as potential, lower-

impact alternatives [5], [39]. Currently, ye’elimite- and periclase-based binders are still produced from



carbonate feedstocks. While these materials can have lower chemical CO, emissions compare to Portland
cement clinker, they still release CO, during the clinkering stage [5] and have similar embodied energies
to Portland cements [2]. Notably, production of periclase-based binders derived from MgCOs can lead to
larger GHG emissions than Portland cement [2] and, thus, be dependent on post-curing carbonation to
achieve GHG emission parity. If these binders are carbonated after hydration, both ye’elimite and
periclase-based binders could further reduce CO, emissions [5], especially if alternative (non-carbonate)

feedstocks are used [2], [5].

Alkali-activated materials (AAMs) are an alternative binder system comprised of alumnio-silicate
precursor that are activated by a Na- or K-based alkali-activators [42]. Typically, these activators are
NaOH, KOH, and NaSiOs3 solutions that are then combined with precursors. Common precursors are also
materials used as SCMs (i.e., coal fly ash, ground blast furnace slags, or metakaolin clays [43], [44]).
Importantly, multiple studies have shown that AAMs have 57-60% lower GHG emissions compared to
Portland cement [36], [45]. Notably, these reductions in GHG emissions coincided with increased volatile
organic compounds (VOC) and particulate matter smaller than 10um (PM o) impacts, largely driven by
the alkali-activator and precursor production systems [39]. In either mineral admixture use case (i.e., as a
partial cement replacement or as a precursor in AAM), the supplies of these mineral admixtures will need

to scale in order to meet the demand for greater Portland cement replacement.

While GHG emissions are the primary environmental impact examined in this work, it is important
to note the high levels of cement and concrete use drive additional environmental burdens [46]. For
example, cement and concrete production accounts for 9% of industrial water withdrawals [47], 9% of
mercury emissions [48], and 5% of particulate matter smaller than 10um (PM,) [4]. In some cases, these
burdens have greater impact at local or regional scales [49], [50], which in tandem can disproportionally
affect marginalized, less-resourced, and/or historically disadvantaged communities [51]. Notably, reducing
Portland cement clinker content does not necessarily drive down other environmental impacts [39].
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1.3. Supplementary cementitious materials can reduce GHG impacts

This work investigates SCMs to reduce the clinker content of Portland cement binders. Partially
replacing Portland cement with SCMs is a common method to reduce the GHG emissions associated with
concrete mixtures. Some SCMs, such as coal fly ash (fly ash) and ground blast furnace slags (GBFS), are
industrial byproducts and, without diversion, can be a hazardous waste flow from industrial processes. For
example, using coal fly ashes and slags in concrete can sequester harmful compounds and may help to avoid
other negative environmental impacts that could otherwise occur (such as preventing the leaching of heavy
metals) [52], [53]. SCMs, considered a subset of mineral admixtures, contribute to hydration products
through pozzolanic or cementitious reactions or as a filler material, allowing for the reduction of clinker in

the binder powder.

Common industrial byproduct SCMs include fly ash (from coal combustion), GBFS, (from pig iron
production), and silica fume (from the ferrosilicon and silicon alloy industry). Though the annual generation
of silica fume is relatively small [54], it is a highly reactive SCM comprised primarily of silica [34].
Pozzolanic SCMs containing reactive silica (e.g., Class F fly ash), can react with the Portland cement during
hydration products to yield C-S-H and, in the presence of Al, C-A-S-H [34], [55]. These hydration products
contribute to the densification and strength development in the hydrated binder. Materials with higher CaO
contents, like GBFS, can also contribute Ca oxides, which react with silica and water to create C-S-H and

C-A-S-H [34].

With growing demand for mineral admixtures, mined and processed materials are becoming more
common. Notable among these are limestone (as a “filler” — used here to refer to a less or non-reactive
mineral admixture) and calcined clays (e.g., metakaolin). Portland-limestone cement (PLC) has garnered
much regional acceptance in standards and, as of April 2024, is accepted in all 50 United States (US) states
[56]. The limestone particles improve the performance of the binder materials via more efficient particle

packing, which enables better mechanical load transfer in the material matrix and, via better cement
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dispersion, improves the hydration and microstructural development of the Portland cement [57]. Typically
PLCs contain ~15% limestone by mass with reduced clinker content [58], and such PLCs can achieve
compressive strengths comparable to traditional Portland cement-only mixtures [59], [60], [61]. Calcined
clays are produced by calcining certain mined clays. Kaolinite clays, when calcined, dehydroxylate into
reactive alumina- and silicate- rich material [62], [63]. This conversion can require notable energy inputs
and increases the associated GHG emissions. However, the calcining temperature for clays (~700-800°C,
[63]) is below that of Portland cement production, and the GHG emissions from calcined clays are usually
lower than those of Portland cement clinker. Like other reactive SCMs, calcined clay reacts with CH to

form C-A-S-H and other hydration products [64].

Binary cement mixes containing Portland cement and a mineral admixture (i.e., SCM or filler) are
commonplace, tertiary blends—for example “LC3” cements (limestone calcined clay cements) with
limestone, calcined clays, and Portland cement clinker—are garnering increase interest and are gaining
acceptance in blended cement standards (e.g., [65]). These ternary blends of mineral fillers and reactive
SCMs could be a viable means of extending limited supplies of SCMs if there are localized scarcities.
Ternary blends also allow for larger reductions in Portland clinker content than PLCs, and can lead to even

lower GHG emissions compared to binary Portland cement-SCM mixtures [66].



1.4. Common supplemental cementitious materials are regionally scarce.

SCMs and mineral fillers remain popular and effective at reducing the GHG emissions from cement
and concrete production. Namely, partially replacing Portland clinker with SCMs is a key strategy in
industry [37], national [38], and global [3] emissions mitigation roadmaps. Increased urgency to
decarbonize cement production has led to a growing demand for mineral admixtures. At the same time,
production of industrial byproduct SCMs (e.g., coal fly ash) is decreasing in some regions, such as the US,
as energy grids transition towards more renewable energy resources [67]. Changing steel production
processes (namely, coupled direct reduce iron and electric arc furnace production systems with increased
recycled steel and scrap feedstocks) will reduce the generation of GBFS [68]. As such, it is expected that
the availability of these products, especially in North America, will become more restricted [54]. At the
same time, regional alternatives to conventional SCMs are being identified [69], [70]. However, the types,

availability, and quality of these alternative mineral resources varies [69].

Identifying the most effective and promising mineral admixtures to decrease GHG emissions is
imperative to continue driving down Portland cement-caused GHG emissions. Transitioning to alternative
materials may require shifting the paradigm of the traditional SCMs supply chain, wherein byproduct
materials are collected from the factory gate and diverted into Portland cement production systems.
Valorizing alternative materials flows may require different supply chains, additional processing (or
beneficiation) steps, and tailored mixture design to achieve desired performance. Notably, these shifting
systems also opens opportunities to find new synergies between industries where there is potential to divert
mineral flows from waste systems into beneficial resources. This work aims to create a framework for
considering resource diversion for recovery and reuse to advance further material circularity with the

primary focusing being to decrease the GHG emissions from Portland cement and concrete production.
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1.5. Outline of dissertation

This dissertation advances the evaluation of alternative mineral admixtures produced from residue
and byproduct materials. Herein, alternative mineral fillers and SCMs are evaluated based on performance,
material availability, and GHG emissions. In Chapters 2-3, candidate material flows (from agricultural
residue and post-consumer waste) are considered using experimental investigations, material flow analysis,
and environmental impact assessment. This perspective is then expanded in Chapter 4, where a framework
is developed to evaluated the system-level availability of different mineral resources in context of material
production, GHG emissions, and mechanical performance. Finally, Chapter 5 provides concluding remarks

on this work with a focus on future applications and future research opportunities.

Chapter 2 investigates post-consumer carpet calcium carbonate (PC4), a mineral resource that is
diverted from landfills, as a mineral filler. A material flow analysis is used to quantify the annual generation
of PC4 and current end-of-life outcomes for waste carpet. Results from experimental characterization of
as-received PC4 is concrete mixtures is shown and used in tandem with an environmental impact
assessment to understand the changes in properties of concrete mixtures made with PC4 and its potential to
reduce the GHG emissions from concrete production. In the last section, PC4 is processed and engineered
to identify strategies that can improve the performance as a filler material and changes in the PC4-Portland

cement mortars are investigated and compared to specimens made with virgin limestone filler.

In Chapter 3, residue rice hull ash (RHA) and rice straw ash (RSA) from combusting biomass for
energy generation are evaluated as SCMs. A material flow analysis is performed to quantify the flow and
potential mass of rice-biomass ashes in the US. As rice is produced only in some regions in the country, a
spatiotemporal analysis is applied to understand the cement replacement potential in a regional context.
Noting there are potential added benefits if rice residues are used for both energy generation and ash
production, the influence of different leaching pre-treatment conditions (necessary to reduce slagging in

energy generation) and different oxidation temperatures are evaluated. In this work, the chemical
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composition of the ash is characterized, the mechanical performance of mortars with ash is investigated,
and an environmental impact assessment is conducted to understand the potential for GHG emissions
savings. Based on the findings of the environmental impact assessment, additional experimental testing is
performed with industrial produced RHAs and a lab-produced RSA to evaluated different post-combustion

treatment strategies that could improve the performance of ashes from biomass energy generation.

In Chapter 4, findings are harmonized to formulate a systematic approach to investigate alternative
mineral admixtures (including PC4, RHA, and RSA) and develop an assessment framework. Namely, the
potential generation of alternative mineral flows is compared to the recent supply of traditional SCMs. As
coal fly ash and GBFS are expected to decrease in the future, projections are made for future fly ash and
GBFS generation up to 2050. To compare the GHG emissions, two strategies are demonstrated. First, a
comparison index approach is used to integrate shifts in the compressive strength of the SCM mixtures
evaluated in Chapter 2 and Chapter 3. Then, the assessment framework is developed with, a second
comparison strategy, to provide supply-informed comparisons. By combining performance considerations
to evaluate multiple binder proportions, this framework allows for the GHG emissions from SCM-Portland
cement paste blends to be compared in context of the potential production masses of the pastes and a fixed
compressive strength. This supply-based comparison is then used with SCM generation projections to

provides insights into potential material flows and the need to identify alternative mineral admixtures.

In Chapter 5, key findings from earlier chapters are highlighted and used as a foundation to identify

and discuss future applications of this work. Specific focus is given to residue- and waste-flow diversion

and techniques that can advance future work in identifying and evaluating alternative mineral admixtures.
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CHAPTER 2

Post-consumer Calcium Carbonate from Carpet (PC4)

Author Note
This chapter is comprised of portions from the following peer-review journal articles. The author is grateful
for the expertise and advice provided by co-authors: P.G. Green, S.J. Parikh, J.T. Harvey, and S.A. Miller.

i.  P.R.Cunningham, S.A. Miller. A Material Flow Analysis of Carpet in the United States: Where Should
the Carpet Go?. J Clean Prod. 368, 13324. (2022). https://doi.org/10.1016/j.jclepro.2022.133243.

ii. P.R. Cunningham, P.G. Green, S.A. Miller. Utilization of Post-consumer Carpet Calcium Carbonate
(PC4) from Carpet Recycling as a Mineral Resource in Concrete. Resour Conserv Recy. 169, 105496.
(2021). https://doi.org/10.1016/j.resconrec.2021.105496.

iii. P.R. Cunningham, P.G. Green, S.J. Parikh, J.T. Harvey, S.A. Miller. Engineering the Performance of
Post-consumer Calcium Carbonate from Carpet in Cement-Based Materials through Pre-treatment

Methods. Constr Build Mater. 368, 130451. (2023). https://doi.org/10.1016/j.conbuildmat.2023.130451.

2.1. Introduction
Carpet is an ubiquitous flooring material used across commercial and residential applications.
Carpet is a relatively short-lived component of buildings, with typical lifespans below 25 y [71]. A carpet
may be replaced many times over the lifespan of a structure [72]. Initial estimates suggest carpet post-
consumer carpet (PCC) flows of 2-3.5 Mt to landfills in the United States (US) annually [73]. Wang [74]
estimates that the US is responsible for ~50% of global carpet disposals. PCC was estimated to be 3.2% of
California landfill volume [75] and to be 2% of landfill mass in the United Kingdom [76]. This unused

material had an estimated $750M value in 2004 [77]. PCC represents a large, but underutilized, resource
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[77], [78], [79]. Understanding these material flows is imperative to moving towards a more circular

economy [80].

With such a large mass of PCC, the carpet industry has garnered legislative and regulatory scrutiny
around the end-of-life (EOL) processing in the US. A key example is the expanded producer responsibility
(EPR) legislation to increase carpet diversion from landfills and recycling adopted in California. In
California, the Carpet America Recovery Effort (CARE) is the organization tasked with developing and
administering plans to meet requisite carpet diversion and recycling rates [75], [81]. Actions to meet these
regulatory requirements has led to 103 carpet collection locations in California, which is twice the number
of collection sites as in the remaining 47 contiguous states combined [82], [83]. Similar carpet recycling
regulations are now under consideration in four other state legislatures [84], [85], [86], [87]. These bills
propose a consumer-paid fee on carpet, with funds used to incentivize carpet collection, recycling, and re-
use [75]. California Assembly Bill 1158 required a 24% diversion rate in California by 2020 [88]. If passed,
proposed legislation would require a 14% diversion rate in Minnesota by 2024 [84], a 25% diversion rate
in Illinois by 2023 [86], and a 25% diversion rate in New York by 2027 [85]. Drafted legislation in Oregon
would set a phased transition to a 75% recycling rate with a required 40% being “close-loop” recycled
(dates for the transition have not been set) [87]. With increased interest in supporting a circular economy
and the use of policy mechanisms to drive such action, the availability of resources from carpet at its EOL
is expected to grow. Quantifying these material flows by constituent is needed to demonstrate the secondary

resource availability and to identify industries that could utilize these flows.
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2.2. A material flow analysis of US carpets

The composite nature of carpets can make end of life (EOL) processing challenging. While natural
fiber carpets can be diverted from landfills by leveraging their unique composition (e.g., applying the waste
fibers as fertilizer [89]), natural fiber carpets constitute less than 1% of carpets in the United States [90].
Ubiquitous synthetic-polymer carpets do not readily biodegrade in a landfill environment [91]. Some
manufacturers have attempted short-lived carpet leasing schemes to shift the responsibility for EOL
processing to manufacturers, thus encouraging carpet design to re-utilize waste flows [92]. These systems
rely on specific waste-carpet compositions and material availability can be limited [93]. As is the case in
all EOL resource utilization, PCC decision making needs to consider the environmental impacts associated

with EOL processes [76].

Beyond landfilling, common EOL pathways for carpet include carpet reuse, material recycling, or
thermal energy recovery. Using life-cycle assessment (LCA) methodologies, Morris [94] and the US EPA
[95] examined landfilling, energy recovery, and recycling EOL processes for polymer carpets to show
recycling offsets more CO,-eq than it produces. Specific studies on certain carpeting types have shown that
nylon recycling contributes less than 1% of the CO-eq emissions over its life cycle with the raw material
acquisition accounting for ~70% of CO;-eq emissions [96]. While different polymer types in carpets can
lead to a range of environmental impacts, they typically perform the same function [97]. Such findings
demonstrate how the production of carpet is ripe for redesign under a circular-economy perspective [96],

[97].

Energy recovery as an EOL pathway involves using PCC as a feedstock for heat or electricity waste-
to-energy (WTE) generation or as a high-temperature fuel for industrial processes. WTE conversion of
carpet could produce 13 trillion BTUs of energy while reducing landfill volume [90]; however, the
environmental impacts may be greater than other energy feedstocks [98]. While post-consumer carpeting
(PCC) led to lower emissions than coal power [94], the impacts are greater than energy from natural gas
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combustion and the 2003 average US electricity mix emissions [94], [95]. As an industrial process fuel,
Lemieux, et al. [99] measured no increased CO emissions, but a 3-8% increase in NO emissions when co-
firing shredded carpet with natural gas. These findings suggest that energy recovery may not be the most

desirable utilization of PCC [95].

Reuse of PCC as an EOL pathway has been most successful with carpet tiles, largely used in
commercial applications. The modularity of tiles facilitates cleaning and refurbishment [92]. Successful
reuse of PCC as equestrian flooring has also been noted in the UK [98], with appropriate blending and
treatment to remove hazardous materials [100]. Typically, carpet recycling can be broken into three
categories: (1) physical separation and recovery; (2) chemical depolymerization; and (3) processing PCC
for extrusion in to heterogenous composites [101]. Physical separation and recovery of carpet components,
which has been considered for decades [102], involves the separation of polymers and textiles from the
granulated backing (called post-consumer calcium carbonate or PC4, a CARE marketing term). The
recovered portions are then process according to the material type. For example, polymers recovered
through mechanical separation have been explored as reinforcement in concrete [103] or as reinforcement
for laminate composites [74] and can substitute for virgin polymers in some applications. The PC4 contains
CaCOs as well as residual impurities, including some polymer fibers and styrene-butane latex. These
residual impurities have complicated the diversion of PC4 into value added production [72]. However,
initial research has suggested PC4, with treatment, could find a second life as a concrete additive [72]. In
depolymerization, the polymer components are broken down into the base monomers that can then be
processed back into polymers that performs like virgin materials [73], [101]. Chemical recycling can
support reuse of the resources without limitations associated with loss of performance during prior use [74],
[104], [105]. The final recycling category involved the processing of carpets into polymer composites, but
without separating constituents. This method has been used to produce molded plastic composites [92],
such as for auto parts [95], and resin-treated structural materials [106]. While this strategy diverts carpet

from landfills, the drastic performance variations of carpet-composites in literature restrict the potential
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structural applications [98].

Literature on carpet recovery has focused on the logistical challenges of EOL collection, sorting,
and processing with a primary focus on nylon recovery, potentially due to economic value [74]. Yet the
large fraction of other material types is neglected. Realff et al. [77], [79] has published on optimizing carpet
recycling systems, including models to optimize facility capacities and locations for nylon carpet collection,
sorting and depolymerization recycling. Biehl et al. [107] considers the nylon carpet recycling and find that
the PPC flow would not meet demand for recycled nylon without additional incentive to increase PCC
diversion. Sas et al. [108] models carpet collection site coverage in the US and shows optimizing
geolocation would allow reducing sites by over 50% while maintaining comparable coverage. Thoney et
al. [105] incorporates the locations of PCC material consumers to optimize the geolocation and sizing of a
nylon carpet recycling systems. Lu et al. [93] uses environmental consideration to inform pathway selection
for new carpets made in part with recovered PCC and highlight the need for design to accept recycled
materials as a key limitation. Data on non-nylon constituent flows is needed to better design recycling and
reuse by considering the other material flows in carpets. In this analysis, we quantify the material flows

which could facilitate future modeling of logistical systems to process a larger fraction of the PCC flows.

To quantify PCC flows, this work focuses on tufted carpets, which have made up the majority of
the carpet market since 1957 [109] and remains the predominant carpet consumed in the US [110]. Tufted
carpet is a composite material of front-fibers (i.e., tufts) that protrude from a textile backing material and
are held in place by a styrene-butadiene latex adhesive mixed with calcium-carbonate (CaCQOs3), which
provides weight to the backing [74]. A schematic of this system is depicted in Figure 1.1. Since the 1970’s,
the predominate fiber and textile components of carpets have been synthetic polymers, such as nylon,

polypropylene (PP), and polyethylene terephthalate (PET) [111].
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Figure 2.1. An illustration depicting the simplified construction of typical tufted carpet

Here in, we quantify PCC flow by material constituents to systematically quantify for the first time
resources available from PCC disposal stream. We model in-use stock and PCC flows in the US. Using
annual production data and a lifespan distribution for carpet we quantify the annual waste flows by material
constituent (e.g., polymer fibers, backing materials, etc.). To demonstrate the potential for these flows to
advance a more circular economy, we compare the annual disposed carpet polymers to production statistics
of virgin polymers in the US and disposed PC4 to limestone in cement production. Further, we illustrate
the ability for this materials substitution to contribute to sustainability by quantifying the potential avoided

environmental impacts from virgin material production.

2.2.1.Methods

This work uses a material flow analysis (MFA) to evaluate carpeting and the flows of the material
constituents in carpeting in the US. MFA relies on the conservation of mass as flows move through
processes. Using a mass balance, we quantify the amount of PCC not diverted to reutilization or recovery
pathways and is released to the environmental or landfilled. From this, we quantify the unrecovered material
flows and compare them to virgin production of similar materials. This is used to highlight potential

materials markets that could increase sustainability through resource reuse.

2.2.1.1. Goal, system, and scope

The goal of this MFA is to quantify the EOL fiber, textile, and mineral flows in carpet removed
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from stock, where findings can be used to advance PCC diversion from landfills and to inform the design
of systems for material recovery and reuse. The mass conservation implicit in MFA allows us to identify
the current EOL outcomes for all carpet produced, a new understanding that is needed to establish pathways
to mitigate environmental damages, to understand the ability to meet current regulatory goals, and to

understand resource valorization markets. A system diagram for the MFA is shown in Figure 2.2.
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Figure 2.2. System diagram showing carpet production, use, and end of life (EOL) phases. EOL outcomes
are considered in this analysis, but specific processes are not. Here, EOL pathway processes are shown as
examples of potential pathways (e.g., mechanically recycling for material separation and reuse), but are not
exhaustive of all EOL processing pathways.

This analysis considers carpet flows in the United States (US) for carpeting produced from 1950-
2018. We examine tufted carpet, as it has been 97% or more of the annual production since 1973. This

analysis considers US domestic production, imports, and exports of carpeting to quantity annual stock

change and uses a lifespan distribution to quantify annual removals from stock. Natural fibers make up a
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small amount of US carpeting, but are considered as a flow in this analysis. The EOL outcomes are modeled
from 2002 on, the earliest year of EOL data available. As the efficiency of EOL processing methods vary
by recycler and carpet type, the material flows in the PCC are quantified without consideration of a specific
processing methods. However, mechanical recycling is shown in Figure 2.2 as an example of one such

method.

2.2.1.2.Data utilized

2.2.1.2.1. Carpet production

Carpet production, imports, and exports are the initial flows into the system considered. Production
data from 1950-1959 was collected from carpet industry reports published by the Wharton School of
Finance and Commerce [109]. The data for production from 1950 to 1959 did not include the type of front
fiber nor backing material and, thus, the constituent flows during these years are not modeled. For data
from 1960 to 2010, the US Census Bureau published quarterly or annual reports on US carpet production,
including production by carpet fiber composition (Appendix A, Table A.1), are leveraged. From 2010 to
2018, annual sales reported by CARE are used as a proxy for production (Appendix A, Table A.1). CARE
also reports the annual breakdown of the recycled carpet by polymer type. While sales likely under-estimate
the actual amount of carpet produced, both the CARE sales data and US Census Bureau data is available
for 2008 and 2009 facilitated a comparison across reporting schemes. In these years, the CARE sales data
are within 7% of the US Census Bureau carpet production data. Over the 68 years of data collected, reported
statistic and categories changed. This variation in reporting led to occasional gaps in composition data. In

these cases, the missing data were interpolated or extrapolated linearly (Appendix A, Table A.3).

Import and export data for tufted carpets was collected from the USA Trade Online database [112]
(Appendix A, Table A.2). As imports and exports averaged ~5% of carpet flows during the years modeled,

we assume that trade did not affect average fiber composition. Due to a lack of trade data prior to 1977,
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percentages of import and export from 1978 were assumed to be the consistent in the preceding years
(Appendix A, Table A.3). Averages composition data is used to calculate the flow of constituent materials.
Calculated as the 1968-2008 averages from US Census production data, we use 1.46 kg/m? as the unit mass
of face fiber and 4.27 kg/m? as the average unit mass of carpet. From composition data in Realff [113] and
the average mass fractions of backing textile, PC4, and face-fibers are assumed to be 10%, 44%, and 47.5%,

respectively (Appendix A, Table A.4).

2.2.1.2.2.Carpet lifespan
To determine the lifespan distribution for carpet, a semi-systematic review of the literature was
performed using Google Scholar with search terms: “carpet LCA”, “carpet lifespan”, and “average lifespan
of carpet.” The lifespan of the carpet varied in the literature depending on analysis, application, and
carpeting type. In use service life estimates were collected from 14 publications (data is summarized in
Appendix A, Table A.5) to create lifespan distributions of carpeting. Examples of values reported in
literature to inform the in-use distributions include:
e Bowyer et al. [71] evaluates carpets compared to other floorings estimating lifespans of 11
and 25y for polymer and wool carpets, respectively.
e Stephan and Athanassiadis [80], in an evaluation of non-structural material flows in
Melbourne, Australia, use lifespans of 10 y for both wool and polymer carpets.
e Junnila et al. [114] considers polymer carpet in a life-cycle assessment European office
buildings to have a 4 y lifespan.
e Quthred [115] recommends apartment landlords to assume a 5 y replacement rate in their
cost analysis.
e The national home builders association (a US organization) suggests a lifespan of 8-10 y

for home owners [116].
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2.2.1.2.3.Carpet end of life

The reutilization of carpeting materials at their EOL is dependent on appropriate diversion from
landfilling. Data on EOL outcomes for diverted PCC were collected from CARE annual reports from 2002-
2019 (Appendix A, Table A.1). CARE relies on industry surveys to collect data [117], these data are also

used by the US Environmental Protection Agency (EPA) to quantify carpet diversion from landfills [118].

2.2.1.2.4. Potential material markets

To contribute our discussion on material markets, we compare the material flows from EOL carpet
to the production of similar virgin materials. We focus on substituting recycled materials for virgin material
production because reuse and recycling are show in the literature as the lowest impact EOL pathways.
Whether the carpet is reused or recycled, it would decrease the need for additional virgin materials. Polymer
flows from carpet disposal are compared to US virgin polymer production. Annual polymer production data
from 1995 to 2014 for nylon, PP, and PET was collected from Commodity Resource Bureau reports (see
Appendix A, Table A.7). Annual PC4 removal is compared to resources used in Portland cement, another
limestone-based product, production from 1994 to 2019. Namely, limestone is used in two primary ways
during Portland cement production: (1) as a mineral feedstock to produce clinker, a solid precursor to
Portland cement; and (2) for inter-grinding during finish milling of clinker to produce a Portland-limestone

cement [119]. Data for annual cement and limestone for cement are show in Appendix A (Table A.5).

Recycling/reusing these materials could lead to reductions in the environmental burdens both by
avoiding landfilling and by avoiding virgin material production impacts [95]. The potential to mitigate
environmental impacts from virgin material production is quantified with life-cycle inventories: US LCI
Database [120] for US production of PP and PET polymers [121], and for US cement production [122], and
from the ecoinvent 3.0 database [123] for nylon 6 and nylon 6,6 production in Europe (note: a US model

was not available) [124].
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2.2.1.3.Quantifying stocks and flows

2.2.1.3.1. Material flows into and out of stock
The apparent consumption, annual in-use stock, and annual disposals of carpet were determined to
inform material flows. Annual apparent consumption, or flow of carpet into use, is calculated using

s
l

Equation 2.1 where, for year “i”, v; is the apparent consumption (mass), p; is the production mass, z; is

the imported mass, and x; is the exported mass.

Vi=Pi— Xtz Equation 2.1
The mass of material constituents in carpet are modeled on an annual basis because the average
carpet composition varies over time. The flow of materials into stock, [Mass Material];, is calculated as
a mass fraction of the carpet annual consumption with Equation 2.2; where [Mass %]; is the mass fraction
for the constituent of interest (e.g., nylon or PC4). The removal of materials from stock can be modeled
using the carpet lifespan distribution and the annual flows into stock. The mass of carpet removed from
stock “n” years after consumption is determined using Equation 2.3, where 1;, is the percentage of carpet
removed after “n” years and d,, ; is the mass of carpet consumed in year “i” that is removed “n” years later.

Development of the r;, values is discussed below. The mass of carpet constituents removed is modeled in

the same way by substituting v; with [Mass Material],, in Equation 2.3.

[Mass Material]; = [Mass %]; * v; Equation 2.2

dpi =Ty "V Equation 2.3

With this production-based accounting, the total mass of material removed (dy) from stock in a

year of interest (i.e., year “k”) can be calculated with Equation 2.4. The same process is used to calculate
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the removals from stock by material type, [Mass Material],. In this analysis, MATLAB is used to

compute the annual disposal in matric form as illustrated in Figure 2.3.

k-1
dye = Z i = iy + iy + o+ dye e, Equation 2.4
i=1
Year Row sum = annual stock removal
removed 1 2 3 Ca i
\ ',

g 1 AN Year added

3

8 2 Carpet produced in

X 3 year 1 then removed in
=] 3 year2, 3,..,n,n+1
[}

©

=

=

=

]
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E

2

E

3| n

\%+ 1

Figure 2.3. Illustration of matrices created to model the total amount of material removed from the stock
annually. The notation d,, ; indicates materials added to stock in year i and removed from stock in n.
Finally, the annual stock can be calculated using Equation 2.5; where [stock]; is the stock of carpet in
year “k”. For other materials, the stocks are calculated by replacing v, and d;, with the analogous value for
the material stock being modeled. For the first year modeled, the previous year’s stock, [stock],_q, is
assumed to be zero.

[stock]) = [stock]yx_q + v — dj Equation 2.5
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2.2.1.3.2.Carpet lifespan distribution

The lifespans used in literature were tallied to form a frequency distribution (see Figure 2.4). For
works that used a range for service life, each integer in the range was counted as one possible value: e.g., a
reported range of 8 to 10 y would be represented as 8, 9, and 10 y lifespan values (3 counts). To perform a
scenario analysis, the role of an increased or decreased lifespan on disposal rates was explored. Namely, a
shorter lifespan distribution was created by reducing the life by 3 years and a longer lifespan distribution
was created by adding 3 years to the initial distribution (modeled lifespan) (see Figure 2.4). These lifespan
distributions were used to calculate the percentage of carpet removed from stock at different ages (disposal

rate), indicated by 7; in Equation 2.3.
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Figure 2.4: Disposal rates calculated from carpet lifespans used in literature: (a) collected values from
literature; (b) shorter lifespans (reduced by 3 y); (c) longer lifespans (increased by 3 y).
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2.2.1.3.3.Carpet end of life

The main EOL outcomes for collected PCC are: (1) recycling or reuse; (2) waste-to-energy (WTE)
(e.g., via combustion); or (3) higher temperature industrial process energy (e.g., cement kiln fuel). In
addition to these EOL pathways, some CARE reports also quantify material that is collected and then
landfilled after diversion (presumably because it could not be processed with one of the pathways). We
assume the mass of carpet that is not diverted is landfilled or lost to the environment. To quantify the mass
of carpet not collected, the total mass of EOL outcomes reported by CARE was subtracted from the mass

of discards modeled for each year.

2.2.1.4. Examining benefits of resource use in potential material markets

Flows for PC4, nylon, PP, and PET, the four most prevalent materials from EOL carpet, are
compared to virgin material production flows as an illustration of potential material reuse sinks. The masses
of the recycled material flows are quantified as percentages of the total virgin material production to
demonstrate the available supply of the EOL material flow. To calculate percentages, the recycled material

mass is divided by the production mass of the virgin material for the same year and multiplied by 100%.

We extend this comparison by quantifying the potential avoidable environmental impacts by scaling
the EOL material flows with LCI data. Pathways for utilizing EOL carpet flows remain variable (e.g.,
different pathways and mechanisms for extracting materials, need for additional processing based on
material type, varying reuse application). Herein, only the environmental impacts from avoiding the virgin
material production are quantified. The TRACI impact scheme is used with LCI data and factored by the
mass of the material flow. For flows greater than the virgin production mass, the maximum mass for
substitution was modeled as 100% of the virgin material mass. Impact categories for global warming
potential (GWP, CO»-eq), respiratory effects (PM,s-eq), ozone depletion (CFC-11-eq), smog (Os-eq),

acidification (SO»-eq), eutrophication (N-eq), carcinogenics (CTUh), non-carcinogenics (CTUh),

27



ecotoxicity (CTUe), and fossil fuel depletion (MJ surplus) are quantified with TRACI 2.1 [125].

2.2.2. Results

2.2.2.1. Carpet in the United States

The flow of carpeting in the United States since 2002 is shown in Figure 2.5a. Since 2002, over 52
Mt of carpet has been removed with stock with ~50 Mt being landfilled or lost to the environment. Yearly
diversion from landfills ranged from 1% to 5.5%. The largest magnitude of reused or recycled carpet was
~135 kt in 2012, reflective of ~4.2% of removed carpet. After dropping in 2013 and 2014, the percentage
of reused or recycled carpet rebounded to ~4.3% (~92 kt) in 2019. Coinciding with this shift, the percentage
of carpet use for WTE or kiln fuel has decreased since 2014. It would be expected that this change in EOL
processing would decrease environmental impacts of diverted carpet [94], [95]. This figure shows that there

is a large untapped flow of materials that needs to be diverted to meet upcoming regulatory targets.

28



(@)

Consumption
Stock Removed
Oy (net, 83.2 M) (52.7 Mt) oo
andfille
(net, 50.6 Mt)
Existing stock T
(43.2 Mt) Remained in use Diver‘(edl:| © SV\ICIE)
(30.5 Mt) (2.6 Mt) T
==
Reused or recycled
(1.6 Mt)
(), (©) g9,
o ] ) e 8%
3 e -
=] B 7%
2.5 — =
g2 & 5%
© %] |
(¢} ! “\}““‘\ :
515 E 4% g %
7] © L
8 S 3% % \\%‘
1 O % RN
2% % !
05 “ ,// %
"0 )
0 B R AT i e oo ﬁ/ Z
2002 2005 2008 2011 2014 2017 2002 2005 2008 2011 2014 2017

Year Year
Reuse / Recycle |:| Waste to energy Industrial Process Energy n Divert & landfill |:| Landfill / lost to enviroment
Figure 2.5. Carpet flows and EOL outcomes from 2002-2019. (a) Shows the sum of carpet flows from
2002-2019. (b) Shows EOL outcomes by mass of carpet. (¢) Shows EOL outcomes by mass percent. Divert
& landfilled is carpet that is collected, but then landfilled. Incineration data reported in 2015 is included in
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2.2.2.2.Carpet production, stock and material removal

Quantifying flows by material type is important for identifying suitable markets for diverted and
recycled materials. Figure 2.6 shows modeled carpet stock and carpet disposal relative to production. Carpet
production peaked in 2006 / 2007, but nearly halved in 2008 to 2010, likely coinciding with the Great
Recession beginning in 2008 [110], with production rates remaining well below 2006 levels. As anticipated,

disposal of carpet mirrors carpet production, albeit delayed (Figure 2.6b). The delay is approximately 10
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years, resulting from ~54% of carpet having an 8-12y lifespan. The peak carpet stock, in 2006, is equivalent
to ~50% of the combined residential and commercial building stock square footage (excluding agricultural,
warehouse, and manufacturing stocks) [126], [127]. The decrease in stock during 2008-2012 likely fails to
capture actual consumer behavior during a recession; however, lower stock values in subsequent years,
despite improved economic conditions, is consistent with expectations [110]. Notably, there is only
production data through 2018; as such modeled carpet disposal after this time do not include new input

from carpet produced after 2018.
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Figure 2.6. Tuft carpet production, removal from stock (disposal), and in-stock model: (a) Annual in-stock
average and tuft carpet production data, and (b) annual discards and tuft carpet production data. Brackets
show the range based on the two lifespan distributions.

As the material flows are calculated using an average annual mass percentage, the shapes of the
disposal flows mirror that of the carpet removal. Figure 2.7 shows the carpet produced by fiber type (Figure
2.7a) and the mass of front-fiber and textile backing materials disposed of by year (Figure 2.7b). Both plots
show that nylon is the dominant fiber type in disposed carpet, followed by PP and PET. Other fibers,

including non-polymer fibers, were dominant from 1964 to the 1970’s; however, the introduction of nylon

fibers around 1960 led to synthetic polymers becoming the dominant material for carpet production [109].
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Figure 2.7. (a) Percentage of carpet made with each face fibers (Nylon, PP, PET, and other fiber) by year

produced and (b) composition of fiber and textile-backing material disposals, by year. The category of
“Other” includes non-polymer materials.

The mass of fiber and textile materials is show by removal year (Figure 2.8). Approximately 33
Mt of nylon, 16 Mt of PP, and 5.5 Mt of PET from carpet have been disposed of between 1954 and 2022.
The largest amounts of nylon and PP were disposed of in 2010 and 2013, respectively. The year with the
greatest nylon disposals is also the year with the largest total discards. The increase in disposed PP
corresponds with the increased use of PP as backing textiles. As was anticipated for the scenario analysis
with modified lifespans, the disposal masses shifted by the same number of years the lifespan distribution
was adjusted. The shorter lifespans led to faster removal with the peak removal reached 3 y sooner and the

longer lifespan shifted the peak back 3 y. The total magnitude of the removal remained largely unchanged.
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Figure 2.8. Annual fiber and textile material removal by type.

The annual PC4 in-stock and amount of PC4 disposed were modeled using average mass fractions
(Figure 2.9). As of 2018, PC4 stock measures approximately 15 Mt. In total, approximately 49 Mt of PC4
is estimated to have been disposed of between 1954 and 2022, with the largest amount (~1.4 Mt) removed
in 2010. In 2022, the disposal is expected to be ~1 Mt. As with polymer disposals, shorter lifespan shifted
the removals forward 3 y and the longer lifespan shifted the curve backwards by 3 y, with little change to

the magnitude of removed material.
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on stock (b) shows removals for the modeled lifespan.

2.2.3.Discussion

These findings show, annual removals from stock ranged from ~2.7-3.3 Mt between 2002-2008.
These results are in agreement with some of the literature (e.g., 2-3.5 Mt estimate by Moody and Needles
[73] and 2-3 Mt estimate by Wang [74]). The findings are notably higher than others (~1.5 times the 2 Mt
estimated by McNeil et al. [89] and approximately twice the ~1.6 Mt of PCC estimated for 2012 by CARE
[128]). While it is possible that carpet disposals during this time were delayed due to the recession, even
under the lengthened lifespan distribution our model shows disposal flows ~1.5 times the size of CARE’s
sales-based disposal predictions. Since an MFA uses a mass balance to consider all flows in and out of the
system, these findings could indicate that current industry methods are under-estimating EOL carpet flows

and over-estimating the success of recycling programs.

