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ABSTRACT

The feasibility of carbon sequestration in cemelnt ¢tust (CKD) was investigated in a
series of batch and column experiments conductddruambient temperature and
pressure conditions. The significance of this wisrthe demonstration that alkaline
wastes, such as CKD, are highly reactive with cadlioxide (CQ). In the presence of
water, CKD can sequester greater than 80% of ésrétical capacity for carbon without
any amendments or modifications to the waste. Qtheeral carbonation technologies
for carbon sequestration rely on the use of mineteral feedstocks as the source of
oxides. The mining, pre-processing and reactiomitimms needed to create favorable
carbonation kinetics all require significant adui$ of energy to the system. Therefore,
their actual net reduction in G@& uncertain. Many suitable alkaline wastes aoelpced
at sites that also generate significant quantdfeSO,. While independently, the
reduction in CQemissions from mineral carbonation in CKD is snfall3% of process
related emissions), when this technology is appgbesimilar wastes of other industries,

the collective net reduction in emissions may lpaifcant.

The technical investigations presented in thisadtasion progress from proof of
feasibility through examination of the extent ofjgestration in core samples taken from
an aged CKD waste pile, to more fundamental batchnaicroscopy studies which
analyze the rates and mechanisms controlling micaraonation reactions in a variety
of fresh CKD types. Finally, the scale of the sygstgas increased to assess the
sequestration efficiency under more pilot or fistthle conditions and to clarify the

importance of particle-scale processes under mgrardic (flowing gas) conditions. A



comprehensive set of material characterization agshincluding thermal analysis, X-
ray diffraction, and X-ray fluorescence, were ugedonfirm extents of carbonation and
to better elucidate those compositional factordrotling the reactions. The results of
these studies show that the rate of carbonati@KiD is controlled by the extent of
carbonation. With increased degrees of convergiarticle-scale processes such as
intraparticle diffusion and CaG@nicropore precipitation patterns begin to limig tlate
and possibly the extent of the reactions. Ratesaisybe influenced by the nature of the
oxides participating in the reaction, slowing whke free or unbound oxides are
consumed and reaction conditions shift towardstmsumption of less reactive Ca
species. While microscale processes and compositieats appear to be important at
later times, the overall degrees of carbonatiorendes! in the wastes were significant (>
80%), a majority of which occurs within the firstlays of reaction. Under the
operational conditions applied in this study, tlegre of carbonation in CKD achieved
in column-scale systems was comparable to thosevdxs under ideal batch conditions.
In addition, the similarity in sequestration peni@nce among several different CKD
waste types indicates that, aside from availabideozontent, no compositional factors

significantly hinder the ability of the waste tajsester CQ



PREFACE

The following document has been formatted as aotileic Thesis or Dissertation
(ETD). Hyperlinks and bookmarks are intended tdlifate navigation from the table of
contents and to section headings within the Ungy@hapter, as well as to the four
manuscripts included in this document. After follogra hyperlink, the reader may use

the back button on the tool bar to return to thevjmus location in the document.
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UNIFYING CHAPTER
General Overview

The overall goal of this dissertation was to inigege the use of solid alkaline
industrial wastes, specifically cement kiln dusk(@@), to sequester COA combination
of batch, column, and microscopy experiments werelacted with several CKD types
in order to, first demonstrate the feasibility aheral carbonation in waste products and
show its viability as a potential sequestratiormtextogy; and second to improve the
fundamental understanding of the mineral carbongirecess within alkaline wastes,
specifically to identify those mechanisms that rbayrate- or extent-limiting. To
strengthen the technical aspects of this studyt@ptace the significance of this work in
a more global framework, two additional studiesevesnducted: one which examined
the feasibility of carbon emissions regulationdwmtthe United States and another that
investigated the potential environmental impactuotidn from the use of alternative
cement manufacturing processes, including the stigien of CQ in CKD.

This study focused on the sequestration of carb@&@KD through the process of
mineral carbonation. A majority of the sequestragdforts to date have focused on the
storage of CQin large reservoirs capable of capturing mass tiiesof carbon. While
the potential benefits of such sequestration ptsjare quite large, there still remains
significant uncertainty regarding the long-termbdity of the stored carbon. This
uncertainty has slowed implementation. While nogr@sd in scale, industry specific
sequestration options have the potential to re@uussions at their source; the
cumulative effects of which could be significanthésuch option is the use of alkaline

industrial solid wastes to capture carbon throdnghformation of mineral carbonates.



Many suitable solid residues are produced at Higsalso produce significant quantities
of CO,, such as steel or cement manufacturing faciliegjuestration in wastes such as
CKD is well worth investigating because of: (1) 8tability of the carbonate end-
products; (2) the general availability of the was{@) their high surface area and
increased oxide content, which makes them higldgtree at ambient temperatures and
pressures; and (4) the potential stabilizing effeetcarbonation reactions can have on

the waste (i.e., reduced pH).
Background

Nature of the Problem

The Earth’s temperature is regulated by naturamreuse gases, such as water
vapor, carbon dioxide (C) nitrogen oxide (N@), and methane (NHL Sunlight is
reflected off the Earth’s surface in the form dfamed radiation (heat). Greenhouse gases
absorb terrestrial radiation, “trapping” heat ie titmosphere (NEIC 2004). Over time,
the amount of energy sent from the sun to the Eastirface should balance the amount
of energy radiated back into space (EIA 2004, UB BB05). Natural processes, such as
plant growth and decay, volcanic activity, and reaathering contribute to and regulate
the concentration of these gases in the atmosphatiBropogenic activities, however,
are adding additional quantities of carbon to §ystesm at a rate faster than can be
effectively balanced by Earth’s natural proces$és. result has been an increase in
atmospheric C@concentrations of approximately 100 ppsince the start of the
industrial revolution (Feely et al. 2004; US EPA3D Based on ice core records,
concentrations have not reached this magnitudeleaat the last 420,000 years (Pedit et

al.1999). Although other greenhouse gases, sunte#isane, trap more heat per molecule



than CQ, aside from water vapor G@& the most abundant of the greenhouse gases and
therefore is the largest contributor to the enhdrgreenhouse effect (~70%) (IPCC
2001).The concern stems from both the rate at which gtimersc concentrations are
changing and from our uncertainty in how elevat@sospheric CQconcentrations will
perturb Earth’s existing natural cycling procegsesugh either the intensification or
creation of positive and negative feedback loopgk@wski et al. 2000; Feely et al. 2004,

Sabine et al. 2004; Field and Raupach 2004; US E5).

Carbon Cycle

Carbon dioxide (Cg) is naturally cycled among the Earth’s atmosphereanic,
and terrestrial systems in a process called thidoteacycle”. Therefore, the fate of GO
in the atmosphere is a function of complex biogeatical processes. We understand
enough about the carbon cycle to recognize thatralgtrocesses like oceanic uptake of
CQO, and soil and biotic storage can buffer, to somergxthe rate of increase of g
the atmosphere. However, we are entering unchawdtels because we have exited the
climate domain long controlled by the Earth’s ghénterglacial dynamics (Falkowski et
al. 2000), and we cannot yet predict how anthropmgactivities will affect climate in
the long term. The carbon cycle does not operagevimcuum and fluctuations in its
inventories can disturb other natural processes, domatological and biogeochemical
(Falkowski et al. 2000). This is not to say that f#ystem will not adapt to these changes.
We just do not know what this future system withkdike. Because of this uncertainty,

the perceived need to reduce £Enissions to the pre-industrial levels has infeti



Anthropogenic Carbon Emissions

Increased public awareness of the threats posetbbgl warming has led to greater
concern over the impact of anthropogenic carborsgiomns on the global climate. The
current level of carbon dioxide (GJOn the atmosphere is approaching 380 pffreely
et al. 2004; Sabine et. al 2004). Without marlathhological, and societal changes,
concentrations are projected to increase to ovemp@dy, by the end of the century
(Feely et al. 2004). Since the pre-industrial ratioh, both changes in land-use patterns
and the intensity of our development activitieséhhad a notable impact on atmospheric
CO, concentrations. The largest source of anthropegearbon emissions is from fossil
fuel combustion, and energy consumption is rising th our growing economy’s
demand for fuel (Appendix 1). Non-energy relatedustrial activities also produce a
significant quantity of process-related £€émissions through the transformation of raw
materials (US EPA 2005). Of these, cement manufiacf@and iron and steel production

are the most carbon intensive.

Response to Rising Emissions

In a report to Congress in 1989 concerning glokaimng, the EPA (1989) stated
that “the landscape of North America will changevawys it cannot be fully predicted.
The ultimate effects will last for centuries andl e irreversible....Strategies to reverse
such impacts on natural ecosystem are not curraadlifable.” Even with such a bold
statement by the EPA and similar warnings by othretse research community,
relatively little has been done to reduce greenb@as emissions, nationally or globally.
“The Feasibility of Carbon Emission Control Polisigvithin the United Statégprovided

in Appendix | examines the positive and normatispets of potential carbon emissions



policies within the United States, as well as theiad and economic implications of
different policy strategies. The goal of this rép@as to gain a general understanding of
the political climate surrounding the climate chamigbate and to better understand the
likelihood of carbon emission policies being endatethe U.S. This report (Appendix I)
fulfilled part of the requirements for a coursedalon the foundations of public policy
while in residence at Southern University in BaRwuge, LA. While not a rigorous
analysis of the policy framework surrounding thebgll warming debate, the report does
provide a good summary of the motivators and bargeen as influencing the different
climate change policies being proposed to Congiidssfocus is primarily on the use of
market-based approaches to reduce @@issions and applies Social or Public Chbice
arguments, along with the problem of Collectiveigtto help explain the hesitancy of
Congress and other political stake holders (eayegqment officials, voters, lobbyists) in
supporting market-based controls for £#£nissions.

The common podlcharacteristic of the greenhouse effect makegieokifor
controlling pollution more difficult. The long-termature of the problem and more urgent
direct social and economic needs appear to caumse 50S. politicians to avoid enacting
stringent climate change policies. Even thoughptst and current administrations have
proposed legislation to cap and regulation GHG simniss, no policies have passed in

Congress. Thus, one significant question seemsmain: whether global warming is

! Public and Social choice theories are closelytedland are used to study the behavior of voters,
politicians, and government officials (politicaltaxs) and how their individual interests and judgiseof
well-being translate into collective (group) prefieces. It is often used to explain how specialéstis can
bring about policy that conflicts with the overddésires of the general public (see Appendix | forae
detailed discussion).

2 The term “common-pool” is often used to describetural or human-made resource that is open for us
by the public. Without controls, the resource fadestruction in the long run due to congestionyose,
and/or pollution. The concept of “common-pool” resmes is discussed in greater detail in Appendix I.



considered a serious enough problem by societppose policies that may not be in our
best short-term economic interest?

Regardless of the United State’s reluctance totgBHE regulations, international
consensus is building in support of carbon emisalmatement and the stabilization of
atmospheric Coto pre-1990 levels. In general, the focus has Ipéssed in market-
based approaches (Appendix I) because they allothéoseparation of the ends from the
means. Thus, attention can be directed towardsfynacceptable and cost-effective
approaches to emission reductions, many of whightrbe industry specific; because
unlike NQ, and SQ, there are currently no commercially availablelustry-wide
technologies for removing and storing (sequest@i@@ (Appendix |). Thus the
tendency has been to lean towards larger-scalé@my ones which either reduce the
dependence on fossil fuels or provide for the agpamd long-term storage of excess
carbon (e.g., geologic sequestration, oceanicgtotarrestrial sequestration).

No single approach, including sequestration ortslifenergy dependence, will
provide the solution to the growing carbon problénhalanced, carbon-management
strategy is likely required; one which containsoatiolio of technologies, including the
development of carbonless energy sources and ptereaof CQ emissions using a

variety of carbon sequestration technologies (N2U04; SCOPE 62 2004).

Sequestration

Carbon Sequestration generally refers to the ca@nd permanent, safe storage of
CQO.. A majority of the sequestration efforts have bfmused on the storage of ¢
large reservoirs such as the oceans, deep gedtwgiations, and terrestrial biosphere

(USDOE 2005; Huijgen and Comans 2003; and NRC 2@3pller scale or industry



specific sequestration options are often overlodexchuse they lack the “global” extent
of other options. Not all sequestration solutidrsyever, need to be global in scale. The
main advantage of mineral carbonation is the folwnaaf carbonate minerals such as
calcite (CaC@ and magnesite (MgG{) end-products which are known to be stable

over geologic time scales.

Mineral Carbonation in Alkaline Wastes

Of the existing research studies examining mineathonation, most have focused on
the use of mined mineral rock as feedstock (refditérature cited in th€ore Papey.
Industrial solid wastes and residues, however, prayide more reactive mineral sources
that require little to no pre-processing. In adulitithe utilization of alkaline waste
materials has two potential advantages over otheenal CQ sequestration
technologies: waste materials provide an inexpensburce of calcium or magnesium
mineral matter; and the environmental quality & taste materials may be improved
through pH-neutralization and mineral transfornrafjeluijgen and Comans 2003). The
downside of utilizing waste products for carbonatamain comes from the issue of scale.
But alkaline solid wastes are worth consideringrémtuction of emissions at their source.
In fact, this is one major advantage of the utilaaof alkaline wastes for carbon
sequestration: many suitable solid residues aréymed at sites that also produce
significant quantities of C&Qsuch as steel manufacturing, municipal solid evast
incinerators, and cement manufacturing facilities.

Both steel and cement manufacturing are rankeditfeest among non-energy
related carbon emitters. Moreover, the cement imgissthe third largest source of GO

emissions in the U.S. (US EPA 2005). Approximatty of global carbon emissions can



be attributed to the manufacturing of cement, watlnghly half of the C@coming from
the calcining process, and the remaining origirgatiom the burning of fuels used to fire
the kiln (Hendriks et al. 2000). The calcining pres releases G@om the conversion of
calcium carbonates to lime (Figure 1) at tempeestgreater than 130C. Cement
production generates a world carbon emission ofcqimately 0.80 kg C@per kg
cement produced (Hendriks et al. 2000). While hetlargest cement producer, North
America is one of the most carbon intensive, geimey®.89 kg CQ per kg cement

produced, second only to India.

Raw Material
CO, Sequestration CaCoOy,,
(Mineral Carbonation) Cabonates Calcination Process
Cco,
H,0 co,
Ca(OH)ynq Ca0,
Lime Water Lime

Reaction of CaO

in waste with
water
H.0 Ca(OH)z(S) H,O
2 Slaked Lime

Dissolution of
Hydrated Lime

Figure 1. Schematic showing the calcining processdaring the manufacturing of
cement and the associated reactions related to tlearbon sequestration using
cement kiln dust.

Based on stoichiometry, variations in material cosifion, and theoretical

determinations of sequestration capacity (refetisoussion on theoretical extent in the



Batch Pape), the CKD generated within the U.S. has the paetd recapture between
0.74 and 5.12 Tg C{per year by sequestration (value depends on wasteosition and
the percentage recycled). From estimates of condmuahd process-related GO
emissions (van Oss and Padovani 2003), this eqtatgsto 13% of the C£emitted
from the calcination process (~6.5% reduction i8.l&éement related G@missions, or a
0.33% reduction in global G@missions). Thus, the reuse of CKD for £f&questration
has the potential to be a valuable means for pigraknsing the CQ loop created by the
calcining processes (Figure 1) and for meetingmalty or mandatory emission
reduction goals. While the impacts of mineral cadi®mn in alkaline wastes may not
compare in scale to those of other sequestrat@mudogies, it is worthy of investigation
because of the stability of the end-products, beiatise of waste materials, and

favorable thermodynamics of the carbonation reastio

Purpose and Scope of Technical Work

The aim of this research is to improve the fundamiamderstanding of the mineral
carbonation reactions occurring during the segagstr of CQ by CKD. More
specifically, to elucidate the important physicdemical, and transport processes
controlling the rate and degree of carbonationeable in the waste. A series of
experiment studies were conducted to: first, dertnatesthe feasibility of mineral
carbonation in CKD at ambient temperatures andspres; second, to measure the rate
and extent of sequestration under ideal (staticmited CO, supply) conditions; and
third, to assess the importance of particle-scadegsses on sequestration performance

under dynamic (gas flowing) conditions. The resaftthis work are presented in three



technical papers, prepared for submission tdthuenal of Hazardous MaterialCore

Paper) andEnvironmental Science and Technol¢Bgtch and Column Papers).

The fourth paper included in this dissertation prés the culmination of
collaborative work with Thomas Eatmon, a doctotatlent in the Nelson Mandela
School of Public Policy at Southern University iatBn Rouge, LA. We conducted a life
cycle assessment (LCA) of the manufacturing ofiti@ahal and alternative Portland
cement products (LCA Paper). The analysis incluatsgssment of a pozzolanic
(blended) cement, as well as various treatmen@Kdd during the production process,
including full recycling and carbon sequestratidhe paper has been submitted to a
special issue of théournal of Cleaner Productioooncerning the scientific and
technological approaches to the sustainable marageshnatural resources.

Finally, incorporated into this work (primarily ti@lumn Paper) are the results of a
scanning electron microscopy with energy-disperXiray (SEM-EDX) study
conducted by Cecilia Anderson, a Master’s studethé Department of Geologic and
Mining Engineering and Sciences. The applicatiom@roscopic analysis for
visualizing the carbonation reactions was incluiheshy initial research proposal
presented to my committee in December of 2003.Akned in the proposal, the goal of
the SEM work was to develop a conceptual pictusedeing the physical and chemical
framework of the mineral carbonation process aptmticle scale. The actual analysis
was undertaken by Ms. Anderson as part of her Magtsearch. However, because of
my development of the initial research idea, as agmy supervision of Ms. Anderson’s

work, a summary of the major results of her SEM-E&n&lysis are included here.

10



Theoretical Capacity

Integral to the experimental studies was the detetion of CKD’s theoretical
capacity for sequestration. It was assumed thativeacalcium species in the waste (e.g.,
free CaO, Ca(OH) CaSiOs) are the major phases participating in the cartioma
reactions. The composition of CKD, however, carywaidely and other oxides (e.g.,
MgO, FeQ, K0, and NaO) may also contribute, to a lesser extent, tasttpiestration
of CO, through a number of ancillary reaction pathwayser&fore, in order to estimate
theoretical capacities for each of the CKD type=dus this study, consideration was
given both to the waste’s oxide composition andasumed extent to which those
oxides are available for reaction. The equatiortHepretical extent developed was
based, in part, on work by Steinour (1959) andektgmates of C@sequestration in
mortars and concrete. For each CKD type, the thieatextent of carbonation in CKD
(as a percentage of dry mass) was calculated lasviol

%ThCQ = 0.785(%#%Ca0— 0.56%CaCQC; — 0.7%SG;) + 1.091%MgO +
0.71%Na0 + 0.468(%K,0 — 0.632%KClI) 1)

Where the species in equation 1 are representéernms of percent dry mass and the
stoichiometric mass factors assume that all ofGA® (except that bound in Cagsénd
CaCQ) will form CaCGQ, MgO will form MgCG;, and NaO and KO (less that bound in
sylvite, KCI) will form NaCO; and KCO:s.

Theoretical extent was used in the Core, Batcth Gamlumn Papers to determine the

degree of carbonation (sequestration) achievetidwastes. Depending on the

experimental study (column versus batch) the meachkanf calculating the degree of

11



carbonation varied. However, in each caegreerefers to the amount of sequestration

achieved versus that extent theoretically possible.
Major Findings of Technical Work

Core Paper: Carbon Sequestration in CKD from Wd&tes

In this paper, the feasibility of carbon sequegirain waste CKD was investigated in
a series of column experiments. Initially the stwhs designed to provide preliminary
estimates of carbonation performance for a Nati@c#&nce Foundation proposal. The
proposal was not funded, but the results of thdystuere promising. The significance of
this work is that it shows carbon sequestrationlmachieved under ambient
temperature and pressure conditions, without mzatifin to the wastes; and even CKD
that has been landfilled and has undergone soneédéweathering and carbonation can
still sequester significant amounts of £0

A section of core taken from an aged CKD waste (@ilpena, MI) was obtained
from the Civil Engineering Department at Michigaech. Prior to the column
experiments, a series of preliminary batch test®wenducted in Tedlar bags with
limited supplies of C@ The measurable consumption of {d@these preliminary
experiments prompted the column study. In orderdiequately assess the carbonation
performance of the columns, material analysis veaglacted on reacted and unreacted
samples using thermal gravimetrical analysis, Xdiffyaction, and X-ray fluorescence.
This level of characterization helped to verifyatan products and provided an
independent measure of the extent of carbonatibieaed in the cores.

Four columns were fabricated from the core segraedtranged in length from 5.0 to

13.4 cm (7.3 cm diameter, Figure 2). Gas flow rattsveen 45 to 60 mL/min were

12



maintained through the columns and effluent sampére analyzed with a gas
chromatograph. The columns were operated undezdrampisture and gas concentration
conditions, as well as with humidified and dry ught gases. Refer to the Core Paper for

more detail concerning column operating conditions.

Figure 2. Core column created out of sections obee taken from an aged CKD
waste pile and encased in PVC.

The high percentage of calcite and the presenegriigite (CaAl2(SOy)3(OH)12-
26H,0) in pre-carbonated samples suggest that the \wastiFom which the CKD core
was taken had been exposed to moisture and likelgngone some carbonation.
Nevertheless, degrees of carbonation greater tb#nwere achieved under ambient
temperature and pressure conditions (Table 1)efrel, the extent of
carbonation/sequestration was greater in columtislatver water contents, probably
due to increased access to reaction sites. Ther seguestration product was calcite,

however the degree of sequestration observed iodigecolumns suggests that calcite

13



was not the only carbonate species formed duriag@iperiments (refer to the Core
Paper for a more detailed discussion on the meds@guestration extent and
composition changes due to carbonation). Someeovahiability observed likely resulted
from variation in composition within the CKD cof®ecause the columns were
constructed of intact core segments, extractinggecprbonated sample from each
column for analysis was not feasible. The core sggmay have intersected layers with
differing composition within the waste pile, andstlariability leads to some uncertainty

in the degrees of carbonation calculated for ed¢heocolumns.

Table 1. The mass of C@sequestered compared to the theoretical amount of
sequestration possible in columns constructed frofimtact core segments of waste
cement kiln dust.

Observed
Operation Mass CO; Theoretical | Observed
Time | Changé | Sequesterel|Sequestration Sequestration
Column| (days) (9) (9) °(qg) Degred
A 3.4 10.8 11.8 15.7 75.0%
B 4.9 14.9 15.3 16.2 94.3%
C 3.3 22.5 22.3 22.0 101.2%
D 12.0 29.2 34.6 49.0 70.6%

#Observed mass changes in Columns C and D werectedrior water vapor loss due to injection of dry
gas.

>Co, sequestered is based on frontal analysis of &fflG€, concentrations from each column.
“Theoretical mass of sequestration assuming thatrideK carbonates form.

dDegree of carbonation achieved in each column basetieoretical mass of sequestration.

Batch Paper: Carbon Sequestration in CKD througm&fal Carbonation

In this paper, the degree of mineral carbonatioreiment kiln dust (CKD) was
examined through a series of batch experimentssiitdy was designed in order to gain
a better fundamental understanding of the reactiechanisms controlling the

carbonation process under ideal (static, unlim@€y) conditions. CKD samples were
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obtained from three separate cement manufactuaicifities, operating with differing

kiln types. Three out of the four samples came ftbenAsh Grove Cement Company,
headquartered in Overland Park, KS. Ash Grove ¢pefcement manufacturing
facilities in both the United States and Canada& Jamples used in this study were from
their Chanute (dry kiln with pre-heater and alkajpass systenAG Bypass Higland

AG Bypass Lojvand Midlothian (wet kiln with electrostatic prpiator/baghouseAG

We) plants, both of which operate (to varying degyemsing tire- and hazardous-waste-
derived fuels. The other sampl@T We} was obtained from Continental Cement, a
small, wet-kiln plant in Hannibal, MS (see Batclp®afor more information about CKD
types used in this study).

One of the difficulties in using alkaline wastes @O, sequestration is the large
variability in composition within a given waste g/prhe composition of CKD is highly
dependent on the kiln type, source materials, aabitypes being used, as well as the
grade of cement being produced. This variabilitpnpbcates the standardization and
optimization of the sequestration process. CKD gaed within a given cement plant,
however, tends to be relatively consistent in cositpon, and plant operators often
conduct detailed material analysis of their wastepart of their operation. The oxide
contents of the wastes examined in this studyepeesentative of the range in
composition reported for CKD (refer to Batch Pap@wyo of the CKD types used in this
study AG Bypass HiglandAG Bypass Loywvere taken from an alkali recirculation
system. The demand for low-alkali cement variesoregly and depends on the potential
of alkali-silica reactions (ASR) in the final coete mix. CKD’s high in alkalis (K and

Na oxides) cannot be recycled back into the kild are typically either landfilled or sold
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for agricultural amendments. Additionally, reciratibn dusts tend to have appreciable
fractions of free calcium oxides (CaO and Ca(&)Mhich make them more suitable for
carbonation. It is not known, however, whetherhlgh mass percentages of volatile
substances (alkali salts, sulfates, and chloridisgt the formation of carbonates in these
wastes. Therefore the question becomes: otherthigapercentage of available CaO and
other reactive oxides in the CKD, does compositmpact the degree of carbonation
achievable in the waste? The batch study was dedignaddress this question, along
with questions related to reaction mechanism anditias.

In order to gain a better fundamental understandfrige compositional factors (if
any) and reaction mechanisms controlling carbonaaccomprehensive set of material
characterization methods was conducted on prepasidcarbonated samples. These
methods included: thermal analysis (thermal gratimand differential thermal analysis
(TGA/DTA) and total carbon analysis (TCA)), X-raiffcaction (both quantitative and
gualitative), X-Ray fluorescence, and scanningtet&cmicroscope (SEM)
microanalysis. Compositional analysis provided infation about the reaction products
formed, the increase in abundance of carbonateb gsicalcite), and an independent
check on the extent of carbonation in the samples.

The batch experiments were performed in a stairsiess 288-L “glove” box, with
~100% relative humidity and ~80% G@mosphere_(Figure 3). One to 5-gram samples
of CKD were placed in aluminum weighting tins, ovded, and spiked with deionized
water at desired water-to-solid ratios (0 (no watdr.25). Prepared samples were
reacted in the chamber for a range of reactiongi(8enrs to 8 days) under ambient

temperature and pressure conditions. The gainyimass between the initial pre-
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carbonated samples and dried carbonated produchsgasned to equal the mass of,CO
sequestered by the sample. The validity of usingschange as a measure of
sequestration extent was verified with independegiterial analysis results (see Batch
Paper for a more detailed discussion on materilyais methods and results).

Based on detailed material analysis, the carbomagiactions appear to occur
primarily through the reaction of G@vith Ca(OH}). In all cases, no free CaO was found
remaining in the reacted samples. As in the colenmo study (refer to Core Paper),
CaCQ was the predominant carbonation product and wedflkdd calcite phases (via
guantitative X-ray diffraction, QXRD) accounted fmrer 75% of the observed
carbonation. Aside from available CaO and KCI cottthe composition of the wastes
did not appear to have a significant impact onaveralldegreeof carbonation achieved.
The waste material having the greatest potentiaddquestration is the AG Bypass High,
mostly due to its high free CaO content. Howevdrewmeasured against the theoretical
estimates of sequestration, the AG Bypass Low CKibopmed better than the rest. Its
high degree of carbonation may be attributed tartbeeased halide content of waste,
which may have improved the extent of carbonatppiomoting the dissolution of

calcium species (refer to Batch Paper).
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Figure 3. Reaction chamber used during the batch @eriments.

