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Abstract
Purpose In the USA, several studies have been conducted to
analyze the energy consumption and atmospheric emissions of
Warm-mix Asphalt (WMA) pavements. However, the direct
and indirect environmental, economic, and social impacts,
termed as Triple-Bottom-Line (TBL), were not addressed suf-
ficiently. Hence, the aim of this study is to develop TBL-
oriented sustainability assessment model to evaluate the envi-
ronmental and socio-economic impacts of pavements con-
structed with different types of WMA mixtures and compare
them to a conventional Hot-mix Asphalt (HMA). The types of
WMA technologies investigated in this research include
Asphamin® WMA, Evotherm™WMA, and Sasobit® WMA.
Methods To achieve this goal, supply and use tables published
by the U.S. Bureau of Economic Analysis were merged with
16 macro-level sustainability metrics. A hybrid TBL-LCA
model was built to evaluate the life-cycle sustainability per-
formance of using WMA technologies in construction of
asphalt pavements. The impacts on the sustainability were
calculated in terms of socio-economic (import, income, gross
operating surplus, government tax, work-related injuries, and
employment) and environmental (water withdrawal, energy
use, carbon footprint, hazardous waste generation, toxic re-
leases into air, and land use). A stochastic compromise pro-
gramming model was then developed for finding the optimal
allocation of different pavement types for the U.S. highways.
Results and discussion WMAs did not perform better in terms
of environmental impacts compared to HMA. Asphamin®

WMA was found to have the highest environmental and
socio-economic impacts compared to other pavement types.
Material extractions and processing phase had the highest
contribution to all environmental impact indicators that shows
the importance of cleaner production strategies for pavement
materials. Based on stochastic compromised programming
results, in a balanced weighting situation, Sasobit® WMA
had the highest percentage of allocation (61 %); while only
socio-economic aspects matter, Asphamin® WMA had the
largest share (57 %) among the asphalt pavements. The opti-
mization results also supported the significance of an in-
creased WMA use in the U.S. highways.
Conclusions This research complemented previous LCA
studies by evaluating pavements not only from environmental
emissions and energy consumption standpoint, but also from
socio-economic perspectives. Multi-objective optimization re-
sults also provided important insights for decision makers
when finding the optimum allocation of pavement alternatives
based on different environmental and socio-economic priori-
ties. Consequently, this study aimed to increase awareness of
the inherent benefits of economic input–output analysis and
multi-criteria decision making through application to emerg-
ing sustainable pavement practices.

Keywords Economic input–output analysis . Life-cycle
sustainability assessment . Multi-criteria decisionmaking .

Pavements . Triple bottom line

1 Introduction

1.1 The U.S. highways and warm-mix asphalts

The U.S. road system has one of the greatest network sizes
and usage densities in the world with its immense statistics
such as four million miles of network size and three million
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vehicle miles travelled per year (Highway Statistics 2010).
Due to having such a wide network and immense usage
characteristics, U.S. roads require tremendous new pavement
construction, which results in a considerable amount of ex-
penditures. On the other hand, since there is a rapidly growing
trend in total Vehicle Miles Travelled—VMT (i.e., VMT has
been doubled in the last 30 years), highway system capacity
extension also constitutes a significant expenditure that comes
along with maintenance expenditures (Highway Statistics
2010). All in all, the growing pattern in travel trends put a
vital burden on the U.S. economy that is about $146 billion
annually as highway maintenance and safety expenditure
(Spending and Funding for Highways 2011). On the other
hand, paving such a huge road network and keeping it main-
tained results in severe environmental burdens. In this context,
there are various environmental impact categories that are
addressed in previous studies (Horvath and Hendrickson
1998; Santero et al. 2011).