From a circular economy perspective, if similar material performance can be achieved, nylon and
PP from carpet disposal could substitute a notable amount of virgin production. As shown in Figure 2.10a,
the mass of nylon from carpet discards exceeded the production of nylon in the US in all years studied, with

the highest discarded mass, in 2009, exceeding 200% of production. Removed PP mass (Figure 2.10b)

33



ranged from 5-10% of PP production, with increased rates in recent years likely from PP being the
predominant textile backing material. Removal of the third most common polymer, PET (Figure 2.10c),
after 1997 were less than 1% of US production; as such, they would not constitute a large replacement
potential. Yet it must be emphasized that textiles are not used in isolation within carpets; rather backing
materials (e.g., PP) and PC4 are substantial fractions of carpet mass. Findings from this work, which address
the multiple materials present in carpet disposals, are critical for valorizing EOL carpet and to maximize

material recovery.
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Figure 2.10. Mass of polymer discards show as a percentage of annual US production of virgin polymers
(a) Nylon, (b) PP, and (¢) PET. Note: y axis changes across all three plots.

Given the prevalence of trace materials and remnant polymers [72], PC4 has found fewer value-
added markets compared to fiber and textile materials. Current research has focused on PC4 as a constituent
for various civil infrastructure materials [72], [129]. The low mass fraction of PC4 removed relative to
clinker production and inter-ground limestone consumption (Figure 2.11) demonstrates the possibility of
using PC4 in cement-based materials or in other limestone-based application as a low level additive would
be unlikely to shift material performance. The findings of this work show that, between 2009 and 2011,
PC4 mass from carpet disposal was equivalent to approximately 90% of limestone mass used for cement

finish milling and over 1.5% of limestone used for clinker production. With reductions in carpet disposals,
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these percentages have decreased recent years, now at approximately 30% of limestone used in finish
milling and just under 1% of the mass of limestone used in clinker production. Despite being a relatively
small fraction of virgin limestone used for clinker, this represents a large resource savings given the scale

of limestone consumption (~100 Mt in 2019) [130].
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Figure 2.11. Mass of PC4 discards show as a percentage of annual US consumption of virgin limestone for
(a) finish milling during cement production and (b) clinker production for cement. Note: y-axis changes.
To demonstrate potential environmental benefits from using EOL carpet resources as substitutes
for virgin material production, we examine the environmental impacts from producing the comparable
material. Figure 2.12 shows the annual potential GWP, respiratory, and fossil fuel depletion impacts from
virgin material production that could be avoided. The remaining impacts from the TRACI weighting scheme
are presented in Appendix A (Figure A.1). While it is unlikely to recover all resources and fully offset the
impacts of virgin material production, an initial estimate indicates potential benefits of recycling carpets
(note: impacts from recycling, transport, or process emissions are not considered; comparisons are drawn
exclusively on the potential mass-replacement basis). Across the three environmental impact categories,
nylon substitution could lead to the highest impact reduction: approximately 4.7 Mt CO2.cq, 1.1 kt PMy.¢q,

and 8.7 TJ annually. This is because nylon is the second largest material flow evaluated and virgin nylon
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production has the highest production impact in these categories. Substitution of PP is the second highest
average reduction potential for fossil fuel depletion (~5.4 TJ, annually), and the use of PC4 as a partial
substitution for clinker in cement (i.e., the use of PC4 as an additive, similar to inter-ground limestone in
Portland-limestone cement blends, which lower clinker demand [72]) is the next highest reduction potential
for GWP (~1.65 Mt CO»-eq, annually) and respiratory effects (~.5 kt PM2 s-eq, annually). The reuse of all
four material flows from PCC could lead to reductions of up to 7.5 Mt CO»-eq emissions, 2 kt PM, s-eq

respiratory effects, and 15 TJ of energy each year in the US.
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Figure 2.12. Average annual impacts from virgin material production that could be avoided by substituting
with recycled carpet products: PC4 (substituted for cement production) between 1999-2019 as well as
nylon, PET, and PP substituted for virgin polymer production from 1995-2014.

Importantly, these reductions reflect only avoidable impacts from virgin material production and
not the net-reduction in environmental impacts from the diverted and processed post-consumer materials.
As such, it is important for decision makers to understand the environmental impacts and economic costs
associated with recycled material recovery, transportation, and treatments to determine if using these
recycled polymers can deliver actual environmental benefits at reasonable economic cost. Table 2.1
summarized initial considerations around the additional environmental impacts and economic cost reported
in literature for material processing. However, decision makers should verify these impacts and costs for

the given region, time period, and scope relevant to a specific process and use case being considered.
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Notably, the additional environmental impacts from recycling and transportation could limit the
potential environmental impact savings. For example, the average transport distance for onsite quarried
materials at a Portland cement plant is 2 km by conveyor [122] or 46 km by truck for concrete production
[131]. The average industrial byproduct for Portland cement production is transported 198 km by road;
however, these materials comprise less than 10% of the Portland cement feedstocks [122]. As such,
transporting PC4 to a Portland cement facility could lead to larger impacts from transportation. The actual
impacts reduction would depend on the transportation distance, the local energy grid, and the recycling
process. Additionally, the impact allocation method used to assign portions of these environmental impacts
from recycling-related processes to the different recycled products (e.g., polymer, PC4). As carpets vary in
composition and the value of these different polymer types differ, the actual environmental impacts assigned

to PC4 could differ greatly depending on the allocation method selected.

Table 2.1. Summary of potential environmental impacts and economic cost considerations for PC4 reuse
in Portland cement and/or concrete production.

Source Potential impact or cost
Carpet e For Nylon carpeting: 0.06 kg CO»-eq / kg and 0.42 MJ/ kg (modeled in 2018 in the
recycling uS) [96].

emissions e  Process based impacts, such as particulate matter or water use, should be expected,
and will vary depending on the particulate emissions control put in place.
e Reuse avoids landfill impacts (and transportation to landfill), which should be

considered.
Transport e  Truck transportation per ton-km: 1.69x10* kg GHG emissions, 2.26x10® PMyy,
emissions 2.6x108 PMy5s, and 1 MJ energy demand in the United States [36].
Processing |e Processing PC4 after separations would contribute to additional impacts via increased
emissions energy demands and likely process-based impacts (e.g., NO and particulate matter

from industrial heat treatments and polymer combustion [113], particulate emissions
from conveyance, particulate emissions and water demands for sieving and dust
control)

e Avoids quarrying impacts from virgin limestone production.

Economic |e  Virgin limestone is cheap and abundant ($12.88 / ton [132]).

costs e Recycling subsidies for PC4 are ~$375 / ton ($0.17/Ib) (polymer subsidies range from
~$110-551 / ton depending on type and form) [133].

e Portland cement production is often co-located with the limestone quarry (lower
transport costs).

e Average 2021 truck transportation cost ~$0.40/ ton-km and rail transport was ~$0.08
/ ton-km [134].

e Costs for energy, facilities, and labor would be an additional expense.
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Regarding potential economic costs, PC4 recycling in California is economically incentivized with
pricing subsidies. Currently the program administered by CARE provides a subsidy of ~$374/ton of PC4
that is recovered and diverted from landfills [133]. This subsidy could make PC4 more economically
attractive despite the additional costs associated with transport (~$0.40 / ton-km by truck or ~$0.08 / ton-
km by rail [134]), additional labor, and/or further PC4 processing expenses. Adopting additional filler
materials for concrete or blended cement production may also require capital investments for handling
equipment and storage facilities at the concrete production site. Additionally, if treatment of the PC4 is
required to remove harmful compounds or improve the material performance, additional capital investment
may be required. Replacing a portion of virgin limestone consumption with PC4 could extend the life of a
quarry site and reduce localized, onsite impacts. Notably, these subsidies have changed over time and only
reflect incentives for California. These tradeoffs between capital needs and operating costs should be
considered together with regional cost considerations to determine the viability of PC4 adoption as a

limestone replacement.
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2.3.As-received PC4 characterization and evaluation in concrete

Construction of building and infrastructure systems is the largest consumer of materials in the
United States [135]. There is continued expected growth in construction demand [136], [137] and with it,
demand for infrastructure materials. There are many materials that are used in construction practice,
including metal alloys [138], [139], plastics [140], and cement-based materials [141]. Portland cement is
the primary binder in concrete, which is typically composed of a hydraulic Portland cement binder, water,
and aggregates. Of the common construction materials, concrete is the most consumed by mass and has a
relatively long in-use service period once constructed [141], [142]. These factors suggest that waste
minerals, even if used in small fractions, could be incorporated into concrete in large quantities and, in

doing so, be kept from entering waste streams for long periods of time.

The components in built systems have varying lifespans, which leads to material waste flows
occurring at different times. A prime example of this service-life effect is the difference between the lifespan
of carpet in a building and the concrete building components. A piece of carpet could be in-use for less than
a fifth of the in-use period of concrete [143]. While materials such as carpets may not comprise a large mass
of buildings, their high component embodied energy and the frequency of replacement could lead to their
being a significant contributor to the total embodied energy of a building over its life cycle [143]. Currently,
the United States (US) produces nearly 90 Mt of cement annually [144], with the majority being used in
concrete [145]. From the national average cement content per cubic meter of concrete, 270 kg/m? [146], it
can be estimated that approximately 320 million m? of concrete are produced every year. Approximately
821 million square meters of carpet is used in the US annually, based on sales in 2017 [147]. Each year,
total discards of carpet are estimated at 1.5 Mt of carpet [147], less than 2% the mass of cement production.
Due to this low relative mass fraction, there is a potential to use waste streams from one building
component, carpets, in another, concrete, to increase the potential for construction materials to contribute

to the circular economy, in which material loops are closed to extract maximum utility.
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For decades, the exploration of using waste streams in concrete to reduce landfilling materials and,
in certain cases, improve the properties of concrete has been an active area of study. It is well known that
several industrial by-products, such as coal fly ash and blast furnace slag, have pozzolanic and/or
cementitious properties that can benefit the performance of concrete [148]. The incorporation of other waste
streams into concrete mixtures have been studied with various effects on material performance. For
example, studies in literature range from replacing aggregates with crushed glass bottles and used tires
[149], [150] to fillers produced from waste ceramic powder [151], [152] and marble dust [153]. Previous
research on the utilization of carpet waste in concrete has focused on the use of plastic fibers [103]. The
focus of these studies has been using carpet fiber to bridge concrete crack and improve factors such as
concrete tensile performance and toughness (e.g., [103]). Classically, carpet backing has been considered
to have no significant use and has been the major part of carpet waste being sent to landfills [103]. While
initial investigation has been performed on the properties of carpet backing that could contribute to the
performance of concrete, these studies have been limited [154]. The rising demand for Portland-limestone
cements, which use 5 to 15% limestone blended with Portland cement [155], could lead to a notable market
for the utilization of the calcium carbonate from post-consumer carpet backing if it is found to contribute
to adequate concrete performance. Further, the increased use of blended cements, such as these, could act
as a mechanism to mitigate greenhouse gas (GHG) emissions by lowering the overall clinker content in a

set volume of concrete [156].

The objective of this work is to provide a foundation for understanding the functionality of using
recycled calcium carbonate (CaCOs) from deconstructed carpet— Post-consumer Carpet Calcium
Carbonate (PC4)— as a constituent in concrete production. Limestone is used as a raw material for Portland
cement production; however, there are other common uses for limestone in concrete, namely: (i) as a
mineral admixture; and (ii) as aggregate. If PC4 can be used as a mineral admixture that can partially reduce
cement demand while providing the same performance as Portland-limestone cement, there could be

environmental benefits, most notably a reduction in GHG emissions. If PC4 can be used as aggregate,
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benefits could be obtained if there are improvements in concrete performance or if there is a reduction in
impacts through a reduction in landfilling of PC4 and the need to excavate and transport limestone rock.
Thus, this work examines the effects of using PC4 to offset use of Portland cement or fine aggregates.
Comparisons for the influence on material properties from using PC4 were drawn to conventional limestone
fines (LS) as a partial replacement and a concrete mixture containing neither PC4 nor LS. Properties
assessed in this work include the coefficient of thermal expansion, drying shrinkage, workability, flexural
strength, compressive strength, void volume, and specific gravity. Additionally, changes in the associated
GHG emissions of each mixture were quantified by performing environmental impact assessments of the

concrete mixtures studied.

2.3.1.Materials and Methods

For this work, PC4 from recycled nylon 66 carpet was obtained from Circular Polymers located in
Lincoln, California on March 14, 2019. From the recycling processes implemented at the plant, the PC4
was obtained with 99.39% passing a No. 40 mesh (420 um) and 64.47% passing a No. 100 mesh (150 um).
To remove long remnant fibers, the PC4 was sieved through a No. 40 sieve (420 um). Comparisons were
made with mixtures using LS obtained from Blue Mountain Minerals located in Columbia, California that
had a fine gradation with 99.8% passing a No. 120 (125 um) mesh and 95.8% passing a No. 200 (75 um)
mesh. To assess the effects of using PC4 relative to a typical concrete blend and relative to use of ground
limestone, concrete mixtures were batched. The Portland cement used was ASTM Type II/V, obtained from
Lehigh Southwest Cement Co in Stockton, CA. The fine aggregate was alluvial concrete sand sourced from
Esparto, California. Two sizes of coarse aggregates were used, an intermediate gravel aggregate and a larger,
crushed gravel aggregate, both obtained from Esparto, California (aggregate, PC4, and LS gradations are

given in Appendix B, Table B.1).

This work examined how PC4 can act as a partial replacement for Portland cement or fine
aggregate. For this assessment, two partial replacement levels were examined, namely 5% and 15% by
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mass. These replacement levels were selected because they are currently used in Portland-limestone
cements. The same replacement levels were considered for both the partial replacement of Portland cement
and the partial replacement of fine aggregates. Control group blends were used for comparison, namely:
0% replacement, 5% replacement with LS, and 15% replacement with LS. The mixture proportions and

mixture nomenclature used are shown in Table 2.2.

Table 2.2. Mixture proportions for concrete and mortar specimens
Concrete Mixture Proportions (units in kg/m?)

Binder Aggregates
Mixture Portland PC4 Limestone 5 10 25 PC4 Limestone Water
Name Cement mm mm mm
PC 411 0 0 516 382 763 0 0 193
C-PC4-5 390 21 0 505 382 763 0 0 193
C-PC4-15 349 62 0 482 382 763 0 0 193
C-L-5 390 0 21 514 382 763 0 0 193
C-L-15 349 0 62 510 382 763 0 0 193
FA-PC4-5 411 0 0 491 382 763 26 0 193
FA-PC4-15 411 0 0 439 382 763 77 0 193
FA-L-5 411 0 0 491 382 763 0 26 193
FA-L-15 411 0 0 439 382 763 0 77 193

Shrinkage and Setting Time Mortar Mixture Proportions (units in kg/m?)

Binder Aggregates
Mixture Portland PC4 Limestone 5 10 25 PC4 Limestone Water
Name Cement mm mm mm
PC 411 0 0 516 0 0 0 0 193
C-PC4-5 390 21 0 505 0 0 0 0 193
C-PC4-15 349 62 0 482 0 0 0 0 193
C-L-5 390 0 21 514 0 0 0 0 193
C-L-15 349 0 62 510 0 0 0 0 193
FA-PC4-5 411 0 0 491 0 0 41 0 193
FA-PC4-15 411 0 0 439 0 0 123 0 193
FA-L-5 411 0 0 491 0 0 0 41 193
FA-L-15 411 0 0 439 0 0 0 123 193

Concrete was batched using a MulitQuip MC64SE concrete mixer. Aggregates were mixed for 2
minutes before adding Portland cement and PC4 or LS, where applicable. Mixing then commenced for an
additional 2 minutes prior to the inclusion of water. Water was gradually added as constituents were mixed
for 3 additional minutes. Blended mixtures were allowed to sit for 3 minutes followed by a final mixing of
2 minutes. Batches were then molded. After 1 day, specimens were demolded and placed in a conditioning

chamber set at 25°C and a relative humidity of 95%. Compressive strength testing was performed on
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cylinders measuring 100 mm X 200 mm (4 X 8 inches); flexural strength tests were performed on prisms
of 100 X 100 X 300 mm (4 X 4 X 12 inches); coefficient of thermal expansion test specimens were cut
from 100 mm X 200 mm (4 X 8 inch) cylinders; density, permeable air voids, and porosity tests were

performed on 100 mm X 200 mm (4 X 8 inch) cylinder specimens.

For the setting time and shrinkage experiments, mortar was prepared separately from the concrete
mixtures, but the same replacement levels were considered. The mortar mixtures were batched in Hobart
A200 dough mixer. To make mortars, fine aggregates were dried out in an oven at 120°C, then allowed to
cool before mixing. Sand and powder were combined in the mixing bowl and mixed for 1 minute. After 1
minute, water was gradually added, and the mixture was mixed for 2 more minutes. The mixture was
allowed to sit for 1 minute and finally mixed for 2 minutes before being molded. Shrinkage prism specimens
were cast with dimensions of 25 mm X 25 mm X 285 mm (1 X 1 X 11.2 inches). Setting time mixtures

were tested inn 154 mm X 154 mm (6 X 6 inch) cylinders forms.

2.3.1.1. Slump, Air Content, and Unit Weight

The partial replacement of aggregates and cement with mineral admixtures can have a significant
influence on the fresh properties of concrete [157]. These fresh properties can affect the ability to easily
place the concrete or inform the need to use certain chemical admixtures. For this reason, several fresh-
state properties of the concrete mixtures were assessed. To determine the effects concrete workability, slump
was measured following ASTM C143 [158]. To determine the effects of PC4 on air content and density,
the air content in the fresh concrete was assessed following ASTM C231 [159] and the unit weight of the

fresh concrete mixtures was assessed following ASTM C138 [160].

2.3.1.2. Setting times

To evaluate the effects of PC4 on setting time for the mixtures, experimental investigation of initial
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and final set were performed following ASTM C403 [161]. For each mixture, three specimens were
produced for testing. As the mortars set, the resistance to penetration was measured using an Acme

Penetrometer and the initial and final set times were determined.

2.3.1.3. Isothermal calorimetry

The heat flow from hydration of the binder mixtures was evaluated to examine the effect of PC4
on the initial hydration. As with the concrete and mortar tests, comparisons were drawn to a control binder
with no mineral admixture and to mixtures with LS. For the binder containing PC4 and for the binder
containing LS, the powder components were made with 5% and 15% mass replacement of Portland cement
with each mineral admixture, respectively. Binders were proportioned such that the total mass of the paste
mixture was 5g, with a 0.47 water-to-binder ratio. Reference samples were made to match the heat capacity
of the paste mixtures using inert silica sand. Samples were tested in a TAM Air Isothermal Microcalorimeter
(TA instruments) at 30°C using glass admixture ampules and a syringe-and-paddle mixing apparatus that
allows for water addition as well as paste mixing within the calorimeter. Powder mixtures were weighed
into the ampoules and distilled water was loaded into a syringe, the syringe tips were dried, and then dipped
into silicon grease to prevent water from prematurely interacting with the powder. The ampoules were
loaded into the calorimeter sample chamber with a corresponding reference sample added to the reference
chamber. After the samples equilibrated to the chamber temperature, the baseline was measured, and the
signal was corrected automatically by the accompanying software package. Water was then injected into
the first sample, the time of injection was marked, and the paste was mixed for approximately 90 seconds.

This process was then repeated for each sample.

2.3.1.4. Compressive strength
It is known that mineral additions like limestone filler can induce early hydration in concrete

mixtures and can lead to a dilution effect which lowers compressive strength at later ages relative to a
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Portland cement mixture without limestone [162]. For this reason, compressive strength was determined
for each of the concrete mixtures at several curing ages, namely, after 7, 14, 28, and 56 days of curing.
Experiments were performed on a SoilTest CT-950 load frame following ASTM C39 testing procedures
[163]. Cylinder specimens were capped on either end with neoprene-padded aluminum cap and specimens
were loaded under force control. Five specimens were tested for each mixture at each of the four ages.
Ultimate strength of the concrete mixtures was determined based on the average maximum load reached

before softening or failure occurred.

2.3.1.5. Flexural Strength

Flexural strength was determined by performing three-point bend tests after 28 days of curing using
a MTS Testline Component load frame managed by an MTS TestStarlls controller following ASTM C293
testing procedures [164]. Three specimens were tested from each mixture and average ultimate flexural

strength was determined.

2.3.1.6. Coefficient of Thermal Expansion

Coefficient of thermal expansion is known to have significant effects on the feasibility of utilizing
concrete mixtures in systems that undergo changes in temperature, such as roadways [165]. To assess the
effects of PC4 and limestone on Portland cement-based mixtures, this work followed AASHTO T336
testing procedure [166]. Using 100 mm X 200 mm (4 X 8 inch) cylinders, specimens for testing were cut
to have a length of 177.9 + 2.54 mm (7 + 0.1 inches). One concrete specimen was tested for each of the
mixtures after curing for 42 days. Experiments were performed at the University of California Pavement

Research Center.

2.3.1.7. Shrinkage

To determine how replacement of Portland cement or fine aggregates with PC4 affects drying
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shrinkage, mortar specimens were cast to have the same binder content and replacement ratios as the
concrete mixtures tested. Following ASTM C157 testing procedures [167], specimens were removed from
molds after 1 day of curing and placed in a conditioning chamber set at 25°C and 50% relative humidity.
Three mortar prisms were cast for each mixture. The length change of each mortar specimen was measured

at 0, 14, 21, and 28 days and the average length changes were reported.

2.3.1.8. Bulk Density, Void Volume, and Absorption

Density, absorption, and voids in each of the concrete mixtures were assessed following ASTM
C642 testing procedures [168]. One 101.6 mm X 203.2 mm (4 X 8 inch) cylinder specimen from each
concrete mixture was tested after curing for 28 days. To determine oven-dry weight, specimens were dried
at 100-110°C and weighed every 24 hours until less than 0.5% weight fluctuation between two successive
measurements were achieved. Specimens were then submerged in water and weight measurements of the
specimens after surface drying were taken every 24 hours until less than 0.5% weight fluctuation between
two successive measurements occurred. Specimens were then placed in water and boiled for 5 hours. The
boiled specimens were allowed to cool for 14 hours before being submerged in water using a specific gravity
bench to determine the apparent weight. Finally, the surface was dried and the specimens were weighed
once more. Water absorption, void volume, apparent density, and bulk density were determined using the

formulae stipulated in ASTM C642 [168].

2.3.1.9. Estimating Greenhouse Gas Emissions from Producing Concrete Mixtures

Noting that mineral admixtures can facilitate reductions of cement content in concrete, which can
in turn lower GHG emissions, a preliminary assessment of changes to GHG emissions from using ground
limestone or PC4 in concrete was examined in this work. For each of the mixtures (proportions in Table
2.2), GHG emissions were modeled using the GreenConcrete LCA Webtool developed at the University of

California Berkeley [169]. Within this tool, 100-year global warming potentials were used to draw
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comparisons. Production was modeled as occurring in California, including all constituent production and
mixture batching. For each constituent requiring electricity during processing and for concrete batching,
the average California grid mix for 2018 was used [170]. For modeling the production of cement clinker,
the California average kiln fuel mix for 2017 was used [171]. Cement production was modeled in the
GreenConcrete Tool following the most common production modes in the US [172]. Specifically, the raw
material processing was modeled as dry ball milling and preheater/precalciner processing. The clinker was
modeled as being cooled through a reciprocating grate cooler and finish milled in a ball mill. For each of
the concrete constituents, transportation by truck was selected since it is the predominant mode throughout
the cement and concrete production process in the US [131], [172]. Transportation distances are the average
for each constituent provided in reports published by the Portland Cement Association [131], [172].
Namely, these distances were modeled as 146 km for cement, 61 km for fine aggregate, 43 km for coarse
aggregate, and 43 km for LS. Water was considered to be available on site with negligible energy resources
necessary for its acquisition. Because PC4 is a residual waste product of the carpet recycling process, the
impacts from PC4 removal from carpet were allocated to the recycled plastic product. As such, no GHG
emissions were modeled from the production of PC4. However, transportation of PC4 to the concrete
batching site was considered. This PC4 transportation was modeled as 197 km by truck, based on the US

average distance for post-industrial product transport for use in concrete [131].

2.3.2. Results

2.3.2.1. Slump, Air Content, and Unit Weight

The incorporation of PC4 influenced slump, air content, and unit weight of concrete (see Table
2.3). Partial replacement of Portland cement with PC4 and 5% replacement of fine aggregate with PC4
increased concrete slump by 5 to 27%. However, a 15% replacement of fine aggregate resulted in a 64%
decrease in slump. The partial replacement of cement with PC4 had similar effects on slump as partial

replacement with LS. This similarity suggests that, like the LS, a filler effect or a net increase in water to
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Portland cement ratio could have contributed to an increase in workability. The same reduction in
workability was noted when 15% of fine aggregate was replaced with PC4 and LS relative to the Portland
cement mixture (without any PC4 or LS). However, noting the slump increased at 5% fine aggregate
replacement, there is an apparent varying effect of the PC4 based on the concentration. The carpet backing
from which PC4 is produced from is known to contain polymer fibers and latex adhesives [79], [173], [174].
It is possible that remnant compounds from the backing, such as latex and microfibers, are affecting surface

interactions and, possibly, contribute to the noted differences.

Table 2.3. Slump, air content, and unit weight of fresh concrete mixtures and the average compressive
strength, flexural strength, and coefficient of thermal expansion of hardened concrete specimens.

Fresh Properties Measured Hardened Properties
Mixture Slump, Air Content, Unit Weight, f.’, MPa fi’, MPa CTE, microstrain /
Name mm % kg/m? (range) (range) °F (range)
PC 140 6 2431 43.8 6.89 7.08
4.1) (0.12) (0.03)
C-PC4-5 165 12.5 2161 26.8 4.29 7.15
(5.5) (0.52) (0.01)
C-PC4-15 146 16 2087 14.4 317 %* 7.16
(1.4) (0.10) (0.03)
C-L-5 152 1.8 2835 46.5 3.18 7.28
4.1) (0.19) (0.02)
C-L-15 165 1.2 2739 44.8 3.84 7.05
2.7 (2.12) (0.07)
FA-PC4-5 178 11 2609 249 4.46 7.25
4.1 (0.47) (0.05)
FA-PC4-15 51 9.5 2649 22.6 4.06 7.11
(1.6) (0.51) (0.03)
FA-L-5 114 1.5 2846 442 2.93 6.93
(5.2) (0.32) (0.05)
FA-L-15 51 1.4 2860 43.6 3.25 7.15
(3.3) (0.41) (0.07)

“*” indicates only two specimens tested; f.’ = 28-day compressive strength; f;” = 28-day flexural strength; CTE = 42-
day coefficient of thermal expansion. Values in ‘( )’ indicate the range between values used to calculate the reported
average

The use of PC4 did not consistently affect the air content or unit weight of fresh concrete in the
same manner as the LS. The PC4 consistently increased air content relative to the control mixtures. This

change could be a function of the size and air content of the PC4 particles. Additionally, any remnant latex
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could contribute to increased air entrainment during mixing. The use of LS had the opposite effect, leading
to a consistent reduction in air content. The LS also increased the concrete unit weight relative to the
Portland cement mixture. Both parameters indicated that the finer LS particles likely increased particle
packing. While the PC4 increased air content, the replacement of Portland cement with PC4 led to a
reduction of unit weight and the replacement of fine aggregate with PC4 led to an increase in unit weight.
These results suggest that the PC4 may improve gradation when used as a fine aggregate replacement, but
not when used as a partial cement replacement. These differing effects based on constituent replaced could

be due to the gradation of PC4, which is coarser than the LS.

2.3.2.2. Setting time

The inclusion of PC4 resulted in an increase to both the initial and final setting times relative to the
mixtures containing no PC4 (see Figure 2.13). Compared to the Portland cement mixture, the replacement
of cement with PC4 led to a 64-123% increase in initial set time and a 74-117% increase in final set time.
While 5% fine aggregate replacement did not lead to as large a change to setting times as the 5% Portland
cement replacement, 15% fine aggregate replacement with PC4 resulted in 2.5- and 3-times greater initial
and final setting times than the Portland cement mixture, respectively. As a result, all of the PC4 mixtures
studied here exceed the 375 min final setting time stipulated by code [148]. Under certain scenarios, it is
possible that the increase in initial setting time offered by the PC4 could improve the window during which
the concrete can be adequately mixed and placed. However, the delay in when mechanical strength begins
to develop could affect the use of PC4 in certain applications. For example, the delayed setting time would
hamper the use of PC4 in applications when a load needs to be applied to the concrete quickly or it could

increase the time between which concrete is poured and formwork can be removed.
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Figure 2.13. Initial and final setting times for (a) mixtures containing PC4 and (b) mixtures containing
limestone relative to mixture PC (a control without PC4 or limestone replacement) and (c) shrinkage of
specimens over a two-week period as shown by percent change in length

The use of LS in the concrete mixtures resulted in smaller changes in setting times than the use of
PC4. Cement replacement with LS increased initial and final setting times relative to the Portland cement
mixture, but by less than the use of PC4, namely by 13-21% and 15-16%, respectively. This shift in final
setting times also resulted in the mixtures containing LS as a partial cement replacement exceeding final
set time limits. It is possible that these shifts were caused by the reduction in Portland cement, which the
LS partially compensates for by improved cement dispersion and hydration. The larger particle size of PC4,
however, may not be as effective at cement particle dispersion. The use of LS as a partial replacement for
fine aggregates reduced both initial and final setting times by up to 31% and 15%, respectively. This change
could result in these LS mixtures being more difficult to handle, but it would lead to the earlier onset of
strength development.
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2.3.2.3.Isothermal Calorimetry

The partial replacement of cement with either PC4 or LS showed little effect on the early age heat
flow of the binders (Appendix B, Figure B.1). The PC, C-L-5, and C-L-15 binders all reached maximum
heat flow approximately 8 hours after the introduction of water into the powder. This was followed by C-
PC4-5 with a delay of approximately 30 minutes, a 6% increase in time. The C-PC4-15 binder was offset
from the first three mixtures by approximately 2 hours, a 25% increase in time; however, the peak heat flow
of C-PC4-15 was approximately the same as the binders with 5% replacement and the binder with neither
PC4 nor LS. The C-L-15 paste had a small, ~3%, decrease in heat flow at the peak compared to the other
mixtures. This decrease for the C-L-15 is consistent with mixtures reported in literature with similar levels
of Portland cement replacement with LS and it is also similar to the results for cement replacement with fly
ash [175], [176]. The 2-hour shift for C-PC4-15 is also similar to the delays shown with fly ash replacement

[175], [176].

2.3.2.4. Compressive Strength

Each of the concrete mixtures studied showed an increase in compressive strength over time,
ranging from a 27% to 48% increase between measurements taken at 7 days and 56 days (Figure 2.14).
The largest increase in strength was exhibited by FA-L-5 and the smallest was exhibited by the FA-PC4-
15. The mixtures containing PC4 had significantly lower compressive strength than the control mixtures
(based on a T-test analysis, p < 0.001 for all ages). The PC4 mixtures varied from 10.4 MPa at 7 days for
C-PC4-15 to 28.7 MPa at 56 days for FA-PC4-15. At 28-day and 56-day ages, all LS mixtures had higher
compressive strengths than the Portland cement mixture. While the compressive strength for mixture C-L-
5 differed significantly from the Portland cement mixture at 28- and 56-days (p = 0.036 and 0.015,
respectively), the other mixtures containing LS did not (p = 0.285 and 0.655, p = 0.667 and 0.448, and p =

0.867 and p = 0.056 for mixtures C-L-15, FA-L-5, and FA-L-15 at each age, respectively).
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Figure 2.14. Compressive strength development of concrete mixtures containing PC4 or limestone relative
to a mixture with neither

In general, LS replacement appeared to either improve or have negligible effects on compressive
strength, while PC4 replacement led to notable decreases in compressive strength at all ages and
replacement levels tested, a 30 to 60% reduction in strength relative to the Portland cement mixture. For
the LS mixtures, most of the strength development occurred at early ages (i.e., below 28 days). This trend
was true for the PC4 mixtures with the partial replacement of Portland cement. However, similar strength
development was noted between 7 to 28 days and between 28 to 56 days for the PC4 mixtures with fine
aggregate replacement. The inclusion of LS can contribute to early age strength development and a dilution
effect that influences later age strength development [162]; however, the effects of such mineral additions
can have varying influence on mechanical properties depending on a variety of other factors [177]. In
addition to these contributing factors, the PC4 could have a different internal microstructure than LS or
remnant coating, such as latex, both potential artifacts of the carpet manufacturing process [79], [173],
[174]. Styrene-acrylic ester copolymer latex, even in low concentrations, has been shown to significantly
reduce the compressive strength of cement mortars [178]. Possibly, the remnant latex polymers in PC4
behaved similarly in the mixtures tested. Such artifacts could lead to flaws at the interface between matrix
and inclusions or flaws within the inclusions, which may affect strength. Further study, regarding the
chemical and microstructural properties of PC4 should be conducted to assess such parameters.
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2.3.2.5.Flexural Strength

Both PC4 and LS decreased flexural strength at 28 days (see Table 2.3) relative to the Portland
cement mixture. The partial replacement of fine aggregate with PC4 had the least effect on flexural strength,
resulting in a 35% reduction. The greatest reduction in flexural strength was noted for the 5% replacement
of fine aggregates by LS, but when considering specimen variability, the reduction in flexural strength noted
for this mixture was similar to that for several others. The use of LS has been shown in past work to lead to
varying effects on different mechanical properties, dependent on factors such as gradation, composition,
and water-to-binder ratio [162], [177], [179]. However, the consistent reduction in mechanical properties
from PC4 could be a function of a dilution effect or inherent flaws within the particles themselves, acting

as either crack initiation or weak points that facilitate propagation of failure through the concrete specimens.

2.3.2.6. Coefficient of Thermal Expansion

The partial replacement of cement or fine aggregates with either PC4 or LS had limited effect on
the coefficient of thermal expansion (see Table 2.3). The Portland cement mixture, with neither PC4 nor
LS, had a coefficient of thermal expansion of approximately 7 microstrain / °F. The use of PC4 in the
concrete mixtures had a 0 to 3% increase in the coefficient of thermal expansion; the use of LS had between
a 2% reduction and a 3% increase in the coefficient of thermal expansion. These variations resulted in all
mixtures having coefficients of thermal expansion within a normal range for conventional concretes [165]

and indicates these mixtures would behave similarly under typical temperature conditions.

2.3.2.7. Shrinkage

In most cases, the inclusion of PC4 exhibited a larger impact on drying shrinkage than the inclusion
of LS (Figure 2.13). Mixtures with higher weight fractions of PC4 generally exhibited 3 to 110% greater
arithmetic mean shrinkage than PC, depending on age and mixture. The exception to this trend was the C-

PC4-5 at 21 days, where, considering the variability present, the change in length appears comparable to
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the Portland cement mixture. The inclusion of LS filler predominantly exhibited the opposite effect on
drying shrinkage. With the exception of early age measurements, the mixtures with LS filler generally
exhibited smaller length changes than the Portland cement mixture (3 to 15% lower change in length). The
exception to this trend was the C-L-5 mixture at 35 days, which had comparable shrinkage as the Portland
cement mixture. It is known that geometry, moisture, and material properties all affect the drying shrinkage
of cement-based materials. Given that the moisture and geometry are controlled, the changes observed are
potentially caused by the material properties of the LS and PC4 used. The LS, with a higher modulus of
elasticity, can reduce drying shrinkage [148]. However, the opposite is observed for PC4 inclusion,
suggesting the less-dense PC4 could lead to a lower modulus elasticity and, thus, lead to the increased

drying shrinkage observed.

2.3.2.8. Bulk Density, Void Volume, and Absorption

Inclusion of PC4 consistently increased concrete absorption and void volume, while reducing bulk
density (see Figure 2.15). As a partial Portland cement replacement, PC4 increased absorption by 28-34%
and void volume by 7-11%, while reducing bulk density by ~10%. As a replacement of fine aggregate, PC4
increased absorption by 28-38% and void volume by 20-50%, while reducing bulk density by ~10%. While
this notable increase in voids and absorption could lead to less desirable attributes in a reinforced concrete
system by facilitating additional ingress of moisture, the ability to form a less dense, more permeable

concrete could be desirable in other applications requiring lighter or permeable concretes.

The partial replacement of Portland cement and fine aggregate with LS did not have as large of an
effect as the PC4, but trends of increased absorption and void volume were still noted. Despite these
changes, bulk density remained relatively consistent to the Portland cement mixture. The partial
replacement of Portland cement with LS led to a 13-16% increase in absorption and a 15-24% increase in
void volume, whereas the partial replacement of fine aggregates resulted in a 1-19% increase in absorption
and a 4-23% increase in void volume relative to the Portland cement mixture. It is possible the shifts noted
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from the use of LS are associated with both the density of the LS and its effect on particle packing; however,
the trends noted from the use of PC4 suggest that it is not consistently contributing to the same effects. As
discussed above, the variability from the PC4 replacement could be attributed to the gradation of PC4

modifying the overall gradation of the mixture, dependent upon which constituent the PC4 replaces.
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Figure 2.15. Absorption, void volume, and bulk density for concrete mixtures normalized to the Portland
cement mixture without either PC4 or quarried limestone for (a) partial cement replacement and (b) partial
fine aggregate replacement

2.3.2.9. Greenhouse Gas Emissions

The GHG emissions were examined for each mixture to understand possible reductions in
emissions that could be achieved through utilizing this material waste stream. When PC4 and LS were used
as partial Portland cement replacements, reductions in GHG emissions were found (Figure 2.16). These
findings were expected as the cement production is responsible for the majority of the GHG emissions from
concrete production. For mixtures where cement is replaced with 5 or 15% PC4 or LS by mass, the GHG
emissions were approximately 5 and 15% lower, respectively, reflecting the mass replacement of the high-
emitting cement. Mixtures with PC4 used for cement replacement provided slightly larger reductions than
the LS replacement. However, the differences between the use of PC4 and the use of LS were less than

0.1% and can be considered negligible within the confines of this type of environmental impact assessment.
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Figure 2.16. Estimated GHG emissions (kg CO,-eq/m® of concrete) for mixtures produced evaluated by
major process for production

For the mixtures in which PC4 and LS were used as partial fine aggregate replacement, marginal
differences in GHG emissions were noted compared to the PC mixture. The replacement of 5 and 15% of
fine aggregate with LS led to negligible increases in GHG emissions compared to PC4 replacement. This
minute increase was a function of the additional emissions from limestone excavation and processing.
Though, since the cement content— the primary contributor to concrete GHG emissions— is the same as
that of the control for all mixtures with fine aggregate replacement, changes to GHG emissions from the

use of either LS or PC4 were small.
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2.4. PC4 Treatment, characterization and evaluation in mortars

The United States (US) has produced over 5 trillion square meters of carpet since 1950 (by
summing data in ref. [1-4]). Unlike many materials (e.g., metal alloys and concretes mixtures), carpets are
arelatively transient part of buildings [5] with lifespans between 4 to 25 years [6,7]. Waste carpet amounted
to 3.2% of California landfill volume in 2008 [8] and on average 2% of landfill volume in the entire US
[9]. Post-consumer calcium carbonate from carpet (PC4, a mix of CaCO3 and remnant backing material) is
~38-50% of the recycled carpet mass. As PC4 is predominantly CaCQ3, it could fulfill a similar role as
limestone (LS) in Portland-limestone cement (PLC) concretes. Further, the use of PC4 in concrete could
serve the circular economy, in which resources are used as many times as possible to extract maximum

utility and lower environmental impacts.

