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a b s t r a c t

This study presents a refined calculation of the embodied carbon of concrete mixtures via life cycle
assessment (LCA) with an explicit focus on three innovations. First, probability distributions that
represent process-related variability in the embodied carbon of concrete are calculated using a variety of
life cycle inventory data sources. Second, the traditional concrete LCA system boundary (i.e., cradle-to-
gate) is expanded to incorporate and analyze estimates of in situ carbon sequestration via concrete
carbonation. Third, we analyze the impact of different transportation scenarios on the utility of using fly
ash to reduce the embodied carbon of concrete. We use these data to heuristically determine the
breakeven transportation distance for fly ash via trucking to be 2655 km for domestic sources of fly ash.
However, when fly ash is imported from international sources, reductions to embodied carbon attributed
to fly ash replacement can be negligible. The calculated breakeven maritime shipping distance for fly ash
equals 15,110 kmdbeyond which, the anticipated embodied carbon reductions due to fly ash use in
concrete are compromised due to transportation. The advancements described herein enable improved
scenario-based decision-making for understanding, quantifying, and reducing the embodied carbon of
concrete mixtures. In addition, the results highlight the importance of accounting for international
transportation of fly ash in LCAs, especially given that domestic sources of quality fly ash are expected to
continue to decline and imports are expected to increase in many parts of the world over the next few
decades.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The manufacturing of cement, the most carbon-intensive
component of concrete, contributes about 7% of global carbon di-
oxide CO2 emissions (International Energy Agency IEA, 2018). Due
to the ubiquity of concrete and its contribution to anthropogenic
CO2 emissions, a large body of literature exists that aims to un-
derstand, quantify, and subsequently reduce the embodied carbon
of concrete. Multiple comparative life cycle assessment (LCAs) of
alternative concretes or concrete materials that compare the
embodied carbon of different concrete mixtures have been pub-
lished (Vieira et al., 2016; Anastasiou et al., 2017; Weil et al., 2009;
De Schepper et al., 2014; Celik et al., 2015; Jiang et al., 2014; Serres
et al., 2016; Gursel et al., 2016; Colangelo et al., 2018; Van den
Heede and De Belie, 2012). In addition to a myriad of LCAs that
report environmental impacts of a functional unit volume of
ronmental, and Architectural
r, CO, 80309, USA.
ar).
concrete (e.g., 1 m3, 1 yd3), other application- (e.g., pre-cast con-
crete, pavements) and geographically-specific concrete LCAs have
also been published in the literature (Wu and Low, 2011; Josa et al.,
2004; Gursel and Ostertag, 2016; Stengel and Schiebl, 2014;
Mohammadi and South, 2017; García-Segura et al., 2014; Omar
et al., 2014; Noshadravan et al., 2013; Bentz, 2003).

Despite the number of studies that exist in the literature, con-
crete LCAs are typically deterministic (vs. probabilistic) in nature,
meaning that environmental impacts (e.g., embodied carbon) are
calculated and reported using numerical inputs that do not
consider uncertainty. Primarily due to (1) a lack of necessary data
and (2) additional statistical analyses that are required to incor-
porate variability and uncertainty, process-related variability and
uncertainty in the environmental impacts are rarely quantified and
reported. However, a better understanding of the variability of
environmental impacts would best elucidate “hotspots” of uncer-
tainty in the product life cycle and identify where future studies
should focus their efforts. In addition, probabilistic analyses pro-
vide insight into the amount that environmental impacts can vary
and removes the false impression that environmental impacts for a
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product are static and perfectly quantified. The aforementioned
concrete LCAs are examples of deterministic studies that do not
account for process- or geographical-related variability. One
exception concerns pavement LCAs, which assign distributions to
LCA input parameters in order to quantify the uncertainties in
carbon emissions (Noshadravan et al., 2013), (Bentz, 2003).

In addition to being predominantly deterministic in nature,
concrete LCAs are most often conducted using a cradle-to-gate
system boundary (Wu and Low, 2011), (Tait and Cheung, 2016;
Boesch et al., 2009; C. I. Council, 2013; Habert et al., 2011;
MarceauNisbet and VanGeem, 2006; O’Brien et al., 2009;
NRMCA, 2018). Such analyses are confined to the manufacturing
stage (Finkbeiner et al., 2006). Concrete has a unique material life
cycle, because a non-trivial quantity of CO2 can be sequestered
during the use and end-of-life phases.For instance, Souto-
Martinez et al. (2018) reported up to 19% of initial carbon emis-
sions of concrete can be sequestered through in situ and end-of-
life carbonation, but the theoretical carbon sequestration po-
tential depends on the composition and quantity of the cement
binder (Souto-Martinez et al., 2018). Some LCA studies have
incorporated concrete carbonation during use and end-of-life,
but these studies are also deterministic and do not quantify the
variability in embodied carbon calculations (Souto-Martinez
et al., 2018; Souto-Martinez et al., 2017; Xiet al., 2016; Pade
and Guimaraes, 2007).

In order to reduce concrete embodied carbon, supplementary
cementitious materials (SCMs), such as fly ash from coal power
plants, are often used to replace a portion of the cement quantity in
a concrete mixture. Several studies in the literature have quantified
the potential reduction in concrete embodied carbon due to fly ash
replacement (O’Brien et al., 2009), (Purnell and Black, 2012),
(Vargas and Halog, 2015), where the majority of studies use a fixed
distance assumption or assume that the carbon dioxide emissions
allocated to fly ash is zero. However, as utilization rates increase
and international imports become more common in many regions
of the world, it is likely that fly ash transportation distances will
also increase. We hypothesize that the actual environmental
benefit of using fly ash to reduce the embodied carbon of concrete
is highly dependent on the fly ash transportation mode and dis-
tance, thereby necessitating more explicit studies of the effects of
fly ash transportation on overall estimates of the embodied carbon
of concrete.

The purpose of this study was to develop a probabilistic
approach to model the process-related variability inherent to es-
timates of the embodied carbon of concrete. Probability distri-
butions were created using a variety of life cycle inventory data
sources and probabilistic estimates of cement and concrete pro-
cessing technology. These probability distributions were imple-
mented in a stochastic, process-based, cradle-to-grave LCA that
incorporates estimates of in situ and post-use CO2 sequestration
via concrete carbonation using 1 m3 as the primary functional
unit. The results elucidate the range of emissions that are possible
for concrete due to statistical process variability throughout the
life cycle. To illustrate the utility of this work, the emissions dis-
tributions are applied to five concrete mixture designs of varying
compressive strength in order to illustrate how both process-
related variability and mixture design variability impact the dis-
tribution of concrete CO2 emissions on a volumetric basis. In
addition, the impacts of transportation mode (e.g., trucking,
maritime shipping) and distance on estimates of embodied carbon
are explicitly studied. It is envisioned that the results of this work
will advance the development concrete design methods and
strategies that result in surefire reductions in environmental im-
pacts (Akbarnezhad and Xiao, 2017; H€akkinen et al., 2015;
DeRousseau et al., 2018).
2. Life cycle assessment (LCA) methodology

In this analysis, we conduct a process-based LCA, which quan-
tifies the inputs and outputs to nature in order to evaluate envi-
ronmental impacts over the life cycle of concrete. A process-based
LCA involves four stages as outlined by the International Organi-
zation for Standards (ISO) 14040; these stages include (1) goal and
scope definition, (2) inventory analysis, (3) impact assessment, and
(4) interpretation (ISO-Norm, 2006).

2.1. Goal and scope definition

2.1.1. Goal
The goal of this study was to develop probabilistic distributions

that enable designers to quantify the embodied carbon of a given
concrete mixture. The intended users are other LCA practitioners or
researchers who would like to gain a greater understanding of the
variability of embodied carbon in concrete mixtures. The results of
this study are intended to be used in comparative assertions or in
other concrete LCA literature.

2.1.2. Functional unit
In this study, we acknowledge that compressive strength is

often the most important performance measure in concrete
mixture design, and concrete mixtures of different compressive
strengths are not functionally equivalent nor comparable. Thus, for
the case studies analyzed herein, the functional unit is 1 m3 of
concrete for a given compressive strength. However, no other
performance requirements are imposed in order to allow users of
the model to impose other performance requirements a posteriori.
In other words, this study enables flexible implementation of many
types of performance requirements in downstream uses of the
model.

2.1.3. System boundary
The system boundary includes the following life cycle stages:

product stage (A1-A3), use stage (B1), and end-of-life disposal (C4).
Fig. 1 illustrates this “cradle-to-gate plus carbonation” system
boundary. Unlike many prominent concrete LCA studies that use a
cradle-to-gate analysis (Wu and Low, 2011), (Tait and Cheung,
2016; Boesch et al., 2009; C. I. Council, 2013; Habert et al., 2011;
MarceauNisbet and VanGeem, 2006; O’Brien et al., 2009), this
analysis includes carbonation impacts from the use phase and end-
of-life. This system boundary choice is critical for better under-
standing the benefit of carbonation in reducing the net embodied
carbon of concrete mixtures and for making informed choices
about when and in what proportions to use fly ash in order to
reduce the embodied carbon of concrete. While some construction,
use, and end-of-life stage emissions have been omitted, it is
assumed that, for a given set of concrete performance requirements
(e.g., required compressive strength or service life), that the omitted
impacts will be equivalent for all concrete mix designs considered
herein.