The U.S. highways are responsible for high resource con-
sumption and environmental emissions, which make the sus-
tainable pavement systems necessary for building greener
roads. In this regard, warm-mix asphalt (WMA) has gained
a tremendous interest and considered one of the most envi-
ronmental friendly technologies for producing asphalt pave-
ments (Rubio et al. 2012). WMAs have been gained popular-
ity in terms of its eligibility of being produced at a lower
temperature thus cutting process energy by 30 % (Larsen
et al. 2004). WMA technologies show benefits for the envi-
ronment because it produces asphalt at temperatures 20–40°
lower in comparison to conventional hot-mix asphalt (Rubio
et al. 2013). Among WMAs, Aspha-min® is a manufactured
synthetic zeolite that improves the mix workability and ag-
gregate coating at lower temperatures is realized. Sasobit® is a
wax-type additive of coal gasification that melts in the asphalt
binder at high temperatures. As a result, a reduction in the
viscosity during mixing is achieved. However, EvothermTM

uses a high-residue emulsion, which results in the improve-
ment of the adhesion of the asphalt to the aggregate and the
enhancement in mixture workability (Chowdhury and Button
2008). A reduction in energy requirements associated with the
production of EvothermTM mixture of up to 55 % has been
reported (Kristjánsdóttir et al. 2007). Although these reports
show the significance of using different WMA additives to-
wards achieving reduced energy consumption, a life cycle-
based assessment model, which expands the system boundary
of process life cycle inventories, will be vital for understand-
ing the real impacts of WMA in pavement construction.

1.2 Life cycle sustainability assessment

With the increasing concerns related to integration of social
and economic dimensions of the sustainability into LCA,
traditional LCA approach has been transformed into a new

concept, which is also called as Life Cycle Sustainability
Assessment (LCSA). This concept was suggested by Klöpffer
(2008) and Life Cycle Cost (LCC) and Social Life Cycle
Assessment (SLCA) methods were integrated into the LCA
framework (Finkbeiner et al. 2010; Traverso et al. 2012;
Zamagni et al. 2012). In parallel with the current trend in
LCA, this study envisions a comprehensive LCSA framework
which evaluates the social, economic, and environmental
impacts from a broader perspective: direct (on-site) and indi-
rect (supply chain) burdens. Economic input–output (EIO)
analysis is utilized in order to provide a holistic framework
to trace the impacts across the supply chains in addition to
direct impacts related to asphalt production processes. Since
recent trends also emphasize the inclusion of three pillars of
sustainability as economy, society, and the environment, the
proposed sustainability scope perfectly fits to the needs of
such a comprehensive sustainability assessment understand-
ing (Guinée et al. 2011).

EIO analysis is a well-known tool that is commonly used to
expand the system boundary of process life cycle inventories
and thus analyses the supply chain wide resource require-
ments and environmental impacts of products or systems
(Hendrickson et al. 2006; Suh et al. 2004). EIO analysis was
theorized and developed by Wassily Leontief in 1970s, based
on his earlier works in the late 1930s, for which he received
the Nobel Prize (Leontief 1970). In the literature, EIO meth-
odology has been used to analyze a wide range of policy
issues in environmental, economic, and social areas, and
several researchers utilized the EIO model for analyzing the
sustainability impacts of infrastructures, energy technologies,
sectors, international trade, and household demand (Egilmez
et al. 2013; Huang et al. 2009; Huppes et al. 2006; Lenzen
et al. 2012; Kucukvar and Tatari 2011; Kucukvar and Tatari
2012; Weber and Matthews 2007; Wiedmann et al. 2011).