In all CKD types the degree of carbonation incrdasih time, with greater than 75
to 80% of the carbonation occurring at early tirf@dess than 2 days) and more gradual
conversion of oxides to carbonates as the reactimgressed (Figure 4). The
exponential shape of the time-dependent curve stgtfgat the rate-limiting mechanism
controlling carbonation changes as the extent dfassation proceeds (refer to Batch
Paper). Individually, these rate-controlling medbars can be difficult to measure.
Therefore, analogous processes were sought oelpigphovide insight into the factors
controlling mineral carbonation in CKD. Initiallgn empirical rate formulation was
applied, one similar in form to that describingdiiemical oxygen demand (BOD) in
wastewaters (Snoeyink and Jenkins 1980). Howelverpxygen consumption expression
for BOD is rooted in first-order reaction assumpsipand when translated to
sequestration to describe the degree of carbonafitbrtime, it failed to adequately
represent observed trends at later times.

Because of the similarity in CKD composition tottbhcement, focus was shifted to

rate expressions commonly used to describe the leanshemistry of cement hydration.
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Hydration reaction kinetics are often analyzed g$umped rate expressions that
represent both the reaction and mass transfer meschs controlling the overall or net
rate of hydration. From the work developed by Awé&t®39) and applied by Biernacki

et al. (2001), the extent of the carbonation in CK&s expressed as:

&) =1-e* 2
Where{(t) is the degree of carbonation at some titnlejs the rate constant; amds an
exponential factor, which is proposed to have funelatal process underpinnings but
really is an empirical parameter. Equation 2 issbla@n the kinetics of phase change and
relies on a “lumped” rate constant rather thanckiometry.

The observed trend in degree of carbonation witie iis the same for all CKD types.
Therefore, the empirical rate expression (equatjomas fit to the batch results from all
CKDs as a whole, rather than independently (Figlrdhe values for the rate constant
(k) and reaction exponent)(were optimized by minimizing the root mean squzirthe
sum of the normalized residuals between prediateldeaperimental degrees of
carbonation. The actual fitted values kaandn are not important. Because the rate
constantk, and the fitting exponent, are lumped parameters which values are
influenced by both reaction and transport mechasisxtracting the relative importance
of one mechanism (e.g., reaction) over the other,(Eansport) from these fitted values
is difficult and impractical (refer to Batch Papafyhat is significant from this analysis is
that the functional form of the empirical hydratiequation describes the degree of

carbonation with time better than conventionaltfics second-order kinetic equations

(refer to_Figure 5).
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Figure 4. Degree of carbonation in four CKD types a a function of time: (A) AG
Bypass High, (B) AG Bypass Low, (C) AG Wet, and (Dfontinental Wet. Samples
were reacted at 25 °C and 100% relative humidity vih an initial water-to-solids
ratio of 0.85. Error bars express range in calculad degree as a function of the
uncertainty associated with both the mass change mgurements and the theoretical
calculation.
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Figure 5. Experimental and predicted degree of C@consumption in the CKD types
examined in this study based on the Avrami equatiofAvrami 1939) and a rate
expression following pseudo first-order rate assuntmns

Column Paper: Effects of Vapor Transport and RaetiScale Reaction Mechanisms
on the Extent of Carbonation in CKD

The Core and Batch Papers demonstrate both thibifggsnd potential of CQ
sequestration in CKD. However, rigorous examinatboarbonation has been primarily
restricted to batch-scale tests, not only with CKLX in studies utilizing other industrial
wastes. The goal of this third paper/study was<eorene the degree of sequestration
achievable under non-ideal conditions, where dynayas flow and other macro-scale
processes (such as preferential gas flow in charare bulk diffusion in interchannel
regions) may impede carbonation extents; conditmoge likely to be expected under

pilot or plant-scale operation.
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Under ideal conditions, particle-scale reaction sadsport mechanisms (e.g.,
intraparticle diffusion) were shown to be importéadtors controlling the rate of
carbonation (refer to Batch Paper and Anderson RA0&se microscale mechanisms
were conceptualized (Figure 6) by combining thekwmesented in the Batch Paper and
results from microscopic analysis conducted by Asole 2006 with analogous processes
that control oxygen diffusion and mineral oxidatiarmine tailings (Wunderly et al.
1996). The conceptual model assumes that the oeadiike place in the aqueous phase
on, within, or near a reacting solid. Upon dissioluand dissociation, Cas carbonate
ion) is thought to diffuse from the particle sugdo its core in response to concentration
gradients. As it comes in contact with freé’Qans, carbonates are precipitated. A
reaction front develops that propagates inward tds/¢he center of the particle and
thickens with time. Thus, as the reaction ring d@y® the mass-transfer rate of
dissolved CQspecies to the unreacted core decreases, lintitengate and possibly the
extent of reaction.

Is this microscale conceptual model still importahien gas and reactant contact may
be imperfect? Or, as the system grows in scale cemb®nation performance become
governed by macroscale processes (e.g., massdardinstations, preferential gas flow,
Figuree)? A series of experiments were conductettusteady gas flow conditions with
7 uniformly packed columns of AG Bypass CKD (6-and, 5-cm diameter) and well-
controlled influent mixtures of nitrogen, water wapand CQ. Gas flow rates and
influent CQ concentrations were systematically varied to deffitiate the effects of
transport and reaction mechanisms on the exterdarbbnation, holding other parameters

constant, such as initial moisture content, CKDefygind gas conditions (humidified)
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(refer to the Column Paper for more detail on caluoperating conditions). If
macroscale gas transport and transformation presdsscome rate- or extent-limiting at
the column scale, then variations in applied gaw flate within the columns (holding
other factors constant) should impact the ovemgjrde of carbonation observed in the
columns, as well as the shape of the;®@akthrough curve. The same logic applies for

rate-controlled reaction processes when influeni @centrations are varied.

Macroscale Processes

Gas channels

{convective
transport)

Particle / Microscale
Processes

w | Unreacted P‘.-

Gas diffusion into s 4 < A0 : Core L‘ e
| _ A .
— M "
5 .s."r

interchannel = o XY
region - 4
Diffusion of CO.% from pore water |
through carbonate ring to
unreacted center

Water film Dissolution of
on particles Micropore CO,, into

water pore water

Figure 6. Conceptual model of the macro- and micr@cale processes that may
control the extent and rate of carbonation at the alumn scale.

The total amount of sequestration (i.e., mass of €ptured) in each column was
determined from both observed mass change andafranalysis of column effluent. It
was expected that some carbonation efficiency wbaltbst as the reaction system grew

in scale; however variations in gas flow rate arfthent concentration had little effect on
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observed carbonation efficiency in the columndabt, the overall sequestration
performance in the AG Bypass columns (Table 2) eeasparable to that observed under
controlled batch experiments (refer to Batch Pagédr@re is no discernable trend in
sequestration performance (outside of the caladilatargin of error) both between the
column and batch studies and among the AG Bypdamos.

Table 2. Comparison of the degree of carbonation aceved in different CKD types

between column study and previous batch experiment€olumns operated at 40
ml/min with influent CO , concentrations of 100,000 ppimn

Degree of Carbonation &% (%)
Batch at
Maximum Similar Maximum
CKD Ideal Achieved in GWC and Achieved in
Type | Behavior Column Time® Batch®
AG 71.2 75.6 77.2 77.5
Bypass | (70.9-71.7)| (70.2-82.1) (70.5-82.8) (70.2-83.7)
AG Wet 38.1 58.7 49.2 80.6
(37.5-38.5) | (48.7-70.7) (38.0-57.5) (66.3-91.2)
CT Wet 46.6 59.6 70.5 83.0
(45.9-47.1) | (49.6-72.5) | (50.2-85.2) | (64.8-96.1)

& Average values are shown, along with a reasonablge in degree of carbonation that embodies heth t
error associated with mass of £§&questered and calculations of the theoretidaheXTable 1 in Batch
Paper).

®Degree of carbonation achieved before deviated fdeal (i.e., before CEbreakthrough on effluent end
of column).

° Degree of carbonation achieved in batch experisnemducted at a water:solids ratio of approxinyatel
0.30 for a duration of 2 days (refer to Batch Pag@equestration in columns was complete after2 to
days.

4 Maximum degree of carbonation achieved in batgedrments under humidified gas conditions and
varied water:solids ratios (refer to Batch Paper).

Carbonation performance by the columns was alsgeosdl to ideal behavior, where
all of the CQ introduced to the system is consumed by the wastikthe capacity of the
column has been achieved (Figure 7). On avera@é,(8@ndard deviation = 5.6%, n =
7) of the sequestration achieved in the columrsvad ideal behavior, with the

remaining carbonation taking place more slowly. ig&intrends were observed in the

24



batch experiments (refer to Batch Paper) wherecxqopeately 90% of the observed GO
sequestration was achieved with 2 days and additmarbonation occurred gradually
over the remainder of the experiment (total tinfe days). Declines in sequestration rates
can be explained using the conceptualized modelssed above and shown_in Figure 6,
where the rate of sequestration is controlledeastl in part, by the extent of carbonation.
Under the operating conditions applied in this gfuphs residence time and influent
concentration appear to have no measurable effectverall carbonation efficiency.
Even though the complexity of the reaction systasihcreased, particle-scale
mechanisms_(Figure 6) are still playing a domirratg in the degree of carbonation
achievable in the wastes.

The influence of a waste’s reactive oxide fractooncarbonation performance was
also assessed by conducting column experimentstwitfadditional CKD types (AG
Wet and CT Wet). Each of the CKD’s examined haargimg amount of highly reactive
oxides (HROs) or free CaO and Ca(@H)his HRO fraction is different from overall
available oxide content (Table 3), which embodieth the HROs and those oxides that
are available for reaction, but bound in semi-igagbhases such as calcium silicates.
One of the hypotheses examined in this paper isdhelation between ideal behavior
and the waste’s HRO fraction. It is assumed thamthe column is consuming all the
CO; injection (i.e., ideal behavior) carbonation réacs are taking place mostly through
the consumption of the HRO fraction. As reactionditbons shift towards the
consumption of less reactive £apecies (i.e., those bound in Ca silicates oraikiele
complexes), then carbonation rates begin to slav@® breakthrough occurs. For each

of the CKD types, the mass of g€equestered prior to GOreakthrough was compared
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to the mass fraction of CaO, the performance oAtBeNet column is consistent with
this hypothesis_(Table 3). The performance of tkeBypass column does not correlate
as clearly. However, the HRO content of this wastauch higher and accounts for a
greater percentage of the overall oxide conten®@¥&)of the waste (refer to Column
Paper). SEM microanalysis (Anderson 2006) conduatedarbonated samples from
batch tests indicate that Cagskin development and precipitation of Cad@particle
micropores may encapsulate reaction sites befer&uthextent of carbonation was
achieved. Because of the greater fraction of HRD@AG Bypass CKD, this effect may
be more pronounced. Therefore, it is possiblelib#t reaction mechanisms (i.e., effect
of HRO fraction) and diffusion controls (i.e., ridgvelopment) are controlling the rates

of carbonation with time.

Table 3. Relation of cement kiln dust compositiona the mass of CQ sequestered
before CO, breakthrough occurred in the column. All columns vere operated at 40
ml/min with an influent CO , concentration of 100,000 ppm

Fraction of

Mass of CQ Consumed

Available | HRO Sequestered | Corresponding CaO to
CaO Fraction | under Ideal Mass of CaO | Initial Mass

CKD Type | (Wt. %)? | (Wt. %)° | Behavior (gf | consumed (g (%)°
AG Bypass 40.9 39.2 20.8 26.5 27.2
AG Wet 23.6 8.0 6.1 7.8 7.4
CT Wet 14.4 -- 7.6 9.7 8.0

@ Based on X-ray fluorescence, thermal gravimetnalgsis, and estimations of initial Cagénd CaSQ@
content.

PHRO refers to highly reactive oxide fraction or nobd CaO and Ca(Obijas CaO) . Values were
obtained from Ash Grove’s Rietveld refinement ofa¢ diffraction patterns.

“From frontal analysis of C{breakthrough in columns. “Ideal behavior” refarghe mass of CO
sequestered before Ghreakthrough was detected in the column effluent.

9The corresponding amount of CaO consumed prioiQgkEeakthrough, assuming that all £&@nsumed
was due to reaction with CaO.

° Reported as mass fraction of calculated CaO coedunorresponding mass of CaO consumed (g)) to the
initial dry mass of CKD in the column.
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Figure 7. Normalized mass of C@sequestered in the eight Ash Grove Bypass CKD
columns under various flow rates and influent CQ conditions. The inset shows the
point at which the performance of each column begmto deviate from ideal
sequestration conditions (CQ breakthrough at the effluent end begins).

Scanning Electron Microscopy with Energy Dispersfveay (SEM-EDX)

The study conducted by Anderson (2006) complemethiedvork summarized in the

Batch and Column Papers by providing particle-schbracterization of pre- and post-

carbonated CKD samples and helped to elucidatprggominant mechanisms and
pathways of the carbonation reactions. AndersofgR0Qsed a combination of SEM-
EDX and environmental scanning electron microsd®&8EM) to describe chemical and
morphological changes in particles due to carbonaiirect particle comparison was

performed using a Philips XL40 ESEM. Etched linelgmwere used on the sample stubs
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to aid in the identification and imaging of specifiarticles and allowed for assessment of
overall structural changes in the particles dueattoonation. Elemental mapping and
EDX microanalysis was also conducted on pre anttgabonated samples to provide
information on chemical changes as a result ofaraabon reactions within, on, or near
reacting particles. This information, combined wvilte composition analysis discussed
above (refer to the Batch Paper), provided ingigfiot the mechanisms of reaction.

The microscopy study was limited to the three Cknples provided by Ash Grove
Cement CompanyAG Bypass HighAG Bypass LoynandAG Wet All post-carbonated
specimens examined through SEM-EDX were taken amples produced during the
batch experiments summarized above and discusskztarl in the Batch Paper. The
major results of the microscopy work are discussddw and can be divided into two

main areasteaction pathwaysndprecipitation mechanisms

Reaction Pathways:

Carbon sequestration in CKD is believed to occtough two predominant
pathways, both of which involve the carbonatioiCet*. The primary route is likely the
release of C4 from free oxides such as CaO or Ca(@&hd the subsequent reaction
with dissolved C@F to form calcium carbonate. The second possiblevgtis through
the weathering of calcium-silicate minerals wittiie wastes. Material analysis provided
by Ash Grove on the AG Bypass CKDs identified fraics of the common cement
species &S (CaSiOy). Silicate species react with water to form ghk @are integral in
the hardening of cement. While release of'Gam calcium silicates is expected, the

rate of carbonation is likely slower than with free or unbound oxides.
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Evidence of both pathways was observed in carledreamples of the different
CKD types; however, as hypothesized, the domireaxttron pathway appears to be
through the carbonation of Ca(QHYVhile signs of calcium-silicate weathering and
subsequent carbonation were observed in the ED)ssathis pathway appears to be a
minor contributor in the sequestration of S@nderson 2006). The substitution of
potassium (K), sodium (Na) and iron (Fe) in soméhefcarbonate minerals was also

observed to a minor extent in carbonated particles.

Precipitation Mechanisms:

Microanalysis investigations on selected pre- amgtqarbonated samples (Anderson
2006) indicate three dominant precipitation mectiast (1) the diffusion of dissolved
CO, species into Ca(OHparticles resulting in micropore precipitation ahd formation
of a carbonate ring that grows inward and thickaitls reaction time (Figut8 7); (2) the
precipitation of CaC@on existing calcite particles; and (3) the preeijpon of CaCQ
from aqueous solution. The primary pattern of p#ation varies among the different
CKD types examined and appears to be a functidheofeactivdree lime content of the
waste, as well as the effective water:solids ratithe reacting mixture (Anderson 2006).
Carbonation in the AG Bypass Low (which achieveslhighest degree of carbonation)
was dominated by precipitation from aqueous satutrehere the other CKD types
primarily exhibited precipitation in micropores hith Ca(OH) particles or as coatings

on pre-existing calcite particles (Table 4).
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Table 4. Cement kiln dust (CKD) types with hypotheed precipitation
mechanisms. Modified from Anderson 2006.

CKD Type Material Characteristics® Precipitation Mechanisms
« Diffusion of dissolved C®
) . . species into Ca(OHpatrticles
AG Bypass Free0L|me (=37%), syvite|  caysing precipitation in the
High (~10%), water:solids ratio|  particle pores and formation of
<1 a carbonate ring
* Precipitation by nucleation
AG B Free Lime (~15%), sylvite| * Precipitation from a saturated
LOB\:\FI)aSS (>35%), water:solids ratio| ~ solution
>1 * Precipitation by nucleation
* Precipitation by nucleation
Free lime (~8%), no * Diffusion of dissolved C®
AG Wet sylvite, water:solids ratio ¢ SPecies into Ca(OHparticles

1

causing precipitation in the
particle pores and formation of
a carbonate ring

#Percents are shown as weight fractions and wewgnsat from material analysis conducted by Ash Grove

Cement Company.

Sylvite is very soluble in water and tends to abssignificant quantities of moisture

from the atmosphere. As discussed above in the suynof the Batch Paper, the

increased sequestration performance of the AG Bypaw CKD was attributed, in part,

to its high sylvite content. Halides have been usezhtalyze carbonation reactions by

increasing the ionic strength of the system, wipidimotes the precipitation of

carbonates (refer to Batch Paper). The added mmeiltat sylvite attracts to the system

may also enhance the dissolution of Ca species.
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Figure 8. Back scattered electron images of AG Bypga High: (a) pre-carbonated
sample, (b) 8-hour reacted sample, and (c-d) 4-dagacted samples. Figure 6a shows
likely unreacted Ca(OH), particles. CaCGQ; precipitated in micropore regions within
the Ca(OH), particles and as reaction rings that thickened owetime as evident in
Figures6b-d. From Anderson 2006.

The study performed by Anderson (2006) providedyimsnto the nature of the
precipitation reactions and the mechanisms of cation at the particle scale. The
results were used to build a conceptual modeliGugsed above) to help explain the
slowing rates of carbonation observed in the batwhcolumn studies (Figure 6). Such

particle scale processes (Figure 8) appear to pertant to carbonation performance in

CKBD, inhibiting complete carbonation in the waste.
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LCA Paper: Life Cycle Assessment of Portland CereEmufacturing

A tangential study was conducted in collaboratiothwwhomas Eatmon, Ph.D.
candidate at Southern University, to examine thesiide reduction in global warming
potential by the use of alternatives to the tradail cement manufacturing processes. The
idea for this work was borne out of a course prtoggei our common interest in the
cement industry. Mr. Eatmon has participated iresgwesearch projects investigating
the use of natural pozzolans (a mineral admixtoat reacts with Ca(OkRand water to
produce gels important to the hardening of cemamf)artial substitutes for Portland
cement in final concrete mixes (Harris et al. 2608 Mihelcic et al. 2006). His interest
in pozzolans and my work in carbon sequestratidizing CKD lead us to focus our
efforts on the potential benefits of these altemegprocesses when incorporated into the
production of Portland cement. Cement is the maidibg ingredient in concrete and is
composed largely of calcium oxides, silica, alummuron, and some gypsum (refer to
LCA Paper). On average, approximately one ton atoete is produced each year for
every human being in the world (Lipiatt and Ahma&@®d4), making concrete (i.e.,
cement) one of the World’s most significant mantifeed materials. Because of its
abundance, understanding the environmental impiesiof cement manufacturing is
becoming increasingly important (van Oss and Padd@02, 2003, Lippiatt and
Ahmand 2004, Masanet et al. 2005). Life-cycle agsest (LCA) was used as a tool to
estimate the environmental impact resulting froffedent product life stages, and to
compare manufacturing processes incorporatingatiees such as pozzolan
substitution, sequestration in CKD, and completdDGKcycling to the traditional

production process (refer to LCA Paper).
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The production of cement involves the consumptibiarge quantities of raw
materials, energy, and heat. Cement productionraldts in the release of a significant
amount of solid waste materials (e.g., CKD) andegas emissions (e.g., GOAlthough
simple in theory, the manufacturing process is wemplex due to the large number of
materials, pyroprocessing techniques, and fuelcesussed in the industry. Therefore,
creating an appropriate inventory of inputs angotg for LCA can be quite
complicated. In addition, while a number of LCAdigs have been conducted to
examine the benefits/impacts of various concreveyets (refer to LCA Paper), the life
span, performance, and strength of these produetdlg depend on their applications
and end-uses. Because of these differences, cotiwedt&A amongconcreteproducts
is difficult and the extrapolation of these restitts variety of application types is
limited. Therefore in an attempt to reduce uncetyaithe study in the LCA Paper
presents aradle-to-gatel CA of several differentemeniproducts. We felt this reduced
scope was reasonable since the cement manufacphroogss is the most energy and
emission intensive process in the production otoete.

The comparable global warming impact/potentialerhent was examined for 4
different manufacturing processes (Figure 9): ttwelpction of (1) traditional Portland
cement; (2) blended cement using natural pozzo(@ysement where 100% of waste
CKD is recycled back into the kiln; and (4) cemasing the generated CKD to sequester

a portion of the process relation £é€missions.

33



Traditional Portland Cement
Cement I@

Kiln Dust
R T Finish Fackaging
Material Grinding T and
Extraction Elending Shipping

Blended Cement

S ‘ Gypsum || Pozzolan
Kiln Dust
Raw Finigh i Packaging
Material Grinding |- > and
Extraction Blending Shipping
1
ﬂ Use H Disposal|
Kiln Dust
Raw T Finish Packaging
Material " Kin Grinding ) and
Extraction Elending Shipping

Portland Cement: Sequester CO, in CKD

Cement Stabilized
[8{8) —»] Gypsum
2 Kiln Dust Waste

1
|
1
1
|
1
1
|
1
1
|
1
1
|
1
1
|
| Portland Cement: Recycling CKD
: Cement Gypsum
1
1
|
1
1
|
1
1
|
1
1
|
1
1
|

—
Raw T Finish Packaging

Material  |[— Kin Grinding ' > and

Extraction - Blending Shipping

Figure 9. Scope of comparative LCA for four different cement manufacturing
processes. The dashed line signifies the boundariefsthe system examined.

The functional unit of analysis was the productidithe equivalent of 20 bags (~ 1
ton, each bag ~ 100 Ibs) of general use Classtlaadrcement. One ton is a convenient
guantity because it is often used in the reporihgnergy and material consumption, as
well as emissions. The U.S. cement industry proslapgroximately 79,500 thousand
metric tons (kMt) of clinker each year. On averag88 tons of raw materials are
required to produce 0.95 tons of clinker or 1.0abfinished product (refer to LCA
Paper). Using the LCA software, SimaPro 6.0, therenmental impact scores, as well
as product assemblies and life cycles for the #@iht cement processes were

developed. There is a wide range of energy relafedmation available in SimaPro. A
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majority of the cement kiln operations are poweezhted) by a combination of coal,
petroleum, coke, and waste derived fuels, suchiess tvaste oils, and hazardous
materials (see LCA Paper for more details on foelsamption by the cement industry).
However, the specific blend of fuels used deperdwily on the manufacturing facility.
Therefore, three major fuel sources (coal, fuelamld natural gas) were selected for
inclusion in this study, based on the availablernmfation, both in SimaPro and on annual
consumption rates. See to the LCA Paper for detail€erning other assumptions made
in the inventory analysis for each of the cememuf@cturing processes examined.

The environmental impacts of cement manufacturarglee local, regional, or global
in scale. Local effects include noise, air qualayd natural disturbance due to the mining
of raw materials such as limestone, iron ore, dag €missions such as sulfur dioxide
(SO,) and nitrogen oxides (NQcontribute to acid rain on a regional scale, @/lctrbon
emissions originating from the calcining process emmbustion of fossil fuels (e.g.,
coal, natural gas, fuel oil) contribute to globnate change. The focus of this analysis
is global environmental impacts, particularly glblvarming, and how alternative cement
mixes and/or processing technologies impact theathglobal warming potential of
cement production.

Of the cement products examined, the blended cepmenéss has the lowest global
warming or greenhouse potential followed by cenpeatduced when a portion of the
process related carbon emissions are captureddyasiquestration in CKD. The
improvement of blended cements on global warmirtgmal over traditional Portland
cement is to be expected. The kiln or pyroprocessiap is the most energy and

environmentally impact intensive stage of the maatufring process. This results both
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from the energy requirements to heat the kiln ftova@ 1400 °C) and the carbon released
during the calcining step. By reducing the demamdhinker (through substitution), the
environmental impacts of the end cement producteateced proportionately. Although
blended or pozzolanic cements reduce the @@issions generated for a given ton of
cement produced, what is not considered is thematand global demand for cement
products. High demand and low imports of cemeneHast to increased prices and even
shortages within the United States (Hagenbaugh)2@®gorts typically compensate for
the shortfall between domestic capacity and consiomgPCA, 2004), however,
increased demand for building materials in coustliiee Iraq and China have lessened
the amount of imports available to the U.S. (Gedtd, Hagenbaugh 2004, PCA
2004). Other factors such as increased buildingigctvithin the U.S. and global
transportation issues have also been cited asilootiig to the U.S. cement shortage
(PCA 2004). Because many kilns are operating abowe their effective capacity (PCA
2004), the use of blended cements is not likeletluce net emissions of GOnstead,
blended cements will allow for an increase in ceteproduction without any real
modification to the existing amounts of clinkerpmrtland cement produced within the
United States (refer to LCA Paper).

The overall impact score for the cement manufaaguprocesses utilizing carbon
sequestration in the waste product CKD is also tdhan the traditional process.
However, unlike natural pozzolans, sequestratiesqats a real capture of carbon
emissions, which translates to approximately a®@tiction in impact score over
traditional Portland cement. Recycling CKD into firecess line has little to no effect on

the overall impact score. Since the CKD is recyated the kiln feed there is no real
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reduction in emissions or energy required in thsteavironmentally damaging step, the
kiln.

The results of this LCA show that blended cememntside the greatest
environmental savings, followed by utilization dkD for sequestration. While
pozzolanic cements provide the illusion of enviremtal benefit over traditional cements
in terms of energy consumption and associated oaghussions, if the demand of
concrete and cement products remains higher tleasupply, the use of blended cements

is not likely to provide any real reduction in @&, emissions or energy consumption.

Conclusions

The studies presented in this dissertation systeatigtinvestigate the sequestration
of CO; in the waste product cement kiln dust (CKD). Téehnical investigations
progressed logically from proof of feasibility hyvestigating the sequestration in core
samples taken from an aged CKD waste pile, to rdetailed analysis of the rates and
mechanism of the mineral carbonation reactionssarges of batch and microscopy
studies using a variety of fresh CKD types. Findlg scale of the system was increased
to assess the importance of particle-scale prosessearbonation extents under flowing
gas (i.e., dynamic) conditions. Through this inigegton it was shown that CKD readily
sequesters CQat ambient temperatures and pressures. Suchiadirsdimportant
because other mineral carbonation studies examggggestration in mined mineral
feedstocks require significant energy inputs dubinth the pre-processing and

carbonation steps.
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The most significant findings of this work are:

* During the carbonation of CKD, the major precipdatproduct is calcium
carbonate (CaC£) While other oxides may participate in reactitm®ugh
substitution or the formation of additional minecafrbonates, CaCGQ@ppears to
dominate the carbonation processes.

* The rate of carbonation appears to be dependeieoextent of carbonation.
From microscopic and EDX analysis of carbonatiortiglas, one of the dominant
mechanism of precipitation was the diffusion afstilved CQ species into Ca(OHl)
particles resulting in micropore precipitation @hd formation of a carbonate ring
that grows inward and thickens with reaction tifikis shell or ring appears to
hinder further diffusion of C@and effectively seals of the center of the pagticbm
further carbonation. Extents of carbonation estaddtased on cross-sectional area
analysis of particles from SEM images (~75%) coragavell with degrees of
carbonation calculated in the batch study (~80%).