2.1.4. Methodological choices
The environmental impact category considered by this study is

global warming potential, which is reported using units of kg CO2e.
Thus, the life cycle emissions associated with global warming, (e.g.,
carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O)) are
accounted for in the life cycle inventory. All greenhouse gas emis-
sions are converted to CO2-equivalent (i.e., CO2e) emissions in order
to have a single unit of measure of embodied carbon. In addition, in
this analysis, SCMs such as fly ash are considered by-products from
other industries. Thus, emissions for SCM beneficiation and trans-
portation are included in the analysis, while emissions for their



Fig. 1. LCA system boundary. Visualization adapted and modified from (EN-15804, 2013).
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initial generation are excluded. Some studies have considered other
allocation analyses for fly ash (e.g., allocation by economic value,
allocation by mass) (Seto et al., 2017; Chen et al., 2010; Pushkar and
Verbitsky, 2016). However, the current product category rule (PCR)
for concrete in the United States, which was developed by the
Carbon Leadership Forum for use by the National Ready-Mix Con-
crete Association (NRMCA), prescribes fly ash as a by-product
(EPDs, 2013). In order to remain consistent with other analyses,
this study follows the most recent PCR guidelines.
2.1.5. Probabilistic methods
This analysis differs from a deterministic LCA because it employs

density functions (i.e., probability distributions) in order to quantify
and represent embodied carbon variability of concrete in the
United States. The analysis is conducted in the same manner as a
traditional LCA in which the emissions of all constituents are
summed and reported in units of carbon dioxide-equivalent.
However, in this study, each major input to the life cycle in-
ventory is assumed to be an uncertain parameter rather than a
deterministic value. Thus, for each life cycle stage, we performed
the following series of steps in order to develop probability dis-
tributions representing variability in concrete embodied carbon:

1. Gather relevant data sources related to the life cycle stage
2. Determine and justify an appropriate probability distribution
3. Calculate characteristic parameters for the given distribution

based on data sources
4. Stochastically sample from these distributions using Monte

Carlo simulation (with n ¼ 10,000)
5. Sum the emissions impacts for each life cycle stage

In cases where there is substantial emissions-related data,
density functions are generated as an empirical smoothed histo-
gram. In cases where data are sparse, we assume a mathematical
form of the distribution (e.g., normal, uniform) a priori and use life
cycle inventory data samples to determine the parameters for the
distribution. In addition, when there are different processing
methods available (e.g., different cement kiln types), we weight the
processing emissions based on the proportional representation of
that processing method for the United States (US). The data sources
and justification for the selected distributions are provided in
Section 3.

3. Life cycle inventory data and assumptions

LCA studies require significant quantities of data in order to
account for the life cycle emissions of a product or process. This
study utilizes a variety of US-based data sources for the life cycle
inventory for concrete. The sections below describe each life cycle
stage and the justification for the selected probability distribution.
In addition, the life cycle inventory data is summarized in Table 1.

3.1. Raw material extraction (A1)

3.1.1. Cement
Cement is the primary constituent of concrete. When mixed

with water, cement hydrates and hardens to form the paste that
binds aggregates together. Cement production is emissions-
intensive. Cement production involves raw material extraction,
crushing, grinding, kiln firing, and blending. In particular, the kiln-
firing step results in the release of large quantities of CO2 due to two
contributors. First, kiln firing is the processing step inwhich carbon
dioxide is driven off during the cement calcination reaction as is
shown in Equation (1).

CaCO3 /CaOþ CO2ðgÞ (Eq. 1a)

where limestone (CaCO3) is heated to form calcium oxide (CaO) and
gaseous CO2. Second, this reaction must occur at approximately
1450 �C, which, typically, cannot be achieved with electricity; thus,
the reaction requires large quantities of fuel (Peray and Waddell,
1986). A major source of process-related variability in cement
emissions is due to the use of different kiln types. For instance, dry



Table 1
Summary of life cycle inventory data sources and distribution parameters.

Life Cycle
Inventory Data

Description Distribution
Type

Distribution
Parameters

Units References

A1 - cement Cement plant operations fuel
and electricity use

Empirical
(nonparametric)

n/a kg CO2/tonne
cement

WBCSD

Calcination reaction emissions Deterministic m ¼ 522 kg CO2/tonne
cement

Initiative (2005)

A1 e fine
aggregate

Emissions from electricity and
fuel use for land-won
acquisition

Triangular a ¼ 0.25,
b ¼ 3.45,
c ¼ 1.85

kg CO2/tonne
aggregate

Korre and Durucan (2009); Yazdanbakhsh et al. (2018); Estanqueiro et al.
(2018)

Emissions from electricity and
fuel use for marine dredging

Triangular a ¼ 34.24
b ¼ 41.65
c ¼ 37.95

kg CO2/tonne
aggregate

Korre and Durucan (2009); Yazdanbakhsh et al. (2018); Estanqueiro et al.
(2018)

A1 e superplast-
icizer

Superplasticizer
manufacturing emissions

Normal m ¼ 1792
s ¼ 428

kg CO2/tonne
SP

De Schepper et al. (2014); Environmental Product Declaration (2016);
Sjunnesson (2005); Concrete Admixtures (2015); Sabbagh and Esmatloo
(2019)

A2 - cement
transportation

Distance Normal m ¼ 102.5
s ¼ 48.7

km Bushi and Finlayson (2014)

Emissions for truck
transportation

Deterministic m ¼ 0.203 kg CO2/
tonne/km

EPA (2018)

Emissions for ship
transportation

Deterministic m ¼ 0.037 kg CO2/
tonne/km

EPA (2018)

A2 e coarse
aggregate
transportation

Distance Normal m ¼ 26.1
s ¼ 10.5

km Bushi and Finlayson (2014)

A2 e fine
aggregate
transportation

Distance Normal m ¼ 25.9
s ¼ 12.0

km Bushi and Finlayson (2014)

A2 e fly ash
transportation

Distance Empirical
(nonparametric)

n/a km Quantified herein

A3 -
manufacturing

Quantity of diesel Normal m ¼ 1.968
s ¼ 0.328

L diesel/m3

concrete
Bushi and Finlayson (2014)

Quantity of natural gas Normal m ¼ 0.336
s ¼ 0.079

m3 natural
gas/m3

concrete

Bushi and Finlayson (2014)

Quantity of electricity Normal m ¼ 5.050
s ¼ 0.913

kWh/m3

concrete
Bushi and Finlayson (2014)

B1, C4 -
carbonation

Carbonation during use and
end-of-life for CEM I

Normal m ¼ 610.8
s ¼ 158.0

kg CO2/tonne
CaO

Andrade (2020)

Carbonation during use and
end-of-life for CEM II

Normal m ¼ 681.7
s ¼ 139.6

kg CO2/tonne
CaO

Andrade (2020)

CaO content of fly ash Triangular a ¼ 0.01
b ¼ 0.40
c ¼ 0.20

Weight % Chesner et al. (2002)

Fuel emissions Emissions from generation and
use of natural gas

Deterministic m ¼ 2.386 kg CO2e/unit
fuel

Transportation Fuel Life Cycle Assessment (2013)

Emissions from generation and
use of diesel

Deterministic m ¼ 3.152 kg CO2e/unit
fuel

Wang (2016)

Electricity
emissions

Life cycle emissions from
electricity

Triangular a ¼ 0.228
b ¼ 0.757
c ¼ 0.453

kg CO2e/
kWh

US EPA (2015)
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kilns that utilize preheater and precalciner technologies are more
efficient than wet kilns (Available and Emerging Technologies,
2010).

Emissions-related data for this life cycle process is acquired
using a survey conducted by the Cement Sustainability Initiative
that reported the annual fuel and electricity use of 849 cement
plants in the United States (WBCSD). Data for the release of CO2
emissions due to calcination is retrieved from the IPCC guidelines
related to greenhouse gas inventories for the calcination reaction
and is based on chemical stoichiometry (IPCC, 2019). In addition,
emissions factors for fuel and electricity emissions are well-
established (US EPA, 2015; Transportation Fuel Life Cycle
Assessment, 2013; Wang, 2016; Scull, 2017).

3.1.2. Aggregates
Coarse aggregate and sand are inert mixture ingredients used in

concrete and can be up to 85% of the mass of concrete (Materials for
Civil). Natural aggregates typically require very little processing.
The key processing steps in aggregate production are (1)
acquisition and (2) crushing to the appropriate size. The major
source of process-related variability for aggregate-related emis-
sions is due to different types of acquisition methods. For instance,
aggregate may be land-won, marine dredged, or acquired from
crushed rock; these acquisition methods are associated with
different fuel and electricity consumptions.

Data from the USGS is used to determine the fraction of total
aggregate that is land-won, marine dredged, or from crushed rock
(Bolen, 2000). In addition, emissions-related data for each acqui-
sition method is collected based on previous life cycle inventories
in the literature (Korre and Durucan, 2009; Yazdanbakhsh et al.,
2018; Estanqueiro et al., 2018). Since this study utilizes multiple
values per acquisition method, we assume that these values are
samples from a normal distribution of emissions.

3.1.3. Water
Concrete requires addition of water for the hydration of cement.

Using standard water-to-cement ratios for concrete mix designs
and a CO2 emissions factor for US water production (Griffiths-
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Sattenspiel, 2009), water contributed less than 1% of the total
emissions of a cubic meter of concrete and is thus omitted from this
analysis.

3.1.4. Fly ash
Fly ashda waste product generated at coal power plantsdhas

pozzolanic properties when blended with ordinary portland
cement. Consequently, fly ash is often used to replace a portion of
the cement used in concrete mixtures. Since fly ash is a byproduct
from the combustion of coal, the allocated emissions from fly ash
are assumed zero, according to a well-established product category
rule for concrete materials (Concrete Product Category Rule, 2017).
However, due to regulations concerning NOx emissions, some US
fly ash sources contain excessive quantities of unburnt, or loss-on-
ignition (LOI), carbon. Such sources of fly ash require processing to
lower the LOI to <6% by weight (Dong, 2010); such processing is
associated with CO2 emissions.

Removal of excess carbon-in-ash can be performed via multiple
different processes. In thermal beneficiation, excess carbon is
burned off in a boiler with high combustion performance. The
energy from this process is often used to power the beneficiation
process but is nonetheless associated with CO2 emissions. Another
beneficiation method, triboelectrostatic separation, exploits the
difference in electron affinity between fly ash particles and carbon
particles. Under an electric field, carbon particles become positively
charged and fly ash particles become negatively charged. Subse-
quently, the particles are diverted to separate electrodes of opposite
charge.