Assessing pavement designs from a life cycle perspective
is crucial and necessary to have a holistic understanding about
the complete picture so as to make long term successful
policies (Santero et al. 2011). Several applications of LCA
are available in the literature to analyze WMAs (Jamshidi
et al. 2013; Jullien et al. 2011; Hassan 2010). In general, the
results of those studies indicated that the emissions and energy
consumption of the mixing process were reduced during the
production and placement of WMAmixtures when compared
to hot-mix asphalt (HMA). In addition to that, WMA pave-
ment sections showed similar performance to those construct-
ed with HMAmixtures. Although previously mentioned LCA
studies have quantified some of the potential environmental
impacts of WMAs, the role of the entire upstream supply
chain during the production of asphalt additives, binders,
metallic and nonmetallic minerals, and fuels used in different
HMA and WMA mixtures, and related socio-economic im-
pacts associated with utilization of these resources were gen-
erally excluded due to selection of smaller system boundaries.
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A first detailed ecologically-based LCA (Eco-LCA) study
was conducted by Tatari et al. (2012) where natural resource
consumption and atmospheric emissions of various WMAs
were analyzed and compared with HMA using the Eco-LCA
software, which was developed by the Center for Resilience at
Ohio State University (OSU—The Ohio State University
2009). The results of this study revealed that WMAs do not
always have a better environmental performance than HMA,
and there is significant variability among WMA technologies.
In addition, material extraction and production phase was
responsible for the highest amounts of ecological resource
consumption. However, due to the large impacts on economy
and the society, it is still necessary to account for the direct and
indirect socio-economic implications of pavement construc-
tion. While environmentally extended EIO models can quan-
tify environmental burdens, the Triple BottomLine (TBL) EIO
model is capable to quantify not only environmental pressures,
but also social and economic impacts. This can be achieved by
using an integrated approach, which integrates economic and
social indicators of the sustainability into EIO framework as an
addition to environment. TBL concept focuses on the three
main pillars of sustainability: environment, economy, and so-
ciety (Elkington 1998). In the literature, Foran et al. (2005a)
developed a first comprehensive EIO-based TBL model of the
industrial sectors of an entire economy for the Australia. This
model integrated the EIO tables with environmental, econom-
ic, and social metrics for sectors in which all up-stream impacts
are included. Although they are not for pavement construction
and other heavy civil infrastructures, several studies were
conducted using the EIO analysis by presenting first examples
of TBL accounting in the EIO context (Foran et al. 2005b;
Wiedmann and Lenzen 2009).

In addition, the World Input Output Database (WIOD)
established a strong foundation for a multi-regional input–
output (MRIO) framework by presenting supply and use
tables for 40 countries, covering around 85 % of the world
economy. This project was supported by the EU’s 7th Frame-
work Program that presents the derivation of international
trade and transport margins together with detailed supply
and use tables at the world level. Together with extensive
satellite accounts including environmental and socio-
economic indicators, these databases can provide the neces-
sary input to several types of EIO models that can be used to
evaluate trade-offs between socio-economic and environmen-
tal objectives (Streicher and Stehrer 2012). Furthermore, the
Global Trade Analysis Project (GTAP) also produces an ex-
tensive database of trade-linked input–output tables for the
world economy, which involves about 57 sectors and 87
regions in the world (Hertwich and Peters 2009). Although
GTAP is an extremely important tool for the modeling of the
role of international trade in goods and services, environmen-
tal extensions are still limited to some energy and carbon
indicators (Tukker et al. 2009).

In the literature, several studies have used EIO modeling to
quantify the environmental implications of pavements from
cradle to grave (Cas and Mukherjee 2011; Park et al. 2003;
Treloar et al. 2004). In addition, the Pavement Life-Cycle
Assessment Tool for Environmental and Economic Effects
(PaLATE) was built to estimate the environmental burdens
and life cycle costs associated with the pavement construction.
This excel-based tool combined the EIO-LCA data with ad-
ditional process-specific inventory to create a hybrid LCA
framework (Santero et al. 2010). On the other hand, the scopes
of current pavement LCA models are bounded by the most
commonly used environmental impact categories such as
water and energy use, atmospheric emissions, and waste;
however, little attention paid to large scale economic and
social implications of pavements. Hence, there is still a strong
need to evaluate macro-level direct and indirect socio-
economic implications of new WMA technologies for more
comprehensive sustainability assessment. As classified in pre-
vious input–output databases and studies, import, income,
gross operating surplus, government tax, injuries, and em-
ployment are considered as key socio-economic indicators
(Foran et al. 2005a; Foran et al. 2005b; Hendrickson et al.
2006; GTAP 2008; Wiedmann et al. 2009; WIOD 2012).
Using these indicators, this study aims to build a hybrid
LCA model for evaluating not only environmental burdens
but also socio-economic impacts of pavements constructed
with different types of WMAmixtures and compare them to a
conventional HMA design. To realize this goal, an industry-
by-industry input–output model is utilized for assessing pave-
ment sustainability. This model has been created by Kucukvar
and Tatari (2013), which was initially used to quantify the
sustainability implications of seven different U.S. construction
sectors including buildings and heavy civil infrastructures.
The types of WMA technologies analyzed in this research
involve: Asphamin® WMA, EvothermTM WMA, and
Sasobit® WMA.