» The degree of carbonation with time is best reprieseusing a lumped-rate
expression that represents both the reaction asd trensfer mechanisms. The
results indicate that reaction mechanisms alonaatrékely the limiting factor
controlling the progress of carbonation. Intragdetdiffusion appears to be
controlling the rate of reactions, particularly vincreased degrees of conversion.
This conclusion corresponds with the results of Sid microanalysis.

» Similar sequestration performance was achievedaih the batch and column
studies. Under the operational conditions appirethé columns (50,000 to 150,000

ppm, CO, and 20 to 80 ml/min gas flow rate), the degreeasbonation achievable in
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the waste under more dynamic conditions appeare &iill dominated by particle-
scale processes.

* The ability and rate of carbonation in CKD appeardepend more on the
fraction of highly reactive oxides (free or unbouaO and Ca(OH) then overall
oxide content. Therefore, in addition to the ekt#rcarbonation at the particle scale,
reaction rates may be influenced by the natureebikides participation in the
reaction. As the free or unbound oxides are condiand reaction conditions shift
towards the consumption of less reactivé’Gpecies (i.e., those bound in Ca
silicates or other oxide complexes), carbonatid@srappear to slow. It is difficult,
however, to separate out the effects of diffusioa Beaction mechanisms controls on

the rates of carbonation.
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Mineral Carbonation for Carbon Sequestration in Cenent Kiln Dust from Waste
Piles

Deborah N. Huntzingéy John S. Gierke Lawrence L. SuttérS. Komar Kawatra and
Timothy C. Eisl2

ABSTRACT

Alkaline earth metals, such a calcium and magnesixiges, readily react with
carbon dioxide (Cg) to produce stable carbonate minerals. Carboneséation through
the formation of carbonate minerals is a potemtiieans to reduce G@missions.
Calciume-rich, industrial solid wastes and residpesvide a potential source of highly
reactive oxides, without the need for pre-processiinis paper presents the first study
examining the feasibility of carbon sequestratiooeément kiln dust (CKD), a byproduct
generated during the manufacturing of cement. rles®f column experiments were
conducted on segments of intact core taken fromifilled CKD. Based on stoichiometry
and measured consumption of £diring the experiments, degrees of carbonation
greater than 70% of the material’s potential thicakextent were achieved under
ambient temperature and pressure conditions. Taeathextent of
carbonation/sequestration was greater in columtislaiver water contents. The major
sequestration product appears to be calcite; hawmare detailed material
characterization is need on pre- and post-carbdrsateples to better elucidate

carbonation pathways and products.
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Introduction

Increased public awareness of the threats posegtbbgl warming has led to greater
concern over the impact of anthropogenic carborsgioms on the global climate.
Several carbon sequestration technologies havegehas potential means to mitigate
rising concentrations of GOn the atmosphere. One of these options is mineral
carbonation, the reaction of alkaline earth metais CO, to form relatively stable and
benign carbonate minerals according to the gemeaation:

(Ca,Mg)SiQ, +2C0O, +3H,0 - (Ca,Mg)CO, +H,SiO, +H,O0+CO, (1.1)

Carbonation occurs naturally through geologic psses of silicate weathering;
however, the reaction rates are slow (on geolagie scales; Beecy and Ferrell 2001)
and economic feasibility of wide-spread applicat®not fully known. The stability of
the end-products (i.e., carbonates), however, faagted investigations into ways to
mimic and catalyze the weathering process in therktory. The majority of mineral
carbonation research to date has examined sedimsiramined silicate minerals (e.g.,
serpentine, olivine) (Lackner et al. 1997, Gutlti@l. 2001, Wu et al. 2001, Fauth et al.
2000 and 2002a, Huijgen and Comans 2003). Miniregaipns and subsequent physical
and chemical processing are required to producmerat form suitable for sequestration
reactions. Both the mineral acquisition and prezpssing steps require energy inputs,
reducing the overall efficiency of the processamts of net carbon reduction. However,
more readily available oxide mineral sources mag\alable through the reuse of
industrial solid wastes and residues.

The extent of carbonation in alkaline wastes, saghoal fly ash, municipal solid

waste incinerator ash, and steel slag has beestigaged in preliminary experiments



(e.g., Fauth and Soong 2001, Fuji et al. 2001,H~atal. 2002b, Bertos et al. 2004a and
2004b, Huijgen et al. 2005) with favorable resulise utilization of alkaline waste
materials provides several advantages: (1) wasterials supply a readily available
source of calcium or magnesium mineral matter withibe need for pre-processing; (2)
they are typically fine-grained with high reactisierface areas; and (3) the environmental
quality of the waste materials can be improveduglopH-neutralization and mineral
transformation (Huijen and Comans 2003, Bertod. &i094b). In addition, alkaline
industrial wastes are typically generated at or peat sources of CO

For a waste to be amenable for mineral carbonétimust provide alkalinity in the
form of calcium or magnesium oxides. Many fine-geal industrial wastes, such as
cement kiln dust, coal fly ash, and steel slagei@agh mass percentages of CaO. While
a majority of the research conducted on minerdiaaation of feedstocks (mined metal
oxides) has focused on Mg silicates because aof évailability, the carbonation of CaO
is more thermodynamically favorable at ambient terafures and pressures (Huijgen
and Comans 2003). One industrial waste that hasrhagss fractions of CaO (20% to
60%) is cement kiln dust (CKD). The cement manufiaey process produces millions of
tons of CKD each year, which consists of fine géet of unburned and partially burned
raw materials, clinker, and some trace elements Qss and Padovani 2003). Although a
fraction of CKD is used for beneficial agricultuggplications, the U.S. cement industry
disposes of several million tons of CKD annuallyiles, quarries, and landfills (US
EPA 1999 and PCA 2003). In addition to the genenatif CKD, the cement industry is
one of the largest CCemitters in the U.S. (US EPA 2004) and globalligdriks et al.

2000). Roughly half of the industry’s G€omes from the calcining process, while the
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other half is from the combustion of fossil fugteqdriks et al. 2000). The calcining
process releases Gfoom the conversion of calcite (Cag)Q@o lime (CaO) at high
temperatures (>1300 °C).

In this paper, the feasibility of carbon sequegirain waste CKD under ambient
pressure and temperature conditions is investigdteel aims of this study are to (1)
determine if landfilled CKD will readily sequest€, and (2) to measure the extent of
carbonation (sequestration) under varying operatorglitions (water content and €O
concentrations). Very few studies have been coedlutiat examine the sequestration of
CO; in industrial wastes (cf. Bertos et al. (2004a044)), and none have measured the
extent of sequestration in cement kiln dust und@iant conditions. This paper presents
the first study of the feasibility of G@apture in CKD and identifies conditions that

appear to improve the extent of sequestration.
Materials and Methods

A series of column experiments were conducted usitagt core segments of CKD
taken from a landfilled waste pile in Alpena, Migan (depth of sample ~ 25 feet). The
columns were operated under varying conditionsterthine the impact of humidity and

CO, concentration on the extent of carbonation or sstyation.

Column Set-up and Operation

Four segments were cut from the core (7.3-cm diarpand fitted with PVC end
caps (Table 1.1). High-purity carbon dioxide (@nd nitrogen (B (Airgas, Marquette,
MI) were mixed and regulated with Dwyer gas flowtere (Models VA1043 and
VA1045, Michigan City, IN) to achieve the desireghut CQ concentration. Gas flow

rates between 45 to 60 mL/min were maintained tgjindbe columns, and effluent



samples were analyzed with a gas chromatograph @alytical Instruments Quad 4
Model Q30L, Fremont, CA) until full breakthrough thie input CQ was observed.
Figure 1.1 provides a schematic of the experimesglp. The extent of carbon
sequestration was measured under varied influentgacentrations, relative humidity
conditions, gas flow rates, and initial column nais contents (Table 1.1). At the end of
each experiment, the column was flushed witlgils and C@effluent concentrations
were monitored to determine the amount of unseques$iCQ within the column tubing,
end caps, pore spaces, and dissolved in the aqpbasgs. After nitrogen flushing, the
columns were dismantled and the gravimetric wadaetent of the carbonated CKD was
measured. The dried content of each column was genized by grinding in a Bico,
B100 pulverizer (Type UA, Burbank, CA) and tumblithg material for 5 minutes. Two
20-ml aliquots were obtained from the bulk mix atk column for compositional

analyses.

Table 1.1 Column and operating conditions for thedur cement kiln dust columns.

Initial Initial
Flow | Influent CO, | Influent | Material |Gravimetric Bulk
Length | Rate |Concentration| Gas Dry Mass| Water Density
Column| (cm) [(ml/min) (ppm,) Humidity (9) Content (g/ml)
A 5.1 45 75,800 >98% 136 75% 0.60
B 5.0 45 69,900 >98% 140 45% 0.61
C 4.9 61 84,900 <1% 191 38% 0.81
D 13.6 53 35,600 <1% 424 68% 0.74

Material Characterization

The elemental composition of pre-carbonated CKD avadyzed with a Philips PW
2404 X-ray spectrometer (Cambridge, UK). Sampleispens were homogenized by
grinding in a SPEX shatterbox (Edison, NJ). Podiohthe bulk sample were ignited to a

constant mass of 980 °C and then fused into gliaks dith a LECO FX-503 (St. Johns,



MI) automated fuser. Mineralogical composition oé-pand post-carbonated samples
was assessed using powder X-ray diffraction (Sienie800, Cherry Hill, NJ) equipped
with a Cu X-ray tube operated at 50kV and 27mA mediesolution slits. Specimens

were scanned from 5 to 70 degre8sWith a step-size of 0.05° and a dwell time of two

seconds per step.

Cement Kiln Dust
Core Segment
Encased in PVC

‘\ Flow Meters/

\ Micrometers/

MTI Quad Gas
Chromatograph

Humidifier

Bubble Flow
Meter -

Figure 1.1 Schematic of column set-up

Extent of Carbonation
The extent of mineral carbonation was determineddmgplementary analytical and
empirical methods: (1) thermal decomposition (TGAA), (2) observed mass change

before and after column experiment; and (3) froatellysis of effluent CO



concentrations (i.e. difference between the cunudanfluent and eluted mass of ¢
the columns; Shackelford 1994).

Thermal analysis was performed with a SDT 2960 m#truments (New Castle, DE)
Thermal Gravimetric Analyzer to determine carborzaetent of pre- and post-
carbonated CKD samples from the column experimé&tgpresentative samples (~22
mg) were heated in corundum crucibles in a nitrog@rironment from ambient to 1100
°C at 20°C/minute. Weight loss in the samples was monittredravimetric analysis
(TGA) as a function of time. Phase change was sanabusly evaluated with
differential thermal analysis (DTA) by measuring temperature difference between the
sample and inert, heat-treated corundum. Lossloiuca carbonate (i.e., CQin both
pre- and post-carbonated samples was observed terfperature region of 500-800 °C.
Other weight loss regions associated with the ddssoisture, ettringite (110-150 °C),
and portlandite (300-500 °C) were also observed.

In addition to thermal analysis, the extent of cawdition was measured by monitoring
the mass change of each column before and after igj€ction and through frontal
analysis of measured effluent g€@oncentrations. For those columns where dry gas wa
used, the recorded mass change was corrected fer wapor loss during the course of
the column experiment. The loss of water mass \abilated as a function of flow rate,
operation time, and the vapor pressure of watesinabient temperature and pressure

conditions (21 °C, 1 atm).

Degree of Sequestration
The degree of sequestration refers to the amou@Opfcaptured as carbonated

mineral mass compared to the mass of @@t would be consumed if all available



oxides were carbonated. For this study, the degfreequestration was determined by
comparing the observed mass of @questered in each column via frontal analysis to
the amount theoretically possible based on the @ishand phase composition of the
pre-carbonated CKD. For pure oxides (e.g., CaOCGa(DH)), the theoretical extent of

carbonation is a function of basic stoichiometry:

CaO,, +CO,,, — CaCq,, (1.2)

Thus, every ton of CaO can potentially sequestaoip785 tons of CO For waste

mixtures such as CKD, the theoretical extent obeaation can still be calculated as a
function of stoichiometry, however, the extent alepends on the availability of those
oxides for reaction. CKD can host a number of ieagbathways to the capture of €O

in addition to equation 1.2:

MgO+CO, - MgCQ, (1.3)
Ca(OH), +CO, -~ CaCQ,+H,0 (1.4)
K,0+CO, - K,CO, (1.5)
Na,0+CO, - Na,CO, (1.6)

Potassium and sodium oxides can also react witht€&@rm bicarbonates. The
amount of free oxide in CKD available for reactaepends on the type of kiln, source
material, fuel type used, and the manner in whigld@vas recovered from the system
(Klemm 1994, Haynes and Kramer 1982, Strydom €t396). Because of the wide
range in CKD composition it can be difficult to sgig a theoretical extent of
carbonation. Nevertheless, estimates o €@nhsumption can be made by taking into
consideration the amount of calcite present inptteecarbonated waste, along with the

CaO bound in anhydrite. Similar to estimates ok €anhsumption in mortars and
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concrete by Steinour (1959), an estimate of thereitecal extent of carbonation in a

given CKD can be calculated as follows:

%CO, =0.785%Ca0O—- 056%CaCQ, - 0.7%S0,) +1.0919%MgO

(1.7)
+0.71%Na,0 + 0.468%K,0

Where the %Co@refers to the mass of G@onsumed in the carbonation reactions
compared to the original, unreacted mass of theoanhhe stoichiometric mass factors
shown in equation 1.7 assume that all of the Ca©efat that bound in CaS@nd

CaCQ) will react to form CaCg all the MgO will react to form MgCg and all of

Na,O and KO will convert to NaCOs; and KCO;. The mass factors for,® and NaO

are doubled if bicarbonates form instead of carlema
Results and Discussion

Material Characterization and Theoretical Extent@drbonation

The elemental composition of the pre-carbonated @KE&d in this study, given as
weight percent of oxides, is listed in Table 1 @l with the typical range in oxide
composition reported for CKD (Corish and Colema@3)9 The unreacted CKD is high
in CaO, with moderate to low amounts of K, Mg, &Nwloxides. Based on thermal
analysis of pre-carbonated samples, the existifgpoate composition of the waste is
relatively high (42.3%). It is possible that otlarbonate species are present in the
sample in addition to calcite, such as dolomiteMGg&aCQ),) or ankerite (Ca(Fe, Mg,
Mn)(COzs),). However, dolomite (and ankerite) overlap sewevath arcanite in XRD
diffractograms. Therefore, in this waste, it ididiflt to definitively determine their
occurrence. Assuming that the predominant carbgftaee in the unreacted CKD is

calcite, only 7.8 % CaO is available for carbonatmwith a small fraction of that bound
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in anhydrite (CaSg). Gypsum (CaSgR2H,0) is thermodynamically stable at
temperatures below 52 °C. Therefore, it is assutm&dunder moist conditions and at

ambient temperatures and pressures anhydriteeaitlity hydrate to form gypsum rather

than releasing Ca for reaction with €O

Table 1.2 Elemental composition of pre-carbonated as oxides.

Mass Fraction (% dry wt.)
CKD Typical Range
Oxide (This Study) for CKD*?
Na,O 0.52 0-2
MgO 2.08 0-2
Al,O3 3.41 3-6
SiO, 13.17 11-16
P,Os 0.05 --
SO 4,78 4-18
K.O 5.84 3-13
CaO 34.5 38-50
TiO; 0.19 --
FeO3 2.89 1-4
SrO 0.02 --
Mn,Os 0.04 --
LOI" 31.2 5-25
Oxide Total 98.7 -

&From Corish and Coleman, 1995
®LOl is the loss on ignition.

The major and minor mineral phases identified bygered X-ray diffraction (XRD)
in the unreacted CKD were calcite (Cagl@uartz (SiQ), anhydrite (CaSg), ettringite
(CasAl2(SOy)3(OH)12-26H,0), and arcanite ($50y). It is likely that the sample contains
small amounts of other mineral phases, but relidbtection of minerals present in
weight percents below 1 or 2 % is difficult with KR The high percentage of calcite and
the presence of ettringite indicate that the wpaéefrom which the CKD core was taken

had been exposed to moisture and likely undergome sarbonation after its deposition.
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Ettringite is a common hydration product found @ments (Gabrovsek et al. 2006) and
other materials high in Ca, Al, and §8uch as CKD and fly ash (Sreekrishnavilasam et

al. 2006).

Based on TGA-DTA analysis, the amount of ettringit@re-carbonated samples is
approximately 11.7% (2.24% SJ0OBased on the elemental and phase composititreof
pre-carbonated CKD, the theoretical extent of caation (consumption of C{pcan be
estimated using equation 1.7. Assuming that Hali@remaining S@is bound in
anhydrite and that all of the Na, K, and Mg oxides available to react to form
carbonates, the theoretical extent of carbonaboi€KD used in this study is 11.5%
(Table 1.3). This theoretical percentage is thesna<Q that can be captured compared
to the initial dry mass of material. Table 1.4 suanizes the expected amount of £O

sequestration for each column if all oxides ava@dor reaction were carbonated.

Table 1.3 Theoretical extent of sequestration posse for CKD type used in this
study.

Oxide
Parameter CaO MgO Na,O K,O
Molecular Weight | 56.0 40.3 62.0 94.2
Weight Percent of Oxide | 34.5% 2.1% 0.5% 5.8%
Weight Percent Available | 7.8% 2.1% 0.5% 5.8%
Stoichiometric Mass Factor® 0.8 1.1 0.7 0.5
% of CO, Capture Possible® | 6.13% | 2.27% | 0.37% | 2.73%
% of Total Theoretical Sequestration | 53.3% | 19.8% 3.2% 23.7%

& Stoichiometric mass factors assume that all obtralable oxides react to form carbonates.
®Based on stoichiometry and the composition of tieacted CKD. The total sequestration capacitpef t
waste is calculated to be 11.5% (i.e., for eveny 4kCKD, has potential to capture 0.115 kg of,LO
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Table 1.4 The observed mass of CGequestered compared to the theoretical

amount of sequestration possible, along with the deee of sequestration achieved

for each column.

Observed
Operation| Mass CO; Theoretical Observed
Time | Changé | Sequesterefl| Sequestratiorf| Sequestration
Column| (days) (9) (9) Q) Degred
A 3.4 10.8 11.8 15.7 75.0%
B 4.9 14.9 15.3 16.2 94.3%
C 3.3 22.5 22.3 22.0 101.2%
D 12.0 29.2 34.6 49.0 70.6%

#0bserved mass changes in Columns C and D werectedrior water vapor loss due to injection of dry
gas.

®CO, sequestered is based on frontal analysis of efflG&, concentrations from each column.
“Theoretical mass of sequestration assuming tharda carbonates form.

dDegree of carbonation achieved in each column baseteoretical mass of sequestration

Post-Carbonation Characterization and Extent of aration

Post-carbonation XRD and TGA/DTA analysis was cateld on a sample taken
from column B. Only three major and minor minerahpes were identified: calcite,
qguartz, and gypsum. The absence of ettringite ahgidzite indicate that the assumptions
of calcium availability and anhydrite conversiornggpsum were reasonable. For the
CKD used in this study, CaO and® appear to have the largest capacity for mineral
carbonation (Table 1.3). Although no Na or K carderor bicarbonate species were
identified with XRD analysis on the post-carbonatesste, the amount of GO
sequestered in each column suggests that calcg@eidhe only carbonate species
formed during the experiments (Table 1.4). From TéaAducted on post-carbonated
samples taken from column B, the derivative welgks$ curve shows an increase in the
area of the carbonate peak, particularly on thditgpedge (Figure 1.2). The greater
mass loss in the carbonated sample in the lowepdeature region of carbonate

decomposition may be either from the formationiér, less defined calcite crystals or
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the precipitation of other carbonate phases. Tleerdposition of an addition,
unidentified phase(s) was detected in the carbdrsdimple in the temperature region
between 820 and 1000 °C (Figure 1.2). More detajlezhtitative analysis of pre- and
post-carbonated CKD materials is needed to bettantify carbonation products. Batch
scale experiments, microscopy, and additional nadtanalysis by XRD and TGA-DTA

are currently being conducted to elucidate reaqtathways and carbonation products.
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Figure 1.2 Derivative weight loss curve from thermbgravimetric analysis of pre-
and post-carbonated CKD. The carbonated sample waaken from Column B.

The extent of sequestration in terms of total ne$30, consumed (via frontal
analysis) in each column is presented in Tabledlohg with the theoretical
sequestration capacity of each column calculatedyexjuation 1.7. Thermal analysis

conducted on samples taken from Column B show enrease in C@content between
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unreacted and reacted CKD of 7.7% (from weight inSEGA curve). Based on the dry
mass of column material before and after carbonatios equates to an increase in,CO
content in the column of 15.84 g. The total amafr€@0O, sequestered via frontal
analysis and observed mass change for column BL&&sg and 14.9 g, respectively.
The good agreement among the TGA, mass changé;anrtdl analysis results suggests

that the methods used in this study for determicardponation extent were appropriate.

Extent of Sequestration as a Function of Opera@iogditions

The extent of C@sequestration was measured in four (4) columresaded under
varied moisture and gas concentration conditioéui@ns A and B were injected with
humidified gas, at relatively the same influent&0Oncentration (Table 1.1). However,
the water content of Column A was elevated prich®oexperiment by injecting heated,
humidified N, into the column and allowing water to condenspdre spaces. Columns
C and D were injected with dry gas at moderatelawcconcentrations of C£)
respectively. The extent of sequestration in eattinen is presented in Figure 1.3 (based
on frontal analysis of column G@ffluent). The mass of COnjected and the
corresponding mass sequestered with time are nizeddby the theoretical extent of
sequestration for each column assuming that N&Kacatbonates form (Table 1.4). Ideal
sequestration conditions (where all O6jected is consumed by the material until the

carbonation capacity of the waste has been achiewediso shown in Figure 1.3.
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Figure 1.3 Cumulative mass of C@sequestered in CKD columns under varied
operating conditions: normalized by theoretical extnt of sequestration for each
column. Under Ideal conditions, all the CQ injected into the column would be
consumed by the waste until the carbonation capagitof the material has been
achieved (blue line)Column A: humidified gas, elevated initial water content;
Column B: humidified gas, normal water content;Column C: dry gas, normal water
content, moderate concentrationColumn D: dry gas, normal water content, low
concentration. Refer to Table 1 for more detailed perating conditions.

The columns were operated for a period of 3.5 tddy, until full breakthrough of
CO, concentration was observed. At early times, thernoos follow ideal conditions,
consuming all C@that is injected. Columns A and B (humidified gaagk the idealized
curve longer than Columns C and D (dry gas), howhkigher water contents appear to
decrease the overall sequestration extent by stpanrindering the transport of G@®
reaction sites. The shape of the normalized cuimalaequestration curves for those

columns where dry gas was used deviate more freal mbnditions at early times,

indicating that the absence of humidity may rediheerate of carbonation. Or, the added
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humidity to the system results in increased aquabssrption of gaseous GCreating

the appearance of higher g@nsumption and the variation in the curve shiyetseen
dry and humidified columns. The overall extent aftonation, however, appears to be
inversely related to the water content of the calartEigure 1.4). The increase in overall
carbonation in columns of lower water contentkelly the result of greater gas pore

volume and lower diffusion limitations (Table 1Figure 1.4). The significant increase in

the extent of carbonation between column C anddixates that the carbonation reaction
rates may be dependent upon concentration ('@t ' order) and higher
concentrations may lead to faster rates and greseall carbonation in a given period
of time. However, more comprehensive column expenits are necessarily to determine
if column performance is dependant on influent,€@ncentrations.

Without more detailed characterization of pre- podt-carbonated CKD, it is
difficult to determine if heterogeneity in the colas influenced their ability to sequester
CO,. Because the columns were constructed of intaet ®8gments, extracting a pre-
carbonation sample from each column for composafianalysis was not possible. It is
likely that the composition of the CKD waste pikeries with depth and the core segment
used in this study may have intersected layers avftaring composition. Additional
column studies are being conducted with fresh CKiinfa number of different
manufacturing facilities, kiln types, and CKD callien systems. Detailed composition
analysis of pre- and post-carbonated samples igjlm@inducted to separate the impacts
of varied material composition from operating caiwais (CQ concentration, gas flow

rate, and moisture conditions).
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Figure 1.4 Variation in extent of sequestration wih gravimetric water content
(GWC) in columns of cement kiln dust. Sequestratiorextent refers to the mass of
CO, consumed compared to the amount of COsequestration theoretically possible.
Error bars represent uncertainty in water content measurements due to column
heterogeneity.

Conclusions

This paper demonstrates the feasibility of mineasbonation in landfilled CKD. A

series of column experiments were conducted in segenents of waste CKD under

varied operating conditions (input G@ate, gas, and water content). The results ineticat

Cement kiln dust readily sequesters GDambient temperatures and
pressures.
The major product of carbonation appears to batedlt both crystalline and

amorphous form. However, more detailed materiaftattarization of pre-
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and post-carbonated CKD are needed to better eligcrdaction pathways
and products.

» Carbonation extents greater than 70% of its thexaletapacity, based on
stoichiometry, can be achieved without any amendsn@nmodifications to

the waste material.

* The extent of carbonation is greater at lower gratric water contents due to
increased access to reaction sites.

* Heterogeneity in the core segments caused vatialrilbbserved carbonation
extents. Additional, more detailed experimentsremeded to separate the
impacts of varied material composition from opemattonditions (CQ

concentration, gas flow rate, and moisture conaiijo
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Carbon Dioxide Sequestration in Cement Kiln Dust though Mineral
Carbonation

Deborah N. HuntzingérJohn S. Gierke S. Komar Kawatra Timothy C. Eisel& and
Lawrence L. Suttér

Abstract

Alkaline earth metals react with carbon dioxide (Lt produce stable carbonate
minerals, a process known as mineral carbonatiarbd@) sequestration through the
formation of carbonates is a promising means tagedCQ emissions. Alkaline
industrial solid wastes are a potential sourceigtilly reactive oxides that require little to
no pre-processing. In this paper, the degree oéralrtarbonation in cement kiln dust
(CKD) is examined through a series of batch expenits. The mechanisms, products,
and rate behavior of the carbonation process aesasd through a complementary set of
analytical and empirical methods, including masangje, thermal analysis, and X-ray
diffraction. The carbonation reactions are carnatprimarily through the reaction of
CO, with Ca(OH), and CaC®@was observed as the predominant carbonation produc
With the exception of sylvite (KCI), the compositiof CKD does not appear to have a
significant impact on the degree of carbonationeable. Sequestration appears to
follow pseudo first-order reaction kinetics at gdnnes, however as carbonation
progresses, the kinetics deviate significantly fifinst-order conditions. A rate
expression lumping both reaction and transportrotiatl processes better represented

the carbonation reactions over time.
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Drive, Houghton, MI 49931-1195

2 Department of Chemical Engineering and Scienceshigan Technological University, 1400 Townsend
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Introduction

Mineral carbonation is a naturally occurring weaithge process where alkaline earth
metals (Ca, Mg) combine with carbon dioxide to fatable carbonates. Even though the
reactions are highly exothermic, they occur slowlpature during the gradual

weathering of silicate minerals:

CaSiQ, +4H,0+2C0, - Ca** +2HCO; +2H* +Si0> -
CaCo, +Si0, (H,0+H,0+CO,

(2.1)
Because of the thermodynamic stability of the cadbe products, however, mineral £O
sequestration is an attractive technology for redpucarbon emissions. To improve the
viability of the process for application on an isthal-scale, attempts have been made to
accelerate the carbonation process in the labgratousing chemically and

mechanically pre-treated silicate mineral feedsépskich as olivine and serpentine (e.g.,
Lackner et al.1995, Fauth et al. 2000 and 2002@p6ner et al. 2001, Guthrie et al.
2001, Wu et al. 2001, Huijgen et al. 2003). A migyoof this research has focused on the
agueous batch reaction of pre-treated feedstoak€ah at elevated temperatures and/or
pressures. However, the mining, processing, ardiogaconditions required for mineral
carbonation of raw feedstocks are energy intenginealternative source of metal oxides
is solid alkaline waste materials that are riclafcium and/or magnesium. The oxide
content and high surface area of alkaline wastdsertteem potentially suitable for
carbonation reactions without the need for extenpire-processing. Several studies have
investigated the feasibility and/or reaction medsiaus of CQ sequestration in industrial
wastes such as: steel slag (Huijgen et al. 20863sh (Fauth and Soong 2001), spray

dryer ash (Fauth et al. 2002b), municipal solidte@scinerator ashes (MSWI) (Bertos et

al. 2004a), and cement kiln dust (Huntzinger e2@06). The impacts of carbonation on
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the stability of the waste material have also baeastigated, particularly for its
reduction of pH and heavy metal mobility (e.g., g et al. 1995, Bertos et al., 2004b,
Huijgen and Comans 2005).