Due to the confidential nature of specific fly ash beneficiation
technology and data, the CO2 emissions associated with this pro-
cess rely on several assumptions. Among the five leading global
vendors of fly ash, three primarily use thermal beneficiation and
two primarily use triboelectrostatic separation. Thus, we assume a
3:2 ratio of the thermal and triboelectrostatic separation technol-
ogies (Fly ashmarket, 2019). For the thermal process, CO2 emissions
are calculated assuming uniform range of possible LOI values of the
unprocessed fly ash from 0.2 to 20.5% (Bhatt et al., 2019). The final
LOI is assumed to be 0e2% after beneficiation (Ramme, 2001),
which meets the current US fly ash LOI standards. In addition, we
assume that this carbon is fully converted to CO2. For the tribo-
electrostatic method, data are gathered from a study reporting the
electricity used to remove excess carbon from fly ash (Bittner et al.,)
as well as the variable electricity emission factors reported by the
EPA (US EPA, 2015). Notably, CO2 emissions due to fly ash benefi-
ciation resulted in <1% of the total emissions from a cubic meter of
concrete and are thus omitted from this analysis.

3.1.5. Admixtures
Chemical admixtures are used in relatively small quantities to

tailor concrete properties for certain applications. In this analysis,
we focus primarily on superplasticizing admixtures, which improve
the workability and flowability of concrete even at low water-to-
cement ratios. Three major types of superplasticizers include sul-
fonated naphthalene formaldehyde, sulfonated melamine formal-
dehyde, and polyacrylates.

Superplasticizer production involves proprietary chemical pro-
cesses. In this study, emissions-related data are acquired from
Environmental Product Declarations (EPDs) provided by admixture
manufacturing associations and a few life cycle assessment studies
(De Schepper et al., 2014), (Environmental Product Declaration,
2016; Sjunnesson, 2005; Concrete Admixtures, 2015; Sabbagh
and Esmatloo, 2019; Bauchemie e.V, 2014). We use reported
emissions as a data point and generate a normal distribution for
calculating variability. Although this method generates a highly
variable estimate in superplasticizer embodied carbon, the quantity
of superplasticizer used in most concrete mixtures is low. There-
fore, the contribution to overall uncertainty of the mixture is small.

3.2. Transportation (A2)

Each raw material listed in Section 3.4 must be transported to a
ready-mix plant. Transportation involves emissions associatedwith
primary emissions (e.g., burning fuel) and secondary emissions
(e.g., fuel production, truck manufacturing). Emission-related data
for raw material transportation includes the emission factors for
truck and maritime transportation (in kg CO2e per tonne-mile)
(EPA, 2018). The major source of emissions variability for this
input is due to transportation distance variability for each mixture
ingredient. The two sections below indicate how transportation
distance variability is determined for the mixture ingredients. Note
that admixture transportation is ignored due to the very small
quantities of superplasticizer that are utilized; admixture and wa-
ter transportation are assumed to be ≪ 1% of the total emissions
from 1 m3 of concrete.

3.2.1. Cement and aggregate
In order to determine the distribution of distances that cement

and aggregate are transported, this study employs a National Ready
Mix Concrete Association report that provides survey data
regarding the transportation distances for cement and aggregate, as
reported by ready-mix companies (Bushi and Finlayson, 2014).

3.2.2. Fly ash
Quantifying fly ash transportation distances is complex because

data representing fly ash transportation distance from the source to
the ready-mix plant are currently unavailable. Consequently, in this
study, we present a novel method for generating a distribution of
transportation distances for fly ash from present-day coal power
plants in the US.

In order to generate a distribution of fly ash transportation
distances, a geospatial analysis was performed using QGIS v3.4
(QGIS Development Team, 2019). Point-source data were collected
for coal power plant locations from the US Energy Information
Agency (U.S. Energy Information Administration, 2018). The 9189
power plant locations were reduced to 264 by selecting only those
that were coal plants with production capacity larger than 100MW.
This criterion was applied based upon the assumption that power
plants with less than 100 MW of coal production would not be
primary suppliers of fly ash. A 30 arc-second grid was created from
the CIESIN gridded dataset for US census data, including population
(Center for International Earth Science Information Network -
CIESIN - Columbia University, 2017). These data were both re-
projected into the USA Contiguous Equidistant Conic projection.
Using QGIS’ built-in Proximity (Raster Distance) tool, the Euclidean
distances were calculated between the centroid of each raster grid
and the nearest coal plant larger than 100 MW. Euclidean distances
were multiplied by a drive distance factor which is used to
approximate real transportation distances from straight-line dis-
tances (Boscoe et al., 2012).

Because the Euclidean distance from coal power plants is not
representative of fly ash utilization, population was used as a
weighting factor. Using the CIESIN gridded dataset, each grid cell
was “weighted” (w) by its population (people per square kilo-
meter) and rounded down to the nearest whole number. A his-
togram of distance values was generated where each grid cell
contributes w contributions of its distance value to the histogram.
A k-nearest neighbors smoothing algorithm was used to plot the
histogram as a density function (i.e., probability distribution). A
key assumption in this analysis is that the closest source of fly ash
will be used rather than one further away. Section 5.2 considers
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how other modes of transportation and distance scenarios can
impact the contribution of fly ash to the embodied carbon of a
concrete mixture.
3.3. Manufacturing/production (A3)

Approximately 75% of concrete in the U.S. is produced at ready-
mix plants (Woodson, 2011). Although not all US concrete is pro-
duced in ready-mix plants, due to data availability, this study uses
ready-mix manufacturing data for the life cycle inventory. Thus,
this study is applicable only to ready-mix concrete. Here, concrete
mixture ingredients are either gravity fed into mixer trucks or are
added to a central mixing drum and then transported to a trans-
portation truck, which uses fuel and electricity. The variability in
emissions from this batching process is due to individual variabil-
ities among ready-mix plants in technology and efficiencies. This
study utilizes a survey from the National Ready Mix Concrete As-
sociation on fuel and energy use at U.S. ready mix plants (Bushi and
Finlayson, 2014).
3.4. Use and end-of-life carbonation (B1, C4)

During the use phase through end of life, CO2 from the envi-
ronment reacts with calcium compounds in Portland cement to
form calcium carbonate (CaCO3). This process, which is diffusion-
based, is termed concrete carbonation. Due to this process, the
use and end-of-life phases effectively reduce the total of embodied
carbon of a concrete mixture. The quantity of sequestered CO2 is a
function of the quantity of the calcium oxide (CaO) content of the
cementitious material as well as the degree of carbonation (DoC).

The CaO content of cement is a relatively consistent quantity,
and thus the maximum CO2 uptake for a Portland cement can be
calculated using the following equation, assuming a 95% clinker
content per cement (Chesner et al., 2002):

UK ¼ð%CaOÞ *0:95 *
�
clinker
cement

�
*

�
44
56

�
MCO2

MCaO
Eq. 1b

¼ 0:49
kg CO2

kg cement

where Uk is the maximum uptake of CO2 per kilogram of Portland
cement and M is the molecular weight of a given compound.

However, the CaO content of fly ash is highly variable and can
range from 1 to 40% byweight (Chesner et al., 2002). Note that Class
C fly ash generally contains greater than 20% CaO content, while
Class F fly ash has less than 7% CaO content.

The (DoC) in concrete remains a poorly understood and uncer-
tain phenomenon in the literature. DoC is defined as the proportion
of CO2 in the carbonated zone absorbed in a concrete compared to
the theoretical limit to the quantity of carbonation. One study by
Andrade performed experiments on concrete specimens under
several exposure conditions to quantify the variability (in the form
of mean and standard deviation) of the DoC for concretes with and
without SCMs (Andrade, 2020). We utilize the statistical informa-
tion (i.e.,mean and standard deviation) from this study for relevant
clinker types in order to quantify the variability of concrete
carbonation. For instance, for CEM I cement with no SCM replace-
ment, the DoC was found to be 0.611±0.158; for a CEM II cement
with 25% fly ash replacement, the DoC was found to be
0.682±0.140.
4. Results and discussion

4.1. Embodied carbon on a per mass basis

The results of the life cycle inventory are reported on a per mass
basis in Fig. 2. The variability of embodied carbon is represented
using boxplots. Since the range of possible values for all life cycle
inputs is large, the plot is categorized into (a) high, (b) medium, and
(c) low contributions to life cycle inputs on a per mass basis, which
enables visualization of carbon variability regardless of scale. For
visualization purposes, the boxplot representing carbonation im-
pacts from the use phase and end-of-life (i.e., negative embodied
carbon values) are omitted from these graphs but are discussed in
detail in Fig. 3.

High contributors to concrete embodied carbon on a per mass
basis include cement and superplasticizer rawmaterials with mean
values of 793.1 kg CO2e per tonne and 1121.4 kg CO2e per tonne,
respectively. Medium contributors to concrete embodied carbon on
a per mass basis include transportation of fly ash and trans-
portation of cement with mean values of 44.1 kg CO2e per tonne
and 11.3 kg CO2e per tonne, respectively. Since certain areas of the
US must transport fly ash large distances, there is a large skew in
the distribution for fly ash transportation emissions. This result will
be discussed in greater detail in Section 5.2. The low contributors to
embodied carbon are concrete manufacturing (9.4 kg CO2 per
tonne), coarse aggregate transportation (2.8 kg CO2e per tonne),
sand transportation (2.9 kg CO2e per tonne), coarse aggregate raw
material processing (3.4 kg CO2e per tonne), and sand raw material
processing (3.7 kg CO2e per tonne). Table 2 reports summary sta-
tistics (i.e., median, 25th quantile, and 75th quantile) for each of
these life cycle impact contributors. This table can be used to
calculate the embodied carbon of any concrete mixture (i.e.,
different mixture ingredient quantities), which can be used in other
LCA studies and downstream calculations.