Ground LS is included in mixtures either in PLC, produced by inter-grinding LS with clinker [10],
or as a filler added during mixing [11]. Cement-based materials with LS can reach similar compressive
strengths with less cement clinker [11-13] and is accepted in standards [12,14]. The literature generally
agrees that higher LS binder contents can result in lower compressive strengths (often for replacement
>15% [10,12,15], though this varies) and the differences in strengths are more acute at greater ages.
Improved compressive strengths are often attributed to the filler effect and increased nucleation [12],
whereas compressive strength reductions are attributed to the dilution affect from decreased cement content

[11,12].

Using PC4 as a mineral filler could lead to dual environmental benefits. First, benefits can come
from partially closing the loop on a post-consumer waste flow and extracting additional utility from this
mineral resource. Second, PC4 as a Portland cement replacement can reduce some of the estimated 8-9%
of anthropogenic CO2 emissions [16,17] from concrete [ 18]. Over 70% of greenhouse gas (GHG) emissions
in concrete come from cement production [19]. Lowering the high emitting portions of cement reduces

GHG emissions from concrete [20]. In addition to GHG emissions reductions and material reuse benefits,

57



reusing waste materials could sequester potentially harmful compounds that would otherwise leach at a
disposal site [21]. As in the case of fly ash and slag, their use with cement can sequester heavy metals
[22,23]. Similarly, antimony (Sb) found in PC4 may be sequestered in cement-based materials [18].
Leaching Sb could lead to human health concerns if it enters drinking water supplies [24,25]. Limiting Sb

migration is important for any future PC4 application.

Studies using PC4 as a fine aggregate or as a mineral filler in concrete show PC4 could lead to
large reductions in the mechanical performance of concrete [72]. Namely, strength loss of 30-60% was
noted, relative to mixtures with LS filler [72]. Concrete with PC4 had increased wet air-content, increased
permeable air-voids once hardened, decreased density, and increased set-time, indicating PC4 changed the
microstructure of the concrete [72]. These changes in properties from using untreated PC4 were
hypothesized to be deleterious effects driven by the remnant latex polymer and impurities (i.e., fibers, dirt,

hair) affecting the paste microstructure, which would restrict the applications of the material.

Herein, treated PC4 is evaluated as an inert filler material. Noting limits of this material when not
treated, this work evaluates different strategies to engineering PC4 to mitigate these affects and improve
PC4 performance as a mineral filler and partial cement replacement. It is hypothesized that effective

treatment of PC4 could lead the material to behave similarly to ground virgin LS in cement-based materials.

2.4.1.Methods
2.4.1.1. Materials, PC4 preparation, and chemical properties

To examine effects of PC4 in cement-based systems, mixtures were produced with Type II/V
Portland cement (BASALITE Concrete Products; Dixon, CA). Silica-sand was acquired from the Esparto
quarry (Esparto, CA). PC4 was acquired from Circular Polymers (Lincoln, CA). For all mortars and pastes,

distilled water was used as the mixing water.
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Four preparations of PC4 were considered in this work (shown in Table 2.4). First, PC4 was sieved
through a #40 sieve to match the PC4 used in previous work (preparation 1) [72]. To reduce the particle
size and improve the gradation of the PC4, milled PC4 was prepared in a PM200 planetary ballmill (Retsch;
Haan, Germany) using 3 mm Zirconium grinding medium in a Zirconium grinding jar (preparation 2). To
remove potential remnant latex, plastic fibers, and other contaminants, PC4 was oxidized in a Model 750-
58 air-muffle furnace (Fisher; Waltham, MA). Two temperatures were selected for oxidization: 600°C
(preparation 3), which has been shown to reduce concentrations of persistent organic contaminants (in one
hour, polybrominated diphenylethers decreased >99% and perfluorinated compounds decreased >80%)

[180], and 900°C (preparation 4), similar to the calcining stage in clinker production.

Table 2.4. Treatments / preparations for post-consumer calcium carbonate from carpet

Material Treatments/ preparations
PC4-S PC4 sieved through # 40 (420 um) sieve to remove remnant fiber (as in [72])
PC4-M PC4 milled for 20 minutes at 300 RPM, to passed through #200 (74 um) sieve
PC4-600 PC4 oxidized for 6 hours at 600°C
PC4-900 PC4 oxidized for 6 hours at 900°C

Characteristics of treated PC4 were examined herein via two methods. First, the loss on ignition
(LOI), likely oxide content, trace elements, and mineralogy were determined by ACT laboratories
(Ancaster, Canada). Likely oxide content was estimated through inductively coupled plasma optical
emissions spectrometry (ICP-OES) using an 700 Series ICP-OES machine (Agilent; Santa Clara, CA). LOI
was determined by placing two grams of a sample in a furnace at 1000°C for 2 hours. Next, mineralogy
and phases were determined through semi-quantitative XRD analysis with an internal standard method by
mixing samples with a known amount of corundum. Samples were then analyzed in a D8 Endeavor (Bruker;
Billerica, MA) with a Cu anode. Crystalline minerals were identified using the PDF-4/Minerals ICDD

database and amounts quantified via the Rietveld method using the known quantity of the internal standard.

2.4.1.2.Mixture proportions and batching
Mortar mixtures were produced using the proportions listed in Table 2.5. Herein, binder refers to
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the combined mass of the cement and any mineral additive. A control mixture with only PC (CTRL) as the
binder was designed with a water-to-binder ratio of 0.47 and a binder-to-sand ratio of 2.5. A second set of
control mixtures with LS filler as 5 and 15% replacement of PC by mass were also considered. Finally, PC4
mortars for testing were designed with 5 and 15% replacement, by mass, for each PC4 treatment scenario.
Replacement rates of 5 and 15% were selected to represent the lower and upper limits for LS content for

PLCs in ASTM C595 [58].

Table 2.5. Mixture nomenclatures and constituent proportions for the Portland cement-only mixture as well
as mixtures with 5 and 15% replacement of Portland cement with Limestone or post-consumer calcium
carbonate from carpet

Mixture Mixture Proportions (kg constituent / m® mortar)

Type Portland Cement PC4 Limestone Sand Distilled Water
CTRL 564 0 0 1410 265
5%LS 535 0 28 1408 265
15%LS* 478 0 84 1405 264
5%PC4 533 28 0 1401 263
15%PC4* 471 83 0 1385 260

*Note: the mass differences to make 1 m® of 15%LS versus 15%PC4 are due to the difference in density
between the post-consumer calcium carbonate from carpet (PC4) and limestone (LS) powder

Mortar mixtures were produced in a Hobart A200 dough mixer (Hobart; Troy, OH) following the
mixing procedure and times prescribed in ASTM C109 [181]. Cube mortar specimens were prepared in
50.8 cm x 50.8 cm (2 x 2 inches) molds. For leaching analysis and SEM imaging, 50.8 cm x 101.6 cm (2 x
4 inches) cylinders were cast from the same mortar mixtures. Cast specimens were cured at 25°C and >90%
humidity for 1 day prior to being removed from the molds, after which they continued to be cured under
the same conditions until compressive strength testing at 7 and 28 days. Specimens for leaching were kept
in the molds at 25°C and >90% humidity until just before leaching, to prevent premature leaching in the
high humidity environment. Bulk leaching of all specimens was performed simultaneously with well cured

specimens (ages >42 days).

2.4.1.3. Compressive strength

Compressive strength testing was performed following ASTM C109 [181]. Cubes were tested using
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a CT-950 load frame under force control and an externally calibrated load-cell which allowed measurements
to the nearest 44 N-force (10 lbs-force). The compressive strength of the mortars was compared based on

the average strength of five specimens at each age.

2.4.1.4. Isothermal calorimetry

To assess both the potential for improved cement hydration and the occurrence of additional
hydration reactions, isothermal calorimetry was performed on paste samples. As with the effects of LS, it
was anticipated that treated PC4 would improve the particle dispersion of cement and thus improve
hydration. Additionally, it was anticipated that the PC4 oxidized at 900°C, would lead to additional CaO
increasing the cement hydration reactions that occur. A control paste sample (5g) was proportioned with a
water to binder ratio of 0.47. Paste samples were produced with 5 and 15% cement replacement with LS

and each of the PC4 preparations.

To capture the initial hydration, samples were mixed in-situ. Powders were weighed into 20mL
glass ampoules; distilled water was measured into a syringe and stirring apparatus. The tips of the syringe
were dipped in silicon grease to prevent premature water introduction into the powder. The uncombined
powder and water samples were loaded into an Isothermal calorimeter (TA Instruments; New Castle, DE)
at 25°C and allowed to come to equilibrium. Then the included software package was used to take baseline
readings. After collecting a baseline, the water was injected into the powder, the time of injection was
recorded, and the mixture was stirred for 1.5 minutes. After 7 days (168 hours), data collection was stopped,
and data were corrected with the baseline readings using the software package. Replicates of the calorimetry
was performed measuring heat flow over 7 day (168 hours) for verification. An additional replicate of each

mixture was tested over 4 days (96 hours) to allow for higher resolution data collection.
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2.4.1.5. Scanning electron microscopy (SEM)

To investigate the effect of the mineral additives on the mortar microstructure, backscatter SEM
imaging of samples was performed. Mortar cylinders for the PC control mixture and 15% replacement
mixtures were cut into thin sections and mounted in epoxy. The SEM specimens were partially polished
and then stored in ambient conditions. A day before testing, epoxy mounted specimens were given the final
polish, carbon coated, and then stored in a vacuum jar to prevent interaction with gaseous CO,. SEM of
mortar sections was performed in a Cameca SX-100 Electron Microprobe at the UC Davis Electron

Microprobe Laboratory.

2.4.2. Results and discussion

2.4.2.1. Chemical and X-ray Diffraction

To compare how the treatments altered the composition of the PC4, likely oxides were estimated
(Table 2.6). Additionally, the mineralogy (Table 2.7) and concentrations of certain trace elements (Table
2.8) were evaluated. The mineralogy determined through semi-quantitative XRD analysis showed the
sieved (PC4-S) and milled (PC4-M) PC4 to be predominantly calcite (CaCOs3) and dolomite (CaMg(COs),).
The oxides analysis of PC4 (Table 2.6) indicated large quantities of Ca (75.69-78.42%) and Mg (12.18-
12.57%). Notably, compared to virgin LS (amorphous content below detection level), a high fraction
(21.2%) of the PC4-S was found to be amorphous. The reduction of amorphous content found in the PC4-
M may be attributed to the finer sieve size reducing the concentration of remnant organic materials (e.g.,
polymer fibers, pet hair). There was greater reduction of amorphous content for the heat-treated PC4-600
and PC4-900 compared to both PC4-S and PC4-M. The furnacing of PC4 for 6 hours likely removed
polymer coatings (such as latex) and other materials smaller than the 200-mesh sieve used for the milled
PC4 (such as nano-plastics), thus contributing to the reduction of amorphous material shown Table 2.7. A

reduction of remnant latex and other organic materials would be expected to benefit PC4 as a filler material.
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Table 2.6. Chemical Analysis and likely oxides of Type II/V Portland cement, Limestone Powder, and each
reparation of post-consumer calcium carbonate from carpet (n = 1)

Oxides Mass %, II/V Cement | Limestone | PC4-S | PC4-M | PC4-600 | PC4-900
(Detection Limit)

Si0; (0.01%) 21.36% 2.17% 506% | 6.08% 5.39% 4.86%
AlL,O; (0.01%) 4.61% 0.43% 163% | 1.68% 1.59% 1.49%
Fe,0x(T) (0.01%) 3.64% 0.20% 0.89% | 0.88% 0.89% 1.33%
MnO (0.001%) 0.17% 0.01% 0.04% | 0.04% 0.04% 0.05%
MgO (0.01%) 2.77% 8.66% 12.18% | 1257% | 12.26% 12.20%
Ca0 (0.01%) 66.22% 88.38% | 76.28% | 75.69% | 77.36% 78.42%
NaO (0.01%) 0.15% 0.02% 189% | 1.93% 1.47% 0.85%
K20 (0.01%) 0.63% 0.07% 0.45% | 0.45% 0.40% 0.27%
Ti0, (0.001%) 0.24% 0.02% 0.35% | 0.35% 0.31% 0.27%
P,0s (0.01%) 0.21% 0.04% 0.32% | 0.32% 0.29% 0.27%

S = Sieved, M = Milled, 600 = oxidized at 600°C, 900 = oxidized at 900°C, PC4 = Post-consumer calcium carbonate
from carpet

In addition to lower amorphous content, the temperature treated PC4 also showed reductions in
dolomite. While decomposition is dependent on conditions beyond temperature (e.g., the composition of
the flue gas [182], [183] and composition and moisture content of the material [182], [184]), dolomite
decomposition can begin at temperatures as low as 350°C [184]. This process can result in either a full
decomposition into CaO or a partial decomposition into calcite [185], which could also be a contributing
factor to the increase in calcite for the PC4-600 material. Decomposition of calcite occurs at higher
temperatures, typically around 650°C [182], [184]. The decrease in calcite and corresponding increase in
lime in the PC4-900 is consistent with the decomposition of dolomite and calcite as well as formation of
lime and periclase [185]. Notably, the high lime content of PC4-900 holds promise as a CaO source in

tertiary-blends by allowing for higher levels of cement replacement.
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Table 2.7. Minerology of materials (n = 1)

11/V Cement Limestone PC4-S PC4-M PC4-600 PC4-900
Calcite 0.8% 77.4% 49.3% 51.8% 86.2% 1.5%
Dolomite - 20.6% 26.3% 28.2% - 1%
Quartz 0.3% 0.8% 2.0% 1.5% 2.6% -
Muscovite - 0.4% 0.9% 1.9% 0.9% -
Talc - 0.8% - - - -
Chlorite - tr 0.3% 0.7% - -
Larnite 2.9% - - - - 3.6%
Hatrurite 63.9% - - - - -
Brownmillerite 12.2% - - - - -
Periclase 1.2% - - - 5.1% 13.9%
Lime - - - - 0.4% 61.9%
Portlandite - - - - - 9.3%
Gypsum 1.6% - - - - -
Amorphous 17.1% - 21.2% 15.9% 4.8% 8.8%

‘> indicates none detected, ‘tr’ below sensitivity threshold (<0.1%), S = Sieved, M = Milled, 600 = oxidized
at 600°C, 900 = oxidized at 900°C

To determine the effects of treatments on undesirable trace elements, the concentrations of Ba, Sr,
Y, Sc, Zr, Be, and V were quantified (Table 2.8). The trace element concentrations of Ba, Sr, Zr, and V in
the PC4 were larger than the virgin LS. However, the amount in the LS and all PC4 materials were all lower
than those in the 1I/V Portland cement. Thus, either replacement level would still represent a net reduction
of the trace element compared to mixtures with only PC. The reduction of PC4 LOI with heat treatment,

and its further decrease at higher temperature, is consistent with the expectation of reduced organic

materials and the decomposition of the dolomite and calcite (Table 2.8).

Table 2.8. Trace Elements and Loss on Ignition (LOI) (n=1)

Detection Limit 11/V Cement | Limestone | PC4-S | PC4-M | PC4-600 | PC4-900
Ba (ppm) 2 157 10 48 54 64 82
Sr (ppm) 2 716 270 275 272 369 585
Y (ppm) 1 13 6 2 3 3 5
Sc (ppm) 1 5 <1 <1 <1 <1 1
Zr (ppm) 2 68 2 23 31 26 37
Be (ppm) 1 1 <1 <1 <1 <1 <1
V (ppm) 5 65 <5 5 <5 7 15
LOI (%) 0.01 2.47 43.04 52.24 52.07 36.62 0.56

S = Sieved, M = Milled, 600 = oxidized at 600°C, 900 = oxidized at 900°C, PC4 = Post-consumer calcium carbonate

from carpet
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2.4.2.2.Compressive strength

The average 7- and 28-day compressive strengths are presented in Table 2.9 and Figure 2.17.
Similar to prior work on the effect of sieved PC4 in concrete, the use of PC4-S in the mortar mixtures led
to notable reductions in compressive strength. Namely, replacement of cement with 5% PC4 and 15% PC4
resulted in approximately 40 and 56% reductions in strength at 7 days as well as 45 and 57% reductions at
28 days, respectively. Milling PC4 (PC4-M), with the intent of improving particle dispersion, resulted in
mortars with the same or lower compressive strengths as the PC4-S. Noting that remnant latex could be
affecting the microstructure of the mixtures and thus contribute to the lower compressive strengths, milling,
which did not remove such compounds, may have increased the distribution of these impurities in the

mixture and caused the observed loss in compressive strength.

Table 2.9. The average 7- and 28- day compressive strengths of mortar specimens, average of 5 specimens
at each age. Values in brackets is the standard deviation of the averaged values (n = 5)

CRTL LS PC4-M PC4-S PC4-600 PC4-900
Replacement % - 5% 15% 5% 15% 5% 15% 5% | 15% | 5% 15%

7-Day Strength | 38.34 | 36.34 | 35.38 | 20.92 | 17.39 | 22.96 | 16.85 | 41.74 |34.06 | 40.90 | 24.03
4.82) | (2.68) | (2.28) | (2.05) | (1.03) | (1.24) | (0.84) | (2.33) [(1.66) | (1.77) | (1.18)

28-Day Strength | 56.73 | 59.44 | 53.03 | 33.84 | 24.93 | 31.04 | 24.28 | 55.51 |52.31 | 54.31 | 31.77
(2.25) | (4.67) | (4.05) | (5.14) | (1.74) | (1.72) | (1.01) | (5.12) |(3.05) | (4.67) | (2.87)

The thermal treatment of PC4 resulted in notable benefits to compressive strength compared to the
sieving and milling. The 5%PC4-600 mixture exhibited the highest average 7-day compressive strength of
all the mixtures tested, 9% greater than the CTRL mixture and 15% greater than 5%LS mixture. These
results indicate that PC4-600 can lead to desirable mechanical performance, similar to the LS mortars
evaluated. The 15%PC4-600 mixture had an average compressive strength that was 11% lower than the
CTRL and was 6% lower than the 15%LS mixture. Of note, the 5%PC4-900 mixture exhibited only slightly
lower strength than the 5%PC4-600 mixture at both 7 and 28 days (~2% and 6% lower, respectively).
However, the 7- and 28-day compressive strengths for the 15%PC4-900 mixture were 42 and 43% lower

than the 15%PC4-600 mixture and 37% and 33% lower than the CTRL mixture. These reductions may be
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a result of the deleterious effects from paste mixtures with large amounts of hydrating free lime [186].

For the specimens tested, 5% or 15% mass replacements of cement with PC4 oxidized at 600°C or
5% replacement with PC4 oxidized at 900°C show promise for improving the performance of PC4 in
cement-based materials. However, while outside the scope of this work, future studies should consider the
durability implications of using oxidized PC4 as a virgin LS substitute. Depending on PC4 application, PC

replacement levels, and the desired lifetime, a multitude of durability characteristics could be examined.
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Figure 2.17. The average compressive strength at 7 to 28 days of mortar specimens, average of 5 specimens
per age. (a) Shows CTRL mixture and specimens with 5% replacement and (b) shows CTRL mixture and
specimens with 15% replacement. Bars show standard deviation. (n = 5)

2.4.2.3. Isothermal calorimetry

Isothermal calorimetry was performed to assess how replacement materials and rates could change
the heat of hydration of cement-based materials. The heat flow over time is shown in Figure 2.18. The
results showed that the 5%LS paste and 5%PC4-600 paste both led to a negligible decrease in time of the

peak heat flow (approximately 26 minutes) (Figure 2.18a and b). The LS led to a slight decrease in hydration
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peak (~1%) and the PC4-600 led to a slight increase (~1.5%). The use of PC4-900 led to an approximately
11% increase in peak heat flow. However, the time of the peak was approximately the same as the CTRL.
The increased heat flow from the oxidized PC4 was likely caused by the increase lime content and energy
released from the hydration of the additional CaO [187], [188], which is similar to cement-lime mixtures
in literature [189]. Similarly, the peak heat flow increased by 24% for the 15%PC4-900 paste. The 15%PC4-
600 paste led to a decrease in heat flow, which could have been caused by a reduction in reactive compounds

in the paste due to the decrease in PC; this heat flow is similar to the behavior of the 15%LS paste both in

peak heat flow and time of peak heat flow.
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Figure 2.18: Composite figure of Isothermal Calorimetry over 7-day and 1-day timespans. Panels a) and
b) are 5% cement replacement. Panels c) and d) are for 15% cement replacement. Panels, a) and b), show

7-day heat flow. Panels b) and d) show 1-day heat flow.
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The PC4-S and PC4-M both led to increases in time to peak (1.8 hours and 2.2 hours, respectively),
and the 5%PC4-S led to a ~1% decrease in heat flow. Contrary to the expectation that milling PC4 would
increase and speed cement hydration through better particle dispersion, the 5%PC4-M paste led to an
approximately 4.8% decrease in heat flow at the peak. Similarly, the 15%PC4-M led to ~17% decrease in
peak heat flow and a 12.8-hour delay in the time to the peak heat flow. The hydration delay suggests that
the remnant impurities, possibly latex, could be acting as a retardant. Furthermore, milling may have

increased the dispersion or surface area of the impurities, shifting the interaction with the cement.

2.4.2.4. Scanning Electron Microscopy

Backscatter SEM micrographs were used to examine the microstructure of the mortars (Figure
2.19). All the mortar specimens exhibited cracking which is likely from drying from ambient storage and
water removal during specimen preparation. The CTRL (Figure 2.19a) and 15%LS (Figure 2.19b) mortars
show drying cracks, with the 15%LS mortars showing visible grains of LS and some small voids. Unlike
the CTRL and LS mortars, the mortars with PC4-S (Figure 2.19a) and PC4-M (Figure 2.19d) exhibited
large circular voids in addition to the drying cracks. These voids are consistent with previous reports of
PC4 increasing the amount of entrained air in wet concrete and permeable air voids in cured concrete [72].
The mortars with PC4-600 (Figure 2.19¢) and PC4-900 (Figure 2.19f), which have reduced amounts of
latex polymer, displayed much smaller voids compared to the PC4-S and PC4-M mortars. This change in
microstructure likely contributes to the substantial reduction in compressive strength recorded for the PC4-

S and PC4-M mortars.
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Figure 2.19. Representative backscatter Scanning Electron Microscope (SEM) micrographs of mortar
sections with notation for: (a) CTRL; (b) 15%LS; (c) 15%PC4-S; (d) 15%PC4-M; (e) 15%PC4-600; and
(H) 15%PC4-900 mixtures.
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2.5.Summary

2.5.1. Material Flow of PC4

Cumulatively, approximately 1.4 billion m? of carpet has been disposed of in the US since 1954.
This disposed material constitutes 33 Mt of nylon, 16 Mt of PP, 5.5 Mt of PET, 7 Mt of other textile and
fiber material, and ~47 Mt of PC4. Notably, analysis of such resource flows from disposed carpet,
particularly the large quantify of PC4 from carpet backing, have been poorly addressed in the literature.
Relative to the US domestic production of polymers and utilization of limestone in cement production,
these discarded resources from carpet use represent a significant fraction of virgin material demand, or in
the case of nylon, exceed national production. Annually, less than 6% of PCC is reused, recycled, or used
for energy recovery. The remaining ~94% of PCC represents a large, untapped material resource, and a lack
of useful diversion has limited advancements towards a circular economy. We note that the EOL flows
quantified here are 1.5-2 times larger than those estimated by industry. Cumulatively, the impacts from
producing the same mass of virgin materials would include 7.5 Mt CO;-eq in of greenhouse gas emissions,
2 kt PM»s-eq in respiratory effects, and 15 TJ of fossil fuel depletion annually. However, net-impact

reductions including processing and transportation need to be guide EOL decision making.

Therefore, future studies should develop life-cycle inventories for carpet recycling to validate and
quantify resource recovery to offset burdens of virgin material production. Investigations should explore
scenario analysis to identify the best pathways for recycling. Such work is necessary to avoid unintended
consequences of EOL processes. In the investigation of resource recovery, shifts in material performance
from using these recovered materials and the environmental impacts and technoeconomic feasibility of
recycling methods that limit changes in material performance, such as depolymerization pathways, should
be considered to inform decisions by industry, policy makers, and other stakeholders. These pathways could
expand the performance and functional application of post-consumer resources. The findings from this
work and from future studies that can build from these findings are critical to limit the inefficient utilization
of material resources and to drive best practice in recycling programs.
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2.5.2 Material properties of PC4 in cement-based materials

In this work, we address how a waste mineral stream from the building industry can be utilized in
the production of cement-based materials. Specifically, this work examines how the mineral components in
carpet could be used to reduce demand for virgin materials in cement-based materials. The development of
new, environmentally sustainable materials and practices is of great societal necessity. The utilization of
minerals that are readily available and recycled from the same industry could be a significant mechanism
in improving environmental sustainability. Currently, however, the understanding of how the calcium
carbonate used in carpets can influence the material attributes of concrete is extremely limited. A foundation
of how these recycled mineral waste streams influence cement-based material performance is critical in

addressing waste-minimization strategies and routes to reduce dependence on virgin-mineral resources.

This research serves as a contribution toward understanding the viability of Post-Consumer Carpet
Calcium Carbonate (PC4) for use in concrete. In this work, 5 and 15% mass replacements of Portland
cement as well as 5 and 15% replacements of fine aggregate with PC4 were examined. To draw comparisons
with commonly used materials, the effects of using these mixtures were assessed relative to control mixtures
with Portland cement as the only powder in the binder as well as the same mass replacements with

limestone. Fresh and hardened concrete properties were assessed. Key findings from this work include:

e The use of PC4 as an inclusion in concrete, either as a partial cement replacement or as a
partial fine aggregate replacement, increases initial and final set times by up to 167% and
195%, respectively;

e The use of PC4 can lead to a lower density concrete (~10% decrease) that is more porous
(11% increase in air voids) than a mixture with only Portland cement as the binder or only
conventional aggregates;

e PC4 lowers the strength of concrete mixtures by up to 60%; however, this may not be of
concern for low strength applications;
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e PC4, when used to replace cement, can lead to reduction up to 15% in GHG emissions.
However, such benefits should be weighed in the context of any shifts in necessary

performance.

In future studies, the effects of any variability between PC4 batches, such as those that might occur
as a function of the carpet fiber type, age of carpet, or recycling process, should be examined. Additionally,
the effects of PC4 on other durability properties of concrete should be assessed. Future work should address
possible beneficial traits that might occur from the low-density PC4 mixtures, such as changes in thermal
conductivity. Despite these areas for further investigation, this work provides insight into the feasibility of
utilizing PC4 as a constituent in concrete. Noting the importance of decreasing the impact of concretes, the
need to minimize waste streams, and the value of immobilizing wastes in a long-service life material, such
as concrete, these findings suggest there is a potential market for PC4 in cement-based materials. Due to
alterations in material properties noted from this work, it is possible that PC4 would be best utilized in low-
strength applications, such as pavers. However, with further study and refinement of processing methods,

it is possible that additional uses for PC4 in cement-based materials can be elucidated.

2.5.3. Properties of Treated PC4 in cement-based materials

In this work, thermal and mechanical treatments were used to process PC4 with the goal of
improving the consistency of PC4 and its contributions to strength in cement-based materials. In doing so,
this study provides a novel attempt to overcome limitations found in prior investigations regarding use of
PC4 as a mineral constituent in concrete, which suggested that residue carpet backing additives resulted in
concrete with both reduced density and strength. For the first time, heat treatments of PC4 at 600°C and
900°C were evaluated to remove remnant fibers and coating from the PC4 for cement-based mortars.
Additionally, a milling treatment on the PC4 was evaluated to alter the mineral gradation with the goal of

improving the dispersion and hydration of cement particles. Notable results include:
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o PC4 oxidized at 900°C showed decreases in both amorphous phases and calcite with an
increase in lime and periclase formation;

e Contrary to the hypothesis that M-PC4 would improve the strength of mortars through
increased cement hydration, 5%PC4-M and 15%PC4-M mortars had approximately the
same strength as the use of PC4-S at the same replacement levels. Further, 5% and 15%
cement replacement PC4-M decreased the heat of hydration by approximately 5% and 17%,
respectively, and delayed time to peak by 2.2 and 12.8 hours, respectively;

e  The mixtures with 5% and 15% cement replaced with PC4-600 led to negligible reductions
in 28-day compressive strength compared to the 100% PC control;

e The 5%PC4-900 mortar had 6% lower average strength than the 5%PC4-600 mortar.

This work is an important step in understanding treatment methods that can drive beneficial
reutilization of waste flows in cement composites. Findings demonstrate that 5% or 15% mass replacements
of cement with PC4 oxidized at 600°C or 5% replacement with PC4 oxidized at 900°C show promise for

improving the performance of PC4 in cement-based materials.
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CHAPTER 3

Rice hull ash and rice straw ash as supplementary

cementitious materials

Author Note
This chapter is comprised of portions from the following peer-review journal articles. The author is grateful
for the expertise and advice provided by co-authors.
i.  P.R.Cunningham, L. Wang, P. Thy, B.M. Jenkins, S.A. Miller. Effects of Leaching Method and Ashing
Temperature of Rice Residues for Energy Production and Construction Materials. ACS Sustain Chem
ENG. (2021). https://doi.org/10.1021/acssuschemeng.0c07919.
ii. P.R. Cunningham, L. Wang, S. Nassiri, P. Thy, J.T. Harvey, B.M. Jenkins, S.A. Miller. Evaluating the
viability of regional supplemental cementitious materials: the performance and potential supply of rice

straw and rice hull ashes. Under review. (Anticipated 2024).

3.1.Introduction

Industrial symbiosis across food, energy, and materials production industries could contribute to
meeting rising energy and materials demands [3], [190], while simultaneously improving the environmental
sustainability of these industries. In particular, the use of residual biomass from the cultivation of rice — a
prevalent food crop grown around the world — could be well suited to benefit the agricultural, energy, and
construction material industries. In this work, rice straw and hulls (husks) are evaluated as a means to
valorize agricultural biomass residue, generate electricity, and partially replace greenhouse gas (GHG)
intensive Portland cement in construction materials. Specifically, pre-combustion leaching methods that
benefit energy production are evaluated as a means to simultaneously improve rice hull ash (RHA) and rice
straw ash (RSA) properties for cement-based material applications.
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The potential for benefits from synergistic bio-ash engineering are well exemplified when studying
individual regions, like California, which is the state with the second largest production of Portland cement
in the United States [191]. The most popular supplementary cementitious material (SCM) in California is
fly ash (FA) from coal-fired power plants. Currently, California uses approximately one million tons of FA
annually [67] (equivalent to approximately 15% of the mass of Portland cement (PC) produced in the state
[192]). However, as California does not combust coal as a primary energy source, this FA is imported from
other regions. The nearest import sources of FA for the state have either recently been decommissioned or
are currently facing issues of economic and environmental viability. Conversely, alternative energy supplies
have been gaining prominence: 86 waste-to-energy power plants (including 32 biomass-to-energy plants)
comprised approximately 3% of instate energy production in 2019 [193], and this energy is largely
considered carbon neutral [194]. By 2050, it is projected that the demand for cement in California will
increase by 65% beyond 2015 levels [195], [196] and, with it, the demand for SCMs is expected to rise. At
the same time, the state had the second highest annual electricity demand in the United States in 2018 at
approximately 1 EJ [197]. As an agriculture-intensive state, California has a large amount of residual
biomass, with an estimated potential availability of RHA and RSA of approximately 400,000 tons annually
[148], [198], [199]. This availability, coupled with the demand for both energy resources and SCMs, is a
strong motivator for improving our understanding of achievable co-benefits from methods to support energy
generation and the use of rice-based ashes in concrete. This example is pertinent to many other areas around
the world. Regions in India and China are struggling with managing rice residues [200], [201]. These
countries are currently the two largest producers of cement in the world and could similarly benefit from a
combined avenue for residue management: the production of energy and an SCM source [202], [203], [204],

[205].
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3.2. Material flow analysis of rice hull and rice straw ash

The beneficial aspects of SCMs must be considered within the context of the substantial size of the
demand for cement and concrete. Globally, approximately 4 gigatonnes (Gt) of cement are produced each
year [119], and over 30 Gt of concrete are consumed annually [142]. Without significant abatement to
reduce consumption [37], cement demand is projected to increase by 30% by 2050 [206]. There have also
been escalating demands for SCMs. Over the past 30 years use of such materials in blended cements has
increased by 10% [207], with additional amounts incorporated during concrete batching [208]. As demand
for cement and SCMs grows, and the supply of industrial-byproduct SCMs is declining [67], alternative
SCMs are necessary. Many alternative SCMs and fillers have been proposed, including biomass ashes
[209], [210], [211], ground waste glass [67], [210], [212], ground limestone filler [67], [210], [213], and
mineralized CO, from carbon capture and storage systems [214], [215]. To be feasible, these SCMs must

be available in suitable quantities, be cost-competitive, and provide suitable performance.

As an important source of food and nutrition [216], rice is cultivated across the world [217] and
rice biomass residues are particularly promising as a bio-derived SCM. The United States (US) is the 13"
largest producer of rice in the world, accounting for approximately 1% of 2022 global rice production [218],
[219]. China and India each produced about 27% and 25%, respectively, of global rice production in 2021
while also accounting for 54 and 8% of global PC production [219], [220]. In rice cultivation, residue hulls
and straw do not have as strong of a market as milled rice. Rice hulls can be used for energy generation and
the resulting ashes to be used as an SCM in concrete [209]. While other waste reduction strategies have
been proposed for rice residues [221]; in practice, there are limited value-added applications [222], [223].
Rice biomass could play an important role in energy generation [224], and the resulting ash could be an

SCM in these regions if suitable performance and supply can be achieved.

To understand the role of these ashes as regional SCMs, the potential annual production of RHA
and RSA in the US is modeled in six rice-producing US states and avoidable GHG impacts by reducing
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virgin PC production is quantified. The results of this work can guide post-combustion decision-making for
rice-based biomass ashes and inform initial supply chain decisions for identifying and implementing

biomass ash as a regional SCM.

3.2.1.Methods and Materials
3.2.1.1. Quantifying rice biomass and potential ash production

To understand the potential supply of RSA and RHA, as well as potential GHG emissions reduction
through their use to replace PC at scale, both a materials flow analysis and an environmental impact
assessment were conducted. The focus of these assessment was on US production, with particular attention
given to states that produce large amounts of rice (i.e., Arkansas, California, Louisiana, Mississippi,

Missouri, and Texas).

To quantify the potential production of RHA and RSA from 2017-2022, magnitudes of rice
cultivation, weight fractions of hull and straw relative to paddy, and ash content that could be recovered for
post-combustion use as an SCM were assessed (system shown in Figure 3.1). As there are few value-added
options for rice biomass ashes, competition with alternative pathways for rice straw and rice hull was not

considered.
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Figure 3.1. The system modeled showing the material flow of rice biomass from cultivation, harvest,
separation, combustion, and ash recovery for use as an SCM. External processes (i.e., energy generation,
rice production for food) and alternative pathways for rice-biomasses are also shown. Treatment can include
post-combustion processes to aid the combustion stage, e.g., milling and leaching of biomass straws.

Rice hull masses were calculated with Equation 3.1, where [rice hull] is the annual rice hull
generation, [rice yield per area] is the annual average rice yield per unit area, [planted area] is the total
planted area, and [fraction hull] is the mass fraction of hull relative to the total rough (unprocessed) rice.
Rice straw yields were modeled using Equation 3.2 where, [rice straw] is the annual rice straw
removable, [planted area] is the planted area in the region, and [straw yield] is the straw harvested per

unit area. The yield used in this work was selected to mitigate nutrient depletion (Table 3.1), though twice

that yield is possible with greater nutrient loss [223].

[rice hull] = [rice yield per area] = [planted area] * [fraction hull] Equation 3.1

[rice straw] = [planted area] * [straw yield] Equation 3.2

The annual potential ash generation was modeled using Equation 3.3, where x is rice hull or rice
straw biomass, ashy is the annual ash production for biomass type x, biomassy is the mass (dry basis) of

the type x biomass produced annually (i.e., the hulls or straw from Equation 3.1 or Equation 3.2), and
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[ash content], is the ash content of biomass type x (dry basis).

ashy = biomass, * [ash content], Equation 3.3

Rice cultivation data were collected from US Department of Agriculture rice production statistics
[225]. The average ash contents of rice hull and straw samples in the Phyllis2 database were used to model
ash yields [226]. To encompass variations in ash, a range representing one standard deviation increase or
decrease in ash content was used. To assess the cement replaced potential by RHA and RSA, the modeled
annual production potential of ash was compared to the annual cement deliveries to end customers in each
of the 6 states (including inter-state transfers) and the total apparent consumption of PC in the US [220],

[227]. Values and assumptions are shown in Table 3.1 and Appendix C.