1.3 Multi-criteria decision making

Multi-criteria Decision Making (MCDM) is a branch of a
general class of operations research models which are used
to solve decision making problems where multiple criteria and
alternatives exist. Since, the optimal solution can be different
based on each criteria, considering all criteria and providing
an overall decision support to decision makers have been a
critical topic of interest for researchers and practitioners. There
are typically two types of MCDM categories, namely: Multi-
attribute Decision Making (MADM) and Multi-objective De-
cision Making (MODM). The objectives can be used to select
the best alternative or grouping alternatives into predefined
preference sets based on the performance over multiple-
criteria (Figueira et al. 2005). In general, MADM is an ap-
proach employed to solve problems including selection from
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among a finite number of alternatives (Rao 2007). On the
other hand, inMODMproblems, the goal is design rather than
select by considering the tradeoffs within design constraints
(Chang 2011). There are several types of MCDM models
including weighted sum method (WSM), weighted product
method (WPM), analytical hierarchy process (AHP), prefer-
ence ranking organization method for enrichment evaluation
(PROMETHEE), elimination and choice translating reality
(ELECTRE), the technique for order preference by similarity
to ideal solutions (TOPSIS), multi-attribute utility theory
(MAUT), and compromise programming (Wang et al. 2009).
Application of MCDM approaches has been extended to
various areas including finance (Zopounidis and Doumpos
2002), environmental policy making (Greening and Bernow
2004), sustainable energy planning (Pohekar and
Ramachandran 2004), and supplier selection (Ho et al. 2010).

Normalization and weighting are widely used methods in
combined applications of LCA and MCDM. Normalization is
a life cycle impact assessment tool (LCIA) that is used to
express impact indicator data in a way that can be compared
among impact categories. This procedure simply normalizes
the impact results dividing by a selected reference value (ISO
14042). In addition, weighting, which is also referred to as
valuation, is a step of LCIA in order to assign weights to the
different environmental impact categories based on their im-
portance. In general, weighting includes several activities such
as identifying the priorities of decision makers, determining
weights to assign on each impact category, and applying
weights to impact categories (ISO 14042). Although, subjec-
tivity makes weighting a challenge, weighting techniques are
utilized for decision-making such as the Analytical Hierarchy
Process (AHP) and Delphi method. For a discussion of
weighting methods for LCA, please see Finnveden (1997)
and Bengtsson (2001).

MCDMmodels have been extensively applied to LCA. To
give a few examples, Kohn (2010) applied an integration of
MCDA and LCA to a case study of switchgrass production as
a biofuel in the state of California. In other research, MCDM
is coupled with LCA to solve decision conflicts in composite
material selection (Milani et al. 2011). Boufateh et al. (2011)
usedMCDM to analyze the results of LCA for different textile
products. Linkov and Seager (2011) presented an approach for
using MCDM to integrate uncertain information collected
f rom r isk ana lys i s and LCA in the contex t of
nanomanufacturing and management of contaminated sedi-
ments. In addition, Liu et al. (2012) combined risk assessment
and LCAwith MCDM. The researchers applied this method-
ology to a case study in waste recycling facility to assess its
environmental aspects. Kiran and Rao (2013) also proposed
an integration of LCA with MCDM for planning, designing,
and commissioning of green buildings. Related to construc-
tion of pavements, literature includes only a handful of works
related to highway management and pavement treatment or