4.2. Embodied carbon for concrete mixtures of varying strengths

In addition to understanding the embodied carbon for individ-
ual life cycle inputs on a per mass basis, the mixture proportions
and relative quantities of each constituent will impact the total
embodied carbon of a concrete mixture. Thus, in this analysis, ten
concrete mixtures of five different compressive strengths are
compared. For each target compressive strength, a pair of mixture
designs are compared, onewhich contains no fly ash and onewhich
utilizes 20% fly ash replacement. Table 3 reports the mixture pro-
portions for each of these concrete mixtures. The mixture designs
analyzed in this analysis are from a deterministic LCA report by the
NRMCA. Note also that in order to achieve equivalent target
compressive strength, themixtures with fly ash replacement utilize
greater total quantity of cementitious materials. This is consistent
with the functional unit employed in this study.

Fig. 3a and b show the estimated embodied carbon from each
life cycle contributor for 1m3 of concrete of Mixture 1a andMixture
1b, which have a target compressive strength of 21 MPa. The
relative embodied carbon for each life cycle contribution is
different than Fig. 2 because concrete mixture ingredients are used
in different quantities. This analysis is similarly divided into “high
contributors” and “low contributors”.

Notably, cement is by far the largest contributor of embodied
carbon in both mixtures, as expected, given the emissions associ-
ated with heating limestone to high temperatures and the calci-
nation reaction that releases large quantities of carbon dioxide
(Souto-Martinez et al., 2018). Furthermore, due to fly ash cement
replacement in Mixture 1b (and subsequent lower quantity of
cement), the embodied carbon is lower than Mixture 1a. Mixture



Fig. 2. Embodied carbon of life cycle inputs on a per mass (tonne) basis categorized by (a) high, (b) medium, and (c) low impacts per mass.

Fig. 3. Boxplots illustrating life cycle impacts for Mixture 1a and Mixture 1b.
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1b also has an additional contribution due to fly ash transportation,
which is relatively low compared to other impacts, based on our
assumption of fly ash transportation from the nearest coal power
plant. It is worthwhile to note that superplasticizer has become a
relatively low contributor to total embodied carbon of the concrete
mixture, due to the low mass of superplasticizer in both mixtures.



Table 2
Summary statistics for life cycle input distributions.

Life Cycle Input Median Value (kg CO2e per tonne) 25th Quantile (kg CO2e per tonne) 75th Quantile (kg CO2e per tonne)

Superplasticizer 1149.9 782.4 1457.6
Cement 773.7 758.0 821.6
Fly ash transportation 22.3 12.1 42.2
Cement transportation 11.5 7.5 14.8
Coarse aggregate transportation 2.8 2.1 3.6
Sand transportation 2.9 2.0 3.8
Coarse aggregate 2.9 2.1 3.6
Sand 1.9 1.4 2.4
Manufacturing 9.5 8.5 10.3
Use and end-of-life carbonation for cement 297.8 242.6 350.5

Table 3
Constituent quantities for the representative concrete mixtures.

Mixture Number Strength (MPa) Cement (kg) Fly Ash (kg) Water (kg) Coarse Aggregate (kg) Fines (kg) Water Reducer (kg)

1a 21 MPa 288 0 155 995 807 .085
1b 21 MPa 243 61 155 995 759 .085
2a 28 MPa 365 0 155 995 744 .085
2b 28 MPa 307 77 155 995 683 .085
3a 34 MPa 456 0 160 913 750 .198
3b 34 MPa 384 96 160 913 675 .198
4a 41 MPa 481 0 173 913 772 .198
4b 41 MPa 405 101 173 913 692 .198
5a 55 MPa 567 0 173 913 701 .198
5b 55 MPa 477 119 173 913 608 .198
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Analysis of the size of the individual boxplots is also illustrative
of sources of variability. In Fig. 3a and b, the whiskers of the box-
plots represent 1.5 times the interquartile range beyond the 25th
and 75th percentiles. Comparing the length of these whiskers in
both Fig. 3a and b illustrates that the major source of total vari-
ability for both mixtures originates from the variability in cement
emissions. For instance, the range of thewhiskers for cement inMix
1a is 70 kg CO2e, while the next-widest set of whiskers among the
other life cycle inputs is 13 kgCO2e. This analysis illustrates that the
best way to reduce uncertainty in embodied carbon is to better
understand the emissions associated with cement production (e.g..,
determine the kiln type and fuels used).
Fig. 4. Distributions of net embodied carbon for ten concrete mixtures.
4.3. Total embodied carbon for all mixture designs

In order to compare the total embodied carbon of bothmixtures,
Fig. 4 reports boxplots representing the net embodied carbon for
Mixtures 1a-5b. The net embodied carbon is the sum of the cradle-
to-gate and carbonation embodied carbon. One key trend is that
embodied carbon values increase as the mixtures’ compressive
strength values increase, which illustrates the importance of
specifying the compressive strength requirement for a given anal-
ysis. In addition, for each pair of mixtures of equivalent strength,
themixturewith fly ash has a lowermedian embodied carbon value
than the complementary mixture (without fly ash). However, the
relative range of the distributions illustrates that it is possible for
the fly ash mixtures to have higher life cycle embodied carbon than
Fig. 5. Total embodied carbon of concrete Mixture 1a and Mixture 1b.



Fig. 6. Distributions of embodied carbon, normalized by compressive strength.
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the “no fly ash” mixture of the same strength. Such a phenomenon
is likely to occur when fly ash transportation emissions are high.

In order to further analyze these results, Fig. 5 illustrates the
breakdown of emissions for Mixtures 1a and 1b in terms of the
cradle-to-gate, carbonation, and net total embodied carbon, where
the net total embodied carbon is the sum of the cradle-to-gate and
carbonation embodied carbon. Mixture 1a has a slightly more
negative value of carbonation-related embodied carbon because
cement has a greater propensity to sequester CO2 than fly ash.
However, fly ash (especially fly ash with high proportions of cal-
cium oxide) has been shown to sequester carbon dioxide over the
concrete life cycle. In addition, Mixture 1b contains a higher
quantity of total cementitious materials content than Mixture 1a in
order to ensure equivalent compressive strength. For these reasons,
Mixture 1b sequesters nearly as much carbon dioxide as Mixture
1a.

While Mixture 1a has the propensity to sequester slightly more
carbon dioxide, its net overall life cycle emissions are higher due to
the initial emissions associated with cement manufacture and the
quantity of cement in the mixture. This finding is consistent with
the findings of Souto-Martinez et al. (Souto-Martinez et al., 2017),
who concluded that, concrete elements that sequester the most
CO2 do not always result in the lowest net CO2e emissions. The net
total embodied carbon for Mixture 1a is slightly greater than
Mixture 1b, with mean values of 174.8 and 144.8 kg CO2e per m3 of
concrete, respectively. Accounting for carbonation is shown to
significantly reduce the net embodied carbon of both concrete
mixtures. This finding emphasizes the importance of quantifying
concrete carbonation when making design decisions related to
reducing concrete embodied carbon.

The cradle-to-gate results from this study are compared to the
results from other cradle-to-gate embodied carbon studies for
21 MPa (3000 psi) concrete of similar mix designs. For instance, the
2016 NRMCA industry-wide EPD for ready-mixed concrete reports
a global warming potential of 291 kgCO2e per m3 for a 21 MPa mix
design with 20% fly ash replacement (NRMCA Member, 2016).
Comparing this value to the distribution in Fig. 5, we see that the
EPD-reported embodied carbon values lie on the higher end of the
distribution for Mixture 1b, which is likely due to the use of a
relatively old LCI data source for cement from 2010. Similarly, this
study reports a cradle-to-gate embodied carbon value of 337
kgCO2e per m3 for a 21MPamix designwith no fly ash replacement
(Bushi and Finlayson, 2014). We attribute the comparatively high-
embodied-carbon values from these studies to the fact that, over
the past decade, carbon dioxide emissions from cement kilns have
decreased in the US, due to the adoption of more efficient kiln
technology. Thus, older studies tend to report cement emissions
that are higher than the cement emissions distribution reported in
this study (WBCSD).

Lastly, we analyze the same ten mixture designs in terms of
embodied carbon, normalized by compressive strength. Fig. 6 il-
lustrates that the embodied carbon per strength ratio is not con-
stant. In fact, mixtures with high compressive strength exhibit a
lower normalized embodied carbon than their low-strength
counterparts. This data may be useful to during building design
and enable design requirements to be fulfilled with the lowest
possible quantity of embodied carbon.

5. Uncertainty in fly ash transportation emissions

In this section, results of the novel method for calculating fly ash
transportation emissions are analyzed in greater depth. In addition,
we investigate the importance of accurate representation of fly ash
transportation mode and distance by calculating breakeven dis-
tances in which embodied carbon benefits are realized using fly
ashdnamely the distance in which the benefits are eclipsed by the
impacts due to fly ash transportation.
5.1. Novel method for calculating transportation emissions for the
nearest fly ash source

As was introduced in Section 3.2.2, the critical assumption for
this analysis is that fly ash is transported from the nearest coal
power plant to the project location. In other words, the distribution
generated from this calculation employs the ‘ideal’ location from
which to source fly ash. Fig. 7 is a raster plot representing the
transportation distances to the nearest fly ash source for the
contiguous US. Red regions indicate long transportation distances,
while blue regions represent locations that have short fly ash
transportation distances.

Next, by using the population weighting process, we generate a
distribution of emissions due to the transportation of fly ash, which
is plotted as a density function in Fig. 8. In addition, this density
function illustrates emissions associated with fly ash transportation
for several major US cities. Note the outlier regions on the west
coast, which have high populationweights and a lack of local fly ash
requiring higher fly ash transportation distances. Themean value of
this density function is 21.3 kg CO2e per tonne fly ash. An important
result from this analysis is that when the assumption of the most-
local-fly-ash is true, there is always be an embodied carbon benefit
to using fly ash in the US.
5.2. Comparison of possible fly ash transportation assumptions

In past years, fly ash utilization rates in the US have been low
(less than 50% until 2016 (Adams, 2018)), making themost-local-fly-
ash assumption reasonable. In recent years, however, fly ash utili-
zation has increased, and the price of domestic fly ash has followed
suit. Consequently, longer distance transportation and imports of
international fly ash have started to become more common. Thus,
as fly ash utilization continues to increase, it is likely that themost-
local-fly-ash assumption will not be accurate moving into the
future.