Table 3.1. Model assumptions and data sources

Parameter Value Comments & Source
Annual planted acres of rice Varies from 2017-2021 ~2.5M acres (10.24x10° Hectare) in 2021, 2017-2021
(2017-2021) values in Appendix C. From USDA [225].
Annual rice yield per acre (2017- Varies from 2017-2021 7,709 Ibs/acre (8.6 Mg/hectare) in 2021, 2017-2021
2021) values in Appendix C. From USDA [225].
Ratio of rice hull mass to rice 0.2 Approximating values from [228], [229], [230] for typical
harvested hull mass as a fraction of rough rice|
Rice hull ash content by mass 19.56% Mean value from 8 samples by the Phyliss2 biomass
(percent) database [226].
Rice hull ash content by mass, 1 2.45% Calculated from 8 samples by the Phyliss2 biomass
standard deviation (percent) database [226].
Rice straw yield per acre (US & 3.36 metric ton / hectare Value from [223] and [231], recommended harvesting
State) (1.5 US short-ton / acre) rate to mitigate additional fertilizer need.
Rice straw ash content by mass 18.13% Mean value from 20 samples by the Phyliss2 biomass
database [226].
Rice straw ash content by mass, 1 3.50% Calculated from 20 samples by the Phyliss2 biomass
standard deviation database [226].
US kiln fuel mix See Appendix C. Modeled in OpenConcrete [36] based on [202].
State-level electricity grid mix Varies by state Modeled in OpenConcrete [36] based on [232]. All
values in Appendix C.
State-level kiln type mix Varies by state Modeled in OpenConcrete [36] based on [172]. All
values in Appendix C.
2021 US Portland cement 210 Mt USGS reported apparent consumption of Portland
consumption cement in 2021 [227].
2021 State-level Portland cement Varies by state USGS reported 2021 cement deliveries to end user for
consumption each State [220].
2021 Portland cement production Varies by country USGS reported [220], global production and production
(global & by country) in countries with >1% of rice production.
2021 rough rice production (global Varies by country USDA reported [219], global production and production
& by country) in countries with >1% of rice production.

79



3.2.2.2.4.2. Regional potential for cement replacement and modeling impact reduction

To illustrate the potential for RSA and RHA substitution to reduce GHG emissions (kg CO»-eq) by
replacing PC, ash and cement production were quantified for six states: Arkansas, California, Louisiana,
Mississippi, Missouri, and Texas, as well as for the US average. GHG emissions impact from PC production
was modeled from a cradle-to-gate perspective using the OpenConcrete Tool [36]. State-level production
impacts were quantified using the state average kiln efficiency and state average electric grid mix. The kiln
fuel mix for each state was modeled as the US average. US average GHG impacts for PC production were
made using the US average electricity grid mix, US average kiln fuel mix, and US average kiln efficiency.

Inputs for the OpenConcrete tool are summarized in Table 3.1, above.

Potential emissions avoided through the replacement of PC with RSA or RHA were calculated using

Equation 3.4, where I,,0iqapie 1S the annual maximum potential avoidable GHG emissions, Mg, is the

potential ash generation (from Equation 3.3), and I,,,,;; p¢ is the impact per unit mass of PC.

lavoidabie ash * lunit pc Equation 3.4

3.2.3.Results: At-scale potential as a supplementary cementitious material

To assess resource availability and potential to reduce GHG impacts, the maximum potential flows
of RHA and RSA were modeled and compared to the consumption of PC within the US (Figure 3.2a-b).
The GHG emissions from producing PC in 6 US states and the RSA and RHA available to offset these
emissions when used as an SCM were used to understand the magnitude of potentially avoidable emissions
(Figure 3.2¢-d). Notably, these replacement levels may not be feasible in all applications. The percentage
of PC replacement possible is largely driven by the amount of PC consumed (Figure 3.2a). For example,
California is the second largest producer of rice in the US [225], but as the second largest consumer of PC

[227], rice-based ashes could only replace ~2% of PC (Figure 3.2b). In Texas, the largest consumer of PC
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in the US, rice-based ashes are limited to ~0.5% of PC mass. In regions with lower PC consumption, there
is higher in-state replacement potential on a fractional basis, with mass fractions of ~6-7% in Mississippi,
~4-5% in Missouri, ~9-10% in Louisiana, and ~50-60% in Arkansas. By mitigating the production of PC
by partially replacing it, the implementation of biomass ashes as a SCM could yield large reductions in

regional GHG emissions (Figure 3.2¢).
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Figure 3.2.The Portland cement replacement potential of rice hull ash and rice straw ash in Arkansas,
California, Louisiana, Mississippi, Missouri, Texas, and the US total. (a) Potential 2021 rice hull ash and
rice straw ash production and 2021 Portland cement consumption (note, log scale). (b) State-level rice hull
ash and rice straw ash generation as a percentage of Portland cement consumption. (c) GHG emissions from
avoidable Portland cement consumption. (d) Avoidable GHG emissions via reducing Portland cement
consumption. Bars indicate the range of one standard deviation increase or decrease of ash content.
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The largest regional potential replacement is in Arkansas, where the approximately 0.5 Mt CO»-eq
reduction potential modeled is equivalent to ~3% of Arkansas’s 13 Mt CO»-eq of 2021 industry-related
GHG emissions [233]. Notably, 50-60% cement replacement is more than typical with rice biomass ashes
[209]. Realizing these reductions may require exporting ashes to other regions. Regional import is often
done with conventional SCMs (e.g., coal fly ash and GBFS imports to California) [54], [234]. Regional
economic considerations and concrete specifications are often deciding factors in SCM shipments and use
locations. After Arkansas, the next largest reduction potentials are in Louisiana (0.13-0.16 Mt CO»-eq) and
California (0.08-0.17 Mt CO»-eq), which both produce similar masses of rice biomass ash. Benefits to
emissions reduction at the state level (Figure 3.2d) reflect a slightly higher potential to avoid GHG impacts
than the US average (Figure 3.2¢), which is a function of replacing cement produced with the higher-impact
energy grids and lower kiln efficiencies that are present in the US Gulf region [172]. As the cumulative
reduction from these ashes (1.2 Mt CO»-eq in 2020) is only 1.8% of the total US cement industry GHG

emissions (66.4 Mt CO»-eq in 2020) [235], RSA and RHA may be most suitable as regional SCMs.

3.2.4. Discussion: Potential for Rice straw ash and rice hull ash to replace Portland cement

As GHG emissions from the cement and concrete industry are under increased scrutiny, the
potential for agricultural-based SCMs is a growing interest [69]; however, the best utilization of these
regional resources requires further examination. In the case of rice-based resources, the mass of harvestable
rice straw is nearly twice that of rice hulls. This magnitude of residues means if RSA is used as an SCM,
there would be greater resource availability to support increased adoption beyond niche applications.
Further, compared to other countries globally, the US has a moderate share of global rice production (~1%
in 2021) [218], [219]. The largest rice-producing nations are also large PC producers (Figure 3.3). In 2021,
China and India each produced 27% of global rice production (Figure 3.3a) and accounted for ~54 and 8%
of global PC production in the same year (Figure 3.3b). Indonesia and Bangladesh were the next large rice
producers with shares of 7% each. Yet, they produce less PC (1.5 and 0.8%, respectively). As such, rice-
biomass ashes could replace a notable fraction of PC in certain regions around the world.
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To this end, additional research is needed to address the potassium in RSA that can foul biomass
energy kilns if the straw is not treated to remove it prior to combustion. This research should include
investigation of the GHG emissions from pre-combustion treatment and transportation of straw prior to
combustion to quantify the net impact from processes through the supply chain. These may vary greatly

depending on treatment technology and transportation distances and modes.
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Figure 3.3. (a) Rough rice and (b) Portland cement production as fractions of 2021 global production
(e.g., 7.6x108 tonnes rice and 4.3x10° tonnes of Portland cement) in countries with 1% share or more of
global rough rice production in 2021 (calculated from [219], [220]).

For RHA and RSA to be adopted as SCMs, they not only needs to perform suitably, but also needs
to meet cost and environmental impact requirements. Initial considerations for additional environmental
impacts, economic costs, and spillover effects to crop production are summarized in Table 3.2. Importantly,
decision makers should be guided by economic and environment analyses that are specific to the time and
context being considered. Initial investigations suggest that rice straw may require additional
precombustion treatment which would likely lead to higher environmental impact than from combusting

untreated rice hulls. For transportation, similar comparisons may be drawn to coal fly ash or, potentially,
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ground blast furnace slags which both require transportation from the industrial production facility where
they are generated to the concrete production site. Likewise, if RHA and RSA are byproducts of energy
production, then a similar allocation method as applied to coal fly ashes may be appropriate for allocating
combustion impacts to RHA and RSA ashes. Importantly, removing rice straws could drive additional
environmental impacts related to farm impacts and fertilizer needs. Growers may be required to purchase
fertilizers which in turn may contribute additional economic costs and increase environmental impacts
associated with rice growing. Recent analysis suggests that rice hull-energy can be produced at costs below
the market rate. Thus, RHAs could be available at low-cost. This demonstrates the initial promise for RHA
to be a byproduct SCM, like coal fly ash. The potential for acceptable environmental and cost performance
of RHA and RSA compared to conventional SCMs still requires formal verification with environmental

impacts assessment and techno-economic assessment methods.

Table 3.2. Summary of potential environmental impacts and economic cost considerations for PC4 reuse
in Portland cement and/or concrete production.

Source Potential impact or cost
Combustion | e If byproducts of energy generation, impact may be allocated between the products.
impacts Potentially, similar allocation strategies as with coal fly ash may be suitable.

e Biomass pretreatment, if required to minimize slagging and fouling may add
additional environmental burdens.

Transport e Truck transportation per ton-km: 1.69x10* kg GHG emissions, 2.26x108 PMyo,

impacts 2.6x108 PMys, and 1 MJ energy demand [36].

e Conventional SCMs are transported ~146 km (by truck) [131]. In some areas (e.g.,
California) SCMs are imported from other regions and countries to meet demand

[234].
Processing | e Post-combustion milling model in literature as requiring 67.7 kWh/ton [236], [237].
impacts e Additional impacts (e.g., particle matter emissions) are anticipated from conveyance
and milling.
Cost- ¢ Rice hull energy production costs: $0.07/kWh (lower than market price in California,
constraints modeled in 2022) [238]. RHA could be available as a low-cost residue.

e Conventional coal fly ash average price: ~$93/ton (in 2023 in US) [239].

e As with conventional SCMs, RHA and RSA transported from an industrial
production facility to the concrete production facility is required.

o Costs for post-processing facilities, leachates, and labor would be an additional cost.

Impactsto | e  May require fertilizers or other means of nutrient recovery depending on rice straw

agriculture harvesting rate [223].

e Could increase costs to crop growers and drive additional environmental impacts
associated fertilizer production, transportation, and application [240], [241].
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3.3. Pre-combustion leaching treatments of rice hull and rice straw

In this work, ashes produced from rice hulls and straw are evaluated as a SCM for cement-based
building materials. The use of SCMs is a common practice for improving performance-aspects of concrete
and reducing environmental impacts. While RHA could be a substitute for more common SCMs and
improve concrete performance [242], these improvements are not always consistent [209]. Previous studies
have shown combustion conditions have a strong effect on the production of reactive RHA [148], [211],
[243]. Achieving high amorphous silicate content in the RHA through low temperature combustion has
been favored for the production as SCMs. While lower temperatures are not commonly desirable for energy
generation, gasification methods could be implemented to gain reasonable energy returns at these lower
temperatures [244]; however, any resulting bioash may require additional processing to remove carbon and

make it suitable for use in cement-based materials [245].

Pioneering work on the combustion of rice hulls to produce a silicate material for cement
replacement was performed by Mehta in the 1970’s [242], [246], which sparked significant subsequent
investigation. Recent studies on the use of RHA as an SCM have found ash produced under controlled
combustion conditions can replaced 5-30% of cement and yield higher strength materials [169], [209],
[247], [248], [249], [250], [251]. For example, Vigneshwari ef al. examined RHA as a replacement for silica
fume, a highly reactive SCM, in concrete mixtures [248]. The authors found that at low combustion
temperatures, namely 500-700°C, an ash with predominately amorphous silica is formed, and that ash can
increase concrete compressive strength by up to 28% when it is used as a 30% replacement of the cement.
Similar findings have been noted elsewhere. Sandhu and Siddique reviewed RHA use in self-consolidating
concretes and found that RHA replacement of cement up to 15% provided higher strength [249]. Work done
by He et al. and Thomas suggested a maximum strength is achieved at 20% replacement [247], [250];
however, Thomas noted that greater than 10% replacement of cement with RHA can lead to workability
issues [247]. Gursel ef al. evaluated RHA-FA-limestone cement blends and found RHA improved later age
strength development as well as durability properties, while significantly reducing emissions from material
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production [237]. Despite robust literature on RHA in concrete, RSA is not as commonly considered as an
SCM, owing in part to its chemical composition, which includes higher potassium levels. The potential
increased alkali metal concentrations could lead to undesirable concrete properties, such as deleterious

effects on durability.

Pre-combustion leaching treatments, developed originally to benefit energy production, could have
a co-benefit for producing cement-based materials by removing less-desirable compounds biomass ashes.
Specifically, treatments prior to combustion, such as leaching, can reduce the presence of chlorides and
alkali metals in addition to reducing agglomeration because of melting and fouling during combustion
[240], [252], [253], [254], [255], [256]. Industrial-scale leaching may be accomplished under controlled,
commercial operations; though, treatment of leachate adds additional costs for operators [255]. More
affordable in-field water leaching has proven feasible for treating rice straw and allows for direct recovery
of nutrients back into the field; however, it is more variable in final quality and is weather dependent with
higher concomitant economic risks [240]. To the best of our knowledge, systematic examination of the
influence of leaching pretreatments on the viability of RHA and on RSA in cement-based materials has not

been performed.

To determine avenues for industrial symbiosis in which biomass leaching is used to benefit both
energy conversion and materials production, further research is needed. This study investigates the use of
select biomass pretreatment methods for processing rice-based residues for bioenergy and cement-based
materials production, while providing an initial assessment of environmental sustainability factors for both
industries. Based on experimental and analytical techniques: (1) the effects of leaching protocols and ashing
temperature on ash properties are identified, (2) the mechanical properties of mortar mixtures formed with
rice ashes from direct combustion methods are established, and (3) changes in environmental impacts for
energy and material production from leached and unleached biomass are quantified. In doing so, this work
provides both a systematic analysis from multiple engineering perspectives and a critical initial step into

86



the consideration of agricultural resources to support varied applications. Research in this area has a strong
potential to contribute to advancement of the circular economy, in which maximum value is extracted from

resources and they are maintained in use for as long as possible.

3.3.1. Materials and Methods

3.3.1.1. Materials

To produce treated and untreated ashes for analysis and mortar production, rice hulls and rice straw
samples were acquired in August 2019, from Northern California suppliers. Rice hulls were provided by
Farmer’s Rice Cooperative in Sacramento, California which, after processing, stores hulls in covered bins
at ambient conditions [257]. Rice straw was acquired from Windmill Feed in Woodland, California and was
stored in unprotected outdoor conditions prior to acquisition, which likely subject the feedstock to
precipitation during the winter season. Both feedstocks were from the 2018 harvest. To examine the effects
of using the rice-based ashes on cement-based materials, mortars were produced using natural quartz-sand
from Esparto, California (with a 99.95% passing rate through a #4 sieve) and ASTM Type 1I/V Portland

Cement (PC), from Lehigh Southwest Cement Company in Stockton, California.

3.3.1.2. Biomass Pretreatment

Prior to ashing, rice straw was milled and portions of the hull and straw biomass were leached to
simulate pretreatment leaching for energy production. The rice-straw was milled to facilitate handling and
lab-scale leaching. For the straw, a hammermill with 1-1/4” (32 mm) diameter round-hole screen was used
to reduce the majority of the straw to lengths less than 25 mm prior to leaching and ashing. As hulls are
relatively small in size, no milling was performed. The size gradations of the straw and hulls were measured
prior to leaching via a sieve analysis resulting in over 59.5% of rice straw passing through a 3/8” (9.5 mm)
mesh sieve and 95.3% passing a 1”” (25.4 mm) mesh. For rice hulls, 99.8% passed through a #4 mesh (4.76

mm) and 32.9% passed through a #8 mesh (2.38 mm) (size distribution give in Appendix D, Table D.1).
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The effects of leaching were examined through the use of two solutions: (i) tap water; (ii) 0.5 M
phosphoric acid (H3PO4) solution (made from 85 wt.% phosphoric acid, ACS reagent grade). These
solutions were selected for their reported ability to remove alkali metals from rice-based feedstock [254],
[258]. Comparisons were drawn to biomass that was combusted without leaching pretreatment, i.e.
unleached. Bulk leaching was performed in low-density polyethylene containers using 15 L of leaching
solution per kg of biomass (air-dry basis, moisture content given in Appendix D, Table D.2) to simulate
potential industrial leaching [259]. This ratio is reported to be the smallest ratio that minimized the volume
of leaching solution while maintaining agitatable biomass [260]. Biomass was leached for a period of 5.5
hours and agitated every 30 minutes by manually stirring. Afterwards, the biomass solids were dewatered
through manual compression between two mesh strainers over the leaching vessel and then oven dried for

2 days at 100°C.

For unleached and leached feedstock, moisture, ash, volatile matter, and fixed carbon contents were
assessed. For leached biomass, moisture content was determined after dewatering by oven drying at
103+2°C for 24 hours following ASTM E871 [261]. Volatile content was determined using ASTM E872 on
oven-dried samples in covered crucibles in a Fisher Model 750-58 air-muffle furnace at 950°C [262]. Ash
content was determined using ASTM E1755 in the furnace at 575°C for 8 hours [263]. Fixed carbon content

was determined by subtracting the percentages of volatile matter and ash from 100% dry basis.

3.3.1.3. Biomass Ashing

To produce ash, biomass was oxidized in air under controlled temperatures at for 600°C, 850°C
and 1100°C in a Fisher Model 750-58 air-muffle furnace. Ashing at 600°C was selected to approximate
temperatures found in literature that led to performance improvements for ash in concrete [246], [248]. The

1100°C condition was chosen to approximate temperatures at which the literature suggests that ash should
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be less-reactive [264] and the 850°C condition was selected as the midpoint between the two to test for
non-linear effects. These temperatures are also in the range of many commercial furnace exit or reactor

temperatures for biomass boilers and thermal gasifiers.

For RSA, a two-stage procedure started with straw torrefaction at 250°C for 40 minutes to remove
most of the volatiles and prevent ignition. After torrefaction, straw was oxidized, without ignition, at each
of three final temperatures but for different lengths of time to complete the oxidation, namely at 600°C for
8 hours, 850°C for 4 hours, or 1100°C for 1 hour. To produce RHA, a modified procedure was used to
mitigate carbonaceous ash production. For 600°C RHA, hulls were ashed at 600°C for 8 hours, this was the
only stage for production of 600°C RHA. For the remaining two temperature conditions, a first stage heating
to 600°C for 8 hours was used. After the initial 600°C, the ashes were oxidized at either 850°C for 4 hours
or 1100°C for 1 hour. The ash identifications were assigned based on feedstock treatment method and
oxidation temperature where “S” or “H” represent straw or hulls; “U”, “W”, or “A” signify untreated
(unleached), water-leached, or H3POs-solution (acid)-leached; and “600”, “850™, or “1100” is the final
oxidation temperature in degrees Celsius. For example, S-U-850 represents untreated straw oxidized at

850°C.

3.3.1.4. Mixture Proportions and Mortar Batching

Bioash-cement mortars were made to determine the impact of treatment on the performance of
cement-based materials. Control mortars were designed to contain 100% PC as the cementitious binder.
Bioash-cement mortars were proportioned using with ashes replacing 15% of the PC. Bioashes were used
in their original form without any additional treatment (e.g., leaching, milling of ash). For all mixtures, the

sand-to-binder ratio, where the binder is the combined mass of PC and ash, was set at 2.50 and water-to-

binder ratio fixed at 0.59. Specimens were cured at 25°C and 2 95% relative humidity.
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3.3.1.5. Leachate Chemical Analysis

The composition of the leachates after the leaching process were measured to quantify the amount
of soluble salts and micronutrients removed from the feedstock. Measurements were adjusted for
background concentrations in the leaching water and acid. While amorphous silicates, sodium, and calcium
can also contribute to desirable gels in cements [194], [209], the presence of other compounds, such as high
levels of potassium, chlorides, or carbon can lead to undesirable performance. Soluble salts and
micronutrient concentrations, K, Ca, Mg, Na, Zn, Cu, Mn, and Fe, were measured following EPA Method

200.7 using inductively coupled plasma atomic emission spectrometry [265], [266].

3.3.1.6. Ash Analysis

The elemental composition of each ash was analyzed and the oxide compositions were estimated
to determine the effects of leaching condition and ashing temperature. The specific gravity of each ash was
quantified by pycnometer method using an AccyPyc II 1345 Pycnometer (Micromeritics Corp., Norcross,
GA). Chemical analysis for major elements, selected trace elements, and loss on ignition, were performed
for PC and all ashes. The materials were assessed using inductively coupled plasma optical emission
spectroscopy (ICP-OES) to estimate oxide composition (Agilent Model 700 Series ICP-OES, Agilent, Santa

Clara, CA) [267]. Both methods were carried out by Activation Labs, Ancaster, Ontario, Canada.

3.3.1.7. Concrete Compressive Strength of Mortars

Compression strength was tested on 50 mm diameter x 100 mm long (2 inch x 4 inch) cylinder
mortar specimens after 7, 28, and 56 days of curing. Compression tests were conducted on a Soiltest CT-
950 (Soiltest, Evanston, IL) load frame following an adaptation of ASTM C39 testing procedures [163],
where cylinder specimens were capped both ends with neoprene-padded aluminum caps and then loaded
under force control. The average maximum load before failure of five replicate specimens of each mixture,

tested at each age, was used to determine the compressive strength.
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3.3.2. Environmental Impact Assessment

3.3.2.1. Goal and Scope of Assessment

Environmental impact assessments were performed to quantify the potential environmental benefits
of using rice-biomass to produce energy and cement-based materials relative to conventional resources. The
literature suggests there could be environmental benefits from the production of electricity from rice straw
and hulls [201], [268]. Similarly, rice-based ashes may reduce several environmental impacts from cement-
based materials production [237]. In this research, two environmental impacts were examined: greenhouse
gas (GHG) emissions and embodied energy. GHG emissions were weighted using the IPCC 100a scheme
from 2013 [269]. Embodied energy was compared using the cumulative energy demand method of
calculation published by Simapro [270]. The role of treatment methods for the rice biomass, as well as
impacts of rice ash relative to other constituents in mortar, were assessed to inform targeted improvements

in reducing environmental burdens for the energy and materials systems.

Two primary products from the rice biomass were considered in this work: electricity and an SCM.
To investigate the biomass as an energy resource, the GHG emissions per MJ of electricity produced from
rice-based feedstocks were compared to several fossil fuel resources. For the SCM, three units of
comparison were employed: (1) GHG emissions of rice-based ashes were compared directly to PC on a per
kg basis; (2) the use of rice-based ashes in mortars was explored based on the production of one cubic meter
of mortar (comparisons drawn for GHG emissions and embodied energy); (3) the use of rice-based ashes
in mortars was examined by weighting GHG emissions per cubic meter of mortar as a ratio of compressive

strength achieved by the mixture at 28 days.

The scope of this analysis is outlined in Figure 3.4. Impacts associated with transportation,
treatment methods for the biomass prior to ashing, energy generation, and the production of mortar

(including impacts from other constituents) were assessed. In this analysis, both rice straw and rice hulls
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were considered to be agricultural residues and no impacts from cultivation were considered. Impacts from
biomass were allocated to the electricity generation. Impacts were attributed to the ash only after electricity
generation, namely, only impacts from transportation impacts. Stages after mortar production and impacts
generated from the treatment or conversion of waste, e.g. disposal or recovery of leachates, as well as

potential offsets from using the biomass for energy production were not considered in this assessment.

-------- Boundary for energy production
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Transportation, electricity, thermal energy, and material-derived air emissions accounted for where appropriate

Figure 3.4. Process flow diagram depicting the boundary of the assessment

3.3.2.2. Inventory Models

Relevant inventory quantities for the environmental impact assessment were based on treatment
methods and mortar outlined in the Materials and Methods section. These quantities include those for
leaching water, acid solution, ashing, and mortar mixture proportions. Additionally, the quantity of
feedstock biomass needed to produce the ash for each mortar mixture was determined by using measured
ash yields and properties (Appendix D, Table D.3). Water for leachate and for mortar batching was modeled
as requiring no necessary energy input. These quantities were supplemented with values from the literature.

An inventory of the materials, energy demand, quantities, and models used are stipulated in Table 3.3.
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Table 3.3. Inventory model assumptions and values

Biomass treatment, electricity generation and ash production

biomass for acid
leachate

Input Quantity Reference for Quantity Impact Model
Biomass feedstock yields and Multiple values, varies | This study, see Appendix | Not considered
properties by ash type D" Table S4

H3PO4 15.35 kg H3PO4 : 1 kg | This study No impacts for

water; phosphoric
acid from
ecoinvent [271]

Water leachate to biomass ratio

15 kg water : 1 kg
biomass

This study, Yu [260] and
Yu, etal. [259]

No impacts for
water

Energy to mill rice straw

0.244 MJ / kg biomass

Gursel et al. [237]

2017 2017
California average
electricity grid

(LHV™)
and 25% efficiency

Energy Resource Center
[274]

mix [272]
Emissions from bioenergy Material input based Argonne National Biomass
production on 17.209 MJ / kg Laboratory [273]; Biomass | combustion

emissions, from
NREL [120]

1 MJ of electricity from bituminous
coal, diesel, and natural gas (for
comparisons)

NREL [120]

Mortar constituent production (for inputs for ash production, see above)

Input

Production Method

Reference for Method

Impact Model

Cement production

Preheater-precalciner
kiln, US average kiln
fuel mix

Miller and Myers [2]

Fine aggregate production

Quiarried, crushed
and/or ground

UCB Green Concrete Tool
[169]"

UCB Green
Concrete Tool
[169];" 2017
California average
electricity grid

Mortar batching per cubic meter - mix [272]
Transportation

Input Distance Reference for Distance Impact Model
Biomass (field to production site) 30 km Bakker and Jenkins [240] | Truck

Cement raw materials to kiln 25 km Marceau et al. [172] (transportation)
Cement / bioash to batching site 130 km Marceau et al. [131] emissions from
Aggregates to concrete batching site | 88 km Marceau et al. [131] NREL [120] "

“NREL = National Renewable Energy Laboratory; UCB = UC Berkeley; LHV = lower heating value.

3.3.3. Results and Discussion

3.3.3.1. Leachate and Biomass Properties

To determine how leaching can facilitate the removal of compounds that are potentially detrimental

to energy production and cement-based materials, the soluble cations in the water and acid leachate were

tested (Appendix D, Table D.2). Compared to the water leachate, examination of the acid leachate showed

a 49% increase in potassium leached from hulls, but a 45% decrease in potassium removal from straw. This

difference in leaching can be attributed to the variability in the solubility of inorganic compounds from
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various biomass source in different solvents coupled with the likely exposure of straw to precipitation
during storage over the winter season. For example, the concentration of water-soluble potassium varied
from 58-86% in rice straws examined by Baxter et al., with as little as 2-8% of the potassium being acid-
soluble| [275]. While water leaching removed more potassium from the straw than the acid solution, the use
of acid leaching improved removal of most other soluble elements examined. However, the changes in Ca,

Mg, Na, Zn, Cu, Mn, and Fe were small and unlikely to affect the ash behavior in concrete mixtures.

As anticipated, the leaching techniques applied in this work affected the ash content, volatile matter,
and fixed carbon of the biomass (Appendix D, Table D.3). The differences between water-leached and
unleached biomass were small. For rice straw and hulls, water leaching led to approximately 4 and 5%
decrease in ash content, 3 and 4% increase in volatile matter, and 5 and 8% decrease in fixed carbon
compared to unleached biomass, respectively. Phosphoric acid was selected for leaching, because past
studies indicated that high alkali-removal could be achieved while maintaining high ash content [254],
which is consistent with the results of this work. Acid leaching reduced volatile matter in rice hulls by 13%
and in the rice straw by 29%, but increased fixed carbon 26% and 50%, respectively. Compared to water
leaching, increased amounts of ash from acid leaching could lead to a larger supply for replacing cement;
however, the potential losses in recoverable energy will impact the feasibility of using the leached biomass

for both energy production and cement replacement.

3.3.4. Ash Properties

Properties of the ash were evaluated to provide insights into how leaching affects the chemical
composition, which can influence the performance of bioash-cement materials. Both different leaching
solutions and different ashing temperatures altered the composition of the ashes produced. Notably, acid
leaching led to high amounts of phosphorus remaining in the feedstock: 43-46% and 12-13% P,Os for straw
and hull ash, respectively. This increase in P,Os is important to consider when evaluating the bioash-cement

mortars performance and the ashing behavior of the biomass. However, in order to compare ash to ash, the

94



composition has been scaled by setting the P,Os fraction of the acid-leached biomass ash to the average

P,0Os percentage of the unleached biomass ash and then scaling a total of 100% (Table 3.4).

Table 3.4. Ash composition, by percent, of rice-based ashes, Type II/V PC, and average compositions
reported in the literature scaled so total sums to 100%. (n=1)

Ash ID Si0, | ALO; | Fe;05(T) | MnO | MgO | CaO Na,0 | KO | Tio» P,0s
Type I/V Cement | 22.40 | 3.86 3.61 0.046 | 232 | 6678 | 0.05 | 057 | 0187 | 0.17
S-U-600 84.14 | 025 0.53 1047 | 133 | 162 | 052 | 98 | 0015 | 0.72
S-U-850 86.70 | 0.19 054 | 0918 | 130 | 139 | 047 | 7.80 | 0011 | 0.67
S-U-1100 87.74 | 0.17 043 | 0933 | 131 1.72 | 045 | 6.65 | 0011 | 0.58
S-W-600 94.01 | 0.15 044 | 0.141 | 054 | 054 | 002 | 293 | 0007 | 1.22
S-W-850 90.02 | 0.19 049 | 0985 | 1.15 | 1.71 | 034 | 460 | 0011 | 049
S-W-1100 90.37 | 0.16 018 | 0970 | 1.11 1.72 | 045 | 461 | 0010 | 041
S-A-600° 94.04 | 0.74 027 ]0339] 045 | 074 | 018 | 259 | 0.016 | 0.64*
S-A-850¢ 90.95 | 0.65 380 | 0394 | 040 | 063 | 013 | 229 | 0012 | 0.64*
H-U-600 93.40 | 0.17 035 | 0138 ] 061 | 056 | 006 | 329 | 0009 | 1.40
H-U-850 94.90 | 0.07 015 | 0175 | 046 | 060 | 005 | 255 | 0005 | 1.04
H-U-1100 94.17 | 0.08 015 | 0178 | 046 | 059 | 008 | 3.15 | 0005 | 1.13
H-W-600 96.76 | 0.06 0.11 0.141 | 039 | 060 | 005 | 1.39 | 0004 | 048
H-W-850 95.85 | 0.07 0.21 0.159 | 052 | 067 | 006 | 1.60 | 0.004 | 0.85
H-W-1100 95.55 | 0.13 015 | 0.148 | 036 | 053 | 0.03 | 2.52 | 0.008 | 058
H-A-600¢ 97.82 | 0.43 008 | 0.036 | 008 | 013 | 000 | 024 | 0005 | 1.17*
H-A-850¢ 97.06 | 0.80 050 | 0048 | 009 | o011 | 000 | 022 | 0003 | 1.17*
LitHull | pax | 95.60 | 2.00 0.14 - 020 | 3.21 021 | 371 | 0.02 | 046
Ash®® on o142 | 0.8 0.03 - 001 | 020 | 010 | 120 | 002 | 042
Lit Stgayv Max | 95.60 | 2.00 0.88 - 250 | 321 | 096 | 16.60 | 0.09 | 8.87
Ash®* "viin [ 7220 | 0.10 0.03 - 001 | 020 | 010 | 120 | 0.01 | 043

a ¢ ¢

refers to values not commonly reported in the literature, ®range of values based on 3 hull ash composition reported in Phyllis
2 [226], °range of values based on 14 straw ash composition reported in Phyllis 2 [226], 4 “*” indicates P>Os percentage assumed
based on the average for straw or hull of the unleached ash for recalculating oxides composition

Both leaching methods increased the percentage of SiO, for both feedstock types. Compared to
unleached samples, water leaching led to increases in silica of 3-10% in RSA and 1-3% in RHA as SiO; s
not removed by water to the same extent as other constituents (dilution effect). For acid-leached samples,
silica increased 4-10% in RSA and 3-4% in RHA. The SiO; percentage in unleached RHA and RSA and
leached RSA are within the range reported by the Phyllis 2 database [226] and in the literature [209], [260].
The leached RHA SiO; concentrations were, at most, 2% higher than the maximum reported by Phyllis 2

[226]. The increase in SiO; fraction for both acid and water leached RHA and RSA could be beneficial to
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an ash for use in cement-based materials if it is reactive. Both leaching methods also decreased the K,O
fraction of the ashes, with the acid leaching being more effective at reducing the K»O fraction: up to 74%
for RSA and 93% for RHA, both ashed at 600°C. For unleached RHA and RSA, ashes prepared at a higher
temperature had lower K,O fractions. The K,O percentage for RSA is on the lower end of the range reported

by Phyllis 2 [226].

The untreated feedstock compositions of rice hulls and rice straw differ, which informs composition
of their respective ashes. Hulls typically have an overall higher ash content than straw, and the SiO» content
in RHA often exceeding 90-95% of the ash, which is consistent with the findings in this work. RSA
typically contains greater amounts (15%) of potassium with SiO; concentrations of around 75%. These
concentrations vary depending on geographic location, soil type, and agronomic practice (e.g., fertilization
and other inputs). The higher starting concentrations of SiO» and lower concentrations of K»O in the ash of
the untreated straw used here, compared with typical concentrations for California rice production, suggest
that some pre-leaching occurred due to precipitation either prior to harvest or during uncovered storage
over the winter season prior to acquisition for these experiments [240], [256], [259]. Such factors

influencing variability may also be present among materials reported in the Phyllis 2 database.

In addition to composition, the ashes were evaluated for trace elements, loss on ignition, and
relative density. Chlorides and the trace elements Ba, Sr, Zr, and V were detected in some ashes (Appendix
D, Table D.4). Elements Sc and Be were not detected (detection limit 1 ppm for both) in the ashes, but they
were detected in the PC. Yttrium was only detected in the PC and the acid leached RSA ashed at 850°C
with the concentration in ash at the detection limit of 1 ppm, which is lower than the 11 ppm of Y detected
in the PC. For all trace elements detected in the ash, the concentrations are lower than those detected in the
PC and thus unlikely to lead to a degraded performance compared to typical cement-based materials. The

results indicate that higher temperatures and leaching decrease the amount of chlorides present in the ash,
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which agrees with other reports in the literature [259], [276], [277]. For the ashes tested, the Cl values are
low regardless of treatment or ashing temperature and thus are unlikely to impact concrete in most
applications. The highest value was 1.52% Cl for S-U-600, which, if used to replace 15% of cement as done
in this study, would lead to a Cl content of 0.22% for the binder. This level is below the maximum
concentration recommended in ACI 318-14 for normal concretes with moderate exposure conditions [278].
For all other ashes, with measured values of 0.14% and lower, the binder CI concentration would likely be

below maximum for high-exposure conditions.

3.3.5. Compressive Strength of Mortars

Despite the potential performance benefits in cement-based materials from increasing the silica
fraction and reducing potassium in ash, the average compressive strengths (5 replicates) indicate that the
leaching methods used resulted in a loss of compressive strength at early ages (Table 3.5). Mortars made
with S-U-600 had nearly the same (1% lower) average strength as the control at 7 days; however, S-W-600
exhibited a 17% loss in strength and S-A-600 exhibited a 45% loss in strength at that same age. Similarly,
at 7-days, H-U-600 resulted in only a moderate loss of strength (5% lower), while H-W-600 and H-A-600
resulted in reductions of approximately 27% and 21%. The largest reduction in compressive strength at 7
days was observed in RSA-mortars produced with acid-leached biomass. While milling of ash and assessing
the effect of particle size on the reactivity of the leached and unleached biomass ash was outside the scope
of this work, milling RHA [148], [279] or inter-grinding RHA and cement [242] is shown in the literature
to improve the consistency of bioash or bioash-cement blends and improve hydration [280]. Milling of
RHA has also been suggested as a means to improve the reactivity of ashes produced at higher temperatures
[281] and may be a topic for future study to examine if leached ash can be tailored to improve performance

in cement-based materials at early ages.

At later ages, both leaching methods led to improved strength for mortars with RHA produced at

600°C or 850°C, with most strengths being higher or comparable to mortars with ash from unleached
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biomass at 28- and 56-days. After 28 days of curing, mortars containing unleached ash prepared at 600°C
lowered compressive strength by 1-5% compared to the control, and after 56 days, mortars with leached
rice hull ash prepared at 600°C had 5-6% lower compressive strengths compared to the control. The high
strength from the acid leached hulls, with increased P,Os content, is notable as the literature suggests that
P,0s should lead to reduced compressive strengths at these levels [282]. It is possible that the acid-leaching
increased the fraction of amorphous silicates, which would improve reactivity and could have compensated
for the increase in P,Os. If the additional P,Os could be removed, potentially through improved leaching
protocols or treatments to the ash, the acid-leached biomass may lead to additional gains in compressive

strength at later ages.