restoration. For instance, Filippo et al. (2007) proposed a
Fuzzy MCDM for ranking environmentally valid highway
restoration by priority. The proposed approach supports deci-
sions on which road segments require the restoration related
works and services. In another work, an AHP-based MCDM
approach was utilized for the Highway Development and
Management Tools (Casifo et al. 2002). Several attributes
including social benefits, environmental effects, safety im-
pacts, and strategic importance of roads are incorporated into
a unified decision-making framework. Additionally, evalua-
tion of sustainable drainage systems within the context of an
overall decision-support framework is studied. Several tech-
nical, ecological, social, and economic factors are integrated
into aMCDM framework (Ellis et al. 2004). However, there is
only one found in the literature that considers LCA and
MCDM as an integrated decision making framework for road
construction. In this work, Giustozzi et al. (2012) studied the
evaluation of the environmental impact of road maintenance
activities using MCDM. Life cycle cost of maintenance activ-
ities are coupled with environmental impacts and incorporated
into the MCDM framework.

Such integration of decision analysis techniques with LCA
in fact can provide a very critical guidance to decision makers,
which can contribute to the development of sustainable pave-
ment strategies significantly. Although the LCAmethods have
recently gained interest in pavement research, such integration
of LCA of pavement alternatives withMCDM can play a vital
role for the evaluation of life cycle performance-based sus-
tainable pavement systems. Therefore, this study proposes an
integration of TBL-LCA with MCDM in order to assess the
socio-economic and environmental implications of pavement
alternatives and optimize the allocation of pavement mixtures
considering a set of conflicting objectives.

2 Methods

In this research, the life cycle phases of materials extraction
and processing, transportation of pavement materials, asphalt
mixing process, and construction of pavements have been
included within the scope. The use phase is not included
because pavement sections were constructed with equivalent
performances. First, the TBL-LCA model is built by using
numerous environmental and socio-economic sustainability
indicators. Second, the life cycle inventory of pavement de-
signs are presented with corresponding data sources. Third,
sustainability impacts of the HMA and WMAs have been
calculated. Fourth, MODM model, namely compromise pro-
gramming, is developed to solve the multi-objective optimi-
zation problem which has the tradeoffs between environmen-
tal and socio-economic indicators. This optimization model is
built upon obtained LCA results to determine the optimal
asphalt pavement allocation strategy for a functional unit of
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one-km pavement using sustainability weights ranging be-
tween 0 and 1. Finally, the findings are summarized, and the
limitations are pointed out.

2.1 TBL-LCA model

This research analyses the life cycle sustainability implica-
tions of different pavement systems using EIO-based sustain-
ability accounting framework. The holistic sustainability as-
sessment framework is developed by combining the supply
and use tables published by the U.S. Bureau of Economic
Analysis (BEA—Bureau of Economic Analysis 2002) with
the selected environmental and socio-economic sustainability
metrics. In this research, the supply and use tables are con-
verted into a symmetric industry-by-industry input–output
table. This conversion is applied since Leontief’s basic in-
put–output methodology presents the financial flows between
industrial sectors without distinguishing between primary and
secondary products produced by sectors. However, using this
method, it is possible to account for the fact that some indus-
tries can produce more than one commodity, such as second-
ary products and by-products (Wachsmann et al. 2009). For
example, hydrogen can be produced as a by-product in petro-
leum refineries, which can also be produced separately by
chemical manufacturing industry as a primary product (UN
1999). In this context, the Eurostat manual presents several
methods used to convert supply and use tables into symmetric
tables (Eurostat manual of supply and use and input–output
tables 2008).

In this article, we present an input–output based approach
for calculating the sustainability performance of pavements.
To realize this goal, industry-by-industry input–output meth-
odology has been utilized. This format was also used in
previous TBL-EIO models developed for the US, UK, and
Australian economies (Foran et al. 2005a; Kucukvar and
Tatari 2013; Wiedmann et al. 2009). In these models, the
input–output multipliers represented the total impacts, which
are direct plus indirect (supply chain) embodiments per unit of
final demand of commodities produced by industrial sectors.
An industry-by-industry TBL-LCA model has been used for
pavement analysis. Then, a vector of total sustainability im-
pacts is formulated as follows:

r ¼ Edir I−DBð Þ−1
h i

f ð1Þ

In Eq. 1, r is the total impacts vector that represents total
sustainability impacts per unit of final demand, and Edir

represents a diagonal matrix, which accounts for the direct
sustainability impact per dollar of output, I refers to the
identity matrix, and f is the total final demand vector for
commodities produced by industries. In addition, B is the
input requirements for products per unit of output of an
industry matrix, and D is the market-share matrix. Also, the

term [(I-DB)−1] represents the total requirement matrix, which
is also known as the Leontief inverse and DB is the direct
requirement matrix, which is denoted as A matrix in the
Leontief’s model (Miller and Blair 2009). For more explana-
tion about the integration of the supply and use tables into
industry-by-industry input–output model and calculation of
the net sustainability impacts, please see the reference paper
published by Kucukvar and Tatari (2013).

2.2 Sustainability indicators

In this paper, the purpose is to develop a comprehensive EIO
based sustainability accounting framework. Therefore, several
indicators are intended to be used. The summary of the select-
ed sustainability indicators are provided in Table 1 with de-
tails. These sustainability indicators are used as multipliers in
the EIO framework to quantify each of the 426 sectors’
sustainability impacts. To obtain the aforementioned multi-
pliers, several publicly available data sources including Bu-
reau of Economic Analysis (BEA—Bureau of Economic
Analysis 2002), Energy Information Administration (EIA
2011), Bureau of Labor Statistics (BLS—Bureau of Labor
Statistics 2002), Global Footprint Network (GFN 2010), and
Carnegie Mellon’s EIO-LCA software (CMU 2002) are uti-
lized (For a more detailed explanation of the indicator selec-
tion, see Kucukvar and Tatari (2013).

2.3 Pavement design and life cycle inventory

In this paper, four pavement sections were designed consider-
ing intermediate traffic volume and a generic design structure,
which consisted of an asphalt surface layer and a base course
layer. In terms of the thickness of the base course layer, 25 cm
was taken as reference value for all four sections. In the
surface layer of the first three sections, Aspha-Min®,
Sasobit®, and EvothermTM WMA mixtures were used. On
the other hand, a conventional HMA mixture was used in the
fourth section (see Tatari et al. (2012) for more information
about the properties of HMA and WMA mixtures). The
Mechanistic Empirical Pavement Design Guide (MEPDG)
software was used to conduct the pavement analyses. During
the pavement analyses, the thickness of the asphalt layer that
is required for each section to have an international roughness
index (IRI) value of 433 cm/km at the end of the design period
was determined. In this context, the IRI is the terminal value
recommended by the Federal Highway Administration
(FHWA) and used in the MEPDG (FHWA 1998).

The basic assumptions made are as follows. A 30-year
design period was used during the pavement analysis. The
initial two-way average annual daily truck traffic (AADTT)
was assumed to be 2,000 vehicles/day considering 50% trucks
in the design direction and 95 % trucks in the design lane. For
the vehicle class distribution, number of axles per truck of each
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class, and axle configuration categories, the default values
given by the MEPDG software were used. The traffic growth
rate was assumed 5 % per year. Level I input was used for the
asphalt concrete mixtures layers, while Level II inputs were
used for the base and subgrade layers. The input parameters
such as base material, and subgrade soil for the HMA and
WMA mixtures were obtained from Hurley et al. (2009).

Based on the conducted MEPDG, the required asphalt
layer thickness values were calculated as 12 cm for Aspha-
Min®, 11.4 cm for Sasobit®, EvothermTM, and HMA sec-
tions. The corresponding volumes of HMA and WMA pave-
ments were quantified by multiplying the width, the depth and
the length of the pavement, which was selected to be a two-
lane highway with a total width of 7.2 m and a length of 1 km.
Later, the total weight of each of the HMA and WMA mix-
tures was calculated by multiplying the calculated volumes
with corresponding densities. The calculated weights were
allocated for each component, such as limestone, natural sand,
asphalt binder, RAP, and WMA additives, based on the per-
cent values of mixture composition provided in Tatari et al.
(2012), thus the inventory required for HMA and WMA
pavements were determined (see Table 2).