In order to compare the impact of the fly ash transportation, we
use various transportation scenarios to compare the most-local-fly-
ash assumption from the previous section in terms of their
embodied carbon impact. As domestic fly ash sources are depleted,
the distance to sources of fly ash will increase. Thus, an alternate



Fig. 7. Raster plot representing the distance, in kilometers, to the nearest source of fly ash in the US.

Fig. 8. Density function of embodied carbon due to domestic fly ash transportation.
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scenario to consider is the breakeven trucking distance. This sce-
nario represents the maximum distance by which it is still bene-
ficial in terms of total embodied carbon to transport fly ash via
semi-truck. Another alternate scenario is to determine the
embodied carbon impact from importing fly ash from international
fly ash suppliers. Since China, India, and Turkey are the three largest
fly ash exporters (Ash Around the World, 2018), we select an
example scenario inwhich fly ash is transported via cargo ship from
Shenzhen, China to New York, NY. Additional trucking is tempo-
rarily ignored for this scenario for the sake of generalization.
Furthermore, we temporarily use average embodied carbon values
for each impact category in order to compare possible fly ash
transportation assumptions.
Fig. 9 illustrates the difference in total embodied carbon for each
of these scenarios due to transportation differences. In addition,
each scenario is compared to the baseline mixture that contains no
fly ash in order to determine the relative embodied carbon savings.
The dotted regions represent the reduction in life cycle embodied
carbon due to carbonation, which is slightly greater for mixtures
without fly ash. Therefore, the net embodied carbon is represented
by the solid outline. Under themost-local-fly-ash assumption, there
is a significant benefit to fly ash replacement in terms of embodied
carbon. For the breakeven-trucking assumption, any reduction in
embodied carbon is eliminated when fly ash is transported more
than 2655 km by truck. Finally, for the international shipping
assumption, the benefit of using fly ash is eliminated due to the



Fig. 9. Comparison of embodied carbon for different transportation scenarios and fly ash replacements, using average embodied carbon values for each impact category. The solid
outline represents total embodied carbon inclusive of carbonation.
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long-distance maritime shipping (and additional trucking will
further increase the embodied carbon of this mixture). In fact, the
mixture with 20% fly ash has an embodied carbon value 4% higher
than the mixture without fly ash.

This analysis illustrates the criticality of using the appropriate
assumption for fly ash transportation to capture holistic green-
house gas emissions. In other words, determining the correct fly
ash transportation assumption (i.e., mode and distance) is key in
assessing the benefit of using fly ash in order to reduce the
embodied carbon of concrete mixtures.
Fig. 10. Impact of fly ash maritime shipping and trucking combinations. Example 1
represents maritime shipping from Mumbai, India to Norfolk, Virginia with an addi-
tional 442 km of trucking. Example 2 represents maritime shipping from Shenzhen,
China to Oakland, California, with an additional 20 km of trucking.
5.2.1. International fly ash shipments
Lastly, as international imports of fly ash becomemore common,

it is important to consider how different maritime shipping dis-
tances will impact the benefit of fly ash utilization. Utilization of
SCMs, like fly ash, in simplified LCAs are often characterized as
being able to substantially reduce the embodied carbon of concrete.
Such conclusions are due to the fact that many studies assume a
relatively low, deterministic value for fly ash transportation dis-
tance (Purnell and Black, 2012), (Vargas and Halog, 2015), (Jones
et al., 2011).

However, this analysis has shown that the benefit of using fly
ash to reduce concrete embodied carbon is highly dependent on the
method of transportation and distance. Fig. 10 can be used as a
design tool to determine the quantity of embodied carbon savings
that have been “spent” by fly ash transport, which is shown as a
percent of possible CO2 savings if there is no transportation. Thus,
the 100% dashed line is the “breakeven” line at which all embodied
carbon savings from cement replacement have been eliminated
because of fly ash transportation. In other words, for transportation
scenarios above this dashed line, there is a higher value of
embodied carbon for that mixture than for one that uses no fly ash.
To use the graph, the gray contours represent maritime shipping
distances in kilometers for international shipments of fly ash; the
contour line can be followed along its increasing slope for the
additional trucking that may occur from transporting fly ash to the
appropriate location. At this point on the graph, the percentage of
embodied carbon savings that have been “spent” on fly ash trans-
portation can be obtained.

Thus, the major rules-of-thumb for building designers are that
fly ash maritime shipping distances greater than 15,110 km will
result in higher embodied carbon than a mixture with no fly ash. In
addition, shorter shipping distances with additional trucking can
negate the embodied carbon benefits of fly ash.

Two example scenarios are provided from realistic fly ash
transportation scenarios from real international coal power plants.
Table 4 shows the scenario information for both examples and the
examples are plotted in Fig. 10. Thus, we can use the graph to
determine that, for Example 1,118% of the embodied carbon savings



Table 4
International fly ash shipping examples.

Transportation Example 1 Transportation Example 2

Coal plant name Dahanu Thermal Power Station Shenzhen Mawan Electric Power Limited
Distributing port name Mumbai Port Trust Shenzhen Port Authority
Receiving port name Port of Virginia Port of Oakland
Receiving city Washington D.C. San Francisco
Total maritime shipping (km) 16,660 10,280
Total trucking (km) 442 20
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have been spent on fly ash transportation. For Example 2, 69% of the
embodied carbon savings have been spent on fly ash trans-
portation. From these example scenarios we can see that interna-
tional fly ash imports may significantly reduce the embodied
carbon benefit of fly ash. It is important to note that this analysis
has not taken into full account the durability benefits gained
through the use of fly ash in concrete, which can ultimately change
the service life of concrete.
6. Conclusions

The goal of this work was to analyze the variability in embodied
carbon of concrete mixtures in the U.S. by attributing probability
distributions to each life cycle impact using a variety of life cycle
inventory data sources. We find that, on a per mass basis, cement
and superplasticizer raw materials have the highest values of
embodied carbon; however, on a per volume of concrete basis,
cement contributes the vast majority of impacts to estimates of the
embodied carbon of concrete.

One key output of this study are the distributions generated
herein, which can be used to determine the distribution of total
embodied carbon for any concrete mixture design, which before
now has not been possible. As a method for demonstrating the
utility of the provided distributions for quantifying total embodied
carbon, we compare the distributions for ten concrete mixtures of
five different compressive strength values ranging from 21 MPa to
54MPa. For each strength value, twomixtures designs are analyzed
- one without fly ash and one with 20% fly ash replacement. We
show that, with the assumption that fly ash comes from the nearest
source and with the inclusion of concrete carbonation in the LCA
system boundary, eachmixture with fly ash exhibits a reduced total
embodied carbon compared to the complementary mixture
without fly ash. Subsequently, in this study, we analyze the trans-
portation assumptions in detail, finding that fly ash transportation
is critical in determining when fly ash replacement is beneficial for
reducing concrete embodied carbon. We find via deterministic
calculation that the breakeven trucking distance is 2665 km for
domestic fly ash, and the break-even maritime shipping distance is
15,100 km for international fly ash. The fly ash transportation
design tool developed herein can aid designers in reducing the
embodied carbon of concrete by utilizing of fly ash as a supple-
mentary cementitious material, given that the results presented
herein illustrate that, depending on transport distance, surefire
reductions are not necessarily guaranteed.

This analysis also illustrates two meta-conclusions concerning
the way concrete LCAs should be conducted. First, from the proba-
bilistic analysis, it was found that the best way to reduce uncertainty
in embodied carbon of concrete is to better understand the emis-
sions associated with cement production (i.e., determine the kiln
type and fuels used). In other words, to reduce uncertainty in con-
crete embodied carbon, the specific cement production processes to
make the type of cement used in the mixture must be known. Sec-
ond, it was found that incorporating carbonation calculations into
the LCA system boundary is critical. When concrete carbonation is
considered, the calculated reductions in embodied carbon due to fly
ash replacement are not as significant compared to a cradle-to-gate
embodied carbon comparison. This finding highlights the impor-
tance of including carbonation analyses in concrete LCA.

CRediT authorship contribution statement

M.A. DeRousseau: Conceptualization, Investigation, Methodol-
ogy, Formal analysis, Data curation, Visualization, Validation,
Writing - original draft. J.H. Arehart: Investigation, Methodology,
Formal analysis, Data curation, Visualization, Writing - review &
editing. J.R. Kasprzyk: Funding acquisition, Methodology, Re-
sources, Supervision, Visualization,Writing - review& editing.W.V.
Srubar: Conceptualization, Funding acquisition, Methodology,
Project administration, Resources, Supervision, Visualization,
Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This research was made possible the Department of Civil,
Environmental, and Architectural Engineering, the College of En-
gineering and Applied Sciences, and the Living Materials Labora-
tory (LMLab) at the University of Colorado Boulder, with support
from the National Science Foundation (Award No. CMMI-1562557).
This work represents the views of the authors and not necessarily
those of the sponsors. We would like to thank Phillip White, the
University of Colorado Boulder Earth Sciences & Environment
Librarian for providing valuable guidance on identifying appro-
priate spatial datasets and methodologies used in this study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jclepro.2020.123088.

References

Adams, T., 2018. Coal Ash Recycling Reaches Record 64 Percent amid Shifting Pro-
duction and Use Patterns. American Coal Ash Association, Washington, D.C.
[Online]. Available. https://www.acaa-usa.org/Portals/9/Files/PDFs/Coal-Ash-
Production-and-Use-2017.pdf

Akbarnezhad, A., Xiao, J., 2017. Estimation and minimization of embodied carbon of
buildings: a review. Buildings 7 (1), 5.