Table 3.5. Average compressive strengths (MPa) of mortars at 7, 28, and 56 days by ash feedstock, leaching
condition, and ashing temperature and strength of the control mixture (n=5)

Ashing Temperature 600°C 850°C 1100°C
Age (Days) 7 28 56 7 28 56 7 28 56
Unleached 27.9 37.1 39.5 22.4 29.6 329 23.7 31.6 314
(2.5 (2.5) 3.4 (2.1 (1.9 (1.9 (1.3) 1.9 (1.8)
2 | Water 233 28.3 34.0 20.8 27.0 27.7 17.6 25.9 314
& | Leached 14 (5.7 (2.0) (0.8) 1.7 (2.1 0.8) (1.3) (1.0
H;PO, 15.6 222 27.4 20.8 314 347
leached 0.5 0.5) (1.1 (0.8) (1.3) (1.8) ) ) )
Unleached 26.8 342 38.8 21.1 27.2 29.0 19.8 29.2 32.7
(1.8) 24 (1.3) (1.2) (0.9) 1.9 (1.3) 1.7 (3.6)
:; Water 20.6 314 39.7 19.8 27.7 31.4 16.7 23.5 28.1
T | Leached 0.9 (1.8) 1.4 (0.8) (2.1) (1.8) 0.5) 1.3) (1.0
H3PO4 222 34.5 40.2 19.3 27.7 323
Leached 0.5 1.3 (1.0 1.3 0.9 2.5 ) ) )
Control Mortars (218_'01) (33842) ?32.'31)

”

Values in parenthesis are the standard deviations for the mortar samples tested, “-” indicates no mortars produced for these

conditions

Siliceous SCMs, like RHA and RSA, frequently create a delayed contribution to strength gain
[148]. For mixtures containing RHA, both small increases and decreases in 7-day compressive strength
have been reported in the literature [248], [279] with low early-strengths attributed to slower hydration of
RHA-cement mixtures [248], possibly due to RHA absorbing free water [280]. Most of the mortars studied

herein exhibited the greatest increase in strength between 7 and 28 days (ranging from 18% to 35% increase
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in strength), consistent with continued pozzolanic reactions after the initial cement hydration [279], [283].
Lower gain in strength was observed from 28 to 56 days (ranging from a negligible change to 21% increase
in strength). While many milled-ashes have been reported to improve cement-based materials at later ages
[242], [247], [248], [251], non-milled ashes have exhibited lower strengths (approximately 20%) in
literature compared to cement-only materials [279]. Notably, as mentioned earlier, the ash produced from
water and acid leached biomass exhibited large gains in strength at later ages, suggesting a possible effect

on the pozzolanic nature of these ashes.

Two-way ANOVA analyses for unleached ash at 7, 28, and 56 day ages reveal that, for 7-day
compressive strength, both ashing temperature (f(3.4) = 32.7, p = 1.4 x 107) and feedstock type (f(4.3) =
10.6, p = 3.3 x 107) are significant variables. For 28- and 56-day compression strengths, the temperature
remains a significant variable (f(3.4) = 28.8, p=4.2 x 10”7 and f(3.4) = 19.9, p = 7.9 x 10, respectively).
However, for 28- and 56-day ages we cannot reject the null hypothesis for feedstock type (f(4.25) = 2.31,
p=0.14 and f(4.25) = 0.17, p = 0.68, respectively), suggesting that feedstock type has a diminished impact
on compressive strength at later ages. The ashing temperature dependence of compression strength
corresponds to expectations from the literature that higher ashing temperatures lead to greater quantities of

less reactive crystalline silica and thus lower strengths [209].

3.3.6. Environmental Impact Assessment

Environmental impact comparisons were made for two products: (i) use of rice-biomass as an
electricity resource; and (ii) rice-ashes as a partial PC alternative (Figure 3.5a and b). Results suggest that
treatment methods could play a significant role in the viability of rice-biomass as a low environmental
impact energy resource. Compared to the fossil fuel electricity resources examined, rice-based electricity
could lead to 90-95% reductions in GHG emissions. However, the acid-leached biomass would result in net

GHG emissions greater than from fossil-based resources due to the emissions associated with producing
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acid for the leaching solution. While not in the scope of this analysis, if the leaching solution could be
recycled for multiple leaching cycles or recovered in another way, larger reductions in GHG emissions
could be achieved for energy generated from acid-leached biomass. As pre-combustion impacts are
assigned to electricity production, all ashes have significantly lower GHG emissions than PC, suggesting

they may be promising alternatives from an environmental impact perspective.

To further examine the implications of using rice-based ashes as an SCM, environmental impacts
of mortar mixtures were assessed. Figure 3.5¢ and d show a breakdown of the contributions to the net GHG
emissions and total energy demand for the mortar mixtures examined in this work. The production of PC is
the largest contributor to both GHG emissions and embodied energy in these mortars. The GHG emissions
attributed to RHA in cement-materials reported here are lower than in other work [237], as the ashes studied
did not undergo additional treatment (e.g. milling), thus the environmental impacts of the ash simply reflect
their necessary transportation. As such, use of rice-ash to offset high-impact PC drives the GHG emissions
and reductions are in the range of 10 to 15%, reflecting the mass of cement replaced. If ashes were used to
replace other concrete constituents, the change in GHG emissions would differ dependent on the material
the rice-based ash replaces and the quantity of the replacement rate in the mixture being studied. Noting
that each biomass type, leaching method, and ashing temperature led to different compressive strengths,
comparisons were also drawn using a ratio of GHG emissions per cubic meter of mortar divided by the 28-
day compressive strength of said mixture (Figure 3.6). These comparisons allow one to weigh tradeoffs of
environmental impact and performance. In the mixtures evaluated, a lower ratio indicates a higher
compressive strength and/or a lower impact relative to the other mixtures, both of which are desirable. Since
the impacts prior to ashing are assigned to energy production, the resulting bioash-cement mortars all have
approximately the same impact. Thus, the value in Figure 3.6 for bioash-cement mortars are hyperbolic in

the compressive strength (y = 469.8/x) due to the constant GHG emissions per cubic meters assumed.
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Figure 3.5. Comparison of greenhouse gas (GHG) emissions for (a) rice-based energy relative to fossil-
fuel energy where “N. Gas” is natural gas, (b) cement relative to rice-ash, and impacts per m3 of mortars
by ash leaching condition by (¢) GHG and (d) embodied energy.

While this study shows that mortars made with PC and ash would result in lower GHG emissions

relative to the PC mortar, only three alternatives led to a better combination of GHG emissions and

compressive strength than the control PC mortar: (i) unleached rice straw ash produced at 600°C; (ii)

unleached rice hull ash produced at 600°C; and (iii) acid-leached rice hull ash produced at 600°C. These

findings suggest that even with loss in mechanical strength, there is a potential for the rice-based ash mortars

tested in this work to contribute to a desirable combination of properties to mitigate environmental burdens

if performance constraints can be met.
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Figure 3.6. Greenhouse gas emissions relative to 28-day compressive strength for each of the mortars
tested.
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3.4. Post-combustion treatment of rice hull and rice straw ash

Producing concrete emits significant amounts of GHG emissions, driven by the use of PC, the
hydraulic binder used in concrete [284]. These emissions are predominantly from limestone decarbonation
and the energy resources required to produce clinker [285]. The process of producing PC and other
emissions throughout the concrete value chain lead to approximately 8% of annual global CO, emissions
[41]. Such impacts will be exacerbated by continued demand for cement-based materials, especially in
developing regions [286]. The use of SCMs to partially replace Portland cement is a key route to lowering
GHG emissions [3]. Conventionally, coal fly ash from coal combustion and ground granulated blast furnace
slag (GBFS) from iron/steel production have been used as SCMs. The generation of these industrial
byproducts is decreasing as the electrical energy and steel industries reduce their GHG emissions, while the
demand for SCMs continues to increase and, together, intensify the need for alternative SCMs to replace

cement [67], [210].

The use of RHA as an SCM has garnered interest in the US [287], [288], as well as other regions
globally [289], [290]. RHA is a byproduct of combusting residue hulls from rice milling, often for energy
production [209]. RHA as an SCM has been well studied in the literature [242], [248], [291], with a high
silica content (60-90%) and relatively low CaO content (0-4%) [209], [226]. This composition can
contribute to desirable hydration products in cement-based materials [292]. RHA can replace cement in
concrete and lead to similar or improved mechanical properties at later ages (typ. > 28-days) [247], [249],
[250]. RHA preparation conditions and optimal replacement rates vary across studies [209]. The reactivity
of RHA largely depends on the oxidization temperature which drives the amorphous silica content, with
beneficial characteristics often observed at lower temperatures (typ. 500-800°C) [209], [293]. Lower
temperatures may limit the energy returns [209], [211], [244]. Leaching pre-combustion treatments,
typically used to prevent slagging and reactor fouling in energy production [253], [254], were evaluated to

create synergies between biomass energy production and desirable SCMs. Leaching in water or phosphoric
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acid solution increased the SiO; content, decreased some alkali oxides (e.g., K,O) that contribute to fouling
[293]. However, combustion temperature remained significant in relation to the compressive strength of the

material [293].

Expanding biomass combustion to produce rice straw ash (RSA) could increase energy generation
and biomass ash for regional SCM applications. As large fractions of the rice straw are not collected during
harvest and instead remain on the field [240], there has been less exploration into valorization of this
resource [222], [294]. Wang et al. [295] showed RSA is reactive in calcium-silicate-hydrate gels while
investigating RSA blended with PC and mine tailings as a mining backfill material. Rosell6 et al. [296]
found a high pozzolanic reactivity when evaluating RSA. Cunningham et al. [293] showed that the ash
oxidation temperature affected the performance, but that leaching biomass prior to combustion did not cause
significant changes in PC mortars with 15% RSA replacement. Other works have identified 10% RSA as a
suitable replacement rate [297], [298], noting the loss of compressive strength at replacement rates greater

than 10-20% [298], [299].

In this work, RHA and RSA are investigated as regionally available SCMs. Post-combustion
milling and SCM blending strategies to modify the performance of RHA sourced from industrial biomass
energy combustion and laboratory produced RSA were investigated. The efficacy of these treatments is
evaluated to overcome limitations associated with industrial energy combustion noted in literature. Two
strategies for improving RHA and RSA as mineral admixtures are explored: (1) to assess the effects of
grinding the ashes, (2) to blend the RSAs with another SCM (i.e., ground granulated blast furnace slag,
GBFS) to increase clinker replacement rate. Attention is given to the change in ash composition and
mechanical performance between ash and control mortar mixtures. The results of this work can guide post-

combustion decision-making for rice-based biomass ashes and using biomass ash as a regional SCM.
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3.4.1.Materials and Methods
3.4.1.1. Materials and binder constituents

Mortar specimens were produced to experimentally evaluate RSA and RHA. Mixtures were made
with Type II/V PC (Basalite Concrete Products, Dixon, California); silica-sand acquired from the Esparto
quarry (Esparto, California); and GBFS acquired from Lehigh-Hanson Cement (Stockton, California). RHA
from 2014 and 2020 energy production was acquired from Wadham Energy Biomass Facility (Williams,
California). The ashes were three fly ashes collected in a baghouse from 2014 (F14a and F14b) and 2020
(F20), and a bottom ash from 2020 (B20). As rice straw is not combusted locally for energy production,
RSA was produced at laboratory scale with locally sourced straw (Windmill Feed, Woodland, California).
Rice straw was milled in a hammermill with a 1.25-inch (32 mm) diameter round-hole screen. Rice straw
was torrefied at 250°C for 40 minutes, to prevent premature ignition, and then oxidized for 6 hours at 500°C.
Treatments considered for the ashes were untreated (U-), milled (M-), or blended with GBFS (10%Ash-
30%GBFS) (ash IDs provided in Table 3.6). Milled ash was prepared to pass through a #200 sieve (74um)
by milling in a planetary ball mill at 300 RPM for 45 minutes using 3 mm Zirconium grinding medium in

a Zirconium grinding jar.

Table 3.6. Treatment and ash sample nomenclature

Ash Conditions Ash ID
Feedstock Ash fraction Production Year Untreated Milled
Rice Straw Laboratory ash 2022 U-RSA M-RSA
2014 U-Fl4a M-Fl4a
Rice Hull Rice fly ash 2014 U-F14b M-F14b
2020 U-F20 M-F20
Rice bottom ash 2020 U-B20 M-B20

The chemical compositions of the binder materials were evaluated for likely oxide composition,
trace elements, loss on ignition (LOI), and amorphous content by Activation Labs (Ontario, Canada).
Composition, expressed as common oxides, and trace elements were determined using inductively coupled
plasma optical emissions spectroscopy (ICP-OES). Trace elements were evaluated to understand how co-

blending changes the prevalence of these elements. The relative amorphous content was determined by X-
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ray diffraction using an internally mixed coronium standard to determine the phase abundance. In this
method, the relative amounts of identifiable crystalline phases were summed and subtracted from 100% to
quantify the amorphous content. LOI was determined by measuring the mass loss of a 2g sample in an air-

atmosphere furnace at 1000°C for 2 hours.

3.4.1.2. Mortar mixture preparation

To be an effective SCM, the RHA and RSA need to provide similar performance. To experimentally
evaluate RHA- and RSA-mortars, cubes of 50.8cm x 50.8cm (2 x 2in.) were prepared following the mixing
procedure and times in ASTM C109 [181]. Mortars were cured at 25°C and >90% humidity for 1 day before
being demolded and then continued to cure in the same conditions until testing. Mortar mixtures were
prepared with a water-to-binder (w/b) ratio of 0.59 and a silica sand-to-cementitious material ratio of 2.5
for all mixtures. Additional RHA mixtures were prepared with w/b = 0.47. As RSA production was limited
in scale, only mortars with w/b = 0.59 were prepared. Five variations of mixtures were produced: (1) a
control mixture with 100% PC; (2) a control mixture with 30% GBFS and 70% PC; (3) a mixture with 15%
untreated ash and 85% PC; (4) a mixture with 15% milled ash and 85% PC; and (5) a mixture with 10%
untreated ash, 30% GBFS, and 60% PC (the same replacement ratios Gursel et al. [237] tested for RHA-
Coal Fly Ash-PC mixtures). Due to the higher water requirement for untreated RHA, 15% untreated ash

mortars with a w/b = 0.47 were not workable and, thus, not tested. (Mixture proportions in Table 3.7).

3.4.1.3.Compressive strength

To determine if any of the treatments improved consistency of RHA performance, the 7- and 28-day
compressive strengths of RHA-cement mortar cube specimens were tested following the procedure in
ASTM C109 [181]. Cubes were tested using under force control until failure. Five specimens at each age
were used to determine the average compressive strength of the mortar and the standard deviation between

the compressive strengths of the same mortar mixture. Additional comparisons were made between mortars
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with the same feedstock (i.e., rice hull or rice straw) and the same w/b ratio (i.e., 0.47 or 0.59) using a one-
way ANOVA analysis to identify significant changes in the mean difference across the group of similar
samples. The Tukey HSD test (Tukey test) was used to compare the values pairwise to identify significant
differences between mortar mixtures. ANOVA and Tukey tests were performed with R [300] and the R stats

package [301].

Table 3.7. Mortar mixture composition and proportions for compressive strength testing

Mixture Names w/b ratio | Constituent Proportions (kg per cubic meter of concrete)
PC Silica sand RHA/RSA GBFS Water

w/b = 0.59

CTRL 0.59 528 1321 0 0 312
30%GBFS 0.59 370 1321 0 158 312
15% Untreated (U-) 0.59 444 1306 78 0 308
15% Milled (M-) 0.59 444 1306 78 0 308
10%Ash-30%GBFS 0.59 315 1311 52 157 309
w/b = 0.47

CTRL 0.47 564 1410 0 0 265
30%GBFS 0.47 395 1411 0 169 265
15% Milled (M-) 0.47 474 1393 84 0 262
10%Ash-30%GBFS 0.47 336 1399 56 168 263

* PC - Portland cement; RHA - Rice hull ash; RSA - Rice straw ash; GBFS — Ground granulated blast furnace slag;
Water - Distilled water

3.4.2. Results

3.4.2.1. Chemical composition of ashes

The composition of the RSA, RHAs, GBFS, and PC is presented in Table 3.8. The RHAs were 94-
96% SiO,. These values are similar to the untreated RHA produced from northern California rice hulls
reported in Cunningham et al. [293] and are also within the ranges reported in literature [209], [226]. The
RSA SiO; contents were 76-78%, and these ashes also had notable potassium contents (~12% K,O). For
RSA, all the oxide compositions except for Na,O were within commonly reported ranges [293]. The
maximum Na,O value was larger than the 3.06-3.39% range reported [258]. While Na,O content is not

restricted in ASTM C150 [302], regional standards do place limits on Na,O and other alkali content. For
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example, the California Department of Transportation restricts alkali (as Na,O equivalent) to a maximum
of 3% due to durability concern [303]. This content could be reduced via pre-combustion treatments of the
rice straw biomass, such as leaching [258], [293]. Rice straw leaching treatments could also provide co-
benefits to the energy-generation process by reducing alkali-metals and Cl that can lead to slagging during
combustion [258], [304], which currently preclude their use by commercial biomass energy plants, while
reducing Cl and other alkalis to acceptable levels for PC binders [293]. The PC and GBFS chemical
compositions display CaO as the predominant oxide with a relatively large amount of SiO,. For the cement,

the amount of Al,O3, Fe,03, and MgO are all within the allowable limits in ASTM C150 [302].

Table 3.8. Oxide composition of rice hull ashes, rice straw ashes, ground granulated blast furnace slag, and
Portland cement (n = 1)

SiOz A|203 Fezos MnO MgO Cao Na,O K>,0O Ti02 PzOs
(%) (%) (%) (%) (%) (%) (%) (%) ) | (%)
Detection Limit| 0.01 0.01 0.01 0.005 0.01 0.01 0.01 0.01 0.001 | 0.01

Fl4a| 94.14 0.22 0.18 0.182 0.39 0.66 0.11 3.50 0.012 | 0.59
ks F14b| 94.96 0.17 0.16 0.148 0.33 0.53 0.08 3.09 0.010 | 0.53
§ F20| 96.26 0.06 0.10 0.106 0.21 0.34 0.07 2.54 0.003 | 0.31
% B20| 96.16 0.08 0.10 0.107 0.23 0.38 0.06 2.59 0.005 | 0.29
RSA| 76.37 0.42 0.54 0.316 2.18 221 4.25 12.52 | 0.023 | 1.16
Fl4a| 94.10 0.24 0.18 0.182 0.39 0.67 0.11 3.53 0.013 | 0.59
= F14b| 95.12 0.16 0.14 0.141 0.32 0.51 0.10 3.05 0.009 | 0.44
= F20| 96.09 0.07 0.09 0.108 0.23 0.36 0.07 2.64 0.003 | 0.35
= B20| 95.90 0.09 0.10 0.114 0.25 0.40 0.07 271 0.005 | 0.36
RSA| 78.55 0.35 0.42 0.266 1.80 1.82 4.09 11.73 | 0.017 | 0.95

GBFS| 33.10 15.38 0.43 0.244 8.31 39.79 0.36 0.43 1.964 | 0.03
PC| 22.62 3.78 3.58 0.082 2.16 66.89 0.08 0.54 0.183 | 0.11

The differences between untreated and milled ashes were limited. When comparing the same ashes,
differences in likely oxide composition across treatments were less than 0.5% in RHAs. Differences for
RSA were larger, with an approximately 2% difference in SiO content, potentially caused by the fractioning
and sampling of ash for milling. All other oxides had less than a 1% difference between milled and untreated
conditions. Lower amounts of SiO, would mean less SiO, available for the pozzolanic reaction with PC

hydration products that contributes to the strength of the cement-based material [33].
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The amorphous content and trace element analysis (Table 3.9) show the amorphous content varied
little between the untreated and milled ashes. The greatest differences measured for amorphous content
were a 1.3% increase in amorphous content in M-F20 (vs. U-F20) and a 1.2% decrease in amorphous
content in M-B20 (vs. U-B20). These shifts may be related to the energy from ball milling changing the
crystalline and amorphous structure of the ashes [305], [306]. For the other ashes, amorphous content before
and after milling varied by < 0.6%. The trace elements in the PC were at least 6 times larger for Ba, 48
times larger for Sr, 1.5 times larger for Y, and 11 times larger than V. Thus, using RHAs as a partial
replacement for PC would lower the overall content of these elements. Differences for Ba and Sr between
analogous untreated and milled RHA were at most 2 ppm. For the milled condition, Zr increased, but this
reflects unavoidable trace contaminants introduced from the Zr milling materials. Zr contents for all the
milled ashes remained lower than that of the commercially available GBFS. The LOI of GBFS is negative,
which indicates a mass increase from oxidation during LOI testing (which could occur from oxidation of

sulfur species [307]).

Table 3.9. Trace elements, loss on ignition (LOI) and amorphous content of mortar constituents (n = 1)

Ba Sr Y Sc Zr Be \Y/ LOI Amorphous
(ppm) | (ppm) [ (ppm) | (ppm) | (ppm) | (ppm) | (ppm) (%) (%)
Detection Limit 2 2 1 1 2 1 5 0.01 0.1
U-Fl4a 26 22 - - 3 - - 9.47 98.0
B |U-Fl4b 20 17 - - 5 - - 9.92 97.6
Ej U-F20 12 12 - - 4 - 7 9.72 96.3
S [u-B20 13 12 - - 4 - 5 11.11 97.6
U-RSA 93 106 3 - 22 - 8 9.69 93.3
M-Fl4a 28 22 3 - 60 - - 9.33 97.8
< |M-Fl4b 20 16 7 - 89 - 6 9.78 97.7
= [M-F20 13 12 1 - 22 - 7 9.36 97.6
= 'MB20 14 13 4 - 54 - - 1031 9.4
M-RSA 71 82 12 - 172 - 6 11.3 93.9
GBFS 604 686 62 28 317 9 72 -1.36 n.t.
Cement 172 1069 11 4 70 - 83 2.23 n.t.

‘- ‘denotes measurement below detection limit, ‘n.t.” denotes samples not analyzed

109



3.4.2.2.Compressive strength

The ternary mixture 10%RSA-30%GBFS had a higher 7-day average then the corresponding RHA
mixtures, but the lowest 28-day strength of the ternary blends (Figure 3.7 and Table 3.10). For all other
mixtures, the RSA average compressive strength was within the same range as analogous RHA mortars. At
7-days, the U-RSA compressive strength was approximately 2% larger than the M-RSA mortar (Figure
3.7). Compared to the 7-day compressive strength of CTRL, U-RSA and 30%GBFS were 18% lower, and
the M-RSA 7-day strength was 20% lower. At 28-days, the mortar mixtures with SCMs experienced greater
rates of strength development than the CTRL, but the mixtures with RSA remained, on average, lower
strength than the CTRL. U-RSA and M-RSA mixtures had 11% lower and 4% lower strength than the
CTRL. The M-RSA compressive strength was 8% larger than the U-RSA mixture. This delayed strength
gain may be attributed to a delayed pozzolanic reaction during binder hydration and development [293]. At
7-days, the 10%RSA-30%GBFS mixture had 14% lower strength than the U-RSA mixture. At 28-days,
10%RSA-30%GBFS performed similarly to the U-RSA mixture. These findings suggest additional material

optimization and appropriate application selection could enable a low-clinker-content ternary cement blend.

A one-way ANOVA was used to compare the RSA, the CTRL, and the 30%GBFS mixtures. Results
at 7-days show the difference in mean compressive strengths is statistically significant (F(2.87) = 14.67, p
= 9.53x10°). Pairwise comparisons of the mixtures using the Tukey test (tabulate values for pairwise
comparisons provided in the Supplemental Information, Part 2) indicate that the mean variations between
the CTRL mixture and all other mixtures are statistically significant (P = 1.4x107; 0.4x107%; 0.3x107;
1.4x10° for mixtures 30%GBFS, U-RSA, M-RSA, 10%RSA-30%GBFS, respectively; a = 0.05).
Differences in the 7-day compressive strengths between the non-CTRL mixtures with each other are not
statistically significant (all P > 0.05). Thus, the reduced mechanical strength at 7-days for mixtures with
replacement led to meaningful variations in the average compressive strength. This indicates that RSA and
GBFS have less beneficial contributions to the compressive strength compared to the PC at 7-days.
Comparing 28-day compressive strengths shows a statistically significant difference: F(2.86) = 2.90, p =
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0.047 (a =0.05). However, the Tukey test does not show statistically significant variation between mixtures
compared pairwise (P ranges from 0.099 — 0.999, all P > 0.05). Together, these results suggest that the RSA
and GBFS materials may have a slower contribution to the strength development, but comparable

performance is achievable by 28-days.

Table 3.10. Average compressive strength and standard deviation at 7- and 28-days (n = 5).

w/b Treatment Untreated Ash (U-) Milled Ash (M-) 10%Ash-30%GBFS
Age (Days) 7 28 7 28 7 28
0.59 CTRL 38.9 43.2 - - -- -
(2.8 (4.8)
30%GBFS 31.7 43.7 - -
(0.8) (2.2
Fl4a 33.2 43.7 333 451 255 441
(2.0) (3.0 (0.7 * (3.4 0.9 (0.6)
F14b 324 40.6 33.6 49.8 23.9 39.3
(1.5) 1.9 (3 (3.1 13 (3.1
F20 27.2 38.0 28.6 39.6 225 40.6
(2.9) (2.9 (3.1) (3.9) (1.9 (1.0)
B20 19.8 29.3 24.6 35.6 19.8 325
(12) (18) (14) 2 1.9 Q)
RSA 317 38.4 30.8 415 27.2 37.7
(2.6) (3.6) (2.7) (1.5) (1.1) (2.6)
0.47 CTRL 52.4 64.6 - - -- -
(3.3) (1.8)
30%GBFS 45.1 66 -- --
2.7) (6.6)
Fl4a - -- 48.9 67.3 384 52.7
(3.1) (2.9) 0.9 (5.4)
F14b - 54.6 73.9 40.6 62.3
(1.6) (2.3) 1.9 1.7
F20 - 46.0 55.8 32.7 51.8
(4.2) (7.9) (1.8) (0.6)
B20 - 41.1 56.7 29.8 45.1
4.7) (4.8) (2.5) (3.9)

Note: value in brackets “()” is the standard deviation; *n =4 for milled F14a at 7-days, all others n =5

Compared to the CTRL mixture, the untreated RHA mortars with a w/b ratio of 0.59 had 2-15 MPa
(5-43%) lower strength at 7-days and 8-24 MPa (16-44%) lower strength at 28-days. At both ages, U-F14a
had the highest strength among the untreated RHA-mortars (2 and 8 MPa lower strength than the 0.59 w/b
ratio CTRL at 7- and 28-days, respectively). The 7-day strength of the 0.47 w/b U-F14a was 3 MPa lower,
and the 28-day strength was 3 MPa higher than CTRL. Milling the RHA improved compressive strength,
with reductions of 2-10 MPa (5-30%) at 7-days and 7-17 MPa (5-32%) at 28-days for w/b = 0.59. These

tighter ranges in strength suggest that milling could improve RHA performance as an SCM. At the 0.47 w/b
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ratio, milling RHA led to an increase of 2 MPa (4%) for M-F14b RHA mortars at 7-days compared to
CTRL. Strengths decreased by 3-11 MPa (6-21.21%) for the other milled ashes at 7-days compared to
CTRL. Compared to untreated ash mortars at 28-days, M-F14a increased 3 MPa (4%), M-F14b increased
9 MPa (15%), M-F20 decreased in strength by 9 MPa (13%), and M-B20 decreased by 8 MPa (12%). For
10%Ash-30%GBFS mortars, strengths decreased by 11-23 MPa (22-43%) at 7-days and by 2-19 MPa (3-

30%) at 28-days, compared to CTRL.
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Figure 3.7. Average compressive strength of mortar mixtures. Brackets show the standard deviation across
compressive strengths. (n = 4 for milled F14a at 7-days, for all others n = 5)

In several cases, RHA led to equivalent or higher compressive strengths than the CTRL mixture.
An AVOVA showed the 28-day compressive strengths of 0.47 w/b RHA mixtures differed significantly

(F(2.12) = 30.56, p = 2.1x10"'% a = 0.05). The Tukey test did not identify significant differences between
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the CTRL and the M-F14a, M-F20, M-B20, M-F14b, and 10%F14b-30%GBFS mortars (P ranged from
0.12 = 0.99, all P > 0.05, a = 0.05). The 28-day strength did vary significantly between the CTRL and
10%F14a-30%GBFS, 10%F20-30%GBFS, and 10%B20-30%GBFS mortars (P ranged from 1.0x107-
1.6x102, a = 0.05), indicating that lowering the PC content in these RHA mixtures led to meaningful
reductions in the compressive strength. This result is consistent with literature showing high GBFS content
leads to slower development of early-age strength [308], [309]. For the RHA mixtures with w/b = 0.59, 28-
day compressive strengths also differed significantly (F(1.899) = 14.07, p <2.0x107'%; a = 0.05). Pairwise
comparisons via the Tukey test identified that the significance or lack of significance compared to the CTRL
were consistent across ash type. The difference between the CTRL and mortars made with B20 was
significant (P = 3.8x107 - 2.4x107?), indicating that the bottom RHA led to meaningfully lower compressive
strengths at 28-days. Differences between CTRL and mixtures made with the F14a, F14b, or F20 ashes
were not significant (P = 0.99-1.00; for F14a mortars; P = 0.38-0.98, for F20 mortars; and P =0.09-0.98 for

F14 mortars). Targeting fly RHA over bottom RHA, may lead to a higher performance SCM.
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3.5. Summary
3.5.1. Material Flow
In this work, a material flow analysis of rice hull and rice straw generation from 2017-2022 in the
United States and the potential annual RHA and RSA generation was performed. The analysis showed that,
while generation was relatively small nationally, the regionally generated flows in 6 rice producing states

could be sizable compared to Portland cement consumption. Key findings include:

e The potential replacement as a percentage of PC consumption varied from ~0.5% in Texas
to up to 60% in Arkansas, not accounting for interstate transfers.
e Replacement of PC with RSA and RHA could yield up to 1.2 Mt COz-eq of avoidable

GHG impacts, equivalent to 1.8% of 2020 emissions, from PC production in the US.

If biomass can be combusted with reasonable energy returns, these opportunities for PC
replacement with RSA and RHA in the United States may also be possible in other rice producing regions
around the world. Importantly, potential emissions reductions should be considered in light of an life cycle
assessment that includes the environmental impacts of biomass pre-treatment (e.g., leaching), post-
combustion processing, and transportation. Future work could also consider, via technoeconomic

assessment, the costs associated with ash production relative to conventional SCMs.

3.5.2. Pretreatment

With growing energy and material resource demands worldwide, pathways to advance
environmental sustainability through industrial symbiosis could be a critical means to improving the
circular economy. In this work, we examine the effects of rice-biomass pretreatment and ashing temperature
the use of ash in cement-based materials to support a critical step in understanding a potential symbiotic

relationship. Through experimental and analytical techniques, this research provides context for the
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influence of such treatments on ash properties, on strength development in cement mortars containing rice

ash, and on potential shifts in environmental impacts. Some key findings from this work include:

e Feedstock leaching was shown to remove more than 90% of chloride and up to 93% of
potassium, while increasing silica concentration by 1-10% in ash.

o While leaching methods did not benefit early-age strength of cement-based mortars, higher
rates of strength development were noted for ashes produced from leached biomass, leading
to mortars with comparable strength to the control mixture at 56 days.

o Agreeing with the literature, this work further supports the dependency of rice ash reactivity
on ashing temperature, where more reactive ashes were noted at 600°C.

e Environmental impact assessment results showed the use of refined chemicals in leaching,
such as the acids explored in this work, could drive net GHG emissions in rice-based energy
production.

e When considering ash as a residue from energy generation, reductions in emissions for
cement-based mortar production were shown to be approximately equal to the cement
replacement rate (~10-15% lower emissions in this study).

e When impacts are considered in tandem with the compressive strength of the mortars,

untreated hulls produced at 600°C, untreated straw produced at 600°C, and acid leached

straw produced at 600°C all provided reduced impacts.

While this research provides a valuable initial step in understanding potential industrial symbiosis
for rice energy generation and infrastructure materials production, further research is needed. Such future
studies should identify the effects of ash treatment requirements for ash produced from different combustion
equipment as well as the stage at which treatment is performed (e.g., leaching of ash in addition to or in

place of biomass leaching) to improve to ash properties and consistency. Future consideration of co-
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products, such as nutrient reclamation from leachates or recycling leachates for reuse, could improve the
extent to which these products may mitigate costs and decrease environmental impacts. Future study should
also consider additional conversion or ashing methods, such as gasification or biochemical conversion of
rice-based biomass, to simultaneously benefit energy and materials production. Additionally, the ability of
alternative pretreatment methods, such as an alkali [310] or acid digestion and enzymatic hydrolysis[311]
to valorize feedstock for energy and cement-based material production should be considered, and the

influences of all these processes evaluated for potential economic consequences.

3.5.3. Post-treatment

To abate the impacts from concrete and cement production, additional SCM resources are needed.
Using rice straw ash (RSA) could nearly triple the amount of rice biomass ash available to use as an SCM
in the US, with potential to mirror this in other rice producing countries. This work evaluates rice hull ash
(RHA) and RSA performance under three post-combustion processing conditions: (i) untreated, (ii) milled

to decrease particle size, and (iii) mixed with GBFS to form a ternary blend. Key findings include:

e For w/b = 0.59, the 28-day compressive strengths of the fly RHA mixtures did not differ
significantly from the 100% PC control.

e For w/b = 0.59, the mixtures made with bottom RHA led to a 17-32% reduction in 28-day
compressive strength that was significant from the 100% PC control. Additional treatments
could be considered to valorize this ash fraction.

e The 28-day compressive strength of RSA mixtures (w/b = 0.59) did not differ significantly

from the 100% PC control.

This work shows that less-studied RSA, in performing similarly to industrially produced RHA,

holds promise as an SCM. Future work addressing expanded mechanical and durability performance of

116



RSA composites is important to understand the viability of widespread RSA SCM adoption. Additionally,
as the higher alkali composition of rice straw necessitates pre-combustion treatment for improved energy
generation, designing regional systems for RSA valorization (e.g., rice-straw processing and combustion

systems for concurrent energy and biomass SCM generation) could further improve the synergistic benefits

of these agricultural residues as value-added products.
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CHAPTER 4

Material comparison incorporating mechanical performance,

resource availability, and environmental impacts

4.1.Introduction

The significant global greenhouse gas (GHG) emissions from concrete production are directly
related to large amount of concrete used globally [206]. Shifting these systematic environmental impacts
requires changes across concrete production, design, and use are [37]. This need for change is especially
true as geographical regions continue to develop and are expected to increase their regional demand for
construction materials [312]. At global [3], [37], [313] and national [38] levels, cement-decarbonization
roadmaps identify reducing clinker content by partially replacing Portland cement (PC)— or by replacing
the clinker within Portland cement— with mineral admixtures, i.e., supplementary cementitious materials
(SCMs) or mineral fillers (herein, fillers), as a key strategy to enabling GHG emissions reduction. Enabling
the glo transition to lower-GHG emitting cement-based materials requires suitable mineral admixtures that

lower GHG emissions, meet performance needs, and are available in large enough quantities [314].

Using mineral admixtures in concretes is already a common strategy to reduce the clinker content
in the United States (US). In addition to the benefit of reducing GHG impacts, SCMs can also contribute to
the strength development of cement-based materials and can provide valuable benefits to the durability and
longevity of these building materials [284], [314], [315]. Traditional SCMs are often byproducts of
industrial processes, namely, coal fly ash (referred to herein as fly ash) from coal-based energy production,
ground blast furnace slag (GBFS) from pig iron production (with much of that iron feeding into steel
production), and silica fume from the ferrosilicon and silicon alloy industry [316]. Notably, the coal-energy

and steel production industries are also significant contributors to global GHG emissions and must
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decarbonize to avert the worst-case climate change scenarios [317], [318]. As these carbon-intensive
industries shift production systems to lower-emissions alternatives, the generation of byproduct SCMs is
also expected to decrease. Simultaneously, the demand for SCMs for cement-based materials is expected
to increase. These coupled effects have already led to regional scarcities of traditional SCMs and growing

interest in finding alternative mineral resources with enough supply and availability [54], [67].

For a material to be a suitable alternative mineral admixture it must also allow for comparable (or
improved) performance relative to traditional cement-based materials. The effects of alternative materials
on concrete performance are often compared experimentally. To aid in direct comparison informed by
environmental impacts, efforts have been made to include material performance consideration in functional
units during life cycle assessment. For example, Panesar et al. [319] combines volume, compressive
strength, and chloride permeability to produce functional units of varying complexities. Such comparisons,
however, highlight the challenges of capturing the function of concrete materials. In similar efforts, others
have proposed concrete-specific environmental impact comparison indices to allow for the comparison of
the environmental impacts of different cement-based materials based on engineering constraints and a
declared unit (i.e., m® material). For example, Miller et al. [320] proposed indices to compare materials
based on member (i.e., column, beam, or panel) and controlling design property (e.g., compressive strength,

thermal conductivity, and chloride diffusion).

In this chapter, industrial ecology methods for environmental impact assessment, material flow
analysis, and comparison indices are used to evaluate different mineral resources in cement-based materials.
First, the recent supply of traditional SCMs and fillers is compared to the potential supply of alternatives.
Additionally, projections for the future supply of industrial byproduct SCMs are modeled to understand
how shifting production technologies could change the availability of traditional SCMs. Then, a harmonized
environmental impact assessment is performed on the mortar mixtures investigated in previous chapters.
As a simplification of the analysis presented herein, indices informed by compressive strength are used to
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compare mixtures (using a comparison index proposed by Miller et al. [320]). Finally, an assessment
framework is built that provides a system-level perspective, using supply-informed comparison to reflect
potential binder production as well as the environmental impacts of mixtures at set compressive strengths.
This supply-informed comparison is performed using mineral admixture generation in 2021 as well as
projections from 2035 to 2050. These findings provide a new perspective on mineral admixture use at the
national (US) scale and underlines the need to identify alternative mineral flows as traditional SCM

generation decreases in the near future.
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4.2.Current and projected generation of supplementary cementitious materials

4.2.1.Motivation

To incorporate material supply as a consideration for material comparison, the potential generation
of post-consumer carpet calcium carbonate (PC4), rice hull ash (RHA), and rice straw ash (RSA) modeled
in Chapter 2 and Chapter 3 was compared to the historical generation and use of conventional SCMs and

fillers.