One of the difficulties in using alkaline wastes @O, sequestration is the large
variability in composition within a given waste gjpcomplicating the optimization and
standardization of the process. The compositiozeaient kiln dust (CKD) is highly
dependent upon the type of kiln, raw materials falets, as well as the types of cements
that are being produced (Adams 1984, Klemm 1994is6@@and Coleman 1995). In many
cases, there is no typical composition. CKD recestdrom traditional baghouse or
electrostatic precipitators tends to be partiadlicimed, containing both burned material
and unburned raw fines (Klemm 1994). However, imynggions, reduction of sodium
and potassium oxides in the final cement mix isinegl to lessen the potential for alkali-
silica reactions (ASR) in concrete (Adams 1984 nikigh et al. 1993). When low-alkali
cements are required, kilns often incorporate kalidbypass system that continually re-
circulates gases to remove the volatile alkalieréfore, CKD from alkali bypass
systems are generally highly calcined and contgreater percentage of reactive free
lime compared to CKD from baghouses. Since the &llghlis prohibit recycling into the
kiln, these CKDs are most likely to be disposeaboff-site, through landfilling and/or
sale for agricultural application. It is not knowrowever, whether the high mass
percentages of volatile substances (alkali saltfates, and chlorides) affect the
formation of carbonates.

Preliminary experiments of mineral carbonationanecsegments of aged CKD (i.e.,

landfilled) indicate favorable sequestration exdgmrt 50%) under ambient pressure and



temperature conditions (Huntzinger et al. 2006)weheer, a full analysis of the extent of
carbonation in a range of fresh CKD types has sbbgen completed. This study aims to
better elucidate the extent of carbonation achilevebvarious CKD types, as well as the
mechanism and products of the carbonation reactsgstematic examination of the
degree of mineral carbonation in fresh CKD is pnése, along with insight into the

possible mechanisms, products, and rate behaviteahineral carbonation process.

Materials and Methods

Fresh cement kiln dust from four different cememannfacturing processes were used
in this study, including two separate wet kiln gyss and the alkali bypass system of a
recently renovated dry kiln operated under diffefeim conditions (Table 2.1). The
CKD samples were received dry and stored at roompéeature in air-tight containers.
Representative subsets were taken from each horaogemix for use in the
carbonation experiments.

Table 2.1 Source and properties of cement kiln dust(CKD) used in batch
experiments.

Initial
Kiln CaCOs; Free CaO
CKD Type Type Collection System | (Mass %)* | (Mass %)
AG Bypass High| Dry Alkali Bypass System 14.5 37
AG Bypass Low | Dry Alkali Bypass System 4.3 15
AG Wef Wet BaghousQ/EIectrostatlc 46.4 8
Precipitator
Continental Wet | Wet Baghouse/ Electrostatlc 57.6 --
Precipitator

!Ash Grove Cement Company, Chanute Manufacturingifa€hanute, Kansas.

2Ash Grove Cement Company, Midlothian Manufacturfiagility, Midlothian, Texas.

3Continental Cement Company, Hannibal, Missouri.

“Calculated (within +/- 5%) from thermal mass-lossves obtained by thermal gravimetric analysisref p
carbonated samples. Calcite is assumed to be ¢d@minant carbonate species formed during the
carbonation reactions.

®Obtained from Rietveld refinement of X-ray diffrast patterns: supplied by Ash Grove Cement
Manufacturing Co. (Overland Park, KS) for pre-caréted samples.



Carbonation experiments were performed in a stssndéeel 288 L (60 by 60 by 88—
cm long) “glove” box, with ~100% relative humidignd ~ 80% C@atmosphere (Table
2.2). One- to 5-gram samples of CKD were placealuminum weighing tins, oven-
dried at 80°C for 24 hrs, and combined with nanepdeionized water at desired water-
to-solids ratios (0 to 1.25). Prepared samples weighed and placed in the chamber for
reaction with CQ under ambient temperature and pressure condititath experiment
was carried out in triplicate. Control samplesa kiln feed from the Ash Grove
Chanute, Kansas manufacturing facility (no reactixiele content) were prepared and
reacted in the same manner to verify that obsedvednass change was due to reaction
with CO,. In addition, a variety of material characteriaatmethods were employed to
confirm that observed mass change in carbonateglearwas a result of mineral
carbonation reactions. These methods are discussktail below. During the
experiments, the chamber was constantly suppliéid wimidified CQ to replenish any
carbon dioxide consumed during the reactions amtdate a slight positive pressure in
the chamber, preventing the diffusion of lab aioithe glove box apparatus. The gas
within the chamber was continuously circulated gsrsmall 12 V, 0.15 amp fan (2000
rpm with air flow of 41.9 cfm) and CQroncentrations were monitored with a MTI Quad
Model Q30L gas chromatograph (Fremont, CA). Hurgiditd temperature within the
chamber were monitored with a traceable Humiditgdpperature Pen (Control Company,
Friendswood, TX). After the specified reaction tirsamples were removed from the
chamber, weighed and oven dried at 80°C for 24sadllre final dry mass of the samples

were recorded and the samples were stored at remipetrature in sealed 20-ml vials for
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material characterization. If needed, duplicateamwere combined to produce a bulk
sample sufficient in size for material analysis.
Table 2.2 Experimental conditions for reaction of dferent cement kiln dust types

with CO;, at different water to solids (w/s) ratios, reactia times, and relative
humidity.

Reaction Time Relative
CKD Type w/s (days) Humidity (%)
100
0.00 0.3,1,2,4,6,¢§ 35
- 0.00, 0.06,
AG Bypass High | 55 0.4, 0.85 2 100
1.15
0.85 0.3,1,2,4,6,¢§
0.00 0.3,1,2,4,6,§
0.00, 0.06,
0.25, 0.40,
AG Bypass Low 0.58. 0.85, 2 100
1.15
0.85 0.3,1,2,4,6, 8
0.00 0.3,1,2,4,6,¢§
0.00, 0.06,
AG Wet 0.40, 0.80, 2 100
1.15
1.25 0.3,1,2,4,6,¢§
0.00, 0.06,
0.40, 0.80, 2
1.15
Continental Wet 0.47 4 100
0.85 4,6,8
1.25 03,1,2
0.00, 0.06,
AG Raw Feed 0.40, 0.80, 2 100
Control 1.15
1.25 0.3,1,2,4,6,¢§
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Material Characterization

The elemental composition of the pre-carbonated GKDples was analyzed with a
Philips PW 2404 X-ray spectrometer (Cambridge, Ugmple specimens were
homogenized by grinding in a SPEX Shatterbox (Edid&l). Portions of the bulk
sample were ignited at 980 °C to a constant masshem fused into glass disks with a
LECO FX-503 (St. Johns, MI) automated fuser. Qatlie analysis of mineralogical
composition in pre- and post-carbonated samplesassasssed using powder X-ray
diffraction (Siemens D 500 Diffractometer, Cherrji HNJ) equipped with a Cu X-ray
tube operated at 50kV and using 27mA, medium résolslits. Specimens were
scanned from 5-70°@ with a step-size of 0.05° and a dwell time oE2ands per step.

The carbonate content (wt% @®f pre- and post-carbonated samples was
determined by complementary analytical and empirneethods: (1) observed dry mass
change of the samples, (2) thermal decompositi@ACDTA), (3) total carbon analysis
(TCA), and (4) quantitative X-ray diffraction (QXRRnalysis using the Relative
Intensity Ratio (RIR) method.

The gain in dry mass between the initial pre-caabet samples and dried carbonated
product was assumed to equal the mass af<eQuestered by the sample:

Mo, (t) =M (t) =M (t = 0) (2.2)

WhereM ¢, (t )is the mass of C{sequestered after some timheM (t) is the dry mass

of the sample corrected for the mass gain due doatipn reactions, such as gypsum
formation and/or the production of calcium-silicgeds, andM (t = 0)is the initial dry

mass of the sample. The change in carbonate cdméneen pre- and post-carbonated

samples is expressed in term®@TO, (dry mass):
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Meo, (t)

M (t) O

%CO,(t) = x100% (2.3)

In order to verify that observed mass increase® \wae to C@sequestration, a subset of
the samples were examined by a combination of thlkedecomposition (TGA/DTA,
TCA) and X-ray diffraction methods.

The overall carbonate (i.e., G@xontent of selected pre- and post-carbonated CKD
samples was measured with a TA-Instruments Simedtasn DTA-TGA (Model SDT
2960, New Castle, DE). Representative samples irg@2vere heated in corundum
crucibles in a nitrogen environment to 12@at 20°C/minute. Sample mass losses were
monitored by thermal gravimetric analysis (TGA)aBé change was simultaneously
evaluated with differential thermal analysis (DT#) measuring the temperature
differences between the sample and inert, heatetlerundum. Carbonate
decomposition in both pre- and post-carbonated ksmwpas observed in the temperature
region of 500-850 °C. Other mass-loss regions &ssacwith the loss of hydrated water
(<200 °C), and the decomposition of gypsum (110130 portlandite (300-500 °C),
and halides (>1000 °C) were also observed.

Additional measurements of the change in carboretietween fresh and reacted
samples were conducted by total carbon analysig\JT€amples were crushed, weighed
into a combustion boat, and analyzed in triplicsiids a LECO SC444DR (St. Joseph,
MI) Carbon and Sulfur Analyzer (furnace temperatfré350 °C). As with the other
material analysis methods, the change in totalaradontent was assumed to be solely
the result of C@sequestration (increases in inorganic carbon).

Finally, to assess the importance of calcite prttipn in the carbonation reactions,

the calcite abundance in selected samples was megldsy quantitative X-ray diffraction
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(QXRD) using the Relative Intensity Ratio (RIR) imed based on work by Chung

(1974) and discussed in Chung and Smith (2000)e&ohn of the CKD types, 1.5-g
aliquots of pre- and post-carbonated samples wepediwith 0.3 g of rutile (Tig). The
area intensity ratio (calcite to rutile) in the @dpsamples was compared to the intensity
ratio in a standard sample (1:1 mass fraction of guade CaCgxo rutile). Their ratio

was used to compute crystalline calcite fractionthe doped samples. Only the strongest
peaks were compared and computed mass fracticcadaite were corrected for dilution
due to the rutile addition. Since the previouskcdssed methods (TGA, TCA, mass
change) measure the change in,€0ntent (i.e., carbonates) of the samples, and@XR
determines crystalline CaGomparison between the different methods showitate

the role that amorphous or other carbonates pléyarsequestration of Gdh CKD.

Degree of Carbonation
The degree of carbonatioé({)) was estimated by comparing the observed change in

dry mass of each sampl®(, (t ) With the calculated theoretical extent of carlimma

based on the composition of the pre-carbonatedewast

_ Mg (1)
€)= M (t = 0) ThCQ, @4

WhereThCG; is the theoretical mass fraction of €§&questration achievable based on
stoichiometry and the reactive oxide content ofvtfaste. It is assumed that reactive
calcium species in the waste (e.g., free CaO, Cy{@4SiOs;) are the major phases
participating in the carbonation reactions. Théoaation of CaO (through Ca(Oh)

can be expressed in simplified form as:

~ 2H;  +CO%

CO,y +H0, (aq) 3(a0) (2.5)
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CaQ, +H,0, - Ca(OH), (2.6)
Ca(OH)Z(S) - Ca(zgq) + ZOH('aq) (2_7)
Ca(ze:q) + Cog(_aq) - CaCQy (2.8)

Because of the wide range in CKD composition, hawveother oxides (e.g., MgO, FgO
K20, and NaO) may also contribute, to a lesser extent, tast#rpiestration of CO
through a variety of reaction pathways. Therefor@rder to estimate theoretical €O
sequestration, consideration must be given to tetewcomposition and the extent to
which the oxides are available for reaction. Simitaestimates of C£sequestration in
mortars and concrete by Steinour (1959), the thieateextent (as a percentage of dry
mass) of carbonation in CKD was calculated as ¥aito

%ThCQ = 0.785(%Ca0— 0.56%CaCG; — 0.7%S0;) + 1.091%MgO +

0.71:%Na0 + 0.468(%K,0 — 0.632%KCl) (2.9)

The mineral species in equation 2.9 are represemgeercent of dry mass and the
stoichiometric mass factors assume that all of28® (except that bound in CasSénhd
CaCQ) will form CaCGQ, MgO will form MgCG;, and NaO and KO (less that bound in

sylvite, KCI) will form NgCOs; and KCOs.

Reaction Mechanisms

The specific carbonation pathways in wastes suc@kds are not fully known.
Transport-controlled mechanisms such as @@l C4" diffusion to reaction sites,
boundary layer effects (diffusion across precipitadatings on particles), and pore
blockage can all affect the extent of carbonatioa teir effects can change with time.
The results of a kinetic study examining the reatgtiof fly ash mixtures doped with

calcium hydroxide (Ca(OH) suggest that the reaction rates are a functiorobbnly the
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hydroxide to fly ash ratio but also the extent taak calcium hydroxides have been
consumed in the reactions (Biernacki et al. 208irilarly, mineral carbonation studies
in waste steel slag hypothesize that the rateihigiimechanism during carbonation is the
diffusion of C&" to reaction sites (Huijgen et al. 2005), influencthe extent of reaction
with time. Therefore, the kinetics of carbonati@pears to be influenced by a
combination of reactions mechanism, which individuean be difficult to measure.
Because of the similarity of CKD composition tottbdcement, analytical rate
expressions used to describe the complex chenubttgment hydration were applied
here to provide insight into the carbonation reati

Hydration reaction rates in cement are often amalyrsing lumped expressions, such
as Knudsen (1984) or Avrami (1939), because thegrapass both the reaction kinetic
and mass transfer (diffusion) mechanisms typidaibught to control the hydration
process (Biernacki et al. 2001). From the work tgved by Avrami (1939) and applied
by Biernacki et al. (2001), the extent of the remactan be expressed as:

&) =1-e™ (2.10)

Wherek is the rate constant ands an exponential factor, which is proposed toehav
fundamental process underpinnings but really israpirical parameter. Equation 2.10 is
based on the kinetics of phase change. Becaubke abinplexity of the carbonation
reactions, particularly the combination of rate{coling mechanisms, expressions that
use “lumped” rate constants and reaction exteatiser than stoichiometry, may provide

a more practical evaluation of the process kinetics
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Results and Discussion

Mineralogy and Characterization

The elemental compositions of the different CKDeypised in this study are

presented in Table 2.3 along with the typical ramgexide composition reported for

CKD. The wastes are all rich in CaO and contain enai@ to high amounts of K, Na, Fe,

Si, and S oxides. The alkali bypass dusts alscagohigh percentages of Cl, which

originate from the raw materials and/or the fuedsdito fire the kiln (Adams 1984). In

addition, the bypass dusts have greater percentd@dsali salts (NgO and KO), most

of which are bound in halides, such as sylvite (KCI

Table 2.3 Elemental composition of the pre-carbonatd cement kiln dust (CKD)
samples used in this study along with the typicalange in oxide composition for

CKD.
Percent of Dry Mass
Typical AG AG
Range for Bypass Bypass Continental
Oxide CKD? High Low AG Wet Wet
Na,O 0-2 0.65 1.83 0.49 0.26
MgO 0-2 1.39 0.52 0.55 2.22
Al,O3 3-6 3.45 1.59 4.09 4.02
SiO, 11-16 13.31 5.09 12.61 15.53
P,Os -- 0.06 0.04 0.11 0.08
K20 3-13 7.04 24.04 4.03 2.01
CaO 38-50 48.03 22.72 47.14 46.41
TiO; -- 0.23 0.12 0.22 0.25
MnO -- 0.06 0.03 0.13 --
Mn,Os -- -- -- -- 0.10
FeOs 1-4 2.14 1.16 1.79 1.28
SO; 4-18 2.73 5.78 7.66 2.04
CI 0-5 5.22 20.41 0.18 -
Br - 0.21 1.03 0.03 --
LOIP 5-25 14.88 15.07 20.37 25.80
Total - 99.39 99.43 99.40 100.00

#Values reported by Corish and Coleman (1995)

P LOI: Loss on Ignition
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Theoretical Extent

Table 2.4 summarizes the theoretical extent ofarabon calculated for each of the
waste types based on their reactive-oxide conemérent in this theoretical calculation
is the assumption that the oxides in certain calcund potassium phases (i.e., calcite,
anhydrite, and sylvite) are unlikely to react W@, at ambient temperatures and
pressures. The abundance of these “unreactive’eghaghe pre-carbonated wastes was
deduced normatively, using material analysis aottisiometry, along with simplifying
assumptions regarding material composition. Thé&-{r@ansity ratios from the XRD
analyses of pre- and post-carbonated AG Bypassihdiwates that the relative
abundance of sylvite does not appear to change cgdonation, supporting the
assessment of K availability in high alkali CKD.élfraction of calcite in the unreacted
material, however, has a significant impact onwakled theoretical capacities, and
therefore the theoretical extents presented inelald reflect the uncertainty associated
with the CaCQ@ determinations. Based on the theoretical calauiatithe high free-lime
bypass dust (AG Bypass High) has the greatest pattéor sequestration, followed by
the CKD collected from the Ash Grove wet kiln (AGe¥). The smaller calculated
theoretical extents in the low free-lime bypass @usl the wet kiln CKD from
Continental are attributed to their higher masstioas of unreactive species, such as

calcite and/or sylvite.
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Table 2.4 Calculated theoretical extent of carbonan achievable presented as the
mass of CQ that can be sequestered per dry initial mass of vete. Values are based
on the mass fraction of oxides assumed to be avdila for reaction, along with
material analysis by XRF and XRD. Range of theoretial extent is shown along with
average based on estimated error in CaC{xetermination.

Cement Kiln Dust Theoretical Extent
(CO, Mass %)
AG Bypass High 29'(%11 8 231.04
AG Bypass Low 12'(4154 ._65:3L)6.54
AG Wet 13-845 B 1)7.44
Continental Wet 11'8%}%)5-93

The range in theoretical extent reflects the uadety in the CaC@estimations from TGA (+/- 5%),
where calcite is assumed to be the dominant catbdoamed during the carbonation reactions.

Reaction Mechanisms and Products

Table 2.5 summarizes the major and minor minerafdgihases identified in
representative samples of the pre- and post-catbdi@ZKDs. Calcite and trace amounts
of ankerite (Ca(F&,Mg)(COs),) and dolomite (CaMg(C§),) were the only carbonate
species detected by XRD. The calcite precipitatvas also confirmed with SEM
microanalysis and element mapping. Small fractmfii¥da, K, Mg, and Fe were found in
precipitate regions between particles and somécfgmooatings (Anderson 2006).
Mineral substitution in carbonates is common (Huirland Klein 1977) and appears to
occur during the carbonation reactions.

Two major reactive calcium species were identifiredre-carbonated CKD samples:
CaO and Ca(OH)(Table 2.4). In all cases, no free CaO was fourttié reacted
samples. In the presence of water, CaO will quickbct to form portlandite (Ca(O$))

evolving considerable amounts of heat. This waeesl in preliminary experiments
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conducted with pure-grade CaO, as well as in tlziée samples containing high
amounts of free CaO (e.g., AG Bypass High). Basestoichiometry and observed mass
change, the extent of carbonation achieved inmpreéry experiments conducted with
pure-grade CaO was greater than 90% (at higherwasolids ratios). Similar
experiments were conducted with pure grade Cag@HhlJ even greater extents of
reaction were observed. Analysis of the carbonpteducts from CaO experiments by
TGA show calcite to be the predominant carbongpi@mduct (>87%) and trace amounts
of portlandite (~4%). Therefore, the assumptior tdaabonation reactions in calcium
species proceed through the reaction of Cag@ppears valid. Similar to CaO, in most
cases Ca(OH)s absent in carbonated samples (Table 2.4). Herwvemall fractions of
Ca(OH) were found in reacted high free-lime bypass dast@es, suggesting that the
carbonation reactions had not yet reached completio

Table 2.5 Mineral phases identified with X-ray diffaction (XRD) in pre-and post-
carbonated CKD samples; N = Present, NP = Not Prese

AG Bypass | AG Bypass Continental
High Low AG Wet Wet
Mineral
Phasgd Chemical Formula | Pre | Post| Pre| Posf Pre| Post Pre Post
Calcite CaCQ P P P P P P P P
Quartz Sio, P P P P P P P P
Free Limg CaO P NP P NP P NF P NP
Portlandite Ca(OH) P P P NP P NP NR NP
Anhydrite CasQ P NP P P P P P NP
Gypsum CasQ-2H,0 NP P NP| NP NP P NR P
Sylvite KCI P P P P NP| NP P P
Arcanite K,SO, NP | NP| NP| NP| NP| NP P P
Halite NacCl NP | NP P P NP| NR P P
Ankerite| Ca(Fé>Mg)(COs), | NP | NP | NP| NP| NP| NP NA P
Dolomite CaMg(CQ), NP | NP| NP| NP| NP| NP NRH P
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The increase in carbonate content between reantedraeacted CKD samples was
confirmed with TGA-DTA, TCA, and QXRD analysis. Theoad leading edge of the
calcite peak in the derivative TGA curve (Figurg)dndicates the possible presence of
other carbonate phases (such as magnesium orarbarates), and/or the early
decomposition of calcite with finer or less-definggstal structures. In most cases the
calcite peak on the derivative mass loss curvesstafthe right between unreacted and
reacted samples, suggesting the formation of &tagd/or more-defined crystal
structure with carbonation. However, the thermaVes in the post-reacted samples are
also considerably skewed on the leading edge. gradual transition into a more
predominant peak indicates the presence of additmarbonate species (other than
calcite), and/or the precipitation of less defimadbonate phases (Figure 2.1).
Examination of the decomposition curve of carbothqere grade CaO suggests the latter
(Eigure 2.1), where there is close similarity ie thading edges of the carbonated peaks
(600 to 85C¢°C). The same is true for the other CKD types (hots), with the
exception of the AG Wet CKD, which exhibits a mgradual decomposition and earlier
onsite of mass loss than that of the carbonateglgrade CaO.

Selected samples were analyzed by thermal decotiqro§l GA-DTA and TCA)
and quantitative XRD to confirm carbonate formatad to verify that mass change is
an appropriate measure of sequestration extentd Pa®). The results of the different
characterization methods, expressed @%pare presented in Table 2.6, along with the
observed change in dry mass. In general, gravimegétierminations of sequestration
extent agree reasonably well with the other chargettion techniques and appear an

appropriate method for assessing the degree obration achieved in the various batch
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experiments. The difference in the abundance ddtaliyne calcite in pre-and post-
carbonated samples measured via QXRD illustratesitnificant role that Ca species
play in the mineral carbonation reactions. In nuastes, the formation of well-defined

calcite phases (via QXRD) accounts for over 75%efobserved carbonation.

0.7
— = AG By-Pass High
Carbonated AG By-Pass High
0.6 1 Carbonated Pure Grade CaO
CO; loss due to
0.5 4 carbonate and calcite
. decomposition
194
g
£ 0.4
(=]
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= Loss of halides
a (volatile alkalis)
Water Loss or unburned
0.2 1 from OH loss due to carbon
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Figure 2.1 Derivative of the thermal mass-loss cue/from thermal gravimetric

analysis (TGA) of pre- and post-carbonated AG BypasHigh CKD and carbonated
pure grade CaO.
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Table 2.6 The change in calcium carbonate contennhcelected samples, expressed in
terms of CO, (mass %) due to carbonation based on the change diny mass of the
sample, thermal analysis, and quantitative X-ray dfraction. All samples were

reacted at 25 °C, 100% relative humidity, and ~80%4CO, atmosphere

Mass
CKD | Changé TGA? TCA® XRD*
AG Bypass High 16.7 (0.73, 9) 16.5 13.3(1.2, 3) 9.8
AG Bypass Low 10.5 (0.56, 6) 9.2 10.0 (0.5, 2 10.8
AG Wet| 9.8 (0.02, 3) 8.5 6.3 7.4
Continental Wet 9.3 (0.21, 6) 7.0 6.9 --

! Average mass change; based on equation 3 (std.rdember of samples).

2 Thermal gravimetric analysis; calculated (withia 3%) from percent mass loss as a result of cateon
decomposition.

® Total carbon analysis; average (std. dev., nurabsamples).

* Determined from Quantitative XRD analysis andReative Intensity Ration (RIR) method; according
to Scott Schlorhortlz (personal communication)dhalytical error associated with estimates is ©462

Degree of Carbonation

The degree of carbonation or the ratio of obsetwdtieoretical extent for the
different CKD types was determined both as a fmctif water-to-solids ratio and time
(Figures 2.2 and 2.3, respectively). Overall, treatest degree of carbonation was
achieved in the AG Bypass Low CKD. Among the ofB&D types the maximum
degrees of carbonation achieved were similar. Hewen a mass basis (i.e., mass of
CKD required to sequester a given mass of)cAG Bypass High exhibits the greatest
overall potential for mineral carbonation, due rhosgi its high free CaO content and the
relatively low initial mass fraction of CaGQrlables 2.1 and 2.6). It appears that the high
alkali content of the two bypass CKDs does not esblg affect the ability of the
material to sequester GADn the contrary, high sylvite content may enhahee
carbonation reactions by promoting the dissolutb@a(OH}. The two AG Bypass
CKDs have a significant mass fraction of sylvitel(% in the AG Bypass High and >

45% in the AG Bypass Low) compared to the other Gigies (not detected in AG Wet
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and < 3% in the Cont. Wet). Direct mineral carb@rabf magnesium silicates from
mined feedstocks has been enhanced through thef ga additives, primarily NacCl, in
the aqueous reaction system (Huijgen and Comarts)20Be function of the salts is to
increase the ionic strength of the solution whichsequently, increases the solubility of
the calcium through complexation reactions. Thééigiegree of carbonation observed
in the AG Bypass Low CKD suggests that the incredsdide content of the waste may
enhance the degree of carbonation achieved iratinples by promoting the dissolution
of CaO and Ca(OH)and the subsequent precipitation of Cg(@ore experiments,
however, are needed to ascertain the importansglvfe content on the degree of
carbonation achievable, as well as its influencéh@emechanisms of precipitation.