Anastasiou, E.K., Liapis, A., Papachristoforou, M., Jan. 2017. Life cycle assessment of
concrete products for special applications containing EAF slag. Procedia Envi-
ron. Sci. 38, 469e476. https://doi.org/10.1016/j.proenv.2017.03.138.

Andrade, C., Jan. 2020. Evaluation of the degree of carbonation of concretes in three
environments. Construct. Build. Mater. 230, 116804. https://doi.org/10.1016/
j.conbuildmat.2019.116804.

Ash Around the World: Applications, Science, and Sustainability of Coal Ash, 2018.
Ash at Work, no. 1.

EPA, 2010. Available and Emerging Technologies for Reducing Greenhouse Gas

https://doi.org/10.1016/j.jclepro.2020.123088
https://www.acaa-usa.org/Portals/9/Files/PDFs/Coal-Ash-Production-and-Use-2017.pdf
https://www.acaa-usa.org/Portals/9/Files/PDFs/Coal-Ash-Production-and-Use-2017.pdf
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref2
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref2
https://doi.org/10.1016/j.proenv.2017.03.138
https://doi.org/10.1016/j.conbuildmat.2019.116804
https://doi.org/10.1016/j.conbuildmat.2019.116804
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref5
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref5


M.A. DeRousseau et al. / Journal of Cleaner Production 275 (2020) 123088 13
Emissions from the Portland Cement Industry. Environmental Protection
Agency [Online]. Available. https://www.epa.gov/sites/production/files/2015-
12/documents/cement.pdf.

Environmental Product Declaration - Concrete Adxmitures - Plasticizer and
Superplasticizer,” Deutsche Bauchemie e.V., EPD-DBC-20140005-IAE1-EN,
2014. [Online]. Available: https://bauchemie.vci.de/wiki/DBC_Muster-EPDs/
Documents/DBC-model-EPD_admixtures_Plasticizer_Superplasicizer_2014-01-
08.pdf.

Bentz, E.C., 2003. Probabilistic modeling of service life for structures subjected to
chlorides. Mater. J. 100 (5), 391e397.

Bhatt, A., Priyadarshini, S., Acharath Mohanakrishnan, A., Abri, A., Sattler, M.,
Techapaphawit, S., Dec. 2019. Physical, chemical, and geotechnical properties of
coal fly ash: a global review. Case Stud. Constr. Mater. 11, e00263 https://
doi.org/10.1016/j.cscm.2019.e00263.

J. D. Bittner, S. A. Gasiorowski, T. W. Bush, and F. J. Hrach, “Separation Technologies’
Automated Fly Ash Beneficiation Process Selected for New Korean Power Plant,”
p. 11.

Boesch, M.E., Koehler, A., Hellweg, S., Oct. 2009. Model for cradle-to-gate life cycle
assessment of clinker production. Environ. Sci. Technol. 43 (19), 7578e7583.
https://doi.org/10.1021/es900036e.

Bolen, W.P., 2000. Sand and Gravel Construction. US Geol. Surv. Miner. Yearb.
Boscoe, F.P., Henry, K.A., Zdeb, M.S., Apr. 2012. A nationwide comparison of driving

distance versus straight-line distance to hospitals. Prof. Geogr. J. Assoc. Am.
Geogr. 64 (2) https://doi.org/10.1080/00330124.2011.583586.

Bushi, L., Finlayson, G., Oct. 2014. NRMCA Member National and Regional Life Cycle
Assessment Benchmark (Industry Average) Report. NRMCA [Online]. Available.
https://www.nrmca.org/sustainability/EPDProgram/Downloads/NRMCA_
Benchmark_Report_-_October_14_2014_web.pdf.

C. I. Council, 2013 Dec. Carbon Labelling Scheme for Construction Products:
Assessment Guide. Construction Industry Council, Kowloon, Hong Kong. CLS
01-2013, [Online]. Available: http://webcache.googleusercontent.com/search.

Celik, K., Meral, C., Petek Gursel, A., Mehta, P.K., Horvath, A., Monteiro, P.J.M., Feb.
2015. Mechanical properties, durability, and life-cycle assessment of self-
consolidating concrete mixtures made with blended portland cements con-
taining fly ash and limestone powder. Cement Concr. Compos. 56, 59e72.
https://doi.org/10.1016/j.cemconcomp.2014.11.003.

Center for International Earth Science Information Network - CIESIN - Columbia
University, 2017. U.S. Census Grids (Summary File 1), 2010. NASA Socioeconomic
Data and Applications Center (SEDAC). https://doi.org/10.7927/H40Z716C [On-
line]. Available.

Chen, C., Habert, G., Bouzidi, Y., Jullien, A., Ventura, A., Oct. 2010. LCA allocation
procedure used as an incitative method for waste recycling: an application to
mineral additions in concrete. Resour. Conserv. Recycl. 54 (12), 1231e1240.
https://doi.org/10.1016/j.resconrec.2010.04.001.

Chesner, W.H., Collins, R.J., MacKay, M.H., Emery, J., 2002. User Guidelines for Waste
and By-Product Materials in Pavement Construction. Recycled Materials
Resource Center.

Colangelo, F., Forcina, A., Farina, I., Petrillo, A., 2018. Life cycle assessment (LCA) of
different kinds of concrete containing waste for sustainable construction.
Buildings 8 (5), 70.

Concrete Admixtures - Air Entrainers, 2015. Eupropean Federation of Concrete
Admixtures Associations Ltd., Berlin, Germany. EPD-EFC-20150086-IAG1-EN.

Concrete Product Category Rule | carbon leadership Forum. http://www.
carbonleadershipforum.org/2017/01/03/concrete-pcr/ accessed Jul. 11, 2019.

De Schepper, M., Van den Heede, P., Van Driessche, I., De Belie, N., 2014. Life cycle
assessment of completely recyclable concrete. Materials 7 (8), 6010e6027.

DeRousseau, M.A., Kasprzyk, J.R., Srubar, W.V., Jul. 2018. Computational design
optimization of concrete mixtures: a review. Cement Concr. Res. 109, 42e53.
https://doi.org/10.1016/j.cemconres.2018.04.007.

Dong, N., 2010. Reducing Carbon-In-Ash. IEA Clean Coal Centre [Online]. Available.
https://www.usea.org/sites/default/files/052010_Reducing%20carbon-in-ash_
ccc167.pdf.

EN-15804, 2013. Sustainability of Construction Works-Environmental Product
Declarations-Core Rules for the Product Category of Construction Products. EN
15804: 2012þ A1: 2013. European Committee for Standardization, Brussels,
Belgium, p. 66.

Environmental Product Declaration, 2016 Concrete Admixtures- Plasticizers and
Superplasticizers,” European Federation of Concrete Admixtures Associations
Ltd, United Kingdom, EPD-EFC-20150091-IAG1-EN, 2015. [Online]. Available:
https://epd-online.com.

Product Category Rules (PCR) for ISO 14025 Type III Environmental Product Dec-
larations (EPDs),” Carbon Leadership Forum, Seattle, WA, V1.1, 2013. [Online].
Available: https://www.nrmca.org/sustainability/epdprogram/Downloads/CLF_
PCR_V1.1_2013-12-04.pdf.

EPA, 2018 Mar. Emissions Factors for Greenhouse Gas Inventories [Online]. Avail-
able. https://www.epa.gov/sites/production/files/2018-03/documents/
emission-factors_mar_2018_0.pdf.

Estanqueiro, B., Dinis Silvestre, J., de Brito, J., Duarte Pinheiro, M., 2018. Environ-
mental life cycle assessment of coarse natural and recycled aggregates for
concrete. Eur. J. Environ. Civ. Eng. 22 (4), 429e449.

Finkbeiner, M., Inaba, A., Tan, R., Christiansen, K., Klüppel, H.-J., 2006. The new
international standards for life cycle assessment: ISO 14040 and ISO 14044. Int.
J. Life Cycle Assess. 11 (2), 80e85.

Fly ash market- industry research report, trends & overview e technavio. https://
www.technavio.com/report/global-fly-ash-market?utm_source¼t5&amp;utm_
medium¼bw&amp;utm_campaign¼businesswire accessed Nov. 19, 2019.
García-Segura, T., Yepes, V., Martí, J.V., Alcal�a, J., 2014. Optimization of concrete I-

beams using a new hybrid glowworm swarm algorithm. Lat. Am. J. Solid. Struct.
11 (7), 1190e1205.

Griffiths-Sattenspiel, B., 2009. The Carbon Footprint of Water. The Energy Foun-
dation, Portland, Oregon [Online]. Available. https://www.csu.edu/cerc/
researchreports/documents/CarbonFootprintofWater-RiverNetwork-2009.pdf.

Gursel, A.P., Ostertag, C.P., 2016. “Impact of Singapore’s importers on life-cycle
assessment of concrete. J. Clean. Prod. 118, 140e150.

Gursel, A.P., Maryman, H., Ostertag, C., 2016. “A life-cycle approach to environ-
mental, mechanical, and durability properties of ‘green’ concrete mixes with
rice husk ash. J. Clean. Prod. 112, 823e836.

Habert, G., De Lacaillerie, J.D., Roussel, Njj, 2011. An environmental evaluation of
geopolymer based concrete production: reviewing current research trends.
J. Clean. Prod. 19 (11), 1229e1238.

H€akkinen, T., Kuittinen, M., Ruuska, A., Jung, N., 2015. Reducing embodied carbon
during the design process of buildings. J. Build. Eng. 4, 1e13.

Initiative, C.S., 2005. CO2 Accounting and Reporting Standard for the Cement In-
dustry. Cem. CO2 Protoc.

IPCC. 2019 refinement to the 2006 IPCC guidelines for national greenhouse gas
inventories d IPCC. https://www.ipcc.ch/report/2019-refinement-to-the-2006-
ipcc-guidelines-for-national-greenhouse-gas-inventories/ accessed Aug. 06,
2019.