4.2.2. Methods and Data

4.2.2.1. Generation and use of traditional SCMs and fillers

Using data collected from industry reports and data reported by the USGS, the historic use of fly
ash, limestone, GBFS, silica fume, and metakaolin clays in the US and globally were quantified. The use
of traditional SCMs in cement-based materials was collected to assess the historic flows of SCMs for
comparison. For industrial byproducts (i.e., GBFS, silica fume, and fly ash) data were collected for both
total byproduct generation and the mass of material used in cement-based materials. For mined and
manufactured SCMs and fillers (metakaolin clays and limestone, respectively), the reserves of these
materials is expected to be significantly large and there is little concern at present about escalating demands

for these materials [321], [322]. Data sources and methods are summarized in Table 4.1.

Table 4.1. Data sources for traditional mineral admixture generation and use in cement and concrete

Material Values & calculations Source
Ground blast furnace slag (GBFS) | Calculated from reported sales, assuming 99.8% used [323]
Coal fly ash Reported values [324]
Silica fume Caltrans modeled generation [54]
Metakaolin clay Reported values for calcined clays, assuming 100% use in concrete | [325]

4.2.2.2. Trends in the future generation of traditional SCMs
Projected coal combustion data and steel production data were used to estimate potential future

supplies of fly ash and various iron and steel slags. Namely, we examine the future generation of fly ash

121



from coal combustion as well as consider total coal combustion products (CCPs). We project future GBFS,
basic-oxygen furnace (BOF) steel slag, and electric arc furnace (EAF) slag availability. We note that
different ashes and coal combustion products as well as different slags have different properties that may
limit the applicability for use as SCMs. However, noting the interest in alternative SCM supply flows,

herein, each of these resources was considered.

Future fly ash generation was modeled under three coal-combustion scenarios compiled from the
US Energy Information Agency (EIA) using EIA projected total coal combustion in the US [326]. The three
coal-combustion scenarios are the 2023 Annual Energy Outlook (AEO) reference scenario, low-cost zero-
carbon technology scenario, and high-cost zero-carbon technology scenario [326] that are generated by the
EIA using a macro-economic model [327]. The high-cost technology scenario assumes no change in the
cost of zero-carbon electricity generation technology (e.g., renewable and nuclear energy) and the low-cost

technology case assumes a 40% reduction in cost by 2050 [328].

Fly ash generation is projected from mass fractions for fly ash components and CCPs, which are
calculated from the average historical fly ash and CCP yields reported by the American Coal Ash
Association (ACAA) [324] and corresponding historical coal combustion reported by the EIA [329]. The
modeled results are compared alongside historic data reported by the ACAA [324]. Coal combustion
byproduct generation is calculated as shown in Equation 4.1 where M, ; is the mass of the generated
byproduct, cp, (i.e., fly ash or total CCPs) in year i, M,q; ; is the mass of coal combusted in year i, and
@cp is the average mass ratio of the combustion product cf (i.e., either fly ash or total CCPs). Values,

assumptions, and historic generation data are summarized in Table 4.2.

Mcp,i = Mcoal,i * Acf Equation 4.1
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Table 4.2. Data and sources for modeling future supply of fly ash and total coal combustion products (data
for 2010-2022)

Value Data / model Source / method

Mass ratio, average fly ash content of coal 5.54% Calculated from annual coal

combustion data and fly ash

generation (below)

Mass ratio, average total coal combustion product 13.90% Calculated from annual coal

(CCP) content of coal combustion data and total

product generation (below)

Annual total coal combustion product (CCP) Varies, (62-118 Mtons) Reported, [324]
generation (2010-2022)

Annual fly ash generation (2010-2022) Varies, (24-61 Mtons) Reported, [324]

Annual fly ash for cement and concrete (2010-2022) Varies, (11-17 Mtons) Reported, [324]

Annual mass of coal combustion (2010-2022) Varies, (432-951 Mtons) Reported, [329]

Herein, GBFS from blast furnaces (BF), BOF slag, and EAF slag are modeled under three
projection scenarios: (1) A constant production rate to 2050; (2) a linear decrease in production totaling 5%
by 2050, as shown by [330]; and (3) a linear increase in steel production totaling 12% by 2050, as suggest
by [331]. All steel production scenarios included a linear shift in steel production technology from BOF to
EAF with 2050 steel production split between 10% BOF and 90% EAF (compared to approximately 30%
BOF and 70% EAF today), based on the target set by IEA [68]. As with coal byproducts, iron and steel
byproducts were calculated using mass ratios. For iron and steel by products, these data were reported by
the World Steel Association [332] and the IEA [68] for slag generation per ton of steel. This model assumed
simplified steel production pathways of either coupled BF-BOF or coupled direct reduced iron (DRI)-Steel
Scrap-EAF. However, possible combination of production systems can contain different permutations of
these systems. In this model steel slags (either BOF slags or EAF slags) encompass both the slag derived
from the BOF or EAF process and the ladle slags from later-stage steel refinement. Values and assumptions

are summarized in Table 4.3.

To model the projected generation of the three slags, Equations 4.1 - 4.4 are used where Mggr ;;

Mpp ;; and Mg ; are the masses of BOF slag, GBFS, and EAF slag generated in year i. Mg, ; is the mass
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of steel production in year i. ygop,; and Ygar,; are the production ratio of steel in either a BOF or EAF in

year i. Finally, agor; @pp; and ag,p are the mass ratio of slag generation to crude steel production for BOF

slag, BF slag, and EAF slag.

Table 4.3. Data and sources for modeling future supply of blast furnace and other steel slags

Parameter Value Source / method
Crude Steel production (2012-2023) Varies, (72.7-88.7 MMt) USGS [333]
Share, BOF production (2012-2023) Varies, (28.0-40.9%) USGS [333]
Share, EAF production (2012-2023) Varies, (59.1-72.0%) USGS [333]
Share, BOF/EAF by 2050 10% BOF / 90% EAF Assumed from [68]
Share, BOF/EAF 2020-2049 linear increase from 2019 to 2050 interpolated
(via linear interpolation)

Mass ratio, Slags from BF & BOF 400 kg /tonne crude steel World Steel [332]
Mass ratio, slag from BOF 125 kg/tonne crude steel IEA [68]
Mass ratio, slag from BF 275 kg/tonne crude steel calculated from previous
(400kg-125kg = 275kQ)
Slag EAF 170 kg/tonne crude steel World Steel [332]

Mpor,i = Msteer,i * YBoFi * @Bor Equation 4.2

Mgr,i = Msteel,i * YBor,i * ABr Equation 4.3

Mgar,i = Msteel,i * YEaF,i * XEar Equation 4.4

4.2.3 Results and Discussion

4.2.3.1. Traditional SCMs and fillers

Recent trends in SCM and filler use and the potential material generation from 2017-2021 for fly
ash, GBFS, metakaolin, and silica fume is shown in comparison to the alternative resources presented in
this dissertation: PC4, rice hull ash (RHA), and rice straw ash (RSA) material flows (each modeled in earlier
chapters) (Figure 4.1). Kaolin clays that are calcined (making metakaolin) for use in concrete are only a
small portion (~7%) of the kaolin clay used in 2021 [334]. However, as a mined material with expansive

reserves [321], the actual maximum potential flow is expected to be significantly larger. Herein, kaolin clay
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production is expected to be restricted by clay mining and calcining production capacity and, thus, is scaled
to the maximum kaolin mined in a given year. As such, metakaolin potential is estimated at over 400% the
2021 kaolin clay production, if the systems for calcining clays can be expanded appropriately. To account
for anticipated mass reductions from calcination, the collected kaolin clay generation data was dived by
1.15 (from [62]). Conversely, 99.8% of the GBFS between 2017-2021 was used in binder applications
[335]. Silica fume was the smallest flow considered, as it is a byproduct of the smaller ferrosilicon industry,
the flow is relatively small compared to other industrial by-products [54]. However, silica fume is highly
reactive, meaning it is often used in smaller mass rates than other SCM materials [316]. Of the materials
considered, fly ash is the largest flow. However, only a third of generated fly ash was used in cement and
concrete applications. With a total utilization rate of ~60-70% depending on year, just under one third of

fly ash is not diverted for beneficial use.
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Figure 4.1. The maximum modeled generation of alternative SCMs (post-consumer carpet calcium
carbonate (PC4), rice hull ash (RHA), and rice straw ash (RSA)) from 2017-2021 compared to traditional
SCM generation showing (a) the reported and modeled actual traditional SCM use in concrete and cement
and (b) the reported and modeled maximum potential SCM use in concrete and cement.

Alternative mineral admixtures, together with expanding the use of industrial byproducts, lead to a
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potential SCM and filler generation from 2017-2022 that is estimated to be nearly twice that of actual
mineral admixture uses in the US during the same period. Of the potential flows modeled in earlier chapters,
PC4 is the largest at 0.9-1.1 Mtons per year between 2017-2021 (similar in size to actual metakaolin use of
~0.8 Mtons, Figure 4.1a). This is followed by RSA (0.6-0.7 Mtons) and RHA (0.3-0.4 Mtons). While not
visualized here, cement replacement using metakaolin could be further expanded via ternary cement blends
with metakaolin and limestone (i.e., LC3’s). With metakaolin comprising two-thirds of the replacement
materials (i.e., 30% metakaolin and 15% limestone [336]), blending metakaolin and limestone would result

in a material flow approximately 1.5 times the mass of the metakaolin shown here.

4.2.3.2. Projected SCM supply

While current flows show SCM generation to be large compared to reported use in the US, the
threat that climate change poses to society is pushing carbon-intensive industries, such as energy generation
and steel production, to shift production technologies. These changes in production technology will affect
future trends in SCM generation and reduce the availability of the commonly used fly ash and GBFS.
Projected trends for the generation of fly ash and of total CCP are shown in Figure 4.2. Fly ash generation
is expected to decrease 30-55% between 2025 and 2030, across all scenarios considered (Figure 4.2a).
After 2030, the decrease results in an additional 18-70% from 2030 (a 44-87% decrease from 2025) by
2050. By 2030, under the reference scenario, fly ash generation is expected to decrease below the historical
uses of fly ash in cement-based materials (8.9 Mtons). As with fly ash, total CCPs also decrease as coal
combustion decreases (Figure 4.2b). With the generation of 25-39 Mtons by 2030, total CCPs generation
under the reference scenario remains above 2021 fly ash generation. This combined CCPs flow is likely
less reactive than fly ashes; however, if beneficiation of CCPs can be performed at acceptable cost with
minimal environmental impacts, it could lead to a symbiotic relationship that allows for the sequestration

of potentially environmentally harmful CCP and benefits to the cement-based materials [337], [338], [339].
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Figure 4.2. Projected changes in the United States in the generation of (a) coal fly ash and (b) total solid
combustion products under the IEA AEO 2023 reference scenario (Reference), high cost of zero-carbon
technology scenario (High Tech Cost), and low cost of zero-carbon technology scenario (Low Tech Cost).

When considering GBFS, trends must reflect that this SCM is a byproduct of pig iron production
using blast furnaces, and in the US, this iron is used predominately to produce steel [333]. Here, the
projected change between 2020-2050 in the generation slags from iron and steel production was modeled
under shifting steel production technology from coupled BF-BOF systems to EAF production using scrap

steel and DRI as feedstocks (Figure 4.3). We note, the processes tied to these different furnaces results in

different characteristic of the slag, which can impact their efficacy as SCMs [210], [340].
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Figure 4.3. Projected trends in the United States for the generation of (a) blast furnace slags from 2020-
2050 compared to the generation of (b) steel slags from basic-oxygen furnaces and (c) steel slags from
electric arc furnaces under increased steel production (12%), decreased steel production (5%) or constant
production.
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In all steel production scenarios, the generation of GBFS is projected to decrease by 11-13% from
2025 to 2030. As steel production transitions to 90% EAF, annual GBFS generation is expected to decrease
by half (54-58%) to 2.0-2.7 Mtons in 2050 (Figure 4.3a). This decrease in BF usages is modeled with a
concurrent reduction in BOF use. As such, BOF steel slag generation is projected to reduce in the same
proportions as GBFS (Figure 4.3b). While this GBFS and BOF steel slags are expected to decrease, the
increased use of EAF systems is projected to increase EAF slag production (here reflecting both the ladle
and EAF slag together) by 15-24% from 2025 to 2050 (~9-15 Mtons by 2050). From 2020, the generation
of EAF slags is modeled as increasing by 15-24% from 2030 to 2050 (Figure 4.3¢). This trend suggests a
possible strategy to offset the reduction in GBFS generation could be to valorize and utilize slags associated
with the EAF processes. Currently, steel slags (both BOF and EAF) are predominately used as road base
(44.8%), fill (12.9%), and asphalt concrete (12.4%) [341]. If slag from EAF processes can be engineered
with suitable SCM performance, this could add value to the EAF-steel production system and provided

additional benefits to the production of lower-impact cements and concrete mixtures.
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4.3. Mixture comparison via harmonized environmental impacts and experimentally
determined compressive strengths

4.3.1.Motivation

Comparison indices allow for the rapid comparison of different products or processes based on key
performance and design factors. For concretes mixtures and other structural materials, these indices are
commonly used for comparing environmental impacts with the added context of engineering or material
properties. In this chapter, the environmental impacts assessments of mixtures from Chapter 2 and Chapter
3 are harmonized to reflect consistent input modeling assumptions using US average environmental impacts
for production. The environmental performance of these mixture is then compared using a compressive-

strength informed comparison index.

4.3.2.Methods and data

4.3.2.1. Environmental impact harmonization

In the preceding chapters, the environmental impacts of different mixtures with fixed mixture
proportions are quantified using a cradle-to-gate methodology with different production assumptions for
the concrete mixtures, transport distances, and energy grids. To enable consistent impact modeling and
comparison to conventional SCMs, lifecycle inventories (LCI) from the OpenConcrete Tool [36] were used
to model the impacts from thermal energy demand, electric energy demand, and transportation using
consistent energy mixes. For this quantification, the US average fuel mix, electricity mix, and kiln efficiency

reported in the OpenConcrete Tool [36] were used.

The GHG emissions for RHA, RSA, and PC4 were harmonized by adopting the allocation of all
process-based emissions to the primary products, as in the previous works (i.e., [72], [293]), and only the
energy requirements for transporting and processing RHA, RSA, and PC4 are allocated to these materials.

RSA and RHA GHG emissions are quantified using the electric energy demand reported for milling [237],
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[293] and the US average electricity mix in the OpenConcrete tool. Consistent with the methodology in

[72], PC4 is modeled as a residue of carpet recycling and only transportation impact are considered.

Transportation for all materials are assumed to be by truck (the predominant mode of transportation
for concrete constituents [131]). PC is modeled with the US average transportation distance of 43 km [131],
and all SCMs and fillers, including RHA, RSA, and PC4, are modeled as being transported 146 km, the
average distance for industrial byproduct mineral admixtures [131]. Fine aggregate is modeled with a
transportation distance of 61 km, by truck [131]. A system diagram for assessment of mortar- and cement
paste-based environmental impacts is shown in Error! Reference source not found.. To quantify the total
GHG emissions of mortar mixtures (kg CO»-eq / m*), Equation 4.5 is used, where [ is the total impact of
a mixture, my, is the mass of constituent k in 1 m* of cement-based material (i.e. mortar or paste), iy, is the
per-unit-mass environmental impact of constituent k, d, is the transportation distance of constituent k by

truck, itransport 18 the transportation GHG emissions per unit mass of material, and ipq¢ching 1S the GHG

emissions for batching 1 m® of material.

n
I = Z my * i + my * dj * itransport + ibatching .
k=1 Equation 4.5
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Figure 4.4. System for producing pastes and mortars with Portland cement, traditional mineral admixtures, post-consumer carpet calcium carbonate,
rice hull ash, and rice straw ashes. Water is not depicted in the system as no impacts were assigned.



4.3.2.2.Compressive strength harmonization

In Chapter 2 and Chapter 3, the average compressive strength of mortars is reported for either cube
(50.8 mm x 50.8 mm) or cylinders (50.8 mm diameter and 101.6 mm height) specimens. To address size
effects from different geometries and enable comparing compressive strengths, equations proposed by Yi
et al. [342] were applied account for the dimensional effects. These equations were developed by Yi et al.
by applying linear regressions to experimentally acquired mechanical testing data from specimens of the
same concrete mixture, but with different specimen shapes (e.g., cubes, prisms, cylinder) and varying
specimen dimensions for the different shapes evaluated . [342]. The equations were arranged to solve
directly for the general compressive strength of cube (see Equation 4.6) and cylinder specimens (see

Equation 4.7). Where f.,, and f.,, are the specimen specific cube and cylinder compressive strengths (in
MPa), respectively; dy,is the length of the cube specimen (in cm); d,, is the diameter of the cylinder

specimen (in cm); and f... Is the general compressive strength (in MPa).

Je = feu *
117 + 0.62

/ d
1+ Cu/2.6 Equation 4.6
1

——+0
J1+ 26 Equation 4.7

4.3.2.3. Compressive strength-informed comparison index

Common comparison indices allow for the comparison of the environmental impacts of a cement-
based mixtures informed by performance and/or engineering design properties of the material. Here, the
method shown in Miller et al. [320] and adapted in [39], [293] is used as a compressive strength-informed

comparison index. As show in Equation 4.8, this index is assembled by dividing the environmental impact
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under consideration, / (in this case, GHG emissions), by the compressive strength of the material.

I
Xaxial = f_-

C

Equation 4.8

This index can then be used to rank and graphically compare mixtures (as shown in Miller et al.
[320], Cunningham et al. [293] and Cunningham and Miller [39]) to select the best combination of
environmental impact and strength for mixtures of varying performance (assuming a linear relationship
between these materials is appropriate for the application, as is assumed here). For other material
applications, where compressive strength is not the governing design factors, additional materials properties
could be incorporated with environmental impact models following a similar methodology. As
demonstrated in Miller et al. [320], this methodology can also be extended to other material properties and
design performance considerations. For example, bending, thermal conductivity, carbonation, or beam
deflection. Thus, making this comparison strategy especially useful for making material selection in the

context of different structural design decisions.

4.3.3. Results and discussion
4.3.3.1. Environmental impact harmonization

The harmonized environmental impacts and the environmental impacts of mortar mixture
production are shown in Figure 4.5. As shown in Figure 4.5a and Table 4.4, PC has the highest GHG
emissions, on a unit mass basis, of common concrete constituents. This finding is expected as PC often
contributes the majority of GHG emissions to concrete mixtures. Notably, the average transportation
impacts (modeled as by truck), make up a very small portion of the impacts compared to the production of

concrete constituents.
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Figure 4.5. Harmonized GHG emissions (kg CO,-eq) impacts (a) by constituent as modeled in the
OpenConcrete tool [36] and (b) for mortar mixtures proportions for experimental works (kg CO»-eq / m?),
and (c) the percentage of GHG emissions by material constituent and for mixture batching.

The harmonized environmental impacts of mixtures (from Chapter 2 and Chapter 3) are shown in

Figure 4.5b, and demonstrate, as expected, that PC is the largest contributor to the GHG emissions of the

mixtures modeled. PC contributed more than 90% of the GHG impacts for all mixtures (Figure 4.5¢) and

more than 95% of GHG emissions for mixtures with <30% mass replacement of PC. Mass replacement

with mineral admixtures led to GHG emission reduction rates that correspond approximately with the mass
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replacement rates (Figure 4.5b), as is also observed in earlier chapters of this dissertation. PC4 and
limestone mixtures with 5% PC replacement had a ~5% reduction in GHG emissions. RHA and RSA
mixtures with 40% PC replacement (i.e., 10% with ash and 30% with GBFS) showed a 34% reduction in

GHG emissions and mixtures with 15% replacement had a 14-16% reduction in GHG emissions.

Table 4.4. Harmonized GWP by constituent modeled in the OpenConcrete tool [36]

US average impacts GWP impacts (kg CO2-eq /kg material)
Portland Cement (PC) 9.49E-01
Limestone 2.05E-02
Steel slag 1.88E-01
Ground blast furnace slag (GBFS) 1.88E-01
Metakaolin / calcined clays 2.80E-01
Fly ash 2.47E-05
Silica fume 1.88E-01
Rice hull/Rice straw ashes (RHA/RSA) 3.17E-02
Post-consumer calcium carbonate (PC4) 2.47E-05
Sand 1.75E-03
Batching (impact/m3) * 1.23E+00

*Batching impact is per m® material, all impacts other per kg material

4.3.3.2.Compressive strength harmonization

The average compressive strengths for experimentally tested mixtures, harmonized to adjust for
dimensional effects, are shown in Figure 4.6. The mixtures from Chapter 3 are shown in Figure 4.6a and
Figure 4.6b, and mixtures from Chapter 2 are shown in Figure 4.6¢c. These harmonized data allow for
direct comparison between mixture designs across studies. For example, the compressive strengths differ
for the w/b=0.59 CTRL mixtures in Figure 4.6a and b, which is likely caused by the higher sand-to-binder
ratio used in the pre-combustion leaching of the ashes (to reduce the amount of lab-produced ash required
to make the mortars) resulting in different cement contents in the CTRL mixtures. As similar trend can be
noted between the w/b=0.47 CTRL mixtures for Figure 4.6a and ¢, where differing sand-to-binder ratios
have changed the total cement content of the mixture. These harmonized average compressive strengths

mixtures are further evaluated in the next section in the comparisons index.
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Figure 4.6. Harmonized compressive strengths by mixture type for mixtures from (a) post-combustion
treatment of rice biomass ash (Chapter 3), (b) Pre-combustion biomass treatment (Chapter 3), and (c¢) PC4
processing (Chapter 2).
4.3.3.3. Performance-based comparison index

The different mixtures are compared using the Xaxia index in Figure 4.7. For this index, lower
values indicate a lower environmental impact, a higher compressive strength, or a both. Traditional, 100%
PC mixtures in this work have an Xaia average of 11 kg-CO»/MPa (ranging from 9-12 kg-CO,/MPa). Of
the mixtures with SCM cement replacement, 27 mixtures have values <11 kg-CO»/MPa and 24 mixtures
had index values >11 kg-CO,/MPa (Figure 4.7a). For mixtures with required compressive strengths <40

MPa, the mixtures with a w/b=0.59 could lead to lower index, as they have less cement due to a higher
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water content and partial cement replacement (Figure 4.7a). However, post-treated rice ashes led to higher
indexes, likely due to a combination of having a higher-impact SCM (compared to limestone, GBFS, and
PC4) and having varying influences on the compressive strength results relative to 100% PC mixtures.
Notably, rice hull bottom ashes and untreated PC4 led to low compressive strengths, with Xaxia values
approximately twice those of CTRL mixtures. This finding suggests that these mixtures offer less

performance for the GHG emissions associated with material production.
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Figure 4.7. Comparison index Xayia for different mixtures plotted in (a) with the Portland cement content
of the mixture and (b) with the compressive strengths of the mixtures to allow for selecting mixtures based
with a required compressive strength and the lowest impact for the given strength.
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4.4. Supply-informed comparisons of supplementary cementitious materials

4.4.1. Motivation

Concrete is the most used building material by mass [343]. Due to the large material supplies
required to make cement-based materials, candidate materials need to be available in enough supply to be
adopted by the industry and make meaningful contributions to environmental impact reduction from a
system perspective [314], [344]. In this work, a framework is demonstrated to provide a system level
perspective for assessing mineral admixtures using the supply of the material and the potential GHG
emissions of paste made with the mineral admixture. For these supply-informed comparisons, the mass of
paste that could be produced with the SCM or filler is modeled to achieve a fixed compressive strength and

the corresponding environmental impacts associated with producing the paste is quantified.

4.4.2.Assembling supply-informed material comparisons

4.4.2.1. Equations for quantifying paste proportions, material supply, and environmental impacts
Importantly, different mineral admixtures have different contributions to the strength of cement-
based materials, which limit the range of PC replacement. Required material performance characteristics,
such as compressive strength of the mixture, could restrict the amount of SCM or filler that can be used. To
quantify the amount of paste that can be produced with a given SCM or filler, the contribution of the mineral
admixture to the strength development and the impact on replacement rate should be considered. To account
for compressive strength and determine possible mixture proportions, a modified Bolomey equation was
used. The Bolomey equation, first proposed by Bolomey in 1925 [345], is similar to the volume-based
Feret’s rule [346] or mass-ratio-based Abrams’ rule [347], which both addresses changing mixture
proportions [33]. In the Bolomey equation, (Equation 4.9), f. is the compressive strength; mp is the mass

of cement; m,, is the mass of water; h is the volume of air; and kg and a are fitting constants.

fcsz( Mpc a)

m, + h B Equation 4.9
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A binding equivalence factor for each mineral admixture (or cementing efficiency factor), as
proposed by Oner et al. (e.g., [348], [349]), is used to account for differing contributions to the material
strength. Binding equivalence enables quantifying a mass equivalence to cement for each of the SCMs or
fillers, wherein PC would have a binding equivalency factor of 1. The equivalent cement mass can be found
as shown in Equation 4.10, where in the equivalent mass of PC (mp¢_.q) is equal to the mass of PC (mp()
plus the mass of mineral admixture (m,;,,) multiplied by the binding equivalence (Ej;4). Declared binding
equivalency and cementing efficiencies can vary. For example, the binding equivalency concept outlined
in European standards prescribes different factors for the same mineral admixture (e.g., for fly ash, France
allows for Ey;40f 0.6 [350], [351], while the British standard restricts fly ash Ep;4to 0.4 [352]). Further, this
standard also allows differences for BE based on region and replacement rates [352]. As such, these binding
equivalence factors are not universal equivalency. However, this approach also allows for a framework that
is amendable to regional contexts and conventions so a practitioner can adopt appropriate binding

equivalence factors.

Mpc_eq = Mpc + Mys * Eya Equation 4.10

The method shown by Oner [349] is used to incorporate binding equivalency, as shown in Equation
4.11, where the variables are defined as they are above and m, is mass of PC with the same binding
equivalency as the actual mass of the mineral admixtures. Thus, m, can be computed using Equation 4.12

(all values as previously defined).

— (mPC + mg, )
Je=ke\" Equation 4.11
Mg, = My * Eyg Equation 4.12
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To enable comparisons of materials with equivalent mechanical performance, the compressive
strength is fixed and the constituent proportions (i.e., water-to-binder ratio and replacement rate) are
allowed to vary. Equation 4.13 is arranged to solve for the cement content using discrete values for w/b
ratio, compressive strength, and mass of the mineral admixture. With these values, the paste proportions to

achieve a fixed compressive strength can be calculated.

Mpe = (f—c+ a)*(mw+h)—mc,

kg Equation 4.13

Finally, to allow for directly solving the equation, these variables are substituted into the equation
as shown in Equation 4.14, where m._ is some initial PC mass to design from, w is the mass ratio of water-
to-equivalent PC content, and r is a mass replacement ratio (i.e., where mineral admixture mass replacement
is myy = me, * 7). Notably, m._ is not representative of the actual cement content, but instead allows for

the computation of reasonable masses of mineral admixtures and water based on the ranges defined above.

mpcz<£+a)*(mco*w+h)—(mco*r*EMA)

kg Equation 4.14

In this framework, the production of paste (i.e., the combination of PC, water, and mineral
admixture) was quantified to understand the effect of changing w/b and replacement ratios. Of the mixture
proportions, the mass of SCM or filler is modeled as constrained to material supply and the supply of water
and PC is modeled as unrestricted. From the calculated proportion of mineral admixture in a mixture and
known resource supply of mineral admixture, a scaling factor (SFy4) is calculated with Equation 4.15,
where Sy4 is the supply of mineral admixture and my,, is the mass of SCM. This factor is then used to

quantify the total mass of paste using Equation 4.16, where the total mass of paste (mpqste) is the sum of

the masses of PC (M gment ), mineral admixture (m;,4), and water (m, 410 ) multiplied by the scaling factor

(SFuma).
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SFya = Sma/Mua Equation 4.15
Mpaste = (Mcement + Mya + Myater) * SFya Equation 4.16

For the corresponding environmental impacts of the paste, Equation 4.17 is used, where i oment
is the per unit mass impact of PC, iy, is the per unit mass impact of the mineral admixture, and i,,4¢er 1S
the per unit impact of water. Note, because paste is not representative of the full concrete product,
environmental impacts associated with mixing and batching were not included. The environmental impacts
associated with water use were assumed to be negligible (i,,4:er = 0) in the comparisons quantified here
as PC contributes the majority of GHG emissions from concrete mixtures. However, in scenarios where
water use is of greater concern (e.g., in locations with water scarcity), this impact could be incorporated as
shown in the equations. Additionally, impacts beyond GHG emissions could be incorporated using the same

equation.

I _ (mcement * icement + Mpyy * iMA + Myqter * iwater)
aste — .
P (Mcemene + Muma + Myater) Equation 4.17

4.4.2.2.Data and assumptions

The harmonized environmental impacts in Table 4.4 were used to model the GHG emissions per
kg of paste. The control mixture proportions and harmonized compressive strengths (Figure 4.6) were used
along with Equation 4.9 to determine values for the Bolomey equation constants of a = 0.532 and kp =

15.238 MPa. To quantify PC content, a starting m_of 400 kg was assumed with w ranging from 0.25 to

0.6, and r and E);4 values were defined individually for each SCM and filler. Minimum replacement mass
was modeled as 1% for silica fume and 10% for all other mineral admixtures. The lower minimum for silica
fume was selected to account for the lower maximum replacement modeled for silica fume (following
limitation suggested in [316], [352]) and allow for more mixture permutation to be modeled in this smaller

range. A maximum GBFS replacement of 50% was assumed to be consistent with literature [309], [353].
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Future slags from EAF processes were modeled as behavior similarly to GBFS. Metakaolin replacement
was limited to 35% due to potential workability concerns at higher replacement rates and due to literature
showing performance reduction at 40% and greater replacement [354] with marginal additional reacted
kaolin in excess of 30% replacement [355]. A 35% replacement rate for fly ash was selected to represent a
maximum replacement rate, as informed by [352]. Though, we note that this represents a moderately high
fly ash replacement rate [356]. RHA and RSA were assumed to have similar values, based on performance
reported in literature [293]. A maximum replacement rate of 20% was used, informed by a reported
minimum of 12% RHA [54], though literature has reported performance losses in excess of 20% RHA
[209]. A maximum replacement rate for limestone was set at 15%, based on maximum rate allowed in
blended cements [65]. PC4 as a filler was assumed to have the same replacement rate as virgin limestone
as shown in [357]. The equivalency factors and maximum replacement rates adopted for this demonstration
are described in Table 4.5. As discussed previously, appropriate factors for binding efficiencies and suitable
replacement rates can vary by region and context. As discussed above, binding efficiencies and maximum

replacement parameters may be modified to better reflect local convention.

Table 4.5. Binding efficiencies of mineral admixtures used in model

Material BE value Modeled max replacement
Ground blast furnace slag (GBFS) 0.9 50%
Electric arc furnace (EAF) slag 0.9° 50%
Metakaolin 0.9° 35%
Coal fly ash 0.62 35%
Rice hull ash (RHA) 0.6°¢ 20%
Rice straw ash (RSA) 06° 20%
Limestone 0.4¢ 15%
Post-consumer carpet calcium carbonate (PC4) 04¢° 15%
Silica Fume 20f 10%

3 value used by from EN 206-1 [351, p. 20]; ® modeled as similar to GBFS; ¢ assumed equivalent to fly ash;
dassumed high BE at low replacement rate, ¢ assumed same as limestone; f value reported in British standard [352]

Two categories of mineral admixture resource availability data were used to quantify supply-

informed indices. The first takes a historic perspective by observing modeled and reported use of
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conventional SCMs and fillers in 2021 and comparing that to the potential supply of PC4, RSA, and RHA
available in the same year. The values for GBFS, fly ash, and kaolin clay are collected from the results in
section 4.2 as summarized in Table 4.6. This work assumes limestone, as a key feedstock in PC production,
would be available in a much supply as the PC production. As such, limestone was assumed to be available
in the same magnitude as the PC it would replace (i.e., 1:1 relationship between PC production and
limestone SCM supply). This estimate is conservative for the annual production of limestone as the mass
of limestone required to make PC is larger than the PC produced; namely, for 95% clinker PC, we assume
nearly 1.15 kg of limestone is needed to produce 1 kg of PC (1.785 kg CaCOs per kg of CaO at an estimated

65% weight fraction in PC).

Table 4.6. 2021 Mineral admixture supply values for determining cement, water, and mineral admixture
masses per kg paste

Material Generation (Metric ton) Reported / Potential, Source
Ground blast furnace slag (GBFS) 7.60 x10° Reported use, [323]
Coal fly ash 1.38 x107 Reported use, [358]
Silica Fume 1.0 x108 Approximate, value from [54]
Metakaolin 3.71 x10° Estimated, from [334] and [62]
Rice hull ash 3.28 x10° Potential, modeled in Chapter 3
Rice straw ash 6.08 x10° Potential, modeled in Chapter 3
Post-consumer carpet calcium carbonate (PC4) 9.51 x10° Potential, modeled in Chapter 2
Limestone 1.20 x108 Potential, assumed to be similar

to 2021 cement demand

The second category considers the potential maximum material flow reported and modeled for
conventional and candidate SCMs and fillers in 2021, 2035, and 2050, to compare the supply and impact
reduction potential of different mineral admixtures. As limestone and kaolin clays are mined materials with
very large values of reserves [321], [322], the potential maximum flow of these materials could be
significant if production is rapidly increased. Due to the uncertainty associated with the generation of mined
mineral admixtures, they are excluded from the analysis of projected flows. RHA and RSA potential
availability are driven by rice cultivation for food production (and thus the residues used to make these
ashes) will remain constant as populations increase to 2050 is used. PC4 is also modeled as a constant

generation rate between 2021-2050. As a byproduct of recycling, PC4 generation is a delayed phenomenon
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at the EOL phase of carpet (after typically 8 years of use, but ranging from 2-24 years [315], [359]). We
note, for PC4, there is further complexity due to consumer trends, which makes future carpet selection and
deselection (when carpet is replaced with a different type of flooring material) [110], [315], even from an
economic perspective, challenging to accurately forecast [360]. All values shown in Table 4.7. Paste
mixture proportions, the mass of potential paste generation, and the GHG emissions of the paste was
modeled using MATLAB [361]. Comparisons of potential paste production at a given GHG emissions per

kg paste was plotted using base r [300], tidyvers [362], and ggforce [363].

Table 4.7. Reported and assumed mineral admixture usage compared to the potential flow of candidate
materials (all masses in metric tons).

Year 2021 2035 2050
Ground blast furnace slag (GBFS) 7.60 x10° 5.11 x10° 2.72 x10°
Electric arc furnace (EAF) slag 8.10 x10° 1.29 x107 1.51 x107
Coal fly ash 2.82 x107 8.79 x10° 6.42 x10°
Rice hull ash 3.28 x10° 3.28 x10° 3.28 x10°
Rice straw ash 6.08 x10° 6.08 x10° 6.08 x10°
Postconsumer carpet calcium carbonate 9.51 x10° 9.51 x10° 9.51 x10°

4.4.3.Results

The possible 2021 production of paste with candidate materials compared to pastes made with
traditional mineral admixtures at compressive strengths of 20, 40, and 60 MPa are shown in Figure 4.8. As
expected, lower strength concretes allow for higher replacement ratios and, thus, with less PC they have
lower modeled GHG emissions (Figure 4.8a). However, higher replacement with a restricted mineral
admixture resource also means lower potential paste masses. As strength thresholds increases, the amount
of replacement rates that can achieve these strengths decrease and the lowest possible GHG emissions for
the mixture increases Figure 4.8b and c¢. Of course, higher PC content (modeled as unconstrained) also
means more paste can be produced. Notably, increasing strength requirements has marginal impact on the
maximum GHG emissions of the mixtures and, maximizing paste mass does not mean maximizing GHG

emissions. This result is, in part, because the paste mass includes the contribution to water while the
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environmental impact assessment assumes negligible GHG emissions from water. Thus, increasing w/b
ratio leads to increased paste production and lowers the paste GHG emissions on a kg paste basis. At the
60 MPa strength parameter (Figure 4.8¢), the lowest GHG emissions possible are further truncated and the

maximum GHG emissions again increases for the mixtures.
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Figure 4.8. Comparison of potential mass of paste (mineral admixture, Portland cement, and water)
production in 2021 and the potential global warming potential (in kg of CO»-eq) for different compressive
strengths. Fly ash, GBFS, and metakaolin use represents actual reported usage. PC4, limestone, rice hull
ash, rice straw ash, and silica fume based on modeled and assumed values for maximum potential
production for (a) 20 MPa binder, (b) 40 MPa binder, and (c) 60 MPa binder.

Across the strengths considered, paste with silica fume resulted in the largest GHG emissions
modeled (the lowest being 0.52 kg CO,-eq/kg paste) compared to other paste mixtures with mineral
admixtures. Silica fume mixtures also had only moderate possible mass flows (at most 4 Mtons paste). This
finding reflects the low maximum replacement rate. While silica fume is highly reactive with a binding
efficiency 200% times that of PC, the maximum replacement rate modeled is 10% and the generation of
silica fume is small compared to the other SCMs and fillers. These two factors limit the paste mass produced
with silica fumes. For low-strength mixtures (20 MPa), GBFS can replace PC at larger rates with GHG
emissions as low as 0.16 kg CO»-eq /kg paste. This SCM is followed by fly ash with the lowest modeled
impact of 0.33 kg CO,-eq /kg paste. Notably, these two minimums also correspond with the minimum paste

masses for GBFS and fly ash mixtures (9 Mtons and 28 Mtons, respectively). At higher strengths, the lowest

GHG emissions compared to other mineral admixtures become less drastic, with the lowest modeled
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impacts of 0.40 kg CO,-eq/kg paste for GBFS and 0.48 kg CO»-eq/kg paste for fly ash at 40 MPa. At 60
MPa, the minimum impacts further increase 0.5 kg CO»-eq/kg paste for GBFS and 0.52 kg CO»-eq/kg paste
for fly ash. Metakaolin, with a similar binding equivalency as GBFS, allows for the third lowest minimum
GHG impacts between 0.38-0.54 kg CO»-eq/kg paste depending on strength. Limestone, modeled as having
as large of a supply as PC, can produce the largest amount of paste (~2 x10° - 5x10° Mtons depending on

strength), and from a systems level, the large availability of limestone is promising.