Limestone, natural sand, and asphalt binder were the main
industrial inputs for the all pavements, which were provided
by the following sectors, respectively: Lime and Gypsum

Product Manufacturing (NAICS 327410), Sand, Gravel, Clay,
and Refractory Mining (NAICS 212320), and Petroleum Re-
fineries (NAICS 324110). Aspha-min® and EvothermTM

were used as chemical additives in the WMA pavements,
which were manufactured by the Other Basic Inorganic
Chemical Manufacturing sector (NAICS 325180) and
Sasobit® was produced by the Petrochemical Manufacturing
(NAICS 325110) sector. As the main resource used in the
transportation of pavement materials to construction site, the
Truck Transportation sector (NAICS 484000) is used for
calculating sustainability impacts of pavement material trans-
port while impacts of construction activities including pave-
ment laying and compaction are quantified by using the sector
of the Highway Construction (NAICS 237310) from the EIO
table. As the main resource used during the asphalt production
in the mixing plant, natural gas was provided by the Natural
Gas Distribution sector (NAICS 221200).

Direct and indirect impacts related to consumption of re-
sources during materials production, transportation, mixing,
and construction are calculated through the TBL-LCA model.
Firstly, the monetary values of each material input are calculated
using the producer prices. These monetary values represent the
economic input of each related sectors, which are also the
calculated demand as a result of a certain activity such as natural
gas required for the mixing process. After calculating the

Table 1 Summary of environmental and socio-economic sustainability indicators

TBL Indicator Unit Description Tool

Environmental

Carbon Footprint kg CO2-eqv The total greenhouse gas (GHG) emissions of
each sector in terms of metric tons of CO2 equivalent.

EIO-LCA

Water Withdrawal m3 The total amount of water withdrawals of each sector. EIO-LCA

Energy Consumption MJ The total energy (fossil plus electricity) consumption by sector. EIO-LCA

Hazardous Waste Generation kg The amount of EPA’s RCRA hazardous waste generated at each
industrial facility.

EIO-LCA

Toxic Releases kg The Toxics Release Inventory (TRI) contains toxic chemicals that are being
used, manufactured, treated, transported, or released into the environment

EIO-LCA

Fishery gha The estimated primary production required to support the fish caught. TBL-LCA

Grazing gha The amount of livestock feed available in a country with the amount
of feed required for the livestock produced.

TBL-LCA

Forestry gha The amount of lumber, pulp, timber products, and fuel wood
consumed by each U.S. sector.

TBL-LCA

Cropland gha The most bio-productive of all the land use types and includes areas
used to produce food and fiber for human consumption.

TBL-LCA

CO2 uptake land gha The amount of forestland required to sequester given carbon emissions by sectors. TBL-LCA

Socio-Economic

Gross Operating Surplus (GOS) $ The capital available to corporations, which allows them to repay
their creditors, to pay taxes and to finance their investments.

TBL-LCA

Employment emp-min The full-time equivalent employment minutes for each U.S. sector. TBL-LCA

Import $ The value of goods and services purchased from foreign countries
to produce domestic commodities by industries.

TBL-LCA

Tax $ The government revenue, which includes the taxes on production and imports. TBL-LCA

Income $ The compensation of employees, including wages and salaries. TBL-LCA

Injuries worker The total number of non-fatal injuries related to each U.S sector. TBL-LCA
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monetary values, each of them are multiplied by environmental
and socio-economic impact multipliers obtained from the TBL-
LCA model. The environmental and socio-economic input–out-
put multipliers of these sectors are presented in Tables 3 and 4.