International Energy Agency (IEA), 2018. Technology Roadmap - Low-Carbon
Transition in the Cement Industry [Online]. Available. https://www.wbcsd.
org/Sector-Projects/Cement-Sustainability-Initiative/Resources/Technology-
Roadmap-Low-Carbon-Transition-in-the-Cement-Industry.

ISO-Norm, 2006. Environmental ManagementdLife Cycle AssessmentdPrinciples
and Framework ISO 14040: 2006. ISO Geneva Switz.

Jiang, M., Chen, X., Rajabipour, F., Hendrickson, C.T., 2014. Comparative life cycle
assessment of conventional, glass powder, and alkali-activated slag concrete
and mortar. J. Infrastruct. Syst. 20 (4), 04014020.

Jones, R., McCarthy, M., Newlands, M., 2011. Fly ash route to low embodied CO2 and
implications for concrete construction. In: Presented at the World of Coal Ash
Conference, Denver, Colorado, USA.

Josa, A., Aguado, A., Heino, A., Byars, E., Cardim, A., 2004. Comparative analysis of
available life cycle inventories of cement in the EU. Cement Concr. Res. 34 (8),
1313e1320.

Korre, A., Durucan, S., 2009. “Life Cycle Assessment of Aggregates,” EVA025dFinal
Rep. Aggreg. Ind. Life Cycle Assess. Model Model. Tools Case Stud. Publ. WRAP.

Marceau, M.L., Nisbet, Michael, VanGeem, M., 2006. Life Cycle Inventory of Portland
Cement Manufacture. Portland Cement Association, Skokie, IL, PCA R & D Serial
No. 2095b.

U.S. Energy Information Administration, 2018. Layer Information for Interactive
State Maps, Washington, D.C [Online]. Available: https://www.eia.gov/maps/
layer_info-m.php.

Materials for Civil and Construction Engineers, fourth ed../content/one-dot-com/
one-dot-com/us/en/higher-education/program.html (accessed Aug. 06, 2019).

Mohammadi, J., South, W., 2017. Life cycle assessment (LCA) of benchmark concrete
products in Australia. Int. J. Life Cycle Assess. 22 (10), 1588e1608.

Noshadravan, A., Wildnauer, M., Gregory, J., Kirchain, R., 2013. Comparative pave-
ment life cycle assessment with parameter uncertainty. Transport. Res. Part
Transp. Environ. 25, 131e138.

NRMCA Member Industry-Wide EPD for Ready Mixed Concrete,” National Ready
Mixed Concrete Association, Ann Arbor, MI, 2016. [Online]. Available: https://
www.nrmca.org/sustainability/EPDProgram/Downloads/EPD10080.pdf.

NRMCA | Sustainability. https://www.nrmca.org/sustainability/EPDProgram/
accessed Apr. 01, 2018.

Omar, W.M.S.W., Doh, J.-H., Panuwatwanich, K., Miller, D., Feb. 2014. Assessment of
the embodied carbon in precast concrete wall panels using a hybrid life cycle
assessment approach in Malaysia. Sustain. Cities Soc. 10, 101e111. https://
doi.org/10.1016/j.scs.2013.06.002.

O’Brien, K.R., M�enach�e, J., O’Moore, L.M., Nov. 2009. Impact of fly ash content and fly
ash transportation distance on embodied greenhouse gas emissions and water
consumption in concrete. Int. J. Life Cycle Assess. 14 (7), 621e629. https://
doi.org/10.1007/s11367-009-0105-5.

Pade, C., Guimaraes, M., 2007. The CO2 uptake of concrete in a 100 year perspective.
Cement Concr. Res. 37 (9), 1348e1356.

Peray, K.E., Waddell, J.J., 1986. The Rotary Cement Kiln. Edward Arnold.
Purnell, P., Black, L., Jun. 2012. Embodied carbon dioxide in concrete: variation with

common mix design parameters. Cement Concr. Res. 42 (6), 874e877. https://
doi.org/10.1016/j.cemconres.2012.02.005.

Pushkar, S., Verbitsky, O., Oct. 2016. Effects of different allocation approaches for
modeling mineral additives in blended cements on environmental damage
from five concrete mixtures in Israel. Mater. Struct. 49 (10), 4401e4415. https://
doi.org/10.1617/s11527-016-0796-6.

QGIS Development Team, 2019. QGIS Geographic Information System. Open Source
Geospatial Foundation Project [Online]. Available. http://qgis.osgeo.org.

Ramme, B., Jul. 2001. Three new ash beneficiation processes for the 21st century.
Center for By-Products Utilization, CBU 2001-28 [Online]. Available. https://
www4.uwm.edu/cbu/Papers/2001%20CBU%20Reports/REP-536.pdf.

Sabbagh, R., Esmatloo, P., 2019. Life cycle assessment for ordinary and frost-resistant
concrete | SpringerLink. In: IFIP Int. Conf. Adv. Prod. Manag. Syst. Accessed: Aug.
26, 2019. [Online]. Available. https://link.springer.com/chapter/10.1007%2F978-
3-030-29996-5_19.

https://www.epa.gov/sites/production/files/2015-12/documents/cement.pdf
https://www.epa.gov/sites/production/files/2015-12/documents/cement.pdf
https://bauchemie.vci.de/wiki/DBC_Muster-EPDs/Documents/DBC-model-EPD_admixtures_Plasticizer_Superplasicizer_2014-01-08.pdf
https://bauchemie.vci.de/wiki/DBC_Muster-EPDs/Documents/DBC-model-EPD_admixtures_Plasticizer_Superplasicizer_2014-01-08.pdf
https://bauchemie.vci.de/wiki/DBC_Muster-EPDs/Documents/DBC-model-EPD_admixtures_Plasticizer_Superplasicizer_2014-01-08.pdf
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref8
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref8
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref8
https://doi.org/10.1016/j.cscm.2019.e00263
https://doi.org/10.1016/j.cscm.2019.e00263
https://doi.org/10.1021/es900036e
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref12
https://doi.org/10.1080/00330124.2011.583586
https://www.nrmca.org/sustainability/EPDProgram/Downloads/NRMCA_Benchmark_Report_-_October_14_2014_web.pdf
https://www.nrmca.org/sustainability/EPDProgram/Downloads/NRMCA_Benchmark_Report_-_October_14_2014_web.pdf
http://webcache.googleusercontent.com/search
https://doi.org/10.1016/j.cemconcomp.2014.11.003
https://doi.org/10.7927/H40Z716C
https://doi.org/10.1016/j.resconrec.2010.04.001
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref18
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref18
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref18
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref19
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref19
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref19
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref20
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref20
http://www.carbonleadershipforum.org/2017/01/03/concrete-pcr/
http://www.carbonleadershipforum.org/2017/01/03/concrete-pcr/
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref23
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref23
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref23
https://doi.org/10.1016/j.cemconres.2018.04.007
https://www.usea.org/sites/default/files/052010_Reducing%20carbon-in-ash_ccc167.pdf
https://www.usea.org/sites/default/files/052010_Reducing%20carbon-in-ash_ccc167.pdf
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref27
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref27
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref27
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref27
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref27
https://epd-online.com
https://www.nrmca.org/sustainability/epdprogram/Downloads/CLF_PCR_V1.1_2013-12-04.pdf
https://www.nrmca.org/sustainability/epdprogram/Downloads/CLF_PCR_V1.1_2013-12-04.pdf
https://www.epa.gov/sites/production/files/2018-03/documents/emission-factors_mar_2018_0.pdf
https://www.epa.gov/sites/production/files/2018-03/documents/emission-factors_mar_2018_0.pdf
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref30
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref30
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref30
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref30
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref31
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref31
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref31
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref31
https://www.technavio.com/report/global-fly-ash-market?utm_source=t5&amp;utm_medium=bw&amp;utm_campaign=businesswire
https://www.technavio.com/report/global-fly-ash-market?utm_source=t5&amp;utm_medium=bw&amp;utm_campaign=businesswire
https://www.technavio.com/report/global-fly-ash-market?utm_source=t5&amp;utm_medium=bw&amp;utm_campaign=businesswire
https://www.technavio.com/report/global-fly-ash-market?utm_source=t5&amp;utm_medium=bw&amp;utm_campaign=businesswire
https://www.technavio.com/report/global-fly-ash-market?utm_source=t5&amp;utm_medium=bw&amp;utm_campaign=businesswire
https://www.technavio.com/report/global-fly-ash-market?utm_source=t5&amp;utm_medium=bw&amp;utm_campaign=businesswire
https://www.technavio.com/report/global-fly-ash-market?utm_source=t5&amp;utm_medium=bw&amp;utm_campaign=businesswire
https://www.technavio.com/report/global-fly-ash-market?utm_source=t5&amp;utm_medium=bw&amp;utm_campaign=businesswire
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref33
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref33
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref33
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref33
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref33
https://www.csu.edu/cerc/researchreports/documents/CarbonFootprintofWater-RiverNetwork-2009.pdf
https://www.csu.edu/cerc/researchreports/documents/CarbonFootprintofWater-RiverNetwork-2009.pdf
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref35
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref35
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref35
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref36
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref36
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref36
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref36
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref37
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref37
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref37
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref37
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref38
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref38
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref38
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref38
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref39
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref39
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.wbcsd.org/Sector-Projects/Cement-Sustainability-Initiative/Resources/Technology-Roadmap-Low-Carbon-Transition-in-the-Cement-Industry
https://www.wbcsd.org/Sector-Projects/Cement-Sustainability-Initiative/Resources/Technology-Roadmap-Low-Carbon-Transition-in-the-Cement-Industry
https://www.wbcsd.org/Sector-Projects/Cement-Sustainability-Initiative/Resources/Technology-Roadmap-Low-Carbon-Transition-in-the-Cement-Industry
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref41
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref41
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref41
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref41
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref42
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref42
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref42
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref43
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref43
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref43
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref44
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref44
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref44
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref44
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref45
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref45
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref45
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref47
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref47
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref47
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref47
https://www.eia.gov/maps/layer_info-m.php
https://www.eia.gov/maps/layer_info-m.php
http://content/one-dot-com/one-dot-com/us/en/higher-education/program.html
http://content/one-dot-com/one-dot-com/us/en/higher-education/program.html
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref49
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref49
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref49
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref50
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref50
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref50
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref50
https://www.nrmca.org/sustainability/EPDProgram/Downloads/EPD10080.pdf
https://www.nrmca.org/sustainability/EPDProgram/Downloads/EPD10080.pdf
https://www.nrmca.org/sustainability/EPDProgram/
https://doi.org/10.1016/j.scs.2013.06.002
https://doi.org/10.1016/j.scs.2013.06.002
https://doi.org/10.1007/s11367-009-0105-5
https://doi.org/10.1007/s11367-009-0105-5
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref55
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref55
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref55
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref56
https://doi.org/10.1016/j.cemconres.2012.02.005
https://doi.org/10.1016/j.cemconres.2012.02.005
https://doi.org/10.1617/s11527-016-0796-6
https://doi.org/10.1617/s11527-016-0796-6
http://qgis.osgeo.org
https://www4.uwm.edu/cbu/Papers/2001%20CBU%20Reports/REP-536.pdf
https://www4.uwm.edu/cbu/Papers/2001%20CBU%20Reports/REP-536.pdf
https://link.springer.com/chapter/10.1007%2F978-3-030-29996-5_19
https://link.springer.com/chapter/10.1007%2F978-3-030-29996-5_19