In comparing the RHA, RSA, and PC4 to other materials, all three combined could produce higher
amounts of mortar at lower GHG emissions than silica fume. However, metakaolin, GBFS, and fly ash, all
had a higher paste production potential than these alternative materials with similar GHG emissions.
Together these alternative materials have the potential to produce large amounts of paste at higher PC
replacement rates. With increase paste production and lower GHG emissions (i.e. higher PC replacement)

they could contribute to system while reductions in GHG emissions for the cement and concrete industry.

To understand how shifting material flows could impact the potential mass of paste that can be
produced and the associated GWP, comparisons were produced for 2021, 2023, and 2050 at 60 MPa (Figure
4.9), figures showing comparisons for 20, 40, and 60 MPa in the same year are provided in Appendix F.
The maximum paste production with fly ash and GBFS is expected to decrease from 1.2 x10° Mtons and
0.3 x10° Mtons in 2021 to 0.3 x10° Mtons and 0.2 x10* Mtons in 2035, respectively. In 2050 this further
reduces to 2 x10? Mtons with fly ash and 1 x10? Mtons with GBFS in 2050. These changes in fly ash and
GBFS generation further emphasize the need for alternative mineral admixtures and the potential role for
the alternative materials investigated in this work. However, at current production rates, these alternative
flows are still in lower national supply compared to the decreased supply of fly ash and GBFS. While there
may be a role for RHA, RSA, and PC4 as materials for smaller geographical regions, this finding also

suggests an opportunity for identifying alternative materials with larger material availability.
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Figure 4.9. Potential maximum mass of paste (mineral admixture, Portland cement, and water) production
for 60 MPa calculated from modeled and reported maximum mineral admixture generation each year: (a)
for 2021, (b) for 2035, and (c) for 2050.

In addition to the material flows investigated in this chapter, EAF slag was included in this
comparison of paste materials with projected flows. As production system shift, especially for GBFS, the
production of EAF slags will increase. If similar performance to GBFS can be achieved, pastes with EAF
slags could be produced in similar masses to current fly ash and GBFS flows: 3 x10? Mtons in 2021, 5 x10?
Mtons in 2035, and 6 x10? Mtons in 2050. While not modeled here, a similar argument could be made for
processing and engineering other CCPs. If these less-reactive materials can be engineered for suitable
performance with minimal additional GHG emissions, they could become useful mineral admixtures with

supplies that rivals the levels of present-day fly ash and GBFS generation.
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4.5. Summary

4.5.1. Current and projected generation of mineral admixtures
Historically, SCM and filler generation has exceeded their use in concretes. When candidate
materials are included, the supply of mineral admixtures generated in the US from 2017-2022 is
approximately twice that of actual usage. Notably, the potential generated mass of candidate RHA, RSA,
and PC4 materials (from chapter 2 and chapter 3), are relatively small compared to traditional mineral
admixtures in the US. However, modeling projections of traditional industrial byproduct SCMs reflect a

potential reduction in the supply of these materials. Notable findings include:

e Projected SCM generation from coal combustion is expected to sharply decrease 30-55% by 2030,
and continue to decrease further by 2050;

e Total coal combustion product generation is estimated at 25-40 Mtons in 2030 and 7-32 Mtons by
2050;

e Changing steel production systems are expected to reduce blast furnace slag production by ~10-
13% between 2025 and 2030 and by a total of 54-58% by 2050;

e The generation of EAF slag is projected to increase by 15-24% to 9-15 Mtons in 2050.

While steel slags and coal combustion byproduct materials are less reactive, if these materials can
be engineered for improved performance with minimal additional GHG emissions, they could represent a

large potential material flow for cementitious materials.

4.5.2. Mixture comparison via harmonized environmental impacts and experimentally determined
compressive strengths
The environmental impacts of mortar mixtures for different works are compared using a

compressive-strength informed index. To inform this index, the experimentally determined average
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compressive strengths are harmonized to account for different specimen geometries, and the environmental
impacts are quantified using harmonized lifecycle inventories to represent the US average production of

the mortars. Key findings from this assessment include:

e As is consistent with literature, PC contributes the most to the GHG emissions of the mixtures;

e Partial cement replacement with mineral admixtures reduced the environmental impacts at
approximately the same rate as the mass replacement rate in the modeled mixtures;

e The lowest reduction in GHG emissions (compared to analogous PC-only mixtures) was achieved
by the mixtures with the highest replacement rates;

e  Multiple mixtures provided lower comparisons index values, indicating a better ratio of GHG
emissions to compressive strength;

e The modeled mixtures with the highest index were also the mixtures with the greatest reduction in

compressive strength relative to analogous mixtures made with only PC.

Together, comparison of mixture with harmonized performance and environmental impact assessment can
enable the selection of mixtures with the lowest environmental impacts for a required performance
characteristic. Thus, this method can be useful for evaluating materials on a performance level as well as

for design and engineering material selection.

4.5.3. Supply-informed comparisons of supplementary cementitious materials

In this work a methodology for assembling supply-informed comparisons of different SCM
materials is proposed. These comparisons are performed with two perspectives: (1) based on reported actual
use of traditional mineral admixtures and potential generation of alternative materials; and (2) based on

projected trends in industrial byproduct SCM generation. Key findings include:
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e Lower compressive strength requirements allow for higher amounts of PC replacement and the
lowest GHG emissions as well as the smallest paste production masses;

e High PC replacement becomes less feasible as strengths requirements increase;

e RHA, RSA, and PC4 can produce more paste with similar GHG emissions as silica fume, but the
potential paste production at similar GHG emissions is less compared to GBFS, metakaolin, fly
ash, and limestone;

e Future projections show large reductions in the potential paste production from fly ash and GBFS;
however, the paste production potential at similar GHG emissions remains higher than the RHA,
RSA, or PC4 materials in both 2030 and 2050;

e EAF slag generation is expected to increase in the future with potential paste production exceeding

fly ash and GBFS in 2035 and 2050.

There is need for mineral admixtures that can offset the projected reductions in fly ash and GBFS
generation. While PC4, RSA, and RHA can contribute to offsetting these materials and may be particularly
useful in smaller regions, the generation EAF slag is projected to be of similar quantity to those of fly ash
and GBFS. Notably, use of these slags will require engineering and valorization efforts to achieve required
material performance and characteristics. However, the significant projected supply of EAF makes it a

promising future candidate for experimental investigation.

150



CHAPTER 5

Conclusions

Supplementary cementitious materials (SCMs) and mineral fillers (fillers) remain an important
resource for reducing the clinker content of Portland cement systems. As the need to lower the greenhouse
gas (GHG) emissions from the cement and concrete industry has grown, so too has the demand for mineral
admixtures. This resource shift has led to changes in the supply of mineral admixtures and localized
scarcities in certain regions. To formulate a framework to assess alternative materials, this dissertation
evaluated two residue flows as alternative, Portland cement-replacing mineral admixtures and explored the
potential symbiotic relationships from diverting residue materials into beneficial use in cement-based

materials.

5.1. Summary and key conclusions

5.1.1. Post-consumer carpet calcium carbonate

Chapter 2 evaluated postconsumer carpet calcium carbonate (PC4), from end-of-life carpet
backing, as an alternative mineral filler. PC4 was experimentally characterized, its effects on performance
of cement-based materials were investigated, and industrial ecology methods were employed to evaluate
the material flow and GHG emissions of PC4 in cement-based materials. When PC4 was used as a filler to
partially replace Portland cement in concrete, PC4 produced a lower density material with increased air
content. This increase coincided with up to 60% lower compressive strengths and large increases to the
initial (167%) and final (195%) set times. As such, incorporating untreated PC4 led to deleterious effects
on both fresh and hardened properties of the cement-based materials. Concurrently, Portland cement
replacement was shown to reduce GHG emissions at a rate that was roughly equivalent to the mass
replacement rate. As such, if the performance of PC4 can be better tailored for cement-based materials,

environmental benefits could be achieved from this material.

151



To improve the performance of PC4, three strategies were evaluated: (1) milling PC4 to decrease
particle size; (2) heat-treating PC4 at 600°C to remove latex and other remnant polymers; and (3) heat-
treating PC4 at 900°C to remove remnant polymers and mimic a pre-calciner stage. Experimental evaluation
showed PC4 treated at 600°C and 900°C improved PC performance for mixtures with 5% Portland cement
replacement. Notably, 15% replacement with PC4 furnaced at 600°C exhibited similar performance to
mixtures with 15% virgin limestone replacement. These results suggest mixture optimization of PC4
furnaced at 900°C, to balance the CaO content of the binder, may yield additional benefits to performance.
Microstructural analysis via SEM micrographs showed heat treatments reduced the observable large voids

in mortars, likely due to the absence of latex leading to less air entrainment.

This chapter demonstrated a pathway to process PC4 as a filler material that leads to reduced waste
in the environment and the valorization of a large and previously under-used material flow. A material flow
analysis showed that over 1.4 billion m? of carpeting has been disposed of since 1954. From 2002-2019,
less than 6% of the carpet constituents, by mass, were recovered with the remaining materials being
landfilled or lost to the environment. This end-of-life material included over 61.5 Mt of fiber and textile
materials, including 33 Mt of nylon, 16 Mt of polypropylene, and 5.5 Mt of polyethylene terephthalate.
Additionally, an estimated 47 Mt of PC4 was disposed of in the same period. Annual generation of PC4
was estimated to be equivalent to ~1% of the mass of virgin limestone used for clinker production or ~30%

of the mass of inter-ground limestone.

5.1.2. Rice hull ash and rice straw ash

Chapter 3 identified synergies from the biomass energy generation and construction material
production. Specifically, rice hull ash (RHA) and rice straw ash (RSA) were evaluated a reactive SCMs for
cement-based material production. As with the previous chapter, a material flow analysis to quantify supply

and an environmental impact assessment to assess GHG emissions were conducted. These results were
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coupled with experimental analysis of pre-combustion biomass leaching and post-combustion ash

processing on the mechanical performance of cement-based materials made with RHA and RSA.

The use of RSA and RHA to partially replace Portland cement was evaluated. A regional flow
assessment was used to compare generation on a national (United States - US) and state-level for six states
with rice cultivation. Findings showed the potential quantities of RSA were twice that of RHA. While these
ashes together amount to only ~1% of annual US cement consumption, these ashes could replace sizeable
fractions of cement production in certain regions. In Arkansas, Louisiana, and Mississippi, the potential
state-level generation of rice biomass ashes were equivalent to approximately 60%, 10%, and 6% of the
mass of Portland cement use in those states, respectively. In California and Texas, the states with the largest
consumption of Portland cement, replacement would be limited to 2% and 0.5%, respectively. This finding
suggests that rice biomass ashes could be a regionally desirable SCM if ash generation is scaled and the

ashes can provide acceptable performance in Portland cement-based materials.

The influence of pre-combustion leaching (to reduce slagging and fouling during combustion in
bioenergy generation) of rice straw and rice hull on the resulting ash was investigated. Water leaching and
phosphoric acid leaching were shown to reduce the concentration of K and Cl, which could have benefits
to concrete durability. Findings showed comparable compressive strengths for mixtures using either RHA
or RSA as partial cement replacement and that the temperature of oxidization was a significant parameter
driving material performance. An environmental impact assessment showed that acid leaching without
leachate recovery led to high GHG emissions for energy generation, but if impacts were allocated to energy
generation, the use of the remaining ashes would result in GHG emissions reductions with the same
magnitude as the mass replacement level. Ash made from unleached rice hulls, unleached rice straw and
acid leached rice hulls (all oxidized at 600°C) provided lower GHG emissions per unit strength than the

100% Portland cement mixture.
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To examine the effects of post-combustion strategies, four RHAs from industrial energy generation
and one laboratory-produced RSA were evaluated to produce bioash-Portland cement binder mixtures.
Results indicated that without leaching, the alkali content of the RSA can exceed standards set for binder
applications. In evaluating the compressive strengths, bottom RHA significantly reduced the compressive
strength compared to the control (17-32% reduction at 28-day). However, fly RHA and RSA mixtures did
not differ significantly from the control mixtures. Experimental findings indicate that with appropriate pre-
leaching and post-combustion treatment as well as concrete mixture design, mixtures with 15% RHA or
15% RSA replacement can perform similarly to 100% Portland cement control mixtures at 28-days.
Cumulatively, this chapter demonstrates the potential for rice hull and rice straw to support regional biomass
energy generation where in the ashes are then recovered to act as SCMs, partially replacing Portland cement

and lowering GHG emissions.

5.1.3.Mineral admixture generation and environmental impact-informed comparisons

In Chapter 4 an investigation of these resources was used to establish a framework for assessment
of different mineral admixtures for use in cement-based materials. The developed framework allows for
comparison of the modeled GHG emissions and the potential production mass of paste materials under
consistent mechanical performance requirements (fixed compressive strengths) using input from
experimental evaluations of performance, environmental impact assessment, and material flow analysis. In
this work, recent mineral admixture production and use was compared to projected generation potential of
PC4, RHA, and RSA materials. The future generation of ground blast furnace slag (GBFS) and coal fly ash
(herein, fly ash) were modeled under changing steel production and energy production systems to
understand future availability of traditional SCMs and fillers. Harmonized environmental impact
assessments were conducted for cradle-to-gate production of the mortar mixtures evaluated in Chapter 2
and Chapter 3 and were applied in a compressive strength-informed comparison index. Finally, an
assessment framework was developed to provide a system-level perspective for mineral admixture
availability in the US and GHG emissions reduction potential from their use, wherein the potential supply
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of paste made with different mineral admixtures and the associated GHG emissions of the pastes were
compared for 2021 mineral admixture use, maximum mineral admixture supply in 2021, and projected

supply of mineral admixtures in 2035 and 2050.

The historical mineral admixture generation and use and the projected generation of fly ash and
GBFS highlight the need for alternative materials to meet the continued demand for Portland cement-
replacing materials. The results show that fly ash generation is projected to decrease by 30-55% between
2025 and 2030. GBFS generation is expected to reduce but at a slower rate: 10-13% between 2025 and
2030 and 54-58% by 2050. As GBFS generation decreases, electric arc furnace (EAF) slag generation is
expected to increase by 15-24% by 2050. While generation of coal combustion products (CCPs) was
projected to decrease, the total CCPs were projected to have a combined mass of 7-32 Mt in 2050. EAF
slag and total CCPs are expected to have different properties and performance characteristics than GBFS

and fly ash, respectively, but they represent a material flow on a similar scale to GBFS and fly ash SCMs.

To compare mixture designs, a harmonized environmental impact assessment was performed for
the mortar mixtures evaluated in Chapters 2 and 3. Findings agreed with earlier conclusions that
replacement with PC4, RHA, and RSA each reduced GHG emissions at approximately the same degree as
the rate of Portland cement replacement. A compressive strength informed comparison index showed
multiple mixtures provide lower GHG emissions per unit strength compared to mixtures with only Portland
cement. These multi-objective comparisons can be tailored to performance parameters and/or

environmental impacts that are of interest during the engineering and design stages.

To build an assessment framework, system-level comparisons were made for the potential mass of
paste that could be produced with a given mineral admixture, while controlling for consistent material
performance. Under current production levels, the amount of paste that can be produced with PC4, RHA,
and RSA was similar to that of silica fume, but with lower GHG emissions. At low strengths, replacement
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rates for fly ash and GBFS were relatively high and allowed for lower GHG emissions compared to the
other mixtures. These GHG emissions reductions decreased at higher strengths. For future mineral
admixture availability, a large decrease in the potential paste production with either GBFS or fly ash was
noted. However, both fly ash and GBFS maintained higher paste production rates in 2050 than PC4, RSA,
and RHA, again, suggesting these alternative materials may be desirable at a regional in scale. At a national
scale, EAF slags were shown to potentially support the same volume of paste as GBFS in 2021 (assuming
similar performance), exceeding fly ash by 2035. Based on resource availability, EAF slags could be an
area for continued investigation as an industrial byproduct SCMs. However, similar material performance

(likely via processing) and lower-GHG emissions must be verified.
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5.2. Directions for future research
This work establishes key metrics that must be examined in the consideration of alternative mineral
admixtures. The alternative SCMs and fillers analyzed, RHA, RSA, and PC4, showed potential to reduce
the GHG emissions of cement-based materials, but the complementary assessments conducted showed
further work is needed to improve performance and considerations must be made to address the ability for
utilization of mineral admixtures at scale. Based on these findings, opportunities for future research into
PC4, RSA, and RHA materials, and promising pathways for identifying and developing other alternative

materials are presented.

5.2.1. On post-consumer carpet calcium carbonate

The generation of PC4 from carpet recycling is likely to continue as the carpet industry in under
pressure across the US to divert carpet from landfills. Significant efforts have been made in literature to
model the polymer recycling network and supply chain from carpet. However, little consideration has been
made for the PC4 fraction. Building on the national-level material flow analysis present here, a regional-
level material flow analysis to project localized PC4 generation would be useful in designing recovery and
valorization systems for PC4 (e.g., use as a filler). Additional durability testing of temperature-treated PC4
in cement-based materials could be studied as could the effects of PC4 property variation between carpeting
material type and recycling process. Variations in PC4 would be expected from different recycling facilities
(ideally, from facilities using different recycling technologies) and from different processing times (e.g.,
different points in the year). Yet, treatment methods such as the heating method explored herein may be
able to limit the effects of such variations if the PC4 were to be used as a filler. Together, this knowledge

would improve our understanding of the consistency and availability of PC4.

The potential applications for PC4 are not limited to use as a mineral filler. PC4 could substitute
for a portion of virgin limestone as a cement kiln feedstock. This use of PC4 could reduce dependency on
landfilling and limestone quarrying, thus improving resource circularity. Recovery of latex from PC4 could
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also be investigated, which may reduce the need for heat treatment of the PC4, improve the performance of
PC4 without heat treatment as a filler, and yield latex for reuse (e.g., as a chemical admixture or in other
products). The strategy of using PC4 as both a mineral filler and a chemical admixture could also be
investigated via techno-economic and experimental investigations, though the PC4 dosage would likely
need to be much smaller than the ratios used in this work. While separate from producing cement-based
materials, the material flow analysis of PC4 in the US identified significant quantities of nylon, PET, and
polypropylene. The use of these recovered plastics is under evaluation by others, but future work could also
consider mechanisms such as chemical recycling instead of downcycled into lower-grade applications

(potentially reducing reliance on production of virgin plastic materials).

5.2.2. On rice straw and rice hull ashes from energy generation

RHA and RSA generation were shown to be benefited by using hull and straw residues to produce
energy and then diverting the ash for use as an SCM. While rice hulls typically exhibit low alkali content,
rice straw had higher fractions of alkalis, which could pose challenges to both energy recovery and concrete
durability. Focusing on use of these ashes as SCMs in concrete, future work should address potential shifts
in long-term material performance via experimental analysis and computational modeling with
comparisons to traditional binder systems. Both methods could be used to project longevity, which could
then inform a cradle-to-grave lifecycle assessment of the RHA and RSA in cement-based materials. Future
work could investigate the potential for leachate, resulting from leaching to remove alkalis prior to
combustion, as a resource (e.g., a K-rich fertilizer). Alternatively, if an alkali solution is used for leaching,
the remnant solution may be diverted into material production processes. Another possible avenue for
investigation could be into alternatives to leaching treatments. For example, blending different biomass
fraction (i.e., rice straw and rice hulls) could be used to reduce the overall alkali content of the biomass
feedstock for combustion. This blending may provide other benefits, such as increasing the feedstock supply
for a combustion facility, decreasing overall alkali content to reduce slagging during combustion, and
decreasing the alkali concentration in the ash for anticipated improvements to the durability of bioash-
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cement materials. These combined ashes would also need to be evaluated, experimentally characterized,

and investigated to ensure appropriate performance as an SCM in cement-based materials.

Alternative uses could also be considered for these biomass materials. In the context of cement-
based materials, rice hull and rice straw could be used as a component of the kiln feed which would produce
energy and then could be looped into the clinker or cement production system as a silica material source.
As with the strategies discussed above, this would require blending to limit the alkali content of the resulting
binder material. If appropriate chemical composition and phase development can be achieved, these

materials could play a role as a kiln fuel in regions where rice cultivation is prominent.

5.2.3. On trends in supply of mineral admixtures and material comparisons

Investigations could build upon the models initiated here to investigate future supply of commonly
used mineral admixture by modeling global supplies. Specific information in context of regional SCM and
filler generation, demand, and consumption will also be useful to inform industry stakeholders and policy

makers on appropriate action to address these anticipated in challenges in mineral admixture availability.

The emergence of alternative and regionally available mineral admixtures (such as RHA and RSA
investigated here) require standards that support utilization of these alternative materials, when safe and
appropriate. These changes should be supported by science and rigorous investigation, such as established
suitable binding equivalency factors for regionally produced materials that are reflective of the regional
building practices. Additionally, future investigations could address how these materials can contribute to
regional production systems and quantitatively reduce environmental impacts via techno-economic

assessment and environmental impact assessment methods.

Potential mineral admixture production projected in 2050 suggested EAF steel slags and total CCPs
will be generated in sizeable quantity. Based on resource availability and chemical composition, these
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materials are two potential mineral admixture flows that could be produced at a national scale from
alternative industrial byproducts. Importantly, the performance and required post-production treatments for
these materials has not been well demonstrated. Future research should investigate byproduct treatment
strategies for EAF and CCPs to drive suitable material performance. If the required beneficiation can be
achieved with minimal additional environmental impacts (especially if it is easily electrifiable, via
controlling slag cooling and/or milling), these materials could help address the resource availability
constraints expected from reduced fly ash and GBFS generation. Experimental investigation into these
alternatives could include evaluating processing strategies and investigating their performance as mineral

admixtures in cement-based materials.

The influence of these partial cement replacements on the durability and longevity of structural
materials is another avenue for future research. For example, an experimental investigation could quantify
changes in various durability properties. Differences in durability properties, like changing permeable pore
volumes and sizes, could have implications for chemical ingress into the cement-based materials. Likewise,
lowering clinker contents may decrease the pH of the materials and make the steel reinforcement more
susceptible to corrosion. Ashes with higher carbon contents could be of particular concern. Less-stable
carbon from these materials may contribute to a further pH decrease or, if these higher-carbon ashes were
in direct contact with the steel, they could accelerate localized corrosion and pitting in the reinforcement.
Lower durability could lead to a reduced lifespan and/or require more frequent maintenance. Notably, this
change in lifespan has implications for the life cycle impacts of the material. Thus, quantifying the change
in lifespan (e.g., modeling chemical ingress and corrosion to then inform replacement and maintenance)
would enable modelling the overall environmental impacts using a life cycle assessment methodology.
These works could be complimented by technoeconomic assessment to verify comparable costs, and
environmental impact assessment to verify actual reductions to the GHG emissions and avoid unintended

consequences to cost or environmental impact from using alternative materials.
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Appendix A. Supplemental information for a material flow analysis
of US carpets

Part 1: Import, export, and production data for tufted carpet
Table A.1. Carpet production data by year based on data from Industrial Research Report (IRR) from the

Wharton School of Business, [1] The United States Census Bureau (US Census) reports, [2]-[21] and
Carpet America Recovery Effort (CARE) [22]-[37]

Year Production (m?) Source Year Production (m?) Source
2018 721316038 CARE 1983 848147998 US Census
2017 745134489 CARE 1982 713780717 US Census
2016 761127114 CARE 1981 791997053 US Census
2015 773280658 CARE 1980 846824409 US Census
2014 745140121 CARE 1979 967220008 US Census
2013 767898271 CARE 1978 928122709 US Census
2012 742760463 CARE 1977 857721652 US Census
2011 800670600 CARE 1976 744382129 US Census
2010 834890368 US Census 1975 655243465 US Census
2009 846214872 US Census 1974 724085982 US Census
2008 1026853422 US Census 1973 789549709 US Census
2007 1165995824 US Census 1972 716514016 US Census
2006 1376999162 US Census 1971 569376567 US Census
2005 1571621099 US Census 1970 505029069 US Census
2004 1521393278 US Census 1969 470459398 US Census
2003 1460658685 US Census 1968 427264242 US Census
2002 1449436188 US Census 1967 361340644 US Census
2001 1401240155 US Census 1966 340899848 US Census
2000 1464942999 US Census 1965 314173048 US Census
1999 1436798965 US Census 1964 266654278 US Census
1998 1403776129 US Census 1963 146817547 IRR

1997 1281993395 US Census 1962 121007644 IRR

1996 1259237363 US Census 1961 97670838 IRR

1995 1222165164 US Census 1960 83022394 IRR

1994 1209064726 US Census 1959 71888109 IRR

1993 1141173722 US Census 1958 59557828 IRR

1992 1093973517 US Census 1957 47188165 IRR

1991 987079696 US Census 1956 38826644 IRR

1990 1059617894 US Census 1955 29588862 IRR

1989 1030695425 US Census 1954 22596667 IRR

1988 1034320872 US Census 1953 13594422 IRR

1987 1016542303 US Census 1952 8740286 IRR

1986 993286267 US Census 1951 5085157 IRR

1985 919264780 US Census 1950 3224524 IRR

1984 885158323 US Census
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Table A.2. Imports and exports of carpet compared to production (in m?) based on data from the U.S.
Census Bureau [2], [3] and the U.S.A. Trade Online Database [38] (UTO). Exported carpet is shown as
negative and imported carpet is shown as positive.

Year Imported Exported Source [Year Imported Exported Source
(m?) (m?) (m?) (m?)

2018 60337169 99525113 [38] | 1997 83479666 26884465 [38]
2017 63921536 89891714 [38] | 1996 79628181 24539317 [38]
2016 62997582 81748705 [38] | 1995 73059480 23675940 [38]
2015 63624795 84484448 [38] | 1994 78707224 20475133 [38]
2014 73554296 86555820 [38] 11993 101012920 13323495 [38]
2013 71265619 77730017 [38] | 1992 86653391 12583883 [38]
2012 69091243 75630073 [38] | 1991 89500000 10900000 [2], [3]
2011 67577382 68930603 [38] 1990 58500000 10900000 [2], [3]
2010 66558920 69655915 [38] 11989 43000000 20000000 [2], [3]
2009 57458454 60201105 [38] 11988 39500000 13800000 [2], [3]
2008 77831458 62665982 [38] | 1987 28800000 14400000 [2], [3]
2007 71598682 66172721 [38] | 1986 20900000 15400000 [2], [3]
2006 75757403 69851017 [38] | 1985 17800000 19800000 [2], [3]
2005 74416417 56394224 [38] | 1984 26700000 18200000 [2], [3]
2004 70311852 58213472 [38] | 1983 36400000 4800000 [2], [3]
2003 64588589 54685788 [38] | 1982 52600000 4300000 [2], [3]
2002 66291163 48055492 [38] | 1981 57513000 1511000 [2], [3]
2001 66386686 43130442 [38] | 1980 61028000 1735000 [2], [3]
2000 76639364 37356406 [38] | 1979 32889000 2846000 [2], [3]
1999 77123042 33875433 [38] | 1978 4492900 1779000 [2], [3]
1998 75852183 27842114 [38]

Table A.3. Assumption or method for estimating values when requisite data were not reported

Parameter Range Filled | Method or Assumption Purpose
% Tufted carpet 2011-2018 Assumed as average of years 1990-2010 Used to
% Import & % Export 1950-1977 Assumed that percentages from 1978 were & calculate
constant during 1950-1977 Sq. meter
of tufted
in the US
% Nylon, PET, and PP | 2011-2016 Interpolation, linear, using data from 2010 and | Used to
Front-fiber 2017 estimate
% Nylon and PET Front- | 1980-1986 Interpolation, linear, using data from 1979 and fi_ber
fiber 1987 disposals
% PP Front-fiber 1980-1991 Interpolation, linear, using data from 1979 and
1992
% Manmade backing 1984-2010 Modeled as 100% after 1983, and 100% PP Used to
% Manmade backing 1964-1967 Modeled as 0% before 1968 calculate
% Cotton, Jute, or Paper | 1966 & 1967 | Interpolation, linear, using data from 1965 and | Packing
backing 1968

Note: PP = Polypropylene, PET = polyethylene terephthalate
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Table A.4. Average carpet composition used to calculate mass of carpet constituents

Input Value Source
Face weight per yard 0.792 Average from Census Data [2]-[21]
(kg/m? carpet)?
Carpet weight per yard 2.316 Average from CARE [22]-[37]
(kg/m? carpet)®
Percentage of tufted carpet as a 90.75% Census Data (average 1990 - 2011) [2]-[21]
fraction of all carpet produced
Face-fiber mass % 47.5 % Reported average (range: 45-50%), [39]
PC4 mass % 44% Sum (1) + (2)
(1) Styrene-butadiene latex mass % 9% Reported average (range:8-10%), [39]
(2) CaCO3 by mass % 35% Reported average (range:30-40%), [39]
Polypropylene from backing 10% Sum (3) + (4)
(3) Primary backing mass % 5% Reported average (range:4-6%) [39]
(4) Secondary backing mass % 5% Reported average (range:4-6%) [39]

2 1.46 Ib/yd?;  4.27 Ib/yd?

Table A.S. Review of carpet lifespans in literature

Author(s) Publication System Application Lifespan Source
year v)

Keoleian, et al. 2001 Broadloom residential 8 [40]

Bowyer, et al. 2019 Broadloom commercial 11/25 [41]
modular

Harris and Fitzgerald 2017 Broadloom commercial 10/15 [42]
modular

Robinson 1996 Broadloom commercial 10 [43]

Moussatche and Languell 2001 Modular commercial 10-12 [44]

Outhred 1995 Broadloom residential 5 [45]

Petersen and Solberg 2004 Broadloom residential 9-10 [46]

Realff, et al. 2009 Broadloom 5-10 [47]

Scheuer, et al. 2003 Broadloom commercial 12/12 [48]
modular

Junnila, et al. 2006 Broadloom commercial 4-25 [49]

Wang 2006 5-10 [50]

Stephan, et al. 2018 Nylon / wool commercial 10/10 [51]

Seiders, et al. 2007 residential 8-10 [52]

Rauf and Crawford 2015 residential 10 [53]

181




Part 2: Calculating sales from Carpet America Recovery Effort reported disposals

Carpet America Recovery Effort (CARE) has collected yearly carpet sales data since 2007. They use survey
data to estimate yearly discards as a function of sales, replacement rates, and carpet deselection, and carpet
mass. Depending on year, either Equation A.1 or Equation A.2 has been used (where S = Carpet sales; R =
percent of carpet to replace existing carpet; P = Average weight of carpet; D = pounds of carpet from
demolition projects not replaced; and DS = Deselection pound resulting from a decision to remove but not
replace carpet)
; — 1
Discards = ((S * R) P) +D Equation A.1

, _ 2
Discards = ((S * R) P) +D+ DS Equation A.2
CARE annual reports typically do not report the measured sales volumes, but they do report other values
used to estimated discards and the calculated discard estimate. Thus, initially measured carpet sales data
can be found using the reported values with the rearranged versions of Equation A.1 or Equation A.2 shown
as Equation A.3 and Equation A.4, respectively. See Table A.6. Sales calculations for tufted carpet from
2009-2018 and the supporting data for calculations collected from annual CARE reports [22]-[37].values
from CARE reports.

_ Discards — D
" PxR Equation A.3

_ Discards — D — DS
- P xR Equation A.4

Table A.6. Sales calculations for tufted carpet from 2009-2018 and the supporting data for calculations
collected from annual CARE reports [22]-[37].

Year | D%3® |P R DS%* | Estimated Estimated Recalculated
(kg/m?) Discards (kg) | Discards (m?) | sales (m?)
2018 | 0.56% 2.441 74% 0.75% 1.45E+09 6.28E+08 7.95E+08
2017 | 0.55% 2.387 78% 0.75% 1.54E+09 6.60E+08 8.11E+08
2016 | 0.57% 2.387 78% 0.75% 1.59E+09 6.83E+08 8.36E+08
2015 | 0.60% 2.278 79% 0.75% 1.54E+09 6.71E+08 8.53E+08
2014 | 0.55% 2.278 82% 0.75% 1.54E+09 6.71E+08 8.21E+08
2013 | 0.55% 2.278 87% - 1.68E+09 7.25E+08 8.44E+08
2012 | 1.30% 2.278 85% - 1.59E+09 6.93E+08 8.19E+08
2011 | 1.30% 2.278 85% - 1.72E+09 7.47E+08 8.86E+08
2010 | 1.30% 2.278 85% - 1.54E+09 6.60E+08 7.80E+08
2009 | 1.30% 2.278 85% - 1.68E+09 7.28E+08 8.61E+08

! From CARE report, 2012 [37]

2 From CARE report, 2014 [25]

3 This value is calculated in reports using a percentage (reported by CARE) of total sales (i.e., D = S*R*P*D%)
4 This value is calculated in reports using a percentage (reported by CARE) of sales (i.e., DS = S*R*P*DS%)
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Part 3: Virgin material flows
To draw comparisons of polymers from carpet disposed to the markets for virgin plastics, annual polymer

production data from 1995 to 2014 in the US as show in Table A.7.

Table A.7. Annual polypropylene, nylon, and polyethylene production (metric ton) in the United States.
Data collected from the Commodity Research Bureau reports [54]1-[56]

Year Polypropylene Nylon Polyethylene
(metric ton) (metric ton) (metric ton)
1995 4.94E+06 4.63E+05 1.09E+07
1996 5.44E+06 5.00E+05 1.20E+07
1997 6.04E+06 5.54E+05 1.23E+07
1998 6.27E+06 5.83E+05 1.26E+07
1999 7.03E+06 6.12E+05 1.35E+07
2000 7.07E+06 6.33E+05 1.63E+07
2001 7.32E+06 5.26E+05 1.52E+07
2002 7.75E+06 5.82E+05 1.62E+07
2003 7.94E+06 5.92E+05 1.58E+07
2004 8.40E+06 6.16E+05 1.72E+07
2005 8.15E+06 5.68E+05 1.63E+07
2006 8.52E+06 5.76E+05 1.75E+07
2007 8.82E+06 5.87E+05 1.80E+07
2008 7.61E+06 5.21E+05 1.60E+07
2009 7.54E+06 4.28E+05 1.67E+07
2010 7.83E+06 4.66E+05 1.70E+07
2011 7.45E+06 5.02E+05 1.69E+07
2012 7.41E+06 5.41E+05 1.73E+07
2013 7.45E+06 5.62E+05 1.75E+07
2014 7.46E+06 5.89E+05 1.79E+07
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To compare PC4 removal to the yearly consumption of cements and limestone, we used data from US
Geological Survey mineral yearbooks as show in Table A.8.

Table A.8. Annual cement production and interground limestone data from 1993-2019. Data collected from
USGS mineral yearbook reports: [57]-[82]

Year Cement Interground limestone
(metric ton) (metric ton)

1993 7.90E+04 0
1994 7.84E+04 0
1995 8.01E+04 0
1996 8.00E+04 0
1997 8.44E+04 0
1998 8.71E+04 0
1999 9.10E+04 1.14E+03
2000 9.39E+04 1.26E+03
2001 9.56E+04 1.60E+03
2002 1.07E+05 1.33E+03
2003 1.09E+05 1.53E+03
2004 1.25E+05 1.81E+03
2005 1.14E+05 2.23E+03
2006 1.14E+05 2.38E+03
2007 1.12E+05 2.15E+03
2008 1.01E+05 1.92E+03
2009 7.36E+04 1.51E+03
2010 7.85E+04 1.55E+03
2011 8.00E+04 1.50E+03
2012 8.68E+04 1.72E+03
2013 9.05E+04 1.93E+03
2014 9.73E+04 2.35E+03
2015 9.77E+04 2.47E+03
2016 9.95E+04 2.67E+03
2017 1.01E+05 3.07E+03
2018 1.01E+05 2.86E+03
2019 1.03E+05 2.75E+03
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Part 4: Expanded annual environmental impacts that could be mitigated from material
substitution

GWP Respiratory effects Fossil fuel depletion
(kg CO2 eq) (kg PM2.5-eq) (MJ)
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Figure A.1. Average annual impacts from virgin material production that could be avoided through use of
recycled carpet products: PC4 (substituted for cement production) between 1999-2019 as well as nylon,
PET, and PP substituted for virgin polymer production from 1995-2014.
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Appendix B. . Supplemental Information for characterization of

as-received PC4 in cement-based materials

Table B.1. Sieve passing rate for PC4, quarried ground limestone, fine aggregate, and coarse aggregate

Sieve PC4, Ground 5 mm 10 mm 25 mm
Specification % Limestone, Aggregate, Aggregate, Aggregate,
Passing % Passing % Passing % Passing % Passing
37.5 (1-1/2 in) - - - 100.00% 100.00%
25 (1 in) - - - 100.00% 100.00%
19 mm (3/4 in) - - - 100.00% 94.1%
12.5 mm (1/2 in) - - - 100.00% 47.8%
9.5 mm (3/8 in) - - - 99.2% 15.7%
4.75 mm (No. 4) 100% - 99.95% 17.7% 0.6%
2.36 mm (No. 8) 100% - 89.1% 2.1% 0.2%
2.00 mm (No. 10) 100% - 80.5% - -
1.18 mm (No. 16) 99.7% - 56.3% - -
600 pm (No. 30) 99.9% - 29.9% - -
420 pm (No. 40) 99.39% 100% 18.9% - -
300 pm (No. 50) 98.88% 100% 10.4% - -
150 pm (No. 100)  64.47% 100% 2.1% - -
125 pm (No. 120) - 99.8% - - -
75 pm (No. 200) 23.65% 95.8% 0.2% - -
45 pm (No. 325) - 82.0% - - -
“-“ indicates sieve sizes not tested
6.0
(a)
~ 55
c
(4]
CIE.) 50
(8]
€
S 45
2
=
E 40
=
o
Lt 35
©
(3]
T
30
25
b
20 ( )
6 8 10 12 14 16
Time (hours)
—PC C-PC4-5 C-PC4-15 C-LS-5 C-LS-15

Figure B.1. Heat flow normalized to mass of cement of different binder mixtures with 5% or 15%
replacement of cement with either PC4 or Limestone showing (a) Heat flow over the 48-hour testing period

and (b) heat flow for the region indicated by the rectangle in (a).
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Appendix C. . Supplemental Information for a material flow
analysis of rice hull and rice straw ash

Part 1: Data to model annual rice production in the US and GHG impacts from Portland
cement

2.1. Annual Rice production statistics

Annual rice production statistics, as collected and reported by the United States (US) Department
of Agriculture (USDA) were used model the maximum yearly flow of rice hull and rice straw from rice
grain production. The USDA reported the total for the entire US (US Total) and totals for states which are
a significant producer of rice products (i.e., Arkansas, California, Louisiana, Mississippi, Missouri, Texas).
The annual planted area data used is provided in US Imperial and Metric units in Table C.1 and the annual
rice yield per acre is provided in Table C.2, with data also in US Imperial and Metric units. Both tables
show annual data from 2017 to 2022 as reported in USDA Rice Yearbook [1].