Effect of Water:Solids Ratio

In general, the degree of carbonation increasdsingreased initial water:solids ratio
in low-alkali CKD types (AG Wet and Continental WEtgure 2.2). This trend is
opposite of the results reported for the carbonadioother wastes (Huijgen et al. 2005,
Bertos et al. 2004a, 2004b). If the carbonatiortieas are carried out primarily through
the carbonation of Ca(Ok|)water may serve as a catalyst for the reactignzamoting
the conversion of CaO to Ca(OH)n addition, a large portion of CKD is soluble in
water (Dyer et al. 1999) and therefore, higher watdids ratios might increase the
availability of cations such as €aThere appears to be a limit, however, on thetgli
which water promotes the carbonation reactionsagpetars to be related to the material

composition of the waste.
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Figure 2.2 Degree of carbonation in four CKD typess a function of initial water-to-
solids ratio: (A) AG Bypass High, (B) AG Bypass Low(C) AG Wet, and (D) Cont.
Wet. Samples were reacted for 2 days at 25 °C an81% relative humidity. Error
bars express range in calculated degree as a furani of the uncertainty associated
with both the mass change measurements and the thretical calculation.

The bypass dusts contain significant amounts ofrtimeral sylvite, which readily
absorbs water from the atmosphere. Both initiatlyahd water-spiked bypass dust
samples absorbed significant amounts of wateraril00% relative humidity reaction
chamber. The combined impacts of higher initialexaolids ratios and adsorption of
water from the gas likely caused diffusion limitats in the transport of G@nd C&' to

and from reaction sites, lowering the degree adb@aation with higher initial water-to-

solids ratios. Based on regression analysis ofedegf carbonation with increasing
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water:solids ratio (Figure 2.2), a significant lmeelationship (confidence level = 95%)
exists between degree of carbonation and wateenoit all CKD types. However the
lowering of carbonation extent with increased watartent in the bypass wastes is very
small (< 10%) and not nearly as pronounced asitrease (> 35%) in carbonation with
water content in the AG Wet and Continental Wet GKD

Degree of Carbonation with Time

In all CKD types, the degree of carbonation incesasith time, with greater than 75-
80% of the carbonation occurring at early times d&gs) and more gradual conversion
of oxides to carbonates as the reactions progréssguare 2.3). The exponential shape of
the time-dependent curve indicates that the rat@hig mechanisms controlling
carbonation may change as extent of carbonatiotepas. Researchers investigating the
use of CaO sorbents in the removal of,@©Om flue gas (e.g., Wei et al. 1997, Mess et
al. 1999, Agnihotri et al. 1999) have observed Ca€datings and pore blockages in
carbonated CaO samples. The observed result wasreage in carbonation efficiency of
the CaO sorbents with time and with repeated caliin/decalcination cycles. Similar
limits to the decreases in the rate of carbonagdrnt with time were observed by
Huijgen et al. (2005) in their study of the carbioma of steel slag. Analogous
precipitation patterns and limits were observethia study. SEM EDX microanalysis
investigations indicate micropore blocking duehe €aCQ precipitation, along with the
propagation of a carbonate shell in Ca(@phrticles that grew inward and became
denser with time (Anderson 2006). The skin or diegelopment on reactive particles
appears to limit Cediffusion to reaction sites, as well as the ovatagree of

carbonation in the waste, particularly for the ApBss High CKD.
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Figure 2.3 Degree of carbonation in four CKD typess a function of time: (A) AG
Bypass High, (B) AG Bypass Low, (C) AG Wet, and (DEontinental Wet. Samples
were reacted at 25 °C and 100% relative humidity vih an initial water-to-solids
ratio of 0.85. Error bars express range in calculad degree as a function of the
uncertainty associated with both the mass change mgurements and the theoretical
calculation.

In order to better elucidate the importance ofgpamt limitations in the carbonation
of CKD, the degree of carbonation with time acheirethe different waste types was
assessed with the empirical kinetic model outlineve (equation 2.10). First-order rate
equations represent the trend in carbonation gteanly times (< 1 day), but fail to
adequately characterize observed trends at latestiindividually, the mechanisms
controlling the rate of carbonation can be diffidol measure. Therefore, analogous

processes were sought out to help provide insigbtthe factors controlling mineral

carbonation in CKD. Because of the similarity in @l€omposition to that of cement,
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conventional, empirical models describing cememiraton (equation 2.10) were applied
to the time-dependant results. The observed tren@gree of carbonation with time is
the same for all CKD types. Therefore, the empiiniate expression was fit to the batch
results from all CKDs as a whole, rather than irelently. The values for the rate
constant) and reaction exponent)(were optimized by minimizing the root mean
square of the sum of the normalized residuals betvpeedicted and experimental
degrees of carbonation. The actual fitted value& mdn are not important. As
discussed previously, the rate constianand the fitting exponent, are lumped
parameters which values are influenced by bothtiaand transport mechanisms.
Extracting the relative importance of one mechan(ism., reaction) over the other (e.g.,
transport) from these fitted values is difficuldampractical. What is significant from
this analysis is that the functional form of thepancal hydration equation describes the
degree of carbonation with time better than conweeat first- or second-order kinetic
equations (refer to Figure 2.4).

From the material analysis and experimental resligisussed above, the following
conclusions related to the carbonation of cemdntdast can be made: (1) carbonation
reactions are carried out primarily through theboaation of Ca(OH)and CaC@is the
predominant carbonation product; (2) variationsamposition (with the exception of
sylvite content) appears to have little effect loedegreeof carbonation achievable; and
(3) both reaction mechanisms and transport prosesggeear to control the overall
kinetics of the carbonation process. The shapbkefime-dependent curve indicates that
the degree of sequestration follows pseudo firdeoreaction kinetics at early times;

however as carbonation proceeds, reaction kindgegate significantly from first-order
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conditions. Lumped-rate expressions that includé beaction and diffusion controlled

mechanisms better characterize the overall exfecdrbonation with time.
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Figure 2.4 Experimental and predicted degree of C©&consumption in the CKD
types examined in this study based on the Avrami egtion (equation 10 in text) and
a rate expression following pseudo first-order rateassumptions.
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Effects of Vapor Transport and Particle-Scale Reaabn Mechanisms on
the Extent of Carbonation in Cement Kiln Dust

Deborah N. Huntzingérmnd John S. Gierke

Abstract

The sequestration of carbon dioxide ({® cement kiln dust is a potential
technology for reducing carbon emissions. A majaritthe research related to the
mineral carbonation of wastes, including CKD, hasrbconducted at the batch scale,
therefore the viability of the process at the pitmt plant-scale is still uncertain. Further
examination of the degree of sequestration achlewaider nonideal (dynamic flow,
limited-supply) conditions is required. A set ofpeximents was conducted to elucidate
the importance of gas transport effects, flow rate] CQ concentration on the extent of
carbonation. It was expected that as the reactistes grew in scale some carbonation
efficiency would be lost due gas transport limdas and reduced access to reaction sites.
Instead, variations in reactive oxide content efwaste had a greater influence on
sequestration performance. Equivalent sequestrpgdiormance was achieved in the
column experiments as obtained in batch experinm@ntducted with the same CKD
types. Variations in the operating conditions (flate, influent concentration) applied in
this study had little influence on carbonation@éicy in the columns, suggesting that
reaction and precipitation mechanisms are stilipljaa dominant role in the degree of

carbonation achievable in the wastes under nor-ice@sport conditions.

! Geological and Mining Engineering and Sciences,higian Technological University, 1400 Townsend
Drive, Houghton, MI 49931-1195



Introduction

Mineral carbonation in alkaline waste materials basn shown to be a potentially
viable technology for reducing carbon emissiong.(é&auth et al. 2002, Bertos et al.
20044a, 2004b, Huijgen et al. 2005, Huntzinger e2@06a, 2006b). A majority of the
experimental work to date examining the sequestraif carbon in waste materials has
been conducted in aqueous batch reaction systegiskauth and Soong 2001, and
Fauth et al. 2002, Huijgen et al. 2005), and mdrth@se studies were performed at
elevated temperatures and pressures. Recent wowiever, suggests that the reactive
oxides within cement kiln dust (CKD), a byproduttite cement manufacturing
industry, are readily carbonated at ambient tentpea and pressures without
amendments or modification (Huntzinger et al. 20@896b). Under ideal conditions
(bench-scale, static/no-flow batch reactor, “in@fiisupply), degrees of carbonation
greater than 80% were observed based on calculaecetical extents and
comprehensive analyses of pre- and post-carbosatagles (Huntzinger et al. 2006b).
The predominant products of carbonation were calaiarbonates, with well-defined
calcite phases accounting for over 75% of the ofeskcarbonation (Huntzinger et al.
2006b).

Huntzinger et al. (2006b) demonstrated in prelimyresstimates of carbonation
reaction kinetics in CKD that CGGequestration (carbonate precipitation) followsuako
first-order reaction kinetics at early times; hoeewas carbonation proceeds, reaction
kinetics deviate significantly from first-order atitions. Lumped-rate expressions that
include both reaction and diffusion controlled memisms appear to better characterize

the overall extent of carbonation as a functiotiraeé (Huntzinger et al. 2006b). Similar



lumped-rate expressions are often used to desceiiment hydration (Biernacki et al.
2001) and appear appropriate for describing thebooation of factors that play a
significant role in the sequestration of alkalinastes.

Precipitation (carbonation) reactions are genegliye complex, with several
mechanisms involved in the reaction between thie sold the solution. For example,
initial reaction kinetics may follow equilibrium oditions during the carbonation of
more-reactive, accessible oxides (e.g., free CalCa{OH)). However, as carbonation
progresses to the consumption of less-reactivéuralspecies, rates may slow in
response to the gradual release of'@@m those particles. In studies examining the
carbonation of steel slag, the diffusion of calcitsom the interior of particles to its
surface was reported to be the rate-limiting reacstep (Huijgen et al. 2005).

Declining precipitation rates may also indicaténdtgo diffusion-controlled reaction
conditions, limited by the transport of ions to dramn reaction sites (Morse, 1983). In
studies examining the use of lime sorbents to s¢p&Q from flue gas, the rate of
mineral carbonation decreased with time, nevereaitg the total mineralization
capacity of the material. It has been suggestaditi@opore blockage and mineral
“skin” formation on particle surfaces decreasesoerall mass transfer rate and/or the
kinetics of carbonation (Bhatia and Perlmutter 198@i et al. 1997; Mess et al. 1999;
Wu et al. 2001; Gupta and Fan 2002; and Himansbdu=an 2002). Similar patterns of
precipitation were observed in microscopic and ¥+racroanalysis conducted on
carbonated samples of CKD (Anderson 2006). Theimraand transport mechanisms
controlling carbonation at the particle scale carcbnceptualized (Figure 3.1) by

combining the observations from the microscopidysis conducted by (Anderson 2006)



with analogous processes that control oxygen ddfuand mineral oxidation in mine
tailings (Wunderly et al. 1996). Assuming thatgalticles are surrounded by a thin film
of immobile water, the reactions can be thoughasofaking place in the aqueous phase
on, within, or near a reacting solid. g@artitions from the gas to the immobile water
film via Henry’s law forming carbonic acid, bicamte and carbonate ions, according to
carbonate chemical equilibrium and these speciesigminately carbonate ions) diffuse
from the particle surface, through the mineral oadie coating to the center or un-
carbonated core in response to concentration grediAs carbonation proceeds, the
radius of the unreacted core decreases, thickehengnineral carbonate shell on the
particle. Thus, as the mineral-carbonate reactimpdevelops, the mass-transfer rate of
dissolved CQspecies to the unreacted core decreases, lintitengate and possibly the
extent of reaction.

While such patrticle-scale limitations appear tasigmificant in controlling
carbonation under ideal (static-flow, infinite siyypconditions (Huntzinger et al. 2006
and Anderson 2006), their importance under noniftBadamic flow, limited-supply) and
larger scales is unknown. Therefore, for mineraboaation of industrial wastes to
become a viable technology for reducing &missions, studies that examine the extent
of reaction under dynamic conditions are requifidds paper summarizes the results of a
series of column experiments performed with CKDe Plarpose of the study is to
elucidate the importance of gas transport effélci®; rate, and C@concentration on the
extent of carbonation. These experiments were deditp determine if reaction
mechanisms and particle-scale processes (i.e.-trsasser limitations, pattern of

precipitation) still play a major role in the extai carbonation or if under flowing



conditions with limited supplies of Ghat macroscale processes related to mass

transport affects become rate or extent limiting.

Macroscale Processes
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Figure 3.1 Conceptual model of the macro- and micrscale processes that may
control the extent and rate of carbonation at the alumn scale. Scanning electron
microscope image from Anderson (2006).

Materials and Methods

The experiments (Figure 3.2) were conducted inrnakiunder steady gas flow
conditions with uniformly packed CKD and well-carited influent mixtures of nitrogen,
water vapor, and COOperating conditions were systematically vareditferentiate
the effects of transport and reaction mechanisntt@extent of carbonation. Holding
other variables constant (i.e., CKD type, initia@ter content, humidity conditions of

influent gas), flow rate and influent G@oncentration were varied in a series of 9



column experiments. The importance of macroscogscttgansport effects on carbonation
were assessed by varying the applied gas flow Rates were selected such that the
residence time of the influent gas ranged betwe®md 2 minutes, which would be
comparable to residence times in a plant-scalesybised on average CKD and flue
gas generation rates. To assess the importameaadtfon rate and mechanisms at the
column-scale, influent C£concentrations were varied while holding the daw fate
constant. Concentrations comparable with, C@mposition in cement manufacturing off-
gas were used (14 to 33%; Hendriks et al. 20003. dgper bound on influent
concentrations, however, was restricted by thectietelimit (15% CQ) of the gas
chromatograph used in this study. In addition,itifieence of material composition on
carbonation was assessed by conducting a seregdurhn experiments with different
CKD types having varying reactive fractions (highdactive free oxides versus less
reactive calcium silicate species). The water-tecdsaatio was not varied during this
study. Based on results from a comprehensive dmitoh experiments (Huntzinger et al.
2006b), water content did not appear to have afgignt impact on the extent of
carbonation in the bypass CKDs having moderatewodmounts of halides. Therefore,
an initial gravimetric water content of 20% wasdis® maximize gas pore volume and to

assure that the availability of water was not atling factor in the reaction.
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Figure 3.2 Schematic of column set-up.

Column Set-up and Operation

Three CKD types were used in this study (Table:31))AG Bypass: an alkali
bypass dust with a high fraction of free CaO (378k&gn from the alkali recirculation
system of a modern, dry kiln (Ash Grove, Chanut8);{2) AG Wet: an electrostatic
precipitator dust from a long, wet kiln (Ash Growidlothian, TX) with a moderate
amount of available oxides and less than 10% higkdgtive free CaO and Ca(QHand
(3) CT Wet: an electrostatic precipitator dust frartong, wet kiln (Continental Cement,
Hannibal, MO) with a moderate to low fraction o#able (14 %) and an unknown

amount of free or unbound oxides.



Table 3.1 Elemental and reactive free oxide compdiin as weight percent of the
different cement kiln dust types. Elemental analys was conducted using X-ray

flourescences.

Weight Percent
AG
Oxide Bypas$ | AG Wet® | CT Wet®
Na,O 0.65 0.49 0.26
MgO 1.39 0.55 2.22
Al,O3 3.45 4.09 4.02
SiO, 13.31 12.61 15.53
P.Os 0.06 0.11 0.08
K,O 7.04 4.03 2.01
CaO 48.03 47.14 46.41
TiO, 0.23 0.22 0.25
MnO 0.06 0.13 --
Mn,O3 -- -- 0.10
Fe.Os 2.14 1.79 1.28
SG; 2.73 7.66 2.04
Cr 5.22 0.18 --
Br 0.21 0.03 --
LOI¢ 14.88 20.37 25.80
Total 99.39 99.40 100.00
Available CaG 40.9 23.6 14.4
Free Ca® 37 8 -

#Ash Grove alkali bypass system dust from Chanu&n&nufacturing facility.

® Ash Grove precipitator dust from wet kiln at Midhin, TX manufacturing facility.

“Continental Cement precipitator dust from wet kittHannibal, MS manufacturing facility.

4LOI = loss on ignition

®Calculated weight percentage of CaO available basdditial CaCQ and CaS@content (Huntzinger et
al. 2006).

"Estimated amounts of free (unbound) CaO, basedemédid refinement (provided by Ash Grove, Inc.) of
X-ray diffraction patterns. This Information is retailable for CT Wet sample.

The column experiments were conducted in a 6-cg, Ibrcm diameter glass column
(Ace Glass, Inc., Vineland, NJ), fitted with Tefl§rend caps (No. 50 thread) and Viton
o-ring face seals. The inlet cap was equipped %0t® ml (1.2-cm deep by 3.4-cm
diameter) of 2.5 mm glass beads packed betweenlv@mesh stainless steel screens to

create a disperse gas injection front. For eacleraxgent, 120 g of dry CKD was mixed
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with 40 g of nanopure water. The moist CKD was jealcikito the column in 1-cm lifts
with a 4.5-cm diameter tamping device. The remg@iKD was divided into three
samples for measurement of initial gravimetric watatent. Prior to the study, porosity
and bulk density of the CKD types were gravimethycdetermined.

High-purity carbon dioxide (C£) and nitrogen (B (Airgas, Marquette, MI) were
mixed and regulated with Mass Precision Gas Flomtrotlers (MC Series, Alicat
Scientific, Tucson, AZ) to achieve the desired fl@ate and input COconcentrations
(Table 3.2). Flow rates were also measured withlidble meter downstream of the
column to check for leaks and confirm that gas ftfates were maintained. Influent gas
was humidified prior to injection to prevent dryingthe column material. Effluent gas
samples were analyzed with a gas chromatograph @alytical Instruments Quad 4
Model Q30L, Fremont, CA) until full breakthrough thie input CQ concentration was
observed. Prior to the column study, £§as standards were prepared and analyzed to
check against the influent mixes. At the end oheaxperiment, the column was flushed
with N2 gas and C@effluent concentrations were monitored to deteenire amount of
unsequestered GQvithin the column tubing, end caps, pore spaaas dissolved in the
agueous phase. After nitrogen flushing, the colume®e weighed, dismantled and the

gravimetric water content of the carbonated CKD deigrmined.



Table 3.2 Column properties and operating conditios.

Vol. Gas Initial Gas Initial
Flow Influent CO, | Gravimetric Pore Dry
CKD Rate |Concentration Water Volume| Mass
Column Type (ml/min) (ppm,) Content (%) (ml) (9)
40 50K BP_A 19.5 51.1 95.4
50,000
40 50K BP_B 221 47.6 92.9
40
40 100K _BP 100,000 24.2 44 9 97.1
AG
40 150K BP Bypass 150,000 18.1 52.8 95.3
20 100K _BP 20 215 48.4 93.0
80 100K BP_A 21.4 48.5 93.1
80
80 100K BP_B 100,000 22.4 47.3 90.1
40 _100K_AGW | AG Wet 25.7 45.9 105.1
40
40 _100K_CTW CT Wet 16.7 75.8 120.9

Material Characterization

In-depth material characterization of pre-carbotia@mples of the three CKD types
used in this study was completed and discussedtaildh a companion paper containing
experimental results from batch-scale experimetitm{zinger et. al. 2006b). The
elemental and phase composition of pre-carbonatexbles were analyzed with a
combination of X-ray fluorescence, X-ray Difframi thermal gravimetric analysis
(TGA), and total carbon analysis (TCA). Pre- andtprarbonated samples from the
batch experiments were also examined using a BMliglO (Hillsboro, Oregon)
environmental scanning electron microscope (ESHW& morphology of reaction
products and the patterns of precipitation areusised in detail in Anderson (2006),
along with phase chemistry analysis obtained freemental mapping and energy-

dispersive X-ray (EDX) spot analysis of fresh aadbonated particles.
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Degree of Carbonation

The amount of carbonation achieved in each colums adetermined through: (1) the
observed mass change before and after carbonatidr(2) frontal analysis of effluent
CO, concentrations. Based on preliminary column expents (Huntzinger et al. 2006a)
and in-depth carbonation studies at the batch-gemlatzinger et al. 2006b), both mass
change and effluent analysis are appropriate mstfadassessing the extent of
sequestration.

The degree of carbonation refers to the amount@®f ptured as carbonated
mineral mass compared to the mass op @@t would be consumed if all available
oxides were carbonated. For this study, the degirearbonation was determined by
comparing the observed mass of &@questered from frontal analysis to the amount
theoretically possible based on the elemental &adgcomposition of the pre-
carbonated CKD. This is the same method of analysasl in a preliminary column study
carried out on intact core segments of CKD takemfa landfilled waste pile
(Huntzinger et al. 2006a). In summary, the theoa¢estimate of COconsumption takes
into consideration the amount of calcite preserthepre-carbonated waste, along with
other mineral phases that are not likely to carbmoader ambient temperature and
pressure conditions (i.e., anhydrite and sylvil)r{tzinger et al. 2006b). Thus, the
theoretical extent of carbonation in the differ€rD types was calculated as follows:

%ThCQ =0.785 (%Ca0O-056%6CaCQq-0.7 %SQ) +1091%MgO

3.1
+0.71%Na,0 + 0468%K,0 — 0.6326KCI) 1)

Where théoThCQ refers to the mass of G@onsumed in the carbonation reactions
compared to the original, unreacted mass of theokanmhe stoichiometric mass factors

shown in equation 3.1 assume that all of the Ca©efat that bound in Cag@nd
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CaCQ) will react to form CaCg all the MgO will react to form MgC¢ and all of
NaO and KO (except that bound in KCI) will convert to )&0O; and KCOs. The mass

factors for KO and NaO are doubled if bicarbonates form instead of caalbes.

Results and Discussion

The goal of this work was to establish whether oviar macro-scale processes
control the degree of carbonation attainable ursdemn conditions. It is expected that
some carbonation efficiency will be lost as thectieen system grows in scale and
conditions move from ideal (completely mixed, int@nsupply) to more dynamic, where
the gas and reacting media are no longer in pectedhct. In order to assess the
importance of reaction and transport processesntheence of changes in gas flow rate
and concentration on sequestration performanceswealsated during a series of 7
column experiments using the AG Bypass CKD. Otlparational parameters such as
initial moisture content, CKD type, and gas comutifi (humidified) were held constant.
As discussed below, variations in gas flow rate iafildent concentration had little effect
on observed carbonation efficiency in the colunimstead, variations in material
composition (i.e., reactive oxide content) hadeatgr influence on sequestration

performance, as seen in batch tests conductedhétiame CKD types.

Effects of Flow and Concentration on Carbonation

The total amount of sequestration (i.e., mass of €&ptured) in each column (Table
3.3) was determined from both observed mass chamgiérontal analysis of column
effluent (see Appendix for graphs of column effltjeAlso provided in Table 3.3 is the
theoretical sequestration capacity (equation dgach column based on the material

composition of the waste and the initial dry malssobumn material prior to carbonation.
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The fraction of calcite in the unreacted materas h significant impact on the calculated
theoretical carbonation for each column. Theretbestheoretical capacities presented in

Table 3.3 reflect the uncertainty associated with@€aCQ determinations.

Table 3.3 Measured extent of carbonation comparede amount of sequestration
theoretically possible in each column.

Theoretical
Observed Mass of CQ, | Degree of
Change in| Mass CO, | Sequestration| Carbonation®
Mass Sequestered Possiblé €3]

Column (@) (9) (9) (%)
25.25 30.4 83.2

40 S0K BP_A | 2437 | 5519-25.45) (28.3-32.5) | (77.6-90.1)
22.75 29.6 77.0

40_50K_BP_B 22.46 (22.69-22.79)| (27.5-31.6) | (71.8-82.8)
23.37 30.9 75.6

40_100K_BP | 2193 | 9319-23.61)| (28.8-33.0) | (70.2-82.1)
23.31 30.3 76.9

40_150K_BP 21.98 | (23.03-23.52)| (28.2-32.4) | (71.0-83.3)
23.67 29.6 80.0

20_100K_BP 2208 | (23.43-23.79)| (27.6-3L.7) | (74.0-86.3)
22.74 28.7 76.4

80_L00K_BP_A|  22.76 | 51 90.22.92) (26.7-30.7) | (69.1-83.1)
20.11 29.6 70.1

80_100K_BP B| 1995 | 1812.01.12)| (27.6-31.7) | (59.1-79.1)
9.40 16.0 58.7

40_100K_AGW 931 | (8.02:9.69) | (13.7-18.3) | (48.7-70.7)
9.90 16.6 5.6

40_100K CTW | 974 | 956-10.11) | (13.9-19.3) | (49.6-72.5)

@ Observed mass of G@equestered via frontal analysis compared to ¢tigat extent of sequestration
possible.

® Based on frontal analysis of effluent €€&ncentrations corrected for g@moved during Nflush prior

to dismantling the column . The average value @ashalong with the range in values due to uncetyain
associated with the influent mix concentration. {igas flow regulation).

“ The average value is shown, along with the randghdoretical extent that takes into consideratien
uncertainty in determination of initial CaGQ+/- 5%). CaCQin the theoretical calculations (equation 1)
was determined via thermal gravimetric analysis.

4 Degree of carbonation is the observed mass of¥@Guestered compared to the mass of sequestration
theoretically possible.
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The overall sequestration performance in the AGaBgolumns (Table 3.4) was
comparable to that observed under controlled baxtpleriments conducted under
humidified, ambient temperature and pressure comdi{~80% CQ@gas, water:solids
ratio 10.30; Huntzinger et al. 2006b). The average degfearbonation achieved in the
columns was 76.9% (standard deviation = 2.7%, hand under comparable conditions
(water:solids ratio, reaction time), the carbomatbtained in batch studies was 77.2%.
This equivalent sequestration performance, botivéxen the column and batch studies
and among the AG Bypass columns, indicates a laokagroscale controls (i.e.,
preferential gas flow paths) on overall carbonatibthe column scale. Even though the
complexity of the reaction system has increaseattien and precipitation mechanisms

are still playing a dominant role in the degreearfbonation achievable in the wastes.

Table 3.4 Comparison of the degree of carbonationchieved in different CKD types
between column study and previous batch experiment€olumns operated at 40
ml/min with influent CO , concentrations of 100,000 ppim

Degree of Carbonation £* (%)
Batch at
Maximum Similar Maximum
CKD Ideal Achieved in GWC and Achieved in
Type | Behavior Column Time® Batch®
AG 71.2 75.6 77.2 77.5
Bypass | (70.9-71.7)| (70.2-82.1) (70.5-82.8) (70.2-83.7)
AG Wet 38.1 58.7 49.2 80.6
(37.5-38.5) | (48.7-70.7) (38.0-57.5) (66.3-91.2)
CT Wet 46.6 59.6 70.5 83.0
(45.9-47.1) | (49.6-72.5) | (50.2-85.2) | (64.8-96.1)

@ Average values are shown, along with the rangkegree of carbonation (in parentheses) due tertiog
associated with the measured mass of €gguestered and uncertainty in calculations offteeretical
extent (Table 1 and Huntzinger et al. 2006b).

®Degree of carbonation achieved before deviated fdeal (i.e., before CEbreakthrough on effluent end
of column).

° Degree of carbonation achieved in batch experisnemducted at a water:solids ratio of approxinyatel
0.30 for a duration of 2 days (Huntzinger et aD@@). Sequestration in columns was complete after®
days.