M.A. DeRousseau et al. / Journal of Cleaner Production 275 (2020) 12308814
Scull, B.D., 2017. Upstream Emissions of Coal and Gas. Columbia University, School
of International and Public Affairs, New York, NY [Online]. Available. http://
mpaenvironment.ei.columbia.edu/files/2014/06/UpstreamEmissionsReport_
SIPA_REVISED.pdf.

Serres, N., Braymand, S., Feugeas, F., 2016. Environmental evaluation of concrete
made from recycled concrete aggregate implementing life cycle assessment.
J. Build. Eng. 5, 24e33.

Seto, K.E., Churchill, C.J., Panesar, D.K., Jul. 2017. Influence of fly ash allocation ap-
proaches on the life cycle assessment of cement-based materials. J. Clean. Prod.
157, 65e75. https://doi.org/10.1016/j.jclepro.2017.04.093.

J. Sjunnesson, “Life Cycle Assessment of Concrete,” 2005, Accessed: Feb. 07, 2019.
[Online]. Available: http://lup.lub.lu.se/student-papers/record/4468239.

Souto-Martinez, A., Delesky, E.A., Foster, K.E.O., Srubar, W.V., Aug. 2017.
A mathematical model for predicting the carbon sequestration potential of
ordinary portland cement (OPC) concrete. Construct. Build. Mater. 147, 417e427.
https://doi.org/10.1016/j.conbuildmat.2017.04.133.

Souto-Martinez, A., Arehart, J.H., Srubar, W.V., May 2018. Cradle-to-gate CO2e
emissions vs. in situ CO2 sequestration of structural concrete elements. Energy
Build. 167, 301e311. https://doi.org/10.1016/j.enbuild.2018.02.042.

Stengel, T., Schießl, P., 2014. Life cycle assessment (LCA) of ultra high performance
concrete (UHPC) structures. In: Eco-efficient Construction and Building Mate-
rials. Elsevier, pp. 528e564.

Tait, M.W., Cheung, W.M., Jun. 2016. A comparative cradle-to-gate life cycle
assessment of three concrete mix designs. Int. J. Life Cycle Assess. 21 (6),
847e860. https://doi.org/10.1007/s11367-016-1045-5.

Transportation Fuel Life Cycle Assessment: Validation and Uncertainty of Well-To-
Wheel GHG Estimates,” Coordinating Research Council, Inc., Alpharetta, GA,
CRC Report No. E-102, 2013. [Online]. Available: https://crcao.org/reports/
recentstudies2013/E-102/CRC%20E%20102%20Final%20Report.pdf.

US EPA, 2015 Jan 28. Emissions & Generation Resource Integrated Database (eGRID).
US EPA. https://www.epa.gov/energy/emissions-generation-resource-
integrated-database-egrid. accessed Mar. 07, 2019.

Van den Heede, P., De Belie, N., Apr. 2012. “Environmental impact and life cycle
assessment (LCA) of traditional and ‘green’ concretes: literature review and
theoretical calculations. Cement Concr. Compos. 34 (4), 431e442. https://
doi.org/10.1016/j.cemconcomp.2012.01.004.

Vargas, J., Halog, A., Sep. 2015. Effective carbon emission reductions from using
upgraded fly ash in the cement industry. J. Clean. Prod. 103, 948e959. https://
doi.org/10.1016/j.jclepro.2015.04.136.

Vieira, D.R., Calmon, J.L., Coelho, F.Z., Oct. 2016. Life cycle assessment (LCA) applied
to the manufacturing of common and ecological concrete: a review. Construct.
Build. Mater. 124, 656e666. https://doi.org/10.1016/j.conbuildmat.2016.07.125.

Wang, M., 2016. The Life-Cycle Analysis of Petroleum Fuels and Biofuels with
GREET. Argonne National Laboratory [Online]. Available. https://www.arb.ca.
gov/fuels/lcfs/lcfs_meetings/12132016wang.pdf.

WBCSD Cement Sustainability Initiative Getting the Numbers Right Projecct
Emissions Report 2016,” World Business Council for Sustainable Development.
Accessed: Jul. 12, 2019. [Online]. Available: https://www.wbcsdcement.org/
GNR-2016/.

Weil, M., Dombrowski, K., Buchwald, A., 2009. Life-cycle analysis of geopolymers.
In: Geopolymers. Elsevier, pp. 194e210.

Woodson, R.D., 2011. Concrete Portable Handbook. Elsevier.
Wu, Peng, Low, Sui Pheng, Aug. 2011. Managing the embodied carbon of precast

concrete columns. J. Mater. Civ. Eng. 23 (8), 1192e1199. https://doi.org/10.1061/
(ASCE)MT.1943-5533.0000287.

Xi, F., et al., Dec. 2016. Substantial global carbon uptake by cement carbonation. Nat.
Geosci. 9 (12), 880e883. https://doi.org/10.1038/ngeo2840.

Yazdanbakhsh, A., Bank, L.C., Baez, T., Wernick, I., 2018. Comparative LCA of concrete
with natural and recycled coarse aggregate in the New York City area. Int. J. Life
Cycle Assess. 23 (6), 1163e1173.

http://mpaenvironment.ei.columbia.edu/files/2014/06/UpstreamEmissionsReport_SIPA_REVISED.pdf
http://mpaenvironment.ei.columbia.edu/files/2014/06/UpstreamEmissionsReport_SIPA_REVISED.pdf
http://mpaenvironment.ei.columbia.edu/files/2014/06/UpstreamEmissionsReport_SIPA_REVISED.pdf
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref63
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref63
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref63
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref63
https://doi.org/10.1016/j.jclepro.2017.04.093
http://lup.lub.lu.se/student-papers/record/4468239
https://doi.org/10.1016/j.conbuildmat.2017.04.133
https://doi.org/10.1016/j.enbuild.2018.02.042
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref68
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref68
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref68
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref68
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref68
https://doi.org/10.1007/s11367-016-1045-5
https://crcao.org/reports/recentstudies2013/E-102/CRC%20E%20102%20Final%20Report.pdf
https://crcao.org/reports/recentstudies2013/E-102/CRC%20E%20102%20Final%20Report.pdf
https://www.epa.gov/energy/emissions-generation-resource-integrated-database-egrid
https://www.epa.gov/energy/emissions-generation-resource-integrated-database-egrid
https://doi.org/10.1016/j.cemconcomp.2012.01.004
https://doi.org/10.1016/j.cemconcomp.2012.01.004
https://doi.org/10.1016/j.jclepro.2015.04.136
https://doi.org/10.1016/j.jclepro.2015.04.136
https://doi.org/10.1016/j.conbuildmat.2016.07.125
https://www.arb.ca.gov/fuels/lcfs/lcfs_meetings/12132016wang.pdf
https://www.arb.ca.gov/fuels/lcfs/lcfs_meetings/12132016wang.pdf
https://www.wbcsdcement.org/GNR-2016/
https://www.wbcsdcement.org/GNR-2016/
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref78
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref78
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref78
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref79
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000287
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000287
https://doi.org/10.1038/ngeo2840
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref82
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref82
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref82
http://refhub.elsevier.com/S0959-6526(20)33133-4/sref82

	Statistical variation in the embodied carbon of concrete mixtures
	1. Introduction
	2. Life cycle assessment (LCA) methodology
	2.1. Goal and scope definition
	2.1.1. Goal
	2.1.2. Functional unit
	2.1.3. System boundary
	2.1.4. Methodological choices
	2.1.5. Probabilistic methods


	3. Life cycle inventory data and assumptions
	3.1. Raw material extraction (A1)
	3.1.1. Cement
	3.1.2. Aggregates
	3.1.3. Water
	3.1.4. Fly ash
	3.1.5. Admixtures

	3.2. Transportation (A2)
	3.2.1. Cement and aggregate
	3.2.2. Fly ash

	3.3. Manufacturing/production (A3)
	3.4. Use and end-of-life carbonation (B1, C4)

	4. Results and discussion
	4.1. Embodied carbon on a per mass basis
	4.2. Embodied carbon for concrete mixtures of varying strengths
	4.3. Total embodied carbon for all mixture designs

	5. Uncertainty in fly ash transportation emissions
	5.1. Novel method for calculating transportation emissions for the nearest fly ash source
	5.2. Comparison of possible fly ash transportation assumptions
	5.2.1. International fly ash shipments


	6. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