Table C.1. Annual area planted with rice paddy (state and US total) as reported by the US Department of
Agriculture [1]

Planted Area ... in units of acres

Year 2017 2018 2019 2020 2021 2022
Arkansas 1161000 1441000 1161000 1461000 1211000 1106000
California 445000 506000 503000 517000 407000 256000
Louisiana 400000 440000 425000 480000 420000 425000
Mississippi 115000 140000 117000 166000 105000 85000
Missouri 169000 224000 187000 228000 199000 155000
Texas 173000 195000 157000 184000 190000 195000
US Total 2463000 2946000 2550000 3036000 2532000 2222000
Planted Area ... in units of hectares

Year 2017 2018 2019 2020 2021 2022
Arkansas 469840 583153 469840 591246 490075 447583
California 180085 204771 203557 209223 164707 103600
Louisiana 161874 178062 171992 194249 169968 171992
Mississippi 46539 56656 47348 67178 42492 34398
Missouri 68392 90650 75676 92268 80533 62726
Texas 70011 78914 63536 74462 76890 78914
US Total 996742 1192205 1031949 1228627 1024665 899212
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Table C.2. Average annual rice yield (State-level and US total) as reported by the US department
of Agriculture [1]

Yield / Area ... in units of Ibs / acre

Year 2017 2018 2019 2020 2021 2022
Arkansas 7490 7520 7480 7500 7630 7410
California 8410 8620 8460 8720 9050 8760
Louisiana 6710 7130 6380 6820 6870 6660
Mississippi 7400 7350 7350 7420 7540 7370
Mississippi 7440 7770 7370 7250 8040 7940
Texas 7260 7970 7350 8150 6860 6510
United States 7507 7692 7473 7619 7709 7383
Yield / Area ... in units of kg / hectare

Year 2017 2018 2019 2020 2021 2022
Arkansas 8395 8429 8384 8406 8552 8305
California 9426 9662 9482 9774 10144 9819
Louisiana 7521 7992 7151 7644 7700 7465
Mississippi 8294 8238 8238 8317 8451 8261
Mississippi 8339 8709 8261 8126 9012 8900
Texas 8137 8933 8238 9135 7689 7297
United States 8414 8622 8376 8540 8641 8275

2.2. Modeling inputs for quantifying greenhouse gas impacts of Portland cement production

The OpenConcrete Tool [2] and life cycle inventories (LCI) included in the tool were used to quantify the
US average and state-level averages for GHG impacts (CO»-eq) associated with Portland cement
production. State-level averages for GHG impacts were modeled using the state-level average cement kiln
type mix (Table C.3) [3], state-level average electricity grid mix (TableC.4) [4], state-level average kiln
fuel mix (Table C.5) [5]. US average GHG impacts were modeled using the US average cement kiln type
mix (Table C.3) [3], and US average electricity grid mix (TableC.4) [4], and US averages for kiln fuel mix

(Table C.5) [5].
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Table C.3. Input values for United States (US) and State-level average kiln type mix (%) [2,3]

Wet Dry Preheater Precalciner

Arkansas 100.0% 0.0% 0.0% 0.0%

California 0.0% 15.0% 0.0% 85.0%
Louisiana 28.0% 13.0% 20.0% 39.0%
Mississippi 100.0% 0.0% 0.0% 0.0%

Missouri 40.0% 15.0% 0.0% 45.0%
Texas 20.0% 0.0% 20.0% 60.0%
US Average 27.9% 12.9% 20.0% 39.2%

TableC.4. Input values for United States (US) and State-level average electricity mix (%) [2,4]

Coal |Oil Natural | Biomass | Nuclear | Hydro- | Geo- Solar Wind
Gas electric | thermal
Arkansas 44.1% | 0.1% 30.3% |2.0% 18.7% | 4.5% 0.0% 0.3% 0.0%
California | 0.1% |0.0% [459% |3.1% |9.3% [13.4% |6.0% 13.8% | 7.2%
Louisiana 11.6% | 4.3% 60.3% |2.6% 16.8% 1.2% 0.0% 0.0% 0.0%
Mississippi | 8.3% |0.0% |78.0% |2.3% |10.9% |0.0% 0.0% 0.5% 0.0%
Mississippi | 73.4% |0.1% |85% |0.2% [13.1% |1.1% 0.0% 0.1% 3.5%
Texas 23.4% | 0.0% 50.2% |0.3% 8.6% 0.2% 0.0% 0.7% 15.9%
US Average | 27.5% | 0.6% [35.1% |1.6% [19.4% |6.9% 0.4% 1.5% 6.5%
Table C.5. Input values for United State average kiln fuel mix (%) [2,5]
Coal oil Biomass | Fossil Petroleum | Natural Solid Liquid
Waste Coke Gas Waste Waste
57.5% |0.6% | 0.0% 0.0% 15.4% 11.1% 10.1% 5.4%

Data sources:

[1] U.S. Department of Agriculture, U.S. Rice Acreage, production, and yield, Rice Yearb. (2023).
https://www.ers.usda.gov/data-products/rice-yearbook/rice-yearbook/#U.S. Acreage, Production, Yield, and
Farm Price (accessed December 1, 2023).

[2] A. Kim, P.R. Cunningham, K. Kamau-Devers, S.A. Miller, OpenConcrete: a tool for estimating the
environmental impacts from concrete production, Environ. Res. Infrastruct. Sustain. 2 (2022) 041001.
https://doi.org/10.1088/2634-4505/ac8a6d.

[3] M.L. Marceau, M.A. Nisbet, M.G. VanGeem, Portland Cement Association, Life cycle inventory of
Portland cement manufacture, Portland Cement Association, Skokie, Illinois, 2006.

[4] US Enviroment Protection Agency (EPA), Power Profiler, EGrid Summ. Tables.
https://www.epa.gov/egrid/power-profiler#/.

[5] H.G. van Oss, Minerals yearbook: cement 2012, United States Geological Survey, Reston, VA, 2015.

(2018).
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Appendix D. Supplemental Information for pre-combustion
leaching treatments of rice hull and rice straw

Table D.1. Gradation of rice hulls and rice straw, after it was milled

% Retained at each stage (sums t0100%)

Mesh Size Particle Size (mm) Straw Hull

1" 25.40 4.7% 0.0%

3/4" 19.00 17.7% 0.0%

1/2" 12.70 17.0% 0.0%

3/8" 9.51 1.2% 0.0%

#4 4,76 24.9% 0.2%

#8 2.38 16.7% 66.9%

#10 2.00 3.1% 9.1%

#16 1.19 5.7% 10.3%

#30 0.595 4.2% 9.7%

#40 0.420 1.1% 1.3%

Pan <0.420 3.8% 2.5%

Table D.2. Soluble salt, micronutrient removal, and change in pH of leachate solutions (n=1)
K Ca Mg Na Zn Cu Mn Fe
(mg/L) | (mg/L) | (mg/lL) | (mgL) | (mgL) | (mgl) | (mgl) | (mg/L)

Measurement Precision 0.05 2 1.215 2.3 0.005 0.01 0.005 0.01
H3PO4 Straw Leachate 437.26 53 34.628 15.6 1.284 0.13 41.299 1.52
H3PO4 Hull Leachate 339.30 42 22.356 3.0 0.664 0.08 11.594 2.23
Water Straw Leachate 805.54 -10 30.861 39.6 0.460 0.17 | 18.750 0.94
Water Hull Leachate 226.55 -10 -0.729 -1.2 0.160 0.05 1.560 0.20
H3PO4 Solution
(Prior to Leaching) 1.11 12 5.710 18.6 0.033 0.038 | <0.005 0.13
Water Solution
(Prior to Leaching) 1.08 13 6.439 20.0 0.006 <0.01 | <0.005 <0.01

Table D.3. Post-treatment biomass feedstock properties (n=3)

Moisture content, Volatile matter, Fixed carbon,

%ab Ash content, %db %db %db
Hull, unleached 5.74 (0.21) 22.10 (0.58) 59.72 (0.30) 18.18 (0.36)
Hull, water leached 5.31(0.18) 21.03 (0.37) 62.30 (0.41) 16.67 (0.11)
Straw, unleached 6.90 (0.79) 18.52 (0.56) 65.08 (0.57) 16.39 (0.32)
Straw, water leached 7.11 (011) 17.72 (015) 66.71 (035) 15.57 (034)
Straw, acid leached 0.82 (0.10)® 28.98 (0.20) 46.46 (0.26) 24.56 (0.21)

Values in “( )” are standard deviation, db is dry basis, ?ab is “air-dry basis” moisture content for leached biomass after dewatering
and oven drying. ® for this sample, the straw was dried first and then milled; moisture contents for all other samples occurred prior

to milling.
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Table D.4. Trace elements, LOI, and specific gravity of rice-based ashes and Type II/V PC (n=1)

1D Ba (ppm) | Sr (ppm) | Zr (ppm) | V (ppm)* | CI(%)* | LOI (%) | Density (g/cm?)

Detection Limit 2 2 1 5 0.01 0.01 0.01
S-U-600 116 80 4 6 1.52 4.95 2.53
S-U-850 106 67 3 10 0.14 0.93 2.30
S-U-1100 106 70 7 8 0.01 0.99 2.21
S-W-600 19 20 3 7 <0.01 0.54 2.28
S-W-850 115 86 3 10 0.02 1.00 2.32
S-W-1100 112 82 3 <5 0.02 0.39 2.31
S-A-600 23 17 3 <5 <0.01 4.41 2.60
S-A-850 22 16 3 20 <0.01 1.96 2.24
H-U-600 19 18 4 <5 0.14 2.90 2.33
H-U-850 18 21 3 <5 <0.01 0.50 2.20
H-U-1100 21 20 3 <5 0.01 0.27 2.14
H-W-600 18 23 3 <5 <0.01 2.09 2.38
H-W-850 19 25 3 <5 <0.01 0.51 2.29
H-W-1100 21 19 4 <5 <0.01 0.11 2.34
H-A-600 5 4 3 <5 <0.01 4.17 2.31
H-A-850 4 4 3 <5 <0.01 0.35 2.35
Type 1I/V PC® 171 1107 63 84 0.01 2.43 -

a <’ indicates value is below detection limit, b*-

13
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Appendix E. Supplemental Information for post-combustion

treatment of rice hull and rice straw ash

Table E.1.Tukey test results comparing Rice Straw mixtures with w/b = 0.59

Rice Straw  Ashes 7 Day, w/b =0.59 28 Day, w/b = 0.59
Mixtures diff Iwr upr p adj diff Iwr upr p adj
0,
CTRL & 30%GBFS 72395  25347| 11.9442| 00014| -0.5171|  -7.3443| 6.3101] 0.9994
- 0,

M-RSA & 30%GBFS -0.8618 -5.5666 3.8429 0.9809 -2.2408 -9.0680 4.5864 0.8601
10%RSA-30%GBFS &

30%GBFS -4.4816 -9.1863 0.2232 0.0666 | -6.0329 -12.8601 0.7943 0.0996

- 0,

U-RSA & 30%GBFS 0.0000 -4.7047 4.7047 1.0000| -5.3434 -12.1706 1.4838 0.1729
M-RSA & CTRL -8.1013 -12.8061| -3.3966 0.0004| -1.7237 -8.5509 5.1035 0.9403
109%RSA-30%GBFS

& CTRL -11.7211 -16.4258 -7.0163 0.0000 -5.5158 -12.3430 1.3114 0.1513
U-RSA & CTRL -7.2395 -11.9442 -2.5347 0.0014| -4.8263 -11.6535 2.0009 0.2523
10%RSA-30%GBFS

& M-RSA -36197|  -8.3245| 1.0850| 0.1852| -3.7921| -10.6193| 3.0351| 0.4779
U-RSA & M-RSA 0.8618 -3.8429 5.5666 0.9809| -3.1026 -9.9298 3.7245 0.6587
U-RSA

& 10%RSA-30%GBFS 4.4816 -0.2232 9.1863 0.0666 0.6895 -6.1377 7.5167 0.9980
TableE.2. Tukey test results comparing Rice Hull Ash mixtures with w/b =0.47

Rice Hull Ash, w/b =0.47 |7 Day, w/b =0.47 28 Day, w/b = 0.47

Mixtures iff lwr upr padj diff lwr upr p adj
M-F14b & 30%GBFS 9.4803 2.5966 16.3640 |1.50E-03 7.9290 -2.5792 18.4371 |2.86E-01
10%F14b-30%GBFS & -11.3653 |2.4021 4.86E-01 -3.6197 -14.1279 |6.8884 9.75E-01
30%GBFS

M-F20 & 30%GBFS 0.8618 -6.0219 | 7.7455 1.00E+00 |-10.1698 -20.6779 |0.3384 6.49E-02
109%F20-30%GBFS & -12.4106 -19.2943 |-5.5269 1.74E-05 -14.1342 -24.6424 | -3.6261 2.07E-03
30%GBFS

M-B20 & 30%GBFS -3.9645 -10.8482 |2.9192 6.51E-01 -9.3079 -19.8161 |1.2002 1.21E-01
10%B20-30%GBFS & -15.3408 -22.2245 |-8.4571 | 1.85E-07 -20.8566 -31.3648 |-10.3485 |2.48E-06
30%GBFS

CTRL & 30%GBFS 7.2395 0.3558 14,1232 | 3.24E-02 -1.3790 -11.8871 |9.1292 1.00E+00
M-Fl4a & 30%GBFS 3.7921 -3.0916 |10.6758 |7.04E-01 1.3790 -9.1292 |11.8871 |1.00E+00
10%F14a-30%GBFS & |-6.7224 -13.6061 |0.1613 6.05E-02 -13.2724 -23.7806 |-2.7642 |4.65E-03
30%GBFS

10%F14b-30%GBFS & |-13.9619 -20.8456 |-7.0782 1.56E-06 -11.5487 -22.0569 |-1.0406 2.14E-02
M-F14b

M-F20 & M-F14b -8.6184 -15.5021 |-1.7347 5.17E-03 -18.0987 -28.6069 |-7.5906 4.11E-05
10%F20-30%GBFS & M- | -21.8908 -28.7745 |-15.0072 |1.41E-11 -22.0632 -32.5714 |-11.5551 |7.28E-07
F14b

M-B20 & M-F14b -13.4448 -20.3285 |-6.5611 3.48E-06 -17.2369 -27.7450 |-6.7287 9.81E-05
10%B20-30%GBFS & -24.8211 -31.7048 |-17.9374 |7.77E-13 -28.7856 -39.2938 |-18.2774 |9.66E-10
M-F14b
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Rice Hull Ash, w/b = 0.47
Mixtures

7 Day, w/b = 0.47

28 Day, w/b = 0.47

diff Iwr upr p adj diff Iwr upr p adj
CTRL & M-F14b -2.2408 -9.1245 | 4.6429 9.83E-01 -9.3079 -19.8161 |1.2002 1.21E-01
M-Fl4a & M-F14b -5.6882 -12.5719 |1.1955 1.83E-01 -6.5500 -17.0582 |3.9581 5.47E-01
10%F14a-30%GBFS & |-16.2027 |-23.0864 |[-9.3190 |[4.98E-08 |-21.2014 -31.7095 |-10.6932 |1.75E-06
M-F14b
M-F20 & 10%F14b- 5.3434 -1.5403 |12.2271 |2.52E-01 -6.5500 -17.0582 |3.9581 5.47E-01
30%GBFS
10%F20-30%GBFS & -7.9290 -14.8127 |-1.0453 |1.33E-02 -10.5145 -21.0227 |-0.0063 |4.98E-02
10%F14b-30%GBFS
M-B20 & 10%F14b- 0.5171 -6.3666 | 7.4008 1.00E+00 |-5.6882 -16.1963 |4.8200 7.24E-01
30%GBFS
109%B20-30%GBFS & -10.8592 -17.7429 |-3.9755 |1.90E-04 -17.2369 -27.7450 |-6.7287 |9.81E-05
10%F14b-30%GBFS
CTRL & 10%F14b- 11.7211 4.8374 18.6048 |5.06E-05 2.2408 -8.2674 |12.7489 |9.99E-01
30%GBFS
M-Fl4a & 10%F14b- 8.2737 1.3900 15.1574 | 8.34E-03 4.9987 -5.5095 |15.5069 |8.44E-01
30%GBFS
10%F14a-30%GBFS & |-2.2408 -9.1245 | 4.6429 9.83E-01 |-9.6527 -20.1608 |0.8555 9.50E-02
10%F14b-30%GBFS
10%F20-30%GBFS & M- | -13.2724  |-20.1561 |-6.3887 |[4.55E-06 |-3.9645 -14.4726 |6.5437 9.56E-01
F20
M-B20 & M-F20 -4.8263 -11.7100 |2.0574 3.83E-01 0.8618 -9.6463 |11.3700 |1.00E+00
10%B20-30%GBFS & -16.2027  |-23.0864 |-9.3190 |4.98E-08 |-10.6869 -21.1950 |-0.1787 |4.34E-02
M-F20
CTRL & M-F20 6.3776 -0.5060 |[13.2613 |8.95E-02 8.7908 -1.7173  |19.2990 |1.71E-01
M-Fl4a & M-F20 2.9303 -3.9534 |9.8140 9.12E-01 11.5487 1.0406 22.0569 |2.14E-02
10%F14a-30%GBFS & |-7.5842 -14.4679 |-0.7005 |[2.09E-02 |-3.1026 -13.6108 |7.4055 9.91E-01
M-F20
M-B20 & 10%F20- 8.4461 1.5624 15.3298 |6.58E-03 |4.8263 -5.6818 |15.3345 |8.69E-01
30%GBFS
10%B20-30%GBFS & -2.9303 -9.8140 |3.9534 9.12E-01 -6.7224 -17.2305 |3.7858 5.11E-01
10%F20-30%GBFS
CTRL & 10%F20- 19.6501 12.7664 |26.5337 |3.09E-10 12.7553 2.2471 23.2634 | 7.45E-03
30%GBFS
M-F1l4a & 10%F20- 16.2027 9.3190 23.0864 |4.98E-08 15.5132 5.0050 26.0214 |5.46E-04
30%GBFS
10%F14a-30%GBFS & |5.6882 -1.1955 |12.5719 |1.83E-01 |0.8618 -9.6463 |11.3700 |1.00E+00
10%F20-30%GBFS
109%B20-30%GBFS & -11.3763 -18.2600 |-4.4927 |8.61E-05 -11.5487 -22.0569 |-1.0406 |2.14E-02
M-B20
CTRL & M-B20 11.2040 4.3203 18.0877 |1.12E-04 |7.9290 -2.5792 |18.4371 |2.86E-01
M-Fl4a & M-B20 7.7566 0.8729 14.6403 |1.67E-02 10.6869 0.1787 21.1950 |4.34E-02
10%F14a-30%GBFS & |-2.7579 -0.6416 |4.1258 9.37E-01 -3.9645 -14.4726 |6.5437 9.56E-01
M-B20
CTRL & 10%B20- 22.5803 15.6966 |29.4640 |5.87E-12 |19.4777 8.9695 29.9858 |1.01E-05
30%GBFS
M-Fl4a & 10%B20- 19.1329 12.2493 |26.0166 |6.48E-10 22.2356 11.7274 | 32.7437 |6.11E-07
30%GBFS
10%F14a-30%GBFS & |8.6184 1.7347 155021 |5.17E-03 7.5842 -2.9239 |18.0924 |3.44E-01
10%B20-30%GBFS
M-Fl4a & CTRL -3.4474 -10.3311 |3.4363 8.02E-01 2.7579 -7.7503 |13.2661 |9.96E-01
10%F14a-30%GBFS & |-13.9619 |-20.8456 |-7.0782 |1.56E-06 |-11.8935 -22.4016 |-1.3853 |1.60E-02
CTRL
10%F14a-309%GBFS & |-10.5145 -17.3982 |-3.6308 |3.21E-04 -14.6514 -25.1595 |-4.1432 1.26E-03
M-Fl4a
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TableE.3. Tukey test results comparing Rice Hull Ash mixtures with w/b = 0.59

Rice Hull Ash, w/b =
0.59; mixtures

7 Day, w/b =0.59

28 Day, w/b = 0.59

diff lwr upr p adj dj
M-F14b & 30%GBFS 1.8961 | -2.9597 6.7518 9.82E-01 | 6.0329 -1.0179 | 13.0837 1.70E-01
10%F14b-30%GBFS -7.7566 - -2.9009 5.76E-05 |-4.4816 -11.5324 2.5692 6.12E-01
& 30%GBFS 12.6123
U-F14b & 30%GBFS 0.6895 | -4.1663 5.5452 | 1.00E+00 |-3.1026 -10.1535 3.9482 9.53E-01
M-F20 & 30%GBFS | -3.1026 | -7.9584 | 17531 [ 6.03E-01 [-4.1369 | -11.1877 | 29140 7.26E-01
10%F20-30%GBFS & | -9.1356 - | -4.2798 1.48E-06 |-3.1026 -10.1535 3.9482 9.53E-01
30%GBFS 13.9913
U-F20 & 30%GBFS -4.4816 -9.3373 0.3741 9.88E-02 |-5.6882 -12.7390 1.3627 2.41E-01
M-B20 & 30%GBFS -7.0671 - -2.2114 3.37E-04 |-8.1013 -15.1522 -1.0505 1.13E-02
11.9229
10%B20-30%GBFS & - - -7.0377 8.60E-10 [11.2040 -18.2548 -4.1531 6.23E-05
30%GBFS 11.8935 | 16.7492
U-B20 & 30%GBFS - - -7.0377 8.60E-10 [14.4790 -21.5298 -7.4281 1.44E-07
11.8935 | 16.7492
CTRL & 30%GBFS 7.2395 2.3838 | 12.0952 2.18E-04 |-0.5171 -7.5679 6.5337 1.00E+00
M-Fl4a & 30%GBFS 1.6806 -3.4697 6.8309 9.96E-01 | 1.3790 -5.6719 8.4298 1.00E+00
10%F14a-30%GBFS -6.2053 - | -1.3495 2.75E-03 | 0.3447 -6.7061 7.3956 1.00E+00
& 30%GBFS 11.0610
U-Fl4a & 30%GBFS 1.5513 | -3.3044 6.4071 9.97E-01 | 0.0000 -7.0508 7.0508 1.00E+00
10%F14b-30%GBFS -9.6527 - -4.7969 3.65E-07 [10.5145 -17.5653 -3.4637 2.12E-04
& M-F14b 14.5084
U-F14b & M-F14b -1.2066 | -6.0623 3.6491 | 1.00E+00 [-9.1356 -16.1864 | -2.0847 2.22E-03
M-F20 & M-F14b -4.9987 | -9.8544 | -0.1430 3.79E-02 10.1698 -17.2206 | -3.1189 3.88E-04
10%F20-30%GBFS & - - | -6.1759 8.71E-09 [-9.1356 -16.1864 | -2.0847 2.22E-03
M-F14b 11.0316 | 15.8873
U-F20 & M-F14b -6.3776 - -1.5219 1.83E-03 [11.7211 -18.7719 -4.6702 2.44E-05
11.2334
M-B20 & M-F14b -8.9632 - -4.1075 2.35E-06 [14.1342 -21.1851 -7.0834 2.75E-07
13.8189
10%B20-30%GBFS & - - -8.9338 9.50E-12 [17.2369 -24.2877 | -10.1861 8.18E-10
M-F14b 13.7895 | 18.6452
U-B20 & M-F14b - - -8.9338 9.50E-12 P0.5119 -27.5627 | -13.4611 9.45E-12
13.7895 | 18.6452
CTRL & M-F14b 5.3434 0.4877 | 10.1992 1.88E-02 |-6.5500 -13.6009 0.5008 9.41E-02
M-Fl4a & M-F14b -0.2155 -5.3657 4,9348 1.00E+00 {-4.6540 -11.7048 2.3969 5.53E-01
10%F14a-30%GBFS -8.1013 - | -3.2456 2.33E-05 |-5.6882 -12.7390 1.3627 2.41E-01
& M-F14b 12.9571
U-Fl4a & M-F14b -0.3447 -5.2005 45110 1.00E+00 {-6.0329 -13.0837 1.0179 1.70E-01
U-Fl14b & 10%F14b- 8.4461 3.5903 | 13.3018 9.37E-06 | 1.3790 -5.6719 8.4298 1.00E+00
30%GBFS
M-F20 & 10%F14b- 4.6540 -0.2018 9.5097 7.28E-02 | 0.3447 -6.7061 7.3956 1.00E+00
309%GBFS
10%F20-30%GBFS & -1.3790 -6.2347 3.4768 9.99E-01 | 1.3790 -5.6719 8.4298 1.00E+00
10%F14b-30%GBFS
U-F20 & 10%F14b- 3.2750 -1.5807 8.1307 5.17E-01 |-1.2066 -8.2574 5.8443 1.00E+00
30%GBFS
M-B20 & 10%F14b- 0.6895 -4.1663 5.5452 1.00E+00 [-3.6197 -10.6706 3.4311 8.67E-01
30%GBFS
10%B20-30%GBFS & | -4.1369 | -8.9926 0.7189 1.74E-01 |-6.7224 -13.7732 0.3285 7.62E-02
10%F14b-30%GBFS
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Rice Hull Ash, w/b =
0.59; mixtures

7 Day, w/b = 0.59

28 Day, w/b = 0.59

diff lwr upr p adj dj
U-B20 & 10%F14b- | -4.1369 | -8.9926 0.7189 1.74E-01 |-9.9974 -17.0482 -2.9466 5.22E-04
30%GBFS
CTRL & 10%F14b- | 14.9961 | 10.1404 | 19.8518 3.96E-12 | 3.9645 -3.0864 | 11.0153 7.78E-01
30%GBFS
M-Fl4a & 10%F14b- 9.4372 4.2869 | 14.5875 | 2.80E-06 | 5.8605 -1.1903 | 12.9114 2.03E-01
30%GBFS
10%F14a-30%GBFS 15513 | -3.3044 6.4071 9.97E-01 | 4.8263 -2.2245 | 11.8772 4.94E-01
& 10%F14b-
30%GBFS
U-Fl4a & 10%F14b- 9.3079 4.4522 | 14.1636 9.28E-07 | 4.4816 -2.5692 | 11.5324 6.12E-01
30%GBFS
M-F20 & U-F14b -3.7921 | -8.6478 1.0636 2.85E-01 |-1.0342 -8.0850 6.0166 1.00E+00
10%F20-30%GBFS & | -9.8250 - | -4.9693 | 2.29E-07 | 0.0000 -7.0508 7.0508 1.00E+00
U-F14b 14.6808
U-F20 & U-F14b -5.1711 - | -0.3153 2.68E-02 |-2.5855 -9.6364 4.4653 9.89E-01
10.0268
M-B20 & U-F14b -7.7566 - | -2.9009 5.76E-05 [-4.9987 -12.0495 2.0521 4.36E-01
12.6123
10%B20-30%GBFS & - - | -7.7272 1.40E-10 |-8.1013 -15.1522 -1.0505 1.13E-02
U-F14b 12,5829 | 17.4387
U-B20 & U-F14b - - | -7.7272 1.40E-10 [11.3763 -18.4272 -4.3255 4.56E-05
12.5829 | 17.4387
CTRL & U-F14b 6.5500 1.6943 | 11.4057 | 1.21E-03 | 2.5855 -4.4653 9.6364 9.89E-01
M-Fl4a & U-F14b 0.9911 | -4.1592 6.1414 | 1.00E+00 | 4.4816 -2.5692 | 11.5324 6.12E-01
10%F14a-30%GBFS -6.8948 - | -2.0390 5.18E-04 | 3.4474 -3.6035 | 10.4982 9.02E-01
& U-F14b 11.7505
U-Fl4a & U-F14b 0.8618 | -3.9939 5.7176 | 1.00E+00 | 3.1026 -3.9482 | 10.1535 9.53E-01
10%F20-30%GBFS & | -6.0329 - | 11772 4.10E-03 | 1.0342 -6.0166 8.0850 1.00E+00
M-F20 10.8886
U-F20 & M-F20 -1.3790 | -6.2347 3.4768 9.99E-01 |-1.5513 -8.6022 5.4995 1.00E+00
M-B20 & M-F20 -3.9645 | -8.8202 0.8912 | 2.25E-01 [-3.9645 -11.0153 3.0864 7.78E-01
109%B20-30%GBFS & | -8.7908 - | -3.9351 | 3.73E-06 |-7.0671 -14.1180 | -0.0163 4.89E-02
M-F20 13.6465
U-B20 & M-F20 -8.7908 - | -3.9351 3.73E-06 [10.3421 -17.3930 -3.2913 2.87E-04
13.6465
CTRL & M-F20 10.3421 5.4864 | 15.1979 5.63E-08 | 3.6197 -3.4311 | 10.6706 8.67E-01
M-Fl4a & M-F20 47832 | -0.3670 9.9335 | 9.41E-02 | 5.5158 -1.5350 | 12.5666 2.84E-01
10%F14a-30%GBFS -3.1026 | -7.9584 1.7531 6.03E-01 | 4.4816 -2.5692 | 115324 6.12E-01
& M-F20
U-Fl4a & M-F20 4.6540 | -0.2018 9.5097 | 7.28E-02 | 4.1369 -2.9140 | 11.1877 7.26E-01
U-F20 & 10%F20- 4.6540 | -0.2018 9.5097 | 7.28E-02 |-2.5855 -9.6364 4.4653 9.89E-01
30%GBFS
M-B20 & 10%F20- 2.0684 | -2.7873 6.9242 9.63E-01 |-4.9987 -12.0495 2.0521 4.36E-01
30%GBFS
109%B20-30%GBFS & | -2.7579 | -7.6136 2.0978 | 7.65E-01 |-8.1013 -15.1522 | -1.0505 1.13E-02
10%F20-30%GBFS
U-B20 & 10%F20- | -2.7579 | -7.6136 2.0978 7.65E-01 [11.3763 -18.4272 -4.3255 4.56E-05
30%GBFS
CTRL & 10%F20- | 16.3750 | 11.5193 | 21.2308 | 3.66E-12 | 2.5855 -4.4653 9.6364 9.89E-01
30%GBFS
M-Fl4a & 10%F20- | 10.8161 5.6659 | 15.9664 | 8.34E-08 | 4.4816 -2.5692 | 11.5324 6.12E-01
30%GBFS
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Rice Hull Ash, w/b =
0.59; mixtures

7 Day, w/b = 0.59

28 Day, w/b = 0.59

diff lwr upr p adj dj
10%F14a-30%GBFS 2.9303 | -1.9255 7.7860 | 6.87E-01 | 3.4474 -3.6035 | 10.4982 9.02E-01
& 10%F20-30%GBFS
U-Fl4a & 10%F20- | 10.6869 5.8311 | 15.5426 2.21E-08 | 3.1026 -3.9482 | 10.1535 9.53E-01
30%GBFS
M-B20 & U-F20 -2.5855 | -7.4413 2.2702 8.34E-01 [-2.4132 -9.4640 4.6377 9.94E-01
10%B20-30%GBFS & | -7.4119 - | -2.5561 1.40E-04 |-5.5158 -12.5666 1.5350 2.84E-01
U-F20 12.2676
U-B20 & U-F20 -7.4119 - | -2.5561 1.40E-04 |-8.7908 -15.8416 -1.7400 3.88E-03
12.2676
CTRL & U-F20 11.7211 6.8654 | 16.5768 1.36E-09 | 5.1711 -1.8798 | 12.2219 3.82E-01
M-Fl4a & U-F20 6.1622 1.0119 | 11.3125 6.82E-03 | 7.0671 0.0163 | 14.1180 4.89E-02
10%F14a-30%GBFS -1.7237 | -6.5794 3.1320 9.92E-01 | 6.0329 -1.0179 | 13.0837 1.70E-01
& U-F20
U-Fl4a & U-F20 6.0329 | 11772 | 10.8886 | 4.10E-03 | 5.6882 -1.3627 | 12.7390 2.41E-01
10%B20-30%GBFS & | -4.8263 | -9.6821 0.0294 5.29E-02 |-3.1026 -10.1535 3.9482 9.53E-01
M-B20
U-B20 & M-B20 -4.8263 | -9.6821 0.0294 | 5.29E-02 |-6.3776 -13.4285 0.6732 1.15E-01
CTRL & M-B20 14.3066 9.4509 | 19.1623 5.25E-12 | 7.5842 0.5334 | 14.6351 2.41E-02
M-Fl4a & M-B20 8.7477 3.5974 | 13.8980 | 1.59E-05 | 9.4803 24295 | 16.5311 1.26E-03
10%F14a-30%GBFS 0.8618 | -3.9939 5.7176 | 1.00E+00 | 8.4461 1.3952 | 15.4969 6.68E-03
& M-B20
U-Fl4a & M-B20 8.6184 3.7627 | 13.4742 5.92E-06 | 8.1013 1.0505 | 15.1522 1.13E-02
U-B20 & 10%B20- 0.0000 | -4.8557 4.8557 | 1.00E+00 [-3.2750 -10.3258 3.7758 9.31E-01
30%GBFS
CTRL & 10%B20- | 19.1329 | 14.2772 | 23.9887 3.61E-12 [10.6869 3.6360 | 17.7377 1.57E-04
30%GBFS
M-Fl4a & 109%B20- | 13.5740 8.4238 | 18.7243 | 8.10E-11 (12.5829 5.5321 | 19.6338 5.00E-06
30%GBFS
10%F14a-30%GBFS 5.6882 0.8324 | 10.5439 8.94E-03 [11.5487 4.4979 | 18.5996 3.34E-05
& 10%B20-30%GBFS
U-Fl4a & 10%B20- | 13.4448 8.5890 | 18.3005 1.79E-11 [11.2040 41531 | 18.2548 6.23E-05
30%GBFS
CTRL & U-B20 19.1329 | 14.2772 | 23.9887 3.61E-12 13.9619 6.9110 | 21.0127 3.80E-07
M-Fl4a & U-B20 13.5740 8.4238 | 18.7243 8.10E-11 [15.8579 8.8071 | 22.9088 1.07E-08
10%F14a-30%GBFS 5.6882 0.8324 | 10.5439 | 8.94E-03 14.8237 7.7729 | 21.8746 7.51E-08
& U-B20
U-Fl4a & U-B20 13.4448 8.5890 | 18.3005 1.79E-11 [14.4790 7.4281 | 21.5298 1.44E-07
M-Fl4a & CTRL -5.5589 - | -0.4086 2.33E-02 | 1.8961 -5.1548 8.9469 9.99E-01
10.7092
10%F14a-30%GBFS - - | -85890 | 1.79E-11 | 0.8618 -6.1890 7.9127 1.00E+00
& CTRL 13.4448 | 18.3005
U-Fl4a & CTRL -5.6882 - | -0.8324 8.94E-03 | 0.5171 -6.5337 7.5679 1.00E+00
10.5439
10%F14a-30%GBFS -7.8859 - | -2.7356 | 1.32E-04 |-1.0342 -8.0850 6.0166 1.00E+00
& M-Fl4a 13.0362
U-Fl4a & M-Fl4a -0.1293 | -5.2796 5.0210 | 1.00E+00 [-1.3790 -8.4298 5.6719 1.00E+00
U-Fl4a & 10%F14a- 7.7566 2.9009 | 12.6123 5.76E-05 |-0.3447 -7.3956 6.7061 1.00E+00
30%GBFS
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Appendix F. Projected paste masses and GHG emissions

(expanded)
T owea

i i
8 | g
e 14 \
‘\_‘»ﬁ g
8 »"‘ - 8
Do »'/ ha
% J <
@ !
g [T Emcric are fumace siag |,
K | PC4 !
E.. | Py msn ’2
© | Geound tast umace slag | Rice hul ash
< | Ake hul osh ) Rice syaw ash
é I TP | | Rios sraw ash 5 | Lol Nakid) Lol
w0 10 10° w w w' 1w 10
(a) Mton paste (b) ) ~ Mton paste )
7 ol 5
: 2 g
16~ Doe 4
-y g £
4 % %
8 gu- T got ! | g 04
Eleorc m'\mmdw q g g Blectric arc fumace siag
5 PeCe
' ! t:__ Py azh
Bl 02 ;' 024 ' Ground blast fumace “0g
[ Rice hul ash
[C] 4 g || Ric straw ash
5 tae—a 0] A load a wwl
10" s’ 10 10
(d) (e) ) Mton paste n
© @ T
- - L od k73 -
g & g
Dog- Dos- 06
g : 2
g § ?;
g 04- gu A- ! ! go.n
@ ) | Edectric are fumace dag Elatric are fumace skig
- . r | PC4 g PC4
: E] Fiy ash 2 Fiy msn
E 02 E 02 ,Cvumdbhﬂlwmmﬂaq,goz Greund biast fumace shag
| Aice hul ash ’ Fica bl ash
g ©] Rice wram aah g Rice straw ash
O Wil ] 5 wl Lua ] Lk ] I T P I PP WA P
100 10" 10 10' w w' w' ' 10 10’
C)] Mton paste (h) Mton paste (0] Mton paste

Figure F.1. Figure showing potential maximum paste generation and associated GHG emissions in 2021,
2035, and 2050 for paste compressive strengths of 20 MPa, 40MPa, and 60 MPa.
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