4 Maximum degree of carbonation achieved in batgedrments under humidified gas conditions and
varied water:solids ratios (Huntzinger et al. 2006b
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Carbonation performance by the columns was alsgeaosd to ideal behavior, in
which all of the CQintroduced to the system is consumed by the wagtee given gas
residence time. For each column, the mass ofi@Gjected and the corresponding mass
sequestered with time were normalized by the thigateextent of sequestration and
plotted together in conjunction with the trend iideal sequestration (Figure 3.3). On
average, 85% (standard deviation = 5.6%, n = Th@kequestration is achieved while
following ideal behavior, with the remaining carlation taking place more slowly. This
deviation from the ideal is likely controlled bycambination of gas diffusion or reaction
limitations. Similar trends were observed in bagperiments (Huntzinger et al. 2006b)
where approximately 90% of the observed,Géquestration was achieved at early times
(<2 days) and additional carbonation occurred gafigover the remainder of the
experiment (total time = 8 days). Declines in setyadion rates can be explained using
the conceptualized model discussed above and simkigure 3.1, where the rate of
sequestration is controlled, at least in part,Heyextent of carbonation. SEM
microanalysis of reacted samples (Anderson 199@)shhat carbonation reactions on
and within Ca(OHy particles leads to pore plugging, precipitate icggt and the
development of CaCg3Xkin, all of which limit the diffusion of C&to reaction sites. The
reactive nature of the oxides in the waste may @sdribute to the carbonation

efficiency of the material over time.
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Figure 3.3 Normalized mass of C@sequestered in the seven Ash Grove Bypass
CKD columns under various flow rates and influent @, conditions. The inset
shows the point at which the performance of each ttomn begins to deviate from
ideal sequestration conditions (C@breakthrough at the effluent end begins).
Effect of Reactive Oxide Composition

A series of column experiments were conducted diifierent CKD types to assess
the impact of reactive oxide content (free CaO @a¢OH)) on carbonation performance
at the column scale. As with the AG Bypass CKD,ttiie CKD samples from the wet

process kilns (AG Wet and CT Wet) achieved degoéearbonation comparable to that

obtained under controlled batch experiments (TabkleFigure 3.4). The degree of

carbonation achieved following ideal behavior @@, injected was consumed) appears

correlated to the free oxide content of the wagtes discussion purposes, the free or
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unbound oxide content (i.e., free CaO and Cag@&h CaO)) is referred to as the highly
reactive oxide (HRO) fraction, whereas the ovexadlilable oxide content (Table 3.5)
refers to both this highly reactive fraction as lvesl those oxides that are available for
reaction but bound in semi-reactive phases (eatgiwm silicates). Although direct
measurement of the HRO fraction was not conduadethe 3 CKDs, Rietveld analysis
of XRD patterns was performed by Ash Grove Cemeanidlacturing Co. and this
provides an estimate of free CaO and Ca(Qddntent for the AG Bypass and AG Wet

CKD samples (Table 3.5).
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0.9 4 —AG_Wet

= == CT_Wet
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Figure 3.4 Normalized mass of C@sequestered in the Ash Grove Bypass, AG Wet
and CT Wet CKD columns. Columns were operated at 4tl/min with an influent
CO concentration of 100,000 ppm
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It was hypothesized that the sequestration behavitbre columns would follow ideal
conditions, consuming all GOntroduced to the system until the HRO fractiorswa
exhausted. As reaction conditions moved towardssdmsumption of less reactive Ca
species (i.e., those bound in Ca silicates or aikigle complexes), carbonation rates
would slow and C@breakthrough would begin to occur. Assuming thatrhass of C©
sequestered prior to G®@reakthrough can be correlated to a mass fracfi@aO, the
performance of the AG Wet column is consistent hik hypothesis (Table 3.5). The
performance of the AG Bypass column does not cateeds clearly. However, the HRO
content of this waste is much higher and accowrta Qjreater percentage of the overall
oxide content (>90%) of the waste (Table 3.5). SHaMroanalysis (Anderson 2006)
conducted on carbonated samples from batch teststZkiger et al. 2006b) indicate that
CaCQ skin development and precipitation of Ca{®particle micropores may
encapsulate reaction sites before the full extenabonation was achieved. Because of
the greater fraction of HRO in the AG Bypass CKiids effect may be more pronounced.

In addition, there is some level of uncertaintyatet to the Rietveld refinement
provided by Ash Grove. Inconsistencies were fouetiveen the weight fractions of
calcium species determined by Ash Grove and inddgr@mmeasurements of element
abundance via X-ray fluorescence (XRF). Phaseiitttons through SEM
microanalysis (Anderson 2006) correspond with thgisses identified by Ash Grove
(e.g., the presence of Ca silicate species). Homiawbe AG Bypass CKD, the total CaO
equivalent from Rietveld exceeds that determineXB¥ by almost 30%. Such a
discrepancy is not found in the AG Wet CKD, whestulated equivalent CaO fractions

are within 0.06%. It is likely that the free Ca@dtion in the AG Bypass CKD is
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overestimated in the Ash Grove determinations. Bee&ietveld refinement depends on
whole-pattern analysis, the accuracy of the guatité determinations depends on the
completeness of the crystalline data set in whiehsample is compared to. Amorphous
phases, preferred orientations, and minerals witstallographic variability can lead to
errors of mass fraction determinations (Elton andtls 2000). In addition, if the full
range of diffraction angles is not collected, th&ualated mass fractions can be
overestimated. If the HRO fraction reported in BaBI5 for the AG Bypass CKD is
reduced by 30% (to 27.44), the correlation betwberHRO fraction and ideal

sequestration behavior of the column becomes npparant.

Table 3.5 Relation of cement kiln dust compositioto the mass of CQ sequestered
before CO, breakthrough occurred in the column. All columns vere operated at 40
ml/min with an influent CO , concentration of 100,000 ppm

Mass of COy Fraction of

Available | HRO Sequestered | Corresponding | Consumed
CaO Fraction | under Ideal Mass of CaO |CaO to Initial

CKD Type | (Wt. %)? |(Wt. %)°| Behavior (gf | consumed (gJ | Mass (%)

AG Bypass|  40.9 39.2 20.8 26.5 27.2
AG Wet 23.6 8.0 6.1 7.8 7.4
CT Wet 14.4 - 7.6 9.7 8.0

@ Based on X-ray fluorescence, thermal gravimetnialygsis, and estimations of initial Cagénd CaSQ
content.

PHRO refers to highly reactive oxide fraction or oobd CaO and Ca(Obkifas CaO) . Values were
obtained from Ash Grove’s Rietveld refinement ofa¢ diffraction patterns.

“From frontal analysis of C{breakthrough in columns. “Ideal behavior” refergtte mass of CO
sequestered before Ghreakthrough was detected in the column effluent.

9The corresponding amount of CaO consumed prioiQgiEeakthrough, assuming that all £@nsumed
was due to reaction with CaO.

° Reported as mass fraction of calculated CaO coedunorresponding mass of CaO consumed (g)) to the
initial dry mass of CKD in the column.

Although this correlation between HRO content atehl behavior cannot be

definitively stated at this time, the results abtktudy indicate that a relationship exits.
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The results also show that microscale processeseaction mechanisms still play a
dominant or controlling role at the column scald #mat further studies examining rate-

limiting behaviors at even greater scales is wae@n
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SUPPLEMENTAL INFORMATION
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Supplemental Figure 1. Normalized effluent in AG Bpass columns as a function of
influent CO, concentration. All columns were operated with an pplied gas flow
rate of 40 ml/min.
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Supplemental Figure 3. Normalized effluent as a furtion of cement kiln dust (CKD)
type. Columns were operated at 40 ml/min with an ifluent CO, concentration of
100,000 ppm.
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A Life Cycle Assessment of Portland Cement Manufaating:
Comparing the Traditional Process with Alternative Technologies

Deborah N. Huntzingémnd Thomas Eatmén

Abstract

Concern over the impact of anthropogenic carborsgioms on the global climate
has increased in recent years due to growth inagl@rming awareness. Approximately
5% of global CQ emissions originate from the manufacturing of cetnehich is also
the third largest source of carbon emission indhged States. In addition to the
generation of C@the cement manufacturing process produces millidians of the
waste product cement kiln dust (CKD) each yearrdauiing to respiratory and pollution
health risks. In this paper LCA is used to evaldlh&environmental impact of four
cement manufacturing processes: (1) the produdfidraditional portland cement, (2)
blended cement (natural pozzolans), (3) cementevh@®% of waste cement kiln dust is
recycled into the kiln process, and (4) portlanchert produced when cement kiln dust
(CKD) is used to sequester a portion of the prooelssed CQ emissions. To reduce
uncertainty this manuscript presents a cradle-te-liji@ cycle assessment of several
cemeniproducts. Analysis using SimaPro 6.0 software shinat blended cements
provide the greatest environmental savings followeditilization of CKD for
sequestration. The recycling of CKD was founddwedlittle environmental savings over

the traditional process.

! Department of Geological and Mining Engineering &uiknces, Michigan Technological University,
Houghton, Ml , 49931

2 Nelson Mandela School of Public Policy, Southernvdrsity, Baton Rouge, LA, 70813



Introduction

Increased public awareness of the threats posegtbbgl warming has led to greater
concern over the impact of anthropogenic carborsgions on the global climate. The
current level of carbon dioxide (GOn the atmosphere is approaching 380 ppm (Feely e
al. 2004; Sabine et. al 2004). Without drastic magrtechnological, and societal changes
CO, concentrations are projected to increase to o@@mpPm by the end of the century
(Feely et al. 2004)IThe cement industry is the third largest sourc€E©f emissions in
the U.S. (United States Environmental Protectioeay [USEPA] 2004).
Approximately 5% of global carbon emissions origgntom the manufacturing of
cement, with roughly half of the G@riginating from the calcining process while the
remaining results from energy usage during theyxetvan process (Hendriks et al.
2000). The calcining process releases ft@n the conversion of calcium carbonates to
clinker at high temperatures. According to thedméional Energy Agency’s (IEA)
Greenhouse Gas R&D Programme (Hendriks et al. 2@@@)ent production generates
an average world carbon emission of 0.81 kg g€ kg cement produced. While North
America is not the largest cement producer it is ohthe most carbon intensive, second
only to India with 0.89 kg C&pgenerated per kg cement produced (Hendriks eD@D)2

In addition to the generation of GQhe cement manufacturing process produces
millions of tons of the waste product cement kilstd(CKD) each year. CKD consists of
fine particles of unburned and partially burned raaterial and clinker, as well as trace
elements such as heavy metals and other contarsifiant Oss and Padovani 2002,

2003).These outputs (C£and CKD) stress the environment by contributingltdbal
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warming (CQ) and present a respiratory and pollution heattk (CKD) when
improperly managed and disposed (USEPA 1994a, 199%9b).

Portland cement is the main binding ingredientafarete and is composed largely
of calcium, quartz, aluminum, iron, and gypsum {Rod Cement Association [PCA
websitel] and Van Oss and Padovani, 2002). Limesdicd comprise up to 85% of the
final mass of cement. On average approximatelyton@f concrete is produced each
year for every human being in the world (LippiattaAhmad 2004). Therefore concrete
(i.e. cement) is one of the World’s most significaranufactured materials. Because of
it's abundance in the world market, understandinggenvironmental implications of
concrete and cement manufacturing is becoming asangly important (Lippiatt and
Ahmad 2004, van Oss and Padovani 2002, 2003, Mastak 2005). For globally
important products such as cement, environmeriéctiicle assessment (LCA) is a
valuable tool for improving the understanding a# #mvironmental hazards posed by a
product’s life stages, as well as helping compataesptimize the manufacturing process

and reduce adverse environmental impacts.

Background

Life Cycle Assessment (LCA) is a method of evaluatio assess the
environmental impacts of technologies from “craigrave” and may be performed on
both products and processes. There are severditbarfd CA including ability to
evaluate material and energy efficiency of a systdantifying pollution shifts between
operations, and providing benchmarks for improveni@nss et al. 2002, Owens 1997).
The production of cement involves the consumptibiarge quantities of raw materials,

energy, and heat. Cement production also resutteeinelease of a significant amount of
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solid waste materials and gaseous emissions. Thefa@uring process is very complex,
involving a large number of materials (with varyimgterial properties), pyroprocessing
techniques (e.g. wet and dry kiln, preheating,roetation; van Oss and Padovani 2002),
and fuel sources (e.g., coal, fuel oil, natural ¢jass, hazardous wastes, petroleum coke;
van Oss and Padovani, 2002). Therefore inventoajyaas and complete LCAs can be
quite complicated. The Portland Cement AssociaiRfA) has conducted life cycle
assessments of products such as insulated foametericrms and blocks compared to
traditional wood frame built construction (PCA wib2). Although these types of
analysis can be useful when comparing differenstrantion materials (e.g., concrete
forms versus wood frame), they do not provide imfation for reducing the
environmental impact of cement manufacturing itddafpiatt and Ahmad (2004)
conducted a combined environmental and econongicciitle assessment of concrete
using a Building for Environmental and Economic tausability (BEES) approach. In
their analysis they examined the environmentaldyfele and economic performance data
of five (5) different concrete products (100% pamnti cement, 20% limestone cement,
Lafarge silica fume, Lafarge NewChem (50%), and 3B%ash cement). The functional
unit for their analysis was a concrete slab withiekness required to create a 25-ft span
with a compressive strength of 21 MPa (life = 5arg¢. Their results indicate that while
the limestone blend concrete examined might be moveonmentally friendly on a

mass by mass basis, more of the blended limestmertt was required to make an
equivalent strength slab. The increased mass exgaints of the limestone blend resulted
in an overall performance score equal to the tiadh or generic portland cement

concrete. The other blended concretes examine@dpaidalent strength characteristics as



generic concrete and therefore earned better emagatal and economic performance
scores than the traditional concrete product. btfaer study, Masanet et al. (2005)
examined the life-cycle emissions of cement andtie@a manufacturing by comparing
the total estimated greenhouse gas (GHG) emisfiomsthe manufacturing, use, and
end-of-life stages to the annual operation of anvedent number of automobiles. Their
results indicate that the most significant enviremtal burden and GHG emissions result
from the manufacturing of cement (comparing congplié¢ cycle of concrete). Their
study also suggest that the combined use of wasts, fblended cements and the
implementation of improved energy efficient tectogy can reduce GHG emissions
from cement manufacturing by up to 11% (in CalifajnUnlike the study by Lippiatt
and Ahmad (2004), Masanet et al. (2005) estimatettie addition of limestone to
portland cement (during the production of concretg) reduce GHG emissions by up to
4%. Improvements to the transportation and endf@fkocesses had relatively little
impact on the overall GHG emissions of the cemadt@ncrete manufacturing
processes (less than 2% combined).

While several life-cycle assessment studies haea benducted to examine the
performance of different concrete products (e.gpiatt and Ahmad 2004, Masanet et
al. 2005), the life span, performance, and strenfithese products greatly depend on
their applications and end-uses. Because of the veidge of strength requirements
(early and late), setting and curing times, an@$ypf concrete applications (e.g., volume
requirements, steel reinforcement requirementshpavative LCA between different
concrete products is difficult and the extrapolatd these results to a variety of

application types is limited. Therefore in an agéno reduce uncertainty this manuscript



presents a cradle-to-gate life cycle assessmesawafral cement products. Since cement
manufacturing is the most energy and emission @nerprocess in the production of

concrete, such a reduced scope analysis is redsonab

Manufacturing Process

Traditional portland cement is composed primarflgalcium silicate minerals (refer
to Table 4.1). The raw materials are quarried orediand transferred to the
manufacturing facility to be crushed and milledbiatfine powder before entering the
kiln. The materials are then mixed, preheated dackp in a large, rotary kiln where
material temperatures reach greater than 2@00r until the materials fuse and form
pellets called clinker (Environmental Roadmappinigdtive (ERI) 2004). The clinker is
cooled and the excess heat is typically routed bathke pre-heater units. Prior to
packaging, prescribed amounts of gypsum are add#gktclinker to regulate setting time
and the materials are sent to a finishing millgonding. The end product is a very fine-

grained mixture (90%J 10 micron) known as portland cement (ERI 2004).

Table 4.1 Raw Material Composition of Clinker, thePrimary Component of
Portland Cement (ERI 2004).

Raw Materials Sources Mass Percent
Lime Limestone, shells, chalk 60-67%
Silica Sand, fly ash 17-25%

Alumina Clay, shale, fly ash 2-8%
Iron Oxide Iron ore 0-6%

Blended Cements
The amount of clinker needed to produce a givenusanof cement can be reduced
by the use of supplementary cementitious matesiath as coal fly ash, slag, and natural

pozzolans (e.g., rice husk ash and volcanic adtesyald 2004). The word “pozzolan”
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originates from a large deposit of volcanic ashdpoed by Mt. Vesuvius near Pozzuoli,
Italy. The use of natural pozzolans dates backtteat Greece where volcanic ash was
incorporated with lime to produce mortars (Neuw20@4). More recently industrial
particulates captured with air-pollution controlvaes (e.g., fly ash, silica fume and blast
furnace slag) have been used as supplementary témenmaterials. The addition of
these materials into concrete not only reducestheunt of material landfilled (in case
of industrials byproducts), but also reduces thewm of clinker required per ton of
cement produced. Therefore, cement substitutes i@diction in environmental impacts
such as global warming and material costs of canostn. The use of natural pozzolans
could save contractors up to 25% per bag of cefiethie cement is blended and
concrete mixed onsite), which can provide an ecaad@nefit to the building of new
infrastructure (Mihelcic et al. 2006). In develogicountries such as the Philippines,
where previous research has mapped natural pozzai#im socioeconomic and industrial
indicators (Harris et al. 2005), pozzolanic (blesideement could be an important
technology for sustainable development.

Pozzolans chemically react with calcium hydroxidd aater to form calcium
silicate hydrates; strong binders that harden émerete during the hydration of portland
cement (Mihelcic et al. 2006). Compressive strenigsts indicated that volcanic ash and
rice husk ash could be safely substituted for padicement up to 25% to create a
concrete with similar strength (Mihelcic et al. B)OBased on work done by Dodson
(1988), Lippiatt and Ahmad (2004), and summarizediélmuth (1987) the strength,
durability, and life of certain blended cementstsas those utilizing coal fly ash or

natural pozzolans is equivalent to traditional gehese portland cements within a



substitution range of 25 to 60%. As the extentuliissitution (pozzolan for portland
cement) increases (above approximately 35 to 508érakng on the use of the product),
differences emerge in the strength and durabihigracteristics of the blended versus
traditional cements. This analysis examines a gubeh degree of 25% by weight, a

ratio well within the range of comparable or eqlevs life and durability.

Recycling Cement Kiln Dust into Process Line

Cement manufacturing produces a waste byproduah i@ is driven off carbonate
minerals to form clinker. Cement kiln dust (CKD)ntains 20 to 60% calcium oxide and
is produced in vast quantities. A large portiorC#D is disposed of in landfills or stored
in stockpiles on site. Van Oss and Padovani (2@88jnate that CKD generation rates
equal approximately 15 to 20% (by mass) of clinkeduction. Most plants in the
United States produce between 0.2 and 2 Mt of elidach year (PCA 2003, van Oss
and Padovani 2003). Some manufacturing faciligeycle their CKD (up to 67 %) into
the raw material line entering the kiln. Howeves ttegree to which CKD can be
recycled depends on its composition (trace metdlcamtaminants) and regional alkali
standards (i.e., potential for alkali silica reans (ASR) with aggregates), which varies
widely within and between plants (van Oss and Padio003, PCA 2003, Adams 1984,
Helmuth et al. 1993). In this study the environna¢benefit of recycling cement kiln

dust back into the process line (prior to the kigngxamined.

Carbon Sequestration
Cement kiln dust is a potential hazardous wasterdatg to the EPA (1994a, 1999a,
1999Db), in part because of the caustic naturetarubtential to be a skin, eye, and

respiratory irritant. In addition any contaminafrtam the raw materials and fuels tend to
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concentrate in CKD (van Oss and Padovani 2003hdrpresence of water CKD has the
potential to produce leachate with measurable atsarfrheavy metals and other harmful
substances. Both the environmental and health ais&sciated with CKD can potentially
be reduced by reaction with GQCarbon dioxide reacts naturally with mineral ametal
oxides to form stable mineral/metal carbonatespagss called mineral carbonation.
Carbonation reactions however are typically veoyslinless the reaction system is
heated and/or placed under intense pressure, bathich require energy. The rate of
carbonation can also be increased by a numbeegbqacessing techniques, the goal of
which are to increase the reactive surface arélaeobxide. However pre-processing also
requires energy unless the oxide is already avaiiata powdered or fine-grained form.
The large surface area (small particle size) agt balcium oxide content of CKD are
for all intents and purposes “pre-processed” fgusstration without additional energy
required. Based on stoichiometry and material caitiom, CKD generated within the
U.S. has the potential to capture up to approxilpy@d tons of C@ per ton of CKD
(Huntzinger et al. 2006b). In recent batch and molstudies, CKD readily sequesters
CO, at ambient temperatures and pressures, with gribaiie 80% of the theoretical
capacity for carbonation being achieved without admeents or modification to the
waste (Huntzinger et al. 2006a, 2006b and Huntziagd Gierke, 2006). As observed in
the carbonation of other industrial wastes, sequest of carbon in CKD may yield
additional benefits by stabilizing the waste (radgahe pH) which reduces health risks
and the generation of harmful leachate (e.g., luijgnd Comans 2005, Bertos et al.,
2004, Eighmy et al. 1995). Because of its closepmsition to the finished saleable

product (cement), disposal of CKD in landfills repents a loss in potential revenue. This



study examines the potential benefits of utilizihg waste to capture back some of the
process related carbon dioxide emissions.

In this life cycle assessment study the compargloleal warming impact/potential of
concrete is examined for four different cement nfacturing processes: (1) the
production of traditional portland cement, (2) lded cement (natural pozzolans), (3)
cement where 100% of waste cement kiln dust isatedyinto the kiln process, and (4)
portland cement produced when cement kiln dust (LCiKDsed to sequester a portion of

the process related G@missions.

Methods
The LCA methodology used in this study follows gteps outlined by International

Organization for Standards (ISO) 14040 (ISO, 1983 )well as those described by Allen
and Shonnard 2002, Owens 1997, Curran 1996, andddah 1992. The four major
steps of the LCA applied in this study include:

1) Determination of the assessment scope and bousgarie

2) Selection of inventory of outputs and inputs;

3) Assessment of environmental impact data compilgdennventory;

and

4) Interpretation of results and suggestions for improent.

Goal and Scope of the Study
Portland cement is the most common manufacturedrabin the world (PCA
websitel). It is generally produced in industaadl countries and exported to less

developed countries. The goal of the study is terd@ne the impacts, specifically global
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warming potential, from the production of approxteig 1 ton of cement by examining
four products/processes:
(1) Traditional portland cement;
(2) Blended cement (natural pozzolans, fly ash);
(3) Portland cement when a portion of the procelsged emissions are captured
back using sequestration in waste materials (Cabjl,
(4) Portland cement when CKD is recycled back theprocess.

The system boundaries for this LCA are shown iufégt.1. The scope of the
project focuses on the raw material acquisitioncpssing, and product manufacturing
stages. Each of the above products (1 throughiatige cycle, beginning with raw
material extraction to the packaging and shipméthefinished product. Complete life
cycle assessments also include the use and disgtagak of products. However, since
the four products outlined above have relativelya¢qise and disposal impacts, these
stages of the LCA are not examined in this studguie 4.2).

The overall scope of this study includes the staggned in_Figures 4.1 through 4.3.
Several of the processing stages have been comtursaahplify the analysis and the
calculation of inventory elements (refer_to Figdr2 andLife-Cyclelnventorysection).
The functional unit of analysis in this study ig gporoduction of the equivalent of 20 bags
(each bag ~ 100 Ibs) of general use Class | part@ment. Two hundred bags is
approximately a ton of concrete, which is a congehquantity often used in reporting of

energy and material consumption as well as emission
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Figure 4.1 Scope of Comparative LCA for Cement Manfacturing Process. The
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Figure 4.2 Material Flow Diagram for the Production of 1 Ton of Traditional
Portland Cement (Adapted from Rundman (2003)).
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Figure 4.3 Process flow diagram for the cement marfacturing process, showing
energy and heat consumption or inputs, as well asageous and particulate emissions
(Adapted from EPA 1994b). Note that emissions ahe preheating and kiln stages
include both fugitive emissions and cement kiln dusor those particulates captured

in controlled devices.

Life Cycle Inventory

The United States cement manufacturing industrdyces approximately 79,500
kMt of clinker each year. On average 1.58 tonsawf materials are required to produce
0.95 tons of clinker or 1.0 tons of finished cemater to Figure 4.3 for a material flow
diagram of the manufacturing process). Non-fuel naaterial consumption can be
broken down into 5 major components that providgcalcium oxides, (2) aluminum
oxides, (3) Silica, (4) Ferrous oxides, and (5¢iceth sulfate (van Oss and Padovani
2002). In this assessment the raw materials andsymonding quantities outlined in

Figure 4.3 are assumed to provide the necessanyichiebalance for the kiln feed.
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Figures 4.1 through 4.4 show the material acquoisitprocessing, and manufacturing
steps considered along with the associated lifeedpeentory (LCI) data for the four
cement manufacturing processes/products of interastlife-cycle assessment software
SimaPro 6.0 was used to evaluate the environmengacts of inventory elements and to
create product assemblies and life cycles for dle dlifferent cement products.

Inventory data for raw material acquisition (minioiglimestone, sand, iron ore, and
clay), along with electricity production and heangration by fuel type for the various
processing steps were obtained from the SimaPrarigs and databases. Although
SimaPro has several eco-profiles for portland cemvbirch account for all “cradle to
gate” impacts cement manufacturing, a separaté@ueds created in order to compare

the alternate manufacturing processes with a hilgivet of precision.

Enerqgy and Heat Input Data

There is a wide range of energy related informaéieailable in SimaPro. A majority
of cement kiln operations in the United Statespawered (heated) by coal, coal and
petroleum coke, and waste fuels/materials (VanadsisPadovani 2002, 2003, Worrell et
al. 2001, Jacott et al. 2003). However the spebiad of fuel sources depends heavily
on the manufacturing facility and can include aqueei ratio of fuel types including
natural gas, fuel oil, tires, hazardous matergds (Oss and Padovani, 2002, 2003), and
the more commonly used fuels listed above (refdrajole 4.2). Based on relative
consumption (by fuel type) and information availépi(in SimaPro), three major fuel
sources were selected for inclusion in this stattyng with assumed consumption by
mass percent: coal (70%), fuel oil (15%), and redtgas (15%). In addition, published

values for energy usage by process step (Worrell 2003) were applied to the selected
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fuel mixture to calculate the energy and electyiaitocations for each manufacturing

steps (Figure 4.4).

Blended Cement Data

As discussed above, pozzolans refer to either aladuindustrial materials rich in
silica that react with lime (or portlandite) andtesato form calcium silicate hydrates, a
gel integral in the hardening process of cemenithiWspecific mass percentages
pozzolans can be substituted for a portion of timker in final cement blends. In this
study pozzolans are generically addressed andetanto natural pozzolans such as
volcanic ash or rice husk ash or to industrial essiuch as coal fly ash. Since these
materials are either naturally occurring or an mxgsbyproduct (i.e. waste) of another
manufacturing process, they are not given an enmiental benefit or penalty in this
study. In other words they are considered benigatsithat have no associated
environmental impact. This is a reasonable ass@mgince these products (e.g., fly ash,
volcanic ash, rice husk ash) would be producedi(aly or otherwise) regardless of
their inclusion in cement products. A more detagadly might include the
environmental impact of acquiring the material igction procedures, transportation,
etc.), however such steps are most likely insigaiit compared to the cement
manufacturing steps considered in this study. ridleoto ensure an equivalent performing
cement product (i.e. strength, durability, life3ubstitution percentage of 25% (by mass)
is assumed. This degree of substitution is commoségd for blended cements and is
considered by Mihelcic et al. 2006 as an acceptsidbstitution percentage for retaining

desired functionality.
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Traditional Portland Cement Blended Pozzolanic Cement Portland Cement w/ Sequestration Portland Cement w/ Recycled CKD
Process: Crushing, grinding and blending Process: Crushing, grinding and blending Process: Crushing, grinding and blending Process: Crushing, grinding and blending
Inputs Mass units Inputs Mass units
Limestone 1.41 ton Limestone 1.41 ton
clay 0.139 ton clay 0.139  ton
sand 0.034  ton sand 0.034 ton
iron ore 0.015  ton iron ore 0.015  ton
energy (electricity) CKD 0.1 ton
coal 0.224 GJ energy (electricity) ton
fuel oil 0.048 GJ coal 0224 GJ
natural gas 0.048 GJ Same as Portland Cement Same as Portland Cement fuel oil 0.048 GJ
natural gas 0.048 GJ
Outputs
emissions Outputs
particulate matter 0.01127 Ibs emissions
particulate matter 0.01127 Ibs
Product
kiln feed 1.598  ton Product
kiln feed 1.598  ton
Process: Preheating and kiln Process: Preheating and kiln Process: Preheating and kiln Process: Preheating and kiln
Inputs Mass units Inputs Mass units
kiln feed 1.598  ton kiln feed 1598 ton
energy (heat) energy (heat)
coal 3.23 GJ coal 3.23 GJ
fuel oil 0.693 GJ fuel oil 0.693 GJ
natural gas 0.693 GJ natural gas 0.693 GJ
Outputs . Same as Portland Cement Same as Portland Cement Outputs .
emissions emissions
particulate matter 0.02 kg particulate matter 0.02 kg
carbon dioxide (process related) 0.51 ton carbon dioxide (process related) 0.51 ton
cement kiln dust 0.1 ton
Product Product
clinker 0.95 ton clinker 0.95 ton
Process: Finish grinding and blending Process: Finish grinding and blending Process: Finish grinding and blending Process: Finish grinding and blending
Inputs Mass units |Inputs Mass units |Inputs Mass units
clinker 0.95 ton clinker 0.7125 ton clinker 0.7125 ton
gypsum 0.05 ton gypsum 0.0375  ton gypsum 0.0375 ton
energy (electricity) pozzolan 0.848 ton CO; sequestered 0.06 ton
coal 0322 GJ energy (electricity) energy (electricity)
fuel oil 0.069 GJ coal 0.322 GJ coal 0.322 GJ
natural gas 0.069 GJ fuel oil 0.069 GJ fuel oil 0.069 GJ
natural gas 0.069 GJ natural gas 0.069 GJ Same as Portland Cement
Outputs
emissions Outputs Outputs
particulate matter 0.01195 Ibs emissions emissions
particulate matter 0.01195 Ibs particulate matter 0.01195 lbs
Product
portland cement 1 ton Product Product
portland/pozzolan mix 1 ton sequestation/portland 1 ton

Figure 4.4 Inventory elements for the four major cenent manufacturing processing steps.
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Table 4.2 Energy Consumption by Fuel Type in 2000ybthe United States Cement
Industry (from Jacott et al. 2003).

Fuel Consumption Amount / Year Percentage of Total
Coal (kMt) 10,095 67

Coke (from coal) (kMt) 442 3
Petroleum Coke (kMt) 1,351 11

Fuel Oil (ML) 124 1

Natural Gas (Mm) 338 3

Tires (kMt) 374 3

Other Solid Wastes (kMt 1,016 4

Liquid Waste (ML) 929 8

Carbon Sequestration in Cement Kiln Dust Data

As stated previously the carbon intensity of cermeanufacturing is approximately 1
ton of CQ per ton of clinker produced (Hendriks et al. 20 Oss and Padovani
2002, 2003, PCA 2003). In addition to &@ement manufacturing produces
approximately 0.10 to 0.20 tons of CKD per ton lofker produced (van Oss and
Padovani, 2002). For this analysis it is assumati@KD can capture 0.4 tons of gfer
ton of CKD (Huntzinger et al. 2006b). If the avezagte of CKD production is 0.15 tons
CKD per ton of clinker, and it is assumed that 108fthe waste is utilized for
sequestration, then CKD has the potential to capproximately 0.06 tons of G@r

each functional unit (1 ton of finished product}fis study.

Recycling Cement Kiln Dust Data

A majority of cement manufacturing facilities retgy@a portion of their cement kiln
dust (PCA 2003, van Oss and Padovani 2002, 20@8yeMer as mentioned above the
degree to which CKD is recycled is limited by theemical composition of the waste.

For comparison purposes this limitation is overkekn this study and 100% recycling
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of CKD is assumed. Therefore all CKD generated r@dmately 0.15 tons per ton of
clinker) is recycled into the kiln feed, reducirg tamount of raw materials required. The
CKD has a comparable composition to clinker. Thaneetlll input amounts of raw
material were decreased proportionally (each b$%)ao account for the addition of

0.15 tons of CKD in the raw material feed.

Packaqing and Transportation Data

Information on the environmental impact from cemagtkaging and transportation

steps (on a mass basis) was available in SimaRrthanefore utilized in this assessment.

Results

Life Cycle Impact Assessment

The environmental impacts of cement manufacturamglze local, regional, or global
in scale. Local effects include noise, air qualéyd natural disturbance (e.g., change in
landscape, impacts to local ecosystem) of minimgmeterials such as limestone, iron
ore, and clay. Emissions such as sulfur dioxide;J%@d nitrogen oxides (N
contribute to acid rain on a regional scale. Carmssions originating from the
calcining process and combustion of fossil fuelg.(eoal, natural gas, fuel oil)
contribute to global climate change. The focushef analysis is global environmental
impacts, particularly global warming, and how aitgive cement mixes and or
processing technologies impact the overall globaiming potential of cement
production.

The Eco-indicator95 in SimaPro was used to asbessrivironmental impact of the
four cement products/processes. The productiotirdées (pyroprocessing step) is the

most energy intensive and emission intensive peoitethe manufacturing of cement
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(Eigure 4.5), accounting for more than 80 to 85%hefoverall environmental impact

score. In addition, coal and fuel oil account fanajority of the fuel related

environmental impacts.
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Figure 4.5 Life cycle network (cradle to gate) fotraditional Portland Cement.

Classification and Characterization

The environmental impact score by impact categdaethe four different cement
products is shown below in Table 4.3. Of primangiast is the greenhouse or global
warming potential of the traditional cement produetsus the three (3) process/product
alternatives. The primary greenhouse gas genefiaedthe manufacturing cement is

carbon dioxide (Cg). As mentioned above approximately half of theboarreleased
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during the manufacturing of cement originates fittin calcining process (driving off
CO;, from limestone to form clinker) and the remainaagbon results from the burning
of fuels to fire the kiln and power the other maaatéiring processes. Of the cement
products examined, the blended cement has the i@zl warming or greenhouse
potential followed by cement produced when a partbthe process related carbon
emissions are captured back by sequestration in.dIKB recycling of CKD back into
the kiln feed has little to no effect on reducirgglmon emissions compared to traditional
cement.

In the context of this LCA, the improvement of lided cements on global warming
potential over traditional portland cement is toelxpected. As discussed above the kiln
or pyroprocessing step is the most energy and @mwientally impact intensive stage of
the manufacturing process. This results both frieenenergy requirements to heat the
kiln (to above 1400 °C) and the carbon releasenhduine calcining step. By reducing
the demand for clinker (through substitution), ém¥ironmental impacts of the end
cement product are reduced proportionately. Whabisonsidered, however, is the
current national and global supply and demandioglship for cement products. High
demand and low imports of cement have led to spestavithin the United States
(Hagenbaugh 2004). Because many kilns are operatiogabove their effective
capacity (PCA 2004), the use of blended cementstifikely to reduce net emissions of
CO,. Instead, blended cements will allow for an inseean concrete production without
any real modification to the existing amounts afileér or portland cement produced

within the United States.
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Table 4.3 Classification of Process Inputs and Outps for Portland Cement
Manufacturing into Environmental Impact Categories.

Environmental Recycled CO,
Impact Category Traditional | Blended CKD Sequestration
Greenhouse 0.088 0.069 0.088 0.084
Acidification 0.043 0.034 0.043 0.043
Eutrophication 0.006 0.005 0.006 0.006
Heavy Metals 0.204 0.161 0.204 0.204
Carcinogens 0.003 0.003 0.002 0.003
Winter Smog 0.039 0.031 0.039 0.039
Summer Smog 0.009 0.007 0.009 0.009

Energy Resources 0.050 0.040 0.050 0.050

The high impact scores for heavy metals and acatifin are believed to be an
artifact of the types of fuels selected and themplete representation of chemical
interactions occurring in the kiln. For instance #ctual sulfur dioxide emissions (major
contributor to acid rain) are much lower than thpesdicted in SimaPro. The clinker and
CKD serve as partial scrubbers for S€@moving a significant portion of the sulfur
oxides (greater than 70%) in the combustion gas&sdthey are released to the
atmosphere (van Oss and Padovani, 2003). Actuaieg@missions of S@equal
approximately 0.27 and 0.54 kg per ton of clinkexduced (van Oss and Padovani 2003,
Jacott et al. 2003), compared to the 4.86 kg estidnlay SimaPro. As for heavy metals,
the lead (Pb) content of the fuels selected (el 6il) is assumed to be the source of the
high heavy metal impact score. While heavy meta@geeased during the burning of
many of the fuels typically used during the mantifeing of cement, as with sulfur
dioxide (SQ), metals tend to concentrate in both the cemémtokist (primarily) and
clinker (van Oss and Padovani 2003). Since thesfe¢uhis assessment was global

warming potential or greenhouse impact, correctionfieavy metals and sulfur dioxide
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were not made. In the future for a more detailealyais, such corrections should be

included.

Valuation and Recommendation

The impact scores from the categories outlinedabld 4.3 can be weighted and
combined in a single environmental impact score Blended cement process has
approximately three quarters of the environmemigact as the other three processes,
including traditional portland cement (Impact Scer2.0 pts). Based on the comparison
conduction in this LCA, such a reduction is expddince the addition of natural
pozzolans to the final mix replaces one quartehefportland cement with an
environmentally benign substitute (in terms of $lgstem boundaries selected for the
study). Substitution of pozzolans for clinker etfeely reduces the heaviest environment
impact process (the kiln or pyroprocessing step2h$%. But, as stated previously, this
reduction assumes that clinker production would-ekese due to the use of pozzolanic
cements. Based on the current demand for conanéteement productions, such a
reduction in cement production is not likely andréfore, no real net reduction in €0
emissions will be achieved (given the current capad U.S. cement manufacturing
facilities).

The overall impact score for the cement manufaaguprocesses utilizing carbon
sequestration in the waste product CKD is also tdhan the traditional process. Even
through, sequestration only captures approximat@yof carbon emissions (translating
to approximately a 5 % reduction in impact scorerdvaditional portland cement) unlike
the situation with pozzolanic cements, sequestraiiters a real reduction in net O

emissions. Recycling CKD into the process linelils to no effect on the overall
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impact score. Since the CKD is recycled into the f@ed there is no real reduction in

emissions or energy required in the most envirorialgrdamaging step, the kiln.

Conclusion

Mitigating sources of anthropogenic carbon emissidhhelp to lower greenhouse
gas levels globally. This study has addresseddllative savings associated with three
alternative technologies for the cement manufaoguprocess. Environmental life-cycle
assessment (LCA) is a valuable tool for understapthie environmental hazards of
products and for optimizing the manufacturing pesc reduce adverse environmental
impacts. However there are limitations to the gtadd it should be noted that data
aggregation problems associated with secondarynmr#tion sources may cause variation
in impact values for replication studies. Muchloé absolute environmental impact will
depend on energy and heat input amounts that dwelen processes. Although the
results of this LCA show that blended cements glewhe greatest environmental
savings, the reduction in GHG potential in blendedr traditional cements might be an
illusion given the current demand for cement anacoete products. The utilization of
CKD for sequestration, however, appears to offeeahcapture of carbon emissions,
translating to a reduction in the environmentalactscore of approximately 5 % over
the traditional portland cement. The CKD recydlegess was found to have little

environmental savings over the traditional process.
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Introduction

Increased public awareness of the threats posetbbgl warming has led to greater
concern over the impact of anthropogenic carborsgions on the global climate. The
current level of carbon dioxide (GOn the atmosphere is approaching 380 pgreely
et al. 2004; Sabine et. al 2004). Without socigéahnological, and policy changes, £0
concentrations are projected to increase to ovemppdy, by the end of the century
(Feely et al. 2004). The primary source of anthggeac carbon emissions is from
burning fossil fuels. However, process related smis from the manufacturing of
products, such as cement, iron, steel, and alumpantribute significant quantities of
carbon to the atmosphere (USEPA 2005). Althoughatheunt of carbon emissions vary
by activity, industry, and region, the impactsisfirg atmospheric C£)global warming)

are world-wide.

Due to heightened concern over global warmingyéigellation of CQ emissions has
become the focus of much debate (Dudek and LeBlI8a6; Boyd et al. 1995; Stavins
1997; Keith and Parson 2000; Richards (pendingijel.however, has been done in
terms of policy enactment due to conflicting viewvsthe need for regulation and the
uncertainty surrounding the long-term impacts ohate change. Nevertheless,
international consensus is building in supportarbon emission abatement and the
stabilization of atmospheric G@o pre-1990 levels (i.e. Kyoto protocol). Therefor
more attention is being placed on determining tlestreffective and efficient domestic

and international policy instruments for meetintufe carbon emissions targets.

The purpose of this paper is to examine the p@saind normative aspects of

potential carbon emissions policies within the EdiGtates, as well as the social and



economic implications of potential policy strateggi&xamples are drawn from proposed
multi-emission control legislation currently undewiew in Congress, as well as current
emission control regulations, such as for,&@d the phase-out of leaded gasoline during
the 1980s. In addition, this paper examines therg@l motivation and barriers of
different climate change policy alternatives, speaily market-based approaches to
reducing CQ emissions. Social or Public Choice arguments,caleith Collective

Action problems are used to help explain the hesitaf Congress and other political

stakeholders in supporting market-based control€@» emissions.

The scope of the paper is limited to greenhousegaol and management
measures at the Federal level within the UniteteSta he application of emission
regulations at the state and local level is nosm®red. In addition, although
international polices are not directly considetée,impact of global regulatory and

pollution actions on the potential success of ddimg®licies are discussed.

Background

The fundamental argument for environmental regohatvithin the United States has
been to correct a market failure brought aboutddijupon. Pollution is a classical
example of an externality, in which the impactsh@i negative or positive) on a non-
consenting third party are the by-products of ttepction and/or consumption of goods
(Weimer and Vining 2005). In an unconstrained miangellution generators tend to
externalize some of the cost of their productieteasing more pollution. The aggregate
effect of these unconstrained emissions is an &serén pollution to sociallinefficient?

levels (Stavins 1997; Revesz and Stavins 2004hisncontext, both environmental

2 The termefficientin this context refers to the maximizing the diéfiece between social benefits and
social costs.



quality and public health are not taken into ac¢anmarket decisions, warranting
protection by the government. In an attempt todanclustry tanternalizemore of the
social costs of pollution (i.e. more of the fullsts of their actions), the United States
government has historically imposed technologicgderformance based standards on
polluters in the form of “command-and-control” ernmental regulations. However,
economists have argued that this form of direcegoment control is not cost-effective
(Coase 1960; Boyd et al. 1995; Stavins 1997; ReardzStavins 2004). They argue that
market-based approaches (i.e. government subsedgssions taxes, or tradable
permits) for controlling pollution are more efficiebecause they reduce overall

transaction costs and may potentially increaseatveocial welfare.

The efficiency of a policy instrument (market ohetwise) may be irrelevant,
however, if the policies are not feasible in therent political environment. In addition,
the uncertainty surrounding the impacts of regafgtas well as the social and ecological
benefits associated with reducing greenhouse gaseglicates the debate over policy
alternatives. Therefore, it is important to bettealuate both the motivations and barriers
to future domestic carbon policies within the Uditgtates and to examine the feasibility

of policy alternatives in the current politicalrolate.

Motivation for Government Involvement

Pollution is frequently cited as a classic exangflan externality. The solution to
this externality problem is often to force companie firms to internalize the full cost of
their actions (Revesz and Stavins 2004). Howeveas€ (1960) argues that in the
absence of transaction costs and third party ingp@acivate negotiations will lead to the

maximization of social welfare, regardless of liapi(Coase 1960; Revesz and Stavins



2004). Therefore, according to Coase (1960) thkissue is maximizing the allocation
of resources (socially), not who is liable. Howevercases of environmental pollution,
most of the conditions for Coase’s theorem (nosaation costs, private goods, no third
party impacts, etc.) are invalid. In addition, G®&5960) suggests that, from an
efficiency point of view, it does not matter howesource is allocated, as long as it is
enforceable. From an equity or distributional stpotht though, this does matter and
organizations or groups may exert pressure pdligita gain larger allocations (Weimer

and Vining 2005)Therefore, some sort of government involvementtsnonecessary.

Although government action may be warranted toesirfor externalities caused by
pollution, there is no assurance that these ragawill improve social welfare and
environmental quality (Revesz and Stavins 2004 dévernment may either under- or
over-regulate and these regulations may triggexpeeted impacts. It becomes a sliding
scale of sorts, in which one must determine thet mibsctiveand efficient degree of
regulation. In the case of potential £€€missions regulations, the impacts of emissions
caps are projected to be widespread across themgofE|A 2000; 2003; 2004). Due to
the lack of carbon specific emission control tedbgy, it is unlikely that command-and-
control type regulations are going to play a legdwle in the reduction of GO
emissions. It is more likely that the governmernt apt for a mandatory cap and trade
system, allowing companies to determine how thdlymeet emissions targets. The
economic and social impacts of a market-based apprto greenhouse emissions control
(specifically CQ) can vary depending on the strategy that is us@uplement the policy

(discussed in more detall later).



Shift to Market-Based Approach

With recent concern over the risks posed by globadate change, legislative
officials are investigating the domestic policyeattatives for reducing G&and other
greenhouse gas emissions. Market-based approatiobisas emission taxes, permits,
and trading programs have received a majority efattention. Historically, the United
States government has used command-and-controunesas the form of technology-
or performance-based regulations (Revesz and St20d4, Schneider and Volkert
1999). Gradually, however, federal policy makingpgeoming more accepting of market-
based instruments, beginning in the 1970’s wherkEfa offered states the option of
using tradable permits for controlling localizedlption (Stavins 2003). More notably,
tradable permits were used in the 1980’s to phasdéeaded gasoline and to facilitate the
phase-out of ozone depleting aerosols such asathiorocarbons (CFCs). The most
significant switch to market-based strategies wate 1990s, when the Clean Air Act
was amended to control $@missions through a permit and trading prograrahua
1997; Burtraw et al. 2002; and Stavins 2003). S#hfactors may explain the increased
support of market-based solutions over design anbpnance standards (Stavins 2003):
(1) policy makers are questioning the increasedeatrent and administrative costs
associated with the command-and-control regulagicemissions; (2) permitting and
trading strategies result in an overall reductioerinissions, rather than a reallocation or
redistribution among and across industries; anav(B) Republican control of the
Congress and the Presidency, attention has shdtde use of market-based policies to
solve problems rather than increased governmeatdta. In addition, market-based

solutions allow politicians to “separate the endsrf the means.” In other words, once an



emissions target or goal is agreed upon, economgtpoliticians can focus on finding
an acceptable, cost-effective means of achieviaggbal (Stavins 2003). In the case of
CO, emissions control, the above factors weigh heanlyhe decision-making process
because politicians are dealing with a clean-sat® speak. Because €S currently
unregulated, there are no constituencies fightimgh existing regulatory approach
(Stavins 2003). This may be less of a factor indéee of multi-emission control bills

that include pollutants already targeted undeiGlean Air Act (like SQ and NQ).

Nature of the Problem

To understand the need for policy strategies toesm$dgreenhouse gas emissions, one
must understand the nature of the problem. Thesartemperature of the Earth is
regulated by natural greenhouse gases (GHG), sualat@r vapor, carbon dioxide
(COy), nitrogen oxide (N@, and methane (N Sunlight is reflected off the Earth’s
surface in the form of infrared radiation (heatje@house gases absorb this terrestrial
radiation, “trapping” heat in the atmosphere (NER@4). Over time, the amount of
energy sent from the sun to the Earth’s surfaceldhoe about equal the amount of
energy radiated back into space (EIA 2004, EPA 2086wever, changes in the
concentration of greenhouse gases can alter teiggibalance among land, oceans,
atmosphere, and space. Holding other componenttardnincreases in the atmospheric
concentration of greenhouses gases can increasenthient of radiation absorbed and
“held” in the Earth’s atmosphere, raising globahperatures (i.e. global warming)
(USEPA 2005). Natural processes, such as planttgramd decay, volcanic activity, and
rock weathering regulate greenhouse gases tornmesphere. Additional quantities of

GHG, however, are being added due to anthropogetinaties, resulting in positive and



negative feedback effects on the Earth’s naturstesys (Falkowski et al. 2000; Feely et
al. 2004; Sabine et al. 2004; Field and RaupacHd 2BBA 2005). The result has been an
increase in atmospheric GGoncentrations of approximately 100 ppf@80 ppm to 380
ppm,) since the start of the industrial revolution (fye=t al. 2004; EPA 2005). The Earth
has not seen GQoncentrations of this magnitude in at least &s¢ 430,000 years (Pedit
et al. 1999) and likely not in the last 20 milligears (IPCC 2001). Moreover if current
emission patterns remain the same,C@ncentrations are projected to double by the end
of the century (Feely 2004). Although other greargggases, such as methane, trap
more heat per molecule than carbon (i.e. higheb&I@arming Potential (GWP})

aside from water vapor, G@s the most abundant of the greenhouse gases dinel i

biggest contribution to the enhanced greenhousetgft70%) (IPCC 2001).

Carbon Emissions

Carbon dioxide (Cg) is naturally cycled among the Earth’s atmosphereanic,
and terrestrial systems in a process called thioteacycle”. Therefore, the fate of GO
in the atmosphere is function of complex geochehaind biological processes (EPA
2005). While industrial activity and changes indause patterns have had a notable
influence on atmospheric G@oncentrations, the largest source of anthropegsarbon
emissions is from fossil fuel combustion. The baognof carbon-based fuels accounts for

approximately 80% of GWP weighted emissions (EP8520PCC 2001). Table A-1

13 Global Warming Potentials (GWPs) allow for the camigon of the total cumulative warming effects of
different greenhouse gases over a specified tirdéP & an index that approximates the time-integrate
warming effect of a unit mass of a given greenh@asein today's atmosphere relative to that ofaarb
dioxide. The warming effect of carbon dioxide isigaed a value of 1 and the warming effects ofothe
gases are calculated as multiples of this value.cEnbon dioxide equivalent of a non-carbon dioxjde

is calculated by multiplying the mass of the enaisgf the non-carbon dioxide gas by its GWP (EPA
2005; IPCC 2001).



summarizes U.S. anthropogenic £$€nissions by source in units of teragrams o CO
equivalents (Tg C®Eq.). In 2003, total COemissions grew to 5,841.5 Tg €Bq., an
increase of approximately 15 percent (18% in thexgynsector) over 1990 values.
According to the EPA (2005), rising emissions aresult of our growing economy’s
demand for fuel, as reflected by significant inse=ain electricity generation and
transportation activities. In addition, increasimajural gas prices over the last decade
have caused some electric providers to switch toibg coal, a more carbon intensive

fuel source (EPA 2005). Tables A-2 and A-3 break €fissions from fossil fuel

combustion down by fuel type and by the four majod-use sectors (transportation,
industrial, commercial, and residential) contribgtio CQ emissions. The level of GO
emissions from fuel combustion are affected by memelong- and short-term factors,
including economic growth (mentioned above), popaiagrowth, energy price
fluctuations, technological modifications (includiefficiency), consumer behavior, and
seasonal temperature variations (State Departn@€®) 2Energy-related Cmissions
are also a function of the type of fuel consumesl (ioal, natural gas, petroleum; Table

A-3) and that fuel's carbon intensity.

Non-energy related industrial activities also pragla significant quantity of process-
related CQ emissions through the transformation of raw matei(EPA 2005). Of these
industrial activities, cement manufacturing anchiemd steel production are the most
carbon intensive (Table 1). Emissions also resaihffossil fuel consumption in end-use
sectors such as the manufacturing of solventsicaibts, and plastics, where carbon
emissions are released during the manufacturingessy as well as during a product’s

lifetime (i.e. solvent use; EPA 2005).



Table A-1. United States Anthropogenic Carbon Dioxde (CO,) Emissions by Source
between 1990 and 2003 (Tg C{EQ.); Data Source: EPA (2005).

CO, Source 1990 2000 20083
Fossil Fuel Combustion 471170 5544.10 555[L.60
Non-Energy Use of Fuels 108.0( 124.7D 118.00
Iron and Steel Production 8540 6570 53.80
Cement Manufacturing 33.80 4120 43.00
Waste Combustion 10.9¢ 18.00 18.90
Ammonia Production and Urea Application 19.30 19.60 .65
Lime Manufacturing 11.20 13.30 1300
Natural Gas Flaring 5.5(0 5.8( 6.0p
Limestone and Dolomite Use 5150 6100 4.70
Aluminum Production 6.30 5.10 4.p0
Soda Ash Manufacturing and Consumption 4.10 /.20 4.10
Petrochemical Production 2.0 3]00 4.80
Titanium Dioxide Production 1.30 1.80 2]00
Phosphoric Acid Production 1.50 1{40 140
Ferroalloys 2.00 1.7( 1.4p
Carbon Dioxide Consumptién 0.90 1.0( 1.3p
Total CO, 5009.6( 5858.20 5841.50
'Fuels that are consumed for non-energy uses, suichsalvents, lubricants, or waxes; or ag
raw materials for manufacturing (i.e. plastic dolvar); or emissions resulting from use durif
products lifetime.

2Consumption through food processing, beverage maatwring, chemical processing, etc. The
majority of CGQ consumed during these applications is later relbssthe atmosphere.

Table A-2. United States Carbon Emissions (C£) from Fossil Fuel Combustion by
Fuel Type (Tg CO2 Eq.); Data Source: EPA (2005).

CO, Source 1990 2000 2008

Coal 1680.9( 2025.60 2013.80
Natural Gas 1009.5( 1224.10 1170.B0
Petroleum 2020.9( 2295.00 2367.10
Total CO, 4711.3( 5544.70 5551.p0




Table A-3. United States Carbon Dioxide EmissionsC0O,) from Fossil Fuel
Combustion by End-Use Sector (Tg CQEq.); Data Source: EPA (2005).

CO, Source 1990 2000 2003
Transportation 1449.80 1741.00 1770.40
Combustion 1446.90 1737.)70 1767.20
Electricity 3.00 3.4( 3.2p
Industrial® 1553.90 1684.40 1572.90
Combustion 882.8( 905.0p 858.40
Electricity 671.1( 779.4D 714.30
Residentiaf 924.80 1124.20 1168.90
Combustion 339.6( 379.1p 385.10
Electricity 585.3( 745.0p 783.40
Commerciaf 755.10 959.50 983.10
Combustion 224.2( 235.2p 234.00
Electricity 530.9( 724.3D 749.20
U.S. Territories 28.00 35.90 56.20
Total CO, 4711.60 5545.00 5551.50

'Almost all energy consumption is petroleum basé8liattributed to gasoline consumptio
automobiles, and the remaining 1/3 is related tesumption of diesel fuel (trucking) and jet
fuel for aircraft.

’Steam and process heat generation account forapmaiely one half of fuel consumption,
while the remaining half is associated with el@iyiconsumption for motors, heating systemns,
ovens and lighting. Industrial sector includes nfacturing, construction, mining and
agriculture.

*Residential and commercial sectors are heavilgmebn electricity for lighting, heating, air

conditioning, and operating appliances. About 3G%omsumption can be attributed to direq
use of gas and petroleum products for heating anHing.

*There is a lack of specific end-use consumption éatthe U.S. Territories

—

Existing Emissions Regulations and Policy

In 1992, the United States signed the United Natleramework Convention on
Climate Change (UNFCCC) that calls for the “staation of greenhouse gas
concentrations in the atmosphere at a level thaldvorevent dangerous anthropogenic
interference with the climate system. Such a lehieuld be achieved within a time-frame

sufficient to allow ecosystems to adapt naturallgltmate change, to ensure that food
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production is not threatened and to enable econdmielopment to proceed in a
sustainable manner” (IPCC 1994). Countries parthéoconvention are required to
develop, and periodically publish, national inveigs of anthropogenic greenhouse gas
emissions and sinks not covered under the Monezbcol (ozone depleting pollutants)
(IPCC 1994). The U.S. Environmental Protection AgefEPA), in conjunction with
other federal and state agencies, is charged wfbaping the Nation’s greenhouse gas
inventory for the UNFCC. For the most part, the Eieles on published activity and
emission factor data, which relate quantities ofssians to an activity (EPA 2005). The

EPA’s 2005 inventory report is the source of the,@@issions data presented above.

Since 2000, there have been several attempts soep@sgy- and climate-related
legislation at the national level (Figure A-1). Wever, these multi-pollutant control bills
have had a difficult time in Congress and the WhBgates has yet to adopt regulations
mandating control of greenhouse gas emissions.elfeeent legislative efforts have
been ignited by President Bush'’s rejection of tlyetid Protocol. In justification of their
actions, the Bush administration argued that tiebéished emissions targets (in Kyoto)
would be too costly to the U.S. economy. In additiBush said that the Kyoto Protocol
was “not sound policy” and “the emissions targeésret scientifically based or
environmentally effective, given the global natofggreenhouse gas emissions and the
Protocol’s exclusion of developing countries framemissions limitation requirements”
(State Department 2001). As an alternative, thei@eat announced his National Energy
Policy (in May 2001), as well as two initiatives@advance science and technological
development related to climate change (Figure A?t¢sident Bush’'s Energy Policy

calls for the promotion of energy efficiency andservation and “the reduction of
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greenhouse gas emissions through the use of dltern@newable, and advanced forms
of energy.” The policy recommends the use of taemmives to promote the development
and use of renewable and alternative energy souaeesell as the development of a
market-based pollution strategy to significantlguee sulfur dioxide (S£), nitrogen
oxides (NQ), and mercury (Hg) emissions from electric powenegrators (State

Department 2001).

bl arch 2004

Bush rejects the Kyoto Protocal as too
costly and unfounded in science. In

1982
US zigned the UN Framework

Conwention on Climste Change rE e B an e AT pite Fotth. 4 T bl arch 2003
{UMFC CCYwhich requires PaNse S En- eIt P 2003 )
signatory countries to periodically binding resolution to urge US The Cla=n Air
o h participation in 3 revised Kyota Protocol Buzh administration propozes Flanning Act iz
publish inventories of

ar similar climate change agreament A
revized warzion of Kerny's amended was
pazzed inthe Senate.
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proposed by Senator
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impose 3 emissions
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1962
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Clirmate Change Ressarch Initiative
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re-intreducadto
Congress

Senators Lieberman and
Mzt ain propose the Climate
Steswardship Act which
requires mandatony GHG
emizzions reducions through
emizzions caps and trading
program

Februan 20032

Senator Jeffords proposes the
Clean Power Act calls for limits
an power sectar by setling
emizzions caps on S0, NO,,
Ha, & CO5 Program allcwes for
amissions trading, excaptin the
caze of Hy.

Figure A-1. Timeline of Major Greenhouse Gas Initidives and Legislation in the

United States over Last Decade

The Bush administration’s lack of consideratiorCad, emissions in their energy

proposal sparked the creation of several legigatieasures calling for regulation of £O

emissions, in addition to several other key greesba@ases, beginning with the Climate
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Stewardship Act proposed by Senators Liebermaria@hin in January of 2003. The
Climate Stewardship Act offered a market-baseda@aagr including emission caps and
tradable allowances to reduce emissions of sixiregse key greenhouse gases {NO
CO,, NHg4, hydrofluorocarbons (HFC), perfluorocarbons (PR®@Y sulfur hexafluoride
(SHF)). The bill covered approximately 75 perceindicect greenhouse emissions (90%
of CO, emissions) within the United StatésThe goal of the Climate Stewardship Act
was to bring U.S. emissions down to near 1990 &bglthe year 2016 (EIA 2003).
Three other market-based emission regulations trengght to Congress on the heels of
the Climate Stewardship Act: The Clear Skies AaigBadministration, No GO
controls); the Clean Power Act (Senator Jeffordayl the Clean Air Planning Act
(Senator Carper) (Figure A-1). All three bills posed a mandatory cap and trading
system similar to the Climate Stewardship Act. Hegvethey differed in stringency,
compliance strategy, and the types of pollutiontcaied (Table A-4). While the
Climate Stewardship Act targeted emissions frominbdestrial, commercial, and energy
sectors, the other three legislations were desi¢gmedly reduce emissions from energy
sector sources. The argument behind this seletigeting was that electric-generating
facilities contribute a significant portion of tbgerall greenhouse gas emissions within
the United States (Goodwin Proctor 2003). Figur2 presents the projected emissions
reductions in the energy sector under the CleagsSkct, Clean Power Act, and Clean

Air and Planning Act, based on their long-term esaiss targets.

14 Covered sources include the commercial, industiiad energy sector that produce greenhouse gas
emissions exceeding 10,000 Tg £X., The bill also covers the transportation seata the producers
and importers of high GWP gases (EIA 2003).
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Table A-4. Different Compliance Strategies of the {imate Stewardship Act, Clean
Power Act, Clear Skies Act, and Clean Air PlanningAct all submitted to Congress
in 2003.

c
@ g N
£ | B 3lzE ) 0
S &8 [ 3] < =
=0 » 5 8| 3H 5o 3
=2 c 3] cow]| o - o £ —
=8 i) s |egs5| S E S 9 ©
=t 3 2z |8z<5|z50| £3 @
g g3 = §2 |[E25|25%]| 88 £
Act & Pollutants Covered S RS i oz |Gzl lzdC] 28 5
Climate Stewardship Act®
Nitrogen Oxides (NO,) v v v v v
Methane (CH,) v v 4 v v
Carbon Dioxide (CO,) v v 4 v v
Hydrofluorocarbons (HFC) v v v v v
Perfluorocarbons (PFC) v v v v v
Sulfur Hexafluoride (SFg) v v 4 v v
Clean Power Act”
Nitrogen Oxides (NO,) v v v v v
Sulfur Dioxide (SO,) 4 v 4 v 4
Mercury (Hg) v v v v
Carbon Dioxide (CO,) 4 4 v 4 v
Clear Skies Act®
Nitrogen Oxides (NO,) v v 4 v 4
Sulfur Dioxide (SO,) 4 4 v 4 v
Mercury (Hg) v v v v
Clean Air Planning Act’
Nitrogen Oxides (NO,) v v v v
Sulfur Dioxide (SO,) v v v v
Mercury (Hg) v v v v
Carbon Dioxide (CO,) v v v v
“Bill covers energy, transportation, and industrial sectors. The proposed act would allow companies to offset up to 15% of
their emissions, with qualified reductions in sectors not covered under the bill (such as agriculture) or by purchasing
allowances from another country with a similar cap and trade system. A portion of allowances would be povided free to
producers based on GPS. The remaining allowances are sold through a Credit Corporation.
PBill covers energy sector only. The proposed act includes a "birthday" provision that requires all plants to have the best
available technology (BACT) (MACT for mercury) beginning in 2014 or when they reach 40 years of age (whichever comes
first). Initially, ten percent of emission allowances will be distributed using GPS. The remainder will be allocated
"downstream" and can be purchased by "upstream" sources. In addition, the bill allows for only partial banking of existing
allowances.
“Bill covers energy sector only. The proposed act absolves power plants who are affected by the multi-pollutant emissions
caps under the Clean Air Act's New Source Review & Best Available Retrofit Technology requirements. Allowances are
"grandfathered”. Also includes a "safety valve" that caps the price power companies would have to pay for additional Hg,
SO,, and NO, allowances.
“Bill covers energy sector only. The proposed act specifies a minimum removal target for mercury emissions, in addition to
the cap. It also allows companies to offset emissions by purchasing allowances from an international trading program or
another domestic project outside the energy sector.
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Figure A-2. Projected Percent Reduction in Mercury, Nitrogen Oxides, Sulfur
Dioxide, and Carbon Dioxide under Three separate Mdket-Based Emissions
Control Regulations.

Each of the four proposed greenhouse emissionsld¢ighs submitted to Congress in
2003 was set to subcommittee for review. As of ypda regulation controlling
greenhouse gas emissions within the United State®den passed. The Clear Skies Act
and Climate Stewardship Act were resubmitted irudanand February of this year and
again both have been sent to subcommittee forwevibe lack of success in terms of
greenhouse gas emissions control policies rais@spartant question: why did these
bills fail? To answer this question, one must eatdithe potential social and industrial

costs of greenhouse gas emissions policies, imguabw the design of carbon policies

can impact short and long-term efficiency and oNeial welfare.
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Impacts of Proposed Legislation

Based on recent legislative proposals to Congféagsiie A-1), those in the energy
sector may face significant requirements to redyreenhouse gas emissions (i.e.,O
over the next decade. The timetable and stringehtyese requirements is not known.
However, if recent patterns in legislation are uae@ guide, a market-based approach
(rather than command and control requirements2dace emissions appears likely. The
legislative proposals cited above include a vargdtynechanisms to achieve emissions
reductions (refer to Table A-4). The resulting irofsaon providers and consumers will
depend on the type of policy strategy and impleru@n mechanism exercised by the
program. At the request of the Subcommittee onddatiEconomic Growth, Natural
Resources, and Regulatory Affairs in the HouseeyrBsentatives, the Energy
Information Administration (EIA) conducted sevestlidies to predict the potential costs
and impacts of the multi-emission reduction strigegutlined in Table A-4 (EIA 2003;
2004). In their analysis, the EIA projected the &ois of the proposed legislation using
their National Energy Modeling System (NEMS), alavith a reference case based on
the 2004 Annual Energy Outlook (EIA 2003; 2004)eThference case projections are
based on forecasts of business-as-usual trendsg ti@ko account current technology,
laws and regulations, as well as projected trendsdahnology and demographics (EIA

2004). A summary of EIA’s projections is providedliable A-5.

The EIA’s findings indicate that in all cases wh@&®, emissions are capped
there will be significant impacts on coal-fired pavplants. Because of coal’s high
carbon intensity, its use is expected to declipgdig. Electric generators are likely to

substitute natural gas, nuclear and renewable faetbe capacity once maintained by
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coal. As a result of lower utilization rates, mamal fired plants will be retired early and
the generation (mining) of coal is expected to ided{EIA 2000; 2003; 2004). The
degree to which coal fired plants are affected déjpbend on the stringency of the
emissions caps (particularly GOThe more stringent the cap, the greater the shlifbe

away from coal.

Table A-5. Projected Change (in Percent) of End-UsRrices, Electricity Generation
(by source) and Industry Resource Costs as a Resuolt Proposed Legislation. Data
from EIA (2003; 2004).

End-Use Prices’ Electricity Generation by Fuel Type® Industry
Renewable Resource
Proposed Legislation Gasoline| Electricity Coal Natural Gas| Energies Nuclear Costs®
Climate Stewardship Act® (25) 9 (46) (46.9) (62) (330) (50) NI
Clean Power Act” NI 47.2 (26.5) ] 35.5(54.7) | 30.5(8.3) | 133.9 (144.1) | 13 (53.1) (19.4)
Clean Air Planning Act’ NI 3.6 (7.8) | 16.9(24.2) | 6.3 (22.7) 7.9 (73.2) NI (4.5)
Clear Skies Act NI 2.6 (3.2) 1.1 (4.9) 0.8 (4.9) 1.1(11.2) NI (1.3)

NI = no information available

Bold indicates projected decreases.
() indicate projections based on long-term emissions targets of policy. They are preceded with projected impacts after
the first phase of implementation.
lProjected percent increase in end-use prices (to consumer) of gasoline and electricity over projected baseline case.
2Project percent increase in production of electricity from coal, natural gas, renewable energies, and nuclear power
over projected baseline case
3Projected percent increase in industry resource costs, such as new plants, emission control equipment, and supplies
over projected baseline case.
“Percentage increase in electricity generation was calculated from projected capacity additions (in gigawatts) of
different fuel types (EIA 2003). These projections may vary significantly depending on natural gas prices and the
degree to which nuclear energy and sequestration technologies are used.
PThe high CO, allowance price projected by the EIA (2004) causes growth in natural gas generation to slow as the
electric power industry shifts to renewable and new nuclear plants in the later years of their projection. Because of long
permitting and construction times, new nuclear plants are not expected to significantly contribute to reducing CO,
emissions until much later in the policies life (EIA 2004).
“These values reflect the higher range of projected impacts in the Clean Air and Planning Act. Variations are driven by
?ssumptions about the availability and cost of greenhouse offsets outside of the power sector (EIA 2004).

EIA (2004).

In addition, power plant operators are expectdaddor significant costs to comply
with emission caps in the form of higher fuel cqstgbstitution of natural gas for coal)
and capital expenditures on emission control eqamgniheir end costs will also be

impacted by the type of emission allocation syseenployed by the regulation. They
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will experience much higher costs if they have tiocchase some or all of their
allowances (auctioned), rather than having themigeal for free (“grandfathering”). As
a result, they will likely pass along a large pamtof these costs to the consumer through
higher electricity prices. The degree to which &essts are transferred depends on the
allocation scheme of the allowances (discussed)]ate well as the nature of the

competitive market.

Based on the impact analyses conducted by EIA (22003; 2004) and summarized
above in_Table A-5, several key impacts may refulin multi-emission reduction

legislation using a permit and trading scheme:

1. Increased demand for natural gas could stresautinent gas production

system, resulting in substantially higher gas @ri@searcity rent).

2. In addition, increased dependence on natural gasdotricity production
can lead to greater volatility in electric pricesolve with changing gas

prices).

3. The increase use of natural gas by the energyrssqtoojected to cause
natural gas prices to increase in all sectors®@gttonomy (i.e. residential,

commercial, and industrial).

4. Consumers may respond to higher electricity prijedecreasing their
consumption of electricity, through the purchasenofe energy efficient
appliances, installation of renewable energy saufce. solar panels),

and/or a general decrease in use (more energygshabits).
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5. Higher electricity, natural gas, and gasoline @iadl impact the
production of goods and services, as well as coesspending (higher
prices result in lower disposable incomes). Thenitage of these
impacts will depend on how revenue generated fronisgon allocations
(when auctioned) is transferred among consumee$ pfeducers, and

electricity providers (discussed in more detaéfat

6. The shift to natural gas, renewable energy, andratbn-carbon intensive
energy sources will increase production and jolib@se sectors. In
contrast, a shift away from coal resources wiluazcoal production, as

well as jobs associated with coal mining and caoalfelectric utilities.

The impacts of any greenhouse emissions regulatibdepend on the timetable,
stringency, and implementation strategy of theqyolin addition, electricity prices and
the degree to which electric generation shifts afuay coal-powered plants depends, to
a large degree, on the extent gnissions are controllednlike NO, and SQ, there are
currently no commercially available technologiesremoving and storing (sequestering)
CQO,. This stems in part from the lack of a market éntsting regulation on C£and
uncertainty surrounding the long-term, stable gferaf the CQ after sequestration.
Therefore, under the current system, the only waachieve large scale reduction in £O
emissions is to reduce the combustion of carbdnftiels and improve the efficiency of
energy production and use (EIA 2000). The combamatif CQ allowance costs,
increased operating costs, changes in productidhads, and increased natural gas

prices translates into significantly higher elestyi prices for producers and consumers.
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This means that any policy including €é&mission caps may have a significantly harder

time being passed in congress (discussed mor¢. later

Feasibility of Future Carbon Emission Regulations

Although market-based strategies are being enddngedonomists and some
politicians and appear to be a more cost-effecilternative to thetatus quothey are
receiving relatively little political and industsupport (Goulder 2000; Stavins 2003).
The political resistance to market-based solutioay stem from the inequitable
distribution of cost across the economy. Carboretd&nission controls would place a
larger share of the regulatory burden on companit#sn the energy sector (such as
electric utilities, petroleum refining, etc.), aslhas the producers of fossil fuels. This
unequal distribution of costs hinders the politieasibility of market-based instruments
because the industries most affected (i.e. elegtilites) are well-organized and can
exert considerable political pressure (Goulder 2008der a carbon tax or tradable
permit scheme (where allowances are not “grandfattig the aggregate net benefits
(i.e. benefits to future generations, decreaseém#gnce on other countries for fossil
fuels, boost of production in alternative energstses, etc.) may exceed the net loss to
the conventional energy sector. However, the p@tecdncentration of costs among the
losing group (cost to each member of group is leage dilution of benefits among the
winning group (benefits to each member are smali)effectively block a policy’s
enactment (Goulder 2000). Those in the energyséelve more of a motivation and

ability to mobilize politically.

This ability of the interest of smaller groups (sus power utilities) to prevail over

the interests of a much larger group (social g@aah) be explained using Mancur Olson’s
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arguments of collective action and group behawtson (1965) argues that individuals
in a group will typically not act to defend or adwea their groups interests, unless they
have a personal or individual incentive to do se.gdes on to argue that the ability of a
group to organize to achieve their common objeaswgenerally easier for smaller or
intermediate sized groups of individuals or orgatians than for larger groups. Olson
(1965) asserts that in “smaller groups, it is nik&ly that one member or organization
will have a large enough stake in the outcome $afjushouldering a majority of the cost
in gaining that collective benefit. Whereas, indivals in a larger group have no
incentive to organize a lobby to obtain a colleetood.” In other words, the marginal
benefits (i.e. lower levels of air pollution) dotrexceed the marginal costs (time, effort,
etc.) of organizing and promoting some social bieeeaner air). In terms of
environmental regulations, Congress may under-aeguh the form of environmental

lax standards (or no standards at all) “becausenthestry groups that favor less stringent
regulations are small and cohesive, whereas ingilsdwho support more stringent
regulation are a large more diffuse group” (Rev&321). This power exerted by industry
can be explained, in large part, by their inheprganization. Because they are already
organized (for business) they are able to mobéasly, forming a powerful economic
lobby to fight for some collective benefit or gootihis may explain the resistance
policies such as the Climate Stewardship Act, CRawer Act, and Clean Air Planning
Act are receiving in Congress. Industries withia émergy sector (specifically electric
utilities and fossil fuel providers) have a polti@dvantage because their narrow,
organized special interests allow them to triumpérdhe unorganized, inactive interests

of “the people” (Olson 1965).
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The type of strategy used in a cap and trade pohcyimpact the level of
resistance that policy receives from “vested” ieg¢groups, such as those in the energy
sector. Political feasibility might increase foripees that avoid placing exceptionally
large cost burdens on key energy industries (Go@@de0). Therefore, using some sort
of “revenue-recycling” or transfer of payments nadlgviate some of the distributional

concerns or objections to the policy (Goulder 2000)

Impacts on Feasibility

Emission Allocation Method

The idea behind market-based approaches to carbmsiens regulation is that they
provide companies with an incentive to “reduce yaaih by placing opportunity costs on
emissions” (Burtraw et al. 2002). One of the biggesues in the design of market-based
carbon policy is how to allocate emissions allovemd he choice of allocation method
has a significant effect on the efficiency and allesocial cost of the program (Burtaw et
al. 2002). There are several ways that emissidowahces can be allocated.
Historically, the United States has “grandfatheraliidwances based on historical
emissions or generation. This is the allocationhoe@tused for the SQrading program
adopted under amendments the Clean Air Act in E9@Dthe method proposed by the
Bush Administration in the Clear Skies Act. “Graaittiiering”, however provides no real
incentive to change behavior, since the allocatavespredetermined based on historical
energy production patterns (Burtraw et al. 2002)other approach is to allocate
allowances on generation performance standards)(&P8er GPS, allowances are
initially based on a company’s share of overallssiins. This is the approach used in

most of the recent emissions control regulatiossudised above. The problem with GPS
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is that by allocating emissions by percent of gatien, it gives companies an incentive
to increase its emissions because doing so eansdhlditional allowances which they
can sell as profit later (Burtraw et al. 2002). Esmns allocations can also be auctioned,
where those regulated purchase emission allowdrm®seither the government,
independent entity (such the “Credit Corporatianthe Climate Stewardship Act) or
“downstream” users (Clean Power Act). The revenues from auctionemhathces can
then be used to offset the costs of the polichasé sectors hardest hit (i.e. tax breaks to

electric providers, consumers, commercial sector).e

Burtraw et al. (2002) and Goulder (2000) condustedies that show that the free
allocation of all emission allowances would enmcdvered entities at the expense of
downstream consumers. Most analyses of global wayiheigislation show that, in
competitive markets, companies will pass much eirtbompliance costs to consumers
in the form of higher prices, with only a smalldti@n of the regulation’s cost being
borne by the company. According to the Natural Resss Defense Council (NRDC
2005) and researchers at Resources for the FlBurgdw et al. 2002; Goulder 2000),
this pass-on to consumers is true under both eesewhere (1) companies are required
to purchase all emission allowances; and (2) compare given those allowances for
free. Even when allowances are provided free ofgghacompanies will raise product
prices to reflect the market value of the emissibowances. In other words, each
allowance has a market value because companiealwdlys have thepportunityto sell
them for profit. Therefore, this “opportunity costill be reflected in product prices

(Burtraw et al. 2002; Goulder 2000). Policies ttipend solely on grandfathering

15 Downstream users are final consumers of fossisfard electricity in the residential, commerciaid
industrial sectors.
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substantially over-compensate firms, causing tbeuity values to rise considerably;
whereas policies that rely solely on the auctiopemits can have the opposite effect
(Goulder 2000). Therefore, in order to addressitigional concerns and ensure that
equity values in the energy sector do not declangige too significantly), Goulder
(2000) suggests a balance between free (“grandé&feallowance allocation and

auctioning.

Where we Stand

The proposed legislation discussed above usedetyatlocation schemes: Clear
Skies Act (grandfathering of all permits); Clim&tewardship Act (partial free allocation
through GPS, partial auctioning through Credit @ogtion); Clean Power Act (partial
free allocation through GPS; partial auctioningdoyvnstream consumers); and Clean
Air Planning Act (grandfathering of S@nd remaining allowances by GPS). In addition,
several of these legislations allowed producesffset some of their emissions through
reductions in other markets both domestically anidrnationally. So then, why with all
these options, has no policy been successfullypdeddy Congress? The answer may lie
in the how society (and the government) perceiliedbenefits from climate change

regulation.

The greenhouse effect is a long-term problem, fwdnich the public does not see
many immediate identifiable effects. Therefore jtpméns could be hesitant to ask for
stringent emissions caps that may negatively impacsumers and producers now, when
the present benefits are unapparent and the foamefits are uncertain (Smith 2000).
Thus, more pressing social and economic needs akayprecedent over the climate

change policies. In addition, due to the long-teunrgertain nature of climate change, the
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costs of global warming and the benefits of greeisbayas policy are almost impossible
to determine. Therefore, if a government is depanoin a cost-benefit analysis to
rationalize global warming policies, they may fina justification for doing so (Smith

2000).

Impact of International Policies

Global warming is an international problem, impagta common-pool resource (the
atmosphere/climate). No single country acting aleilebe able to solve the problem. In
addition, the impacts of global warming will varg a region-by-region basis and
scientists are uncertain as to what exactly thegpacts will be. Although there has been
international cooperation to study the potentigbacis of greenhouse gases (i.e. IPCC)
many governments are taking a “wait and see” ambré@ global warming policies
(Smith 2000). The hesitancy of any one governmetdKke significant steps towards
reducing greenhouse gas emissions could be ded@agha collective action problem: the
marginal benefits (which are uncertain) of a copnoving forward with climate change
polices may not outweigh the marginal cost of thosi&cies on a countries economic
performance and competitive advantage. Therefbig unlikely that any country
(including the U.S.) will take unilateral measutesontrol greenhouse gas emissions.
Countries will, however, have an incentive to freke off the decreased emissions of
other countries. Free-riding arises when natioasltenefit from the abatement of global
CO, emissions do not contribute to its attainment\{8&1997). The location (source) of
emissions does not impact the potential damagdsinf) global temperatures (decreased
agriculture production, severe weather events).&tthough countries like the United

States might significantly contribute to overalbighl CQ emissions, the impact of these
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emissions may be more significant in other lesebiged countries. In addition,
decreasing greenhouse gas emissions in one caartrghift their comparative
advantage (in certain markets) to other countfieese countries may then take up
activities that increase their emissions (Stavi®®7). This transfer of emissions is called
leakage. The end consequence might be no net impgrtenhouse gas emissions.
Furthermore, policies within one country or evegraup of cooperating countries will

not likely be effective at significantly abatingpglal greenhouse gas emissions. As
mentioned above, it becomes a problem of colle@ot®n, where no one country has an
incentive to pay a share of the “costs” to obtam dverall public good of slowing global
warming. Using Olson’s (1965) argument of largeugréheory, without some form of
global coercion forcing countries to enact strirtiggneenhouse gas emission policies, it is
unlikely that countries will voluntarily enact si§inant CO, emission reduction policies

that could harm their economic and social well-ggin the short-term).

The above arguments could be used to explain tlse Bdministration’s failure to
sign the Kyoto Protocol and to some extent, thectahce of Congress to pass emission
caps on C@ Along with lack of immediate benefits, the uneerty of future benefits,
and the potential domestic impacts of stringenégh®use gas emission policies, the
United States may have no real incentive to takpamesibility or action in reducing its

emissions.

Conclusions
In a report to Congress in 1989 concerning glokaimng, the EPA (1989) stated
that “the landscape of North America will changevays it cannot be fully predicted.

The ultimate effects will last for centuries andl e irreversible....Strategies to reverse
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such impacts on natural ecosystem are not curraatifable.” However, even with such
bold and pressing statements by the EPA and oithéing research community (i.e.
IPCC), relatively little has been done to reducseghouse gas emissions, nationally or
globally. The common pool characteristics of ailygmn problems (particularly the
greenhouse effect) make solutions for controllinfytion more difficult. Domestically,
the inequitable distribution of regulatory costsl &ime lack of commercially available
technologies for reducing G@missions may diminish the feasibility of many £O
policy options. As a result of their carbon inténselectric utilities and coal producers
will shoulder a majority of the regulatory burddineir ability to organize in opposition
of CO, and other emissions caps, as well as the conbiggoeessure they can exert
politically, can impede the implementation of a eayol trade approach to reducing
carbon emissions. Revenue recycling and other rdstbbtransferring wealth to those
hardest hit (i.e. electric utilities, consumers, )etnay increase a policy’s feasibility.
However, the long-term nature of the problem andenuwgent direct social and
economic needs might cause politicians to shy dveay stringent climate change
policies. The Bush administration’s Clear Skiespmsal for reducing greenhouse
emission is an example of such hesitancy. Althabgir plan embraced a market-based
strategy to reduce emissions, it left out the nsagtificant of the greenhouse gases,CO
Perhaps this omission was based on the realizétaira policy capping C{had little
hope of passing in Congress; or maybe it is reflecif the general “wait and see”
attitude among governments. Thus, the questioairewhether the global warming is
such a catastrophic problem that nations (includlegU.S.) will be willing to impose

policies that may not be in their best short-tenterest.
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