In terms of the mixing energy consumption (MJ per ton
WMA and HMA processing), National Center for Asphalt
Technology (NCAT)’s field study, which includes the natural
gas consumption data, is utilized to calculate the total energy
consumed during HMA andWMAmixing phase (Hurley et al.
2009). The total energy consumption per ton asphalt mixing
was multiplied with the total weight of the mixtures to obtain
the total energy consumption of 1-km pavement sections. The
GHG emission factors associated with HMA and WMA
mixing operations were obtained from the asphalt plant stack
emissions report, which was published by the NCAT (Hurley
et al. 2009). The onsite life cycle inventory data including toxic
releases into air, hazardous waste, and water consumption for
manufacturing of asphalt mixture was determined by utilizing
the TBL-LCA tool for North American Industry Classification
System (NAICS) sector 324121, Asphalt Paving Mixture and
Block Manufacturing sector. The amount of diesel consump-
tion during the construction of asphalt pavements were obtain-
ed from the previous pavement energy studies (Ang et al. 1993;
Zapata and Gambatese 2005). Other environmental loads

including on-site and indirect emissions, hazardous waste,
water use, and land footprint are calculated by using the
multipliers of the Highway Construction sector.

Finally, transportation-related tail-pipe GHG emission data
were determined using the emission factors provided by the
National Renewable Energy Laboratory (NREL)’s life cycle
inventory database for a single-unit truck (NREL—National
Renewable Energy 2010). The unit was the per ton-km trans-
portation of the pavement materials to the project field. The
distance between pavement materials and construction site is
assumed to be 50 km for each pavement system. The emission
data consists of GHGs including nitrous oxide (N2O), carbon
dioxide (CO2), and methane (CH4). Also, all other direct and
indirect environmental impacts are calculated using the Truck
Transportation sector. First, the total ton-km transportation
requirement of each pavement is calculated by multiplying
total weight of materials with total transportation distance.
Later on, the obtained value is multiplied with the unit cost
related to per ton-km transportation with trucking in the U.S.
(Raballand and Macchi 2008). This economic output is then
linked to the Truck Transportation sector of the EIO model.
Fig. 1 presents the system boundary of a hybrid LCA model.

2.4 A compromise programming approach

MODM is critical for finding a feasible alternative that yields
the most preferred set of values for the objective, which aims
to maximize the sustainability impacts toward identifying
optimal pavement design strategy. In order to realize this goal,
a compromise programming model, which is widely used for
solving multi-objective linear, nonlinear or integer program-
ming problems, is developed to optimize multiple sustainabil-
ity objectives. The main idea in compromise programming
model, which was first developed by Zeleny (1973), is to seek
a solution closest to the ideal point. It uses a distance-based
function in order to minimize the distance between ideal and
compromise solutions. Eq.2 defines the La metric used to find
the distance between two points of Zk

* and Zk(x) and indicates
the degree of closeness to the ideal point (Chang 2011).

La ¼ Min
X

πk Z�
k−Zk xð Þ� �n o

ð2Þ

In this equation, Zk
* is the ideal value for the objective k and

Zk(x) is the achievement level of the objective k. Each objec-
tive function can have different unit, and therefore normaliza-
tion is needed before the optimization model is constructed.
The values after normalization will be confined to a given
range such as 0 to 1. The normalization function Z can be
expressed as (Chang 2011):

Z ¼ Z�
k−Zk xð Þ
Z�
k

ð3Þ

Table 2 Material inventories for asphalt mixtures

Materials Materials % by Weight Total Weight (t)

HMA Limestone 49.77 1,097.86

Natural Sand 30.05 662.86

Aggregates RAP 14.09 310.72

Bitumen 5.30 116.92

Binder RAP 0.80 17.65

Aspha-min® Limestone 49.61 1,155.37

Natural Sand 29.95 697.58

Aggregates RAP 14.04 326.99

Bitumen 5.30 123.44

Binder RAP 0.80 18.63

Aspha-Min 0.30 6.99

EvothermTM Limestone 49.77 1,097.86

Natural Sand 30.05 662.86

Aggregates RAP 14.09 310.72

Bitumen 5.27 116.33

Binder RAP 0.80 17.65

Evotherm 0.03 0.58

Sasobit® Limestone 49.77 1,097.86

Natural Sand 30.05 662.86

Aggregates RAP 14.09 310.72

Bitumen 5.21 114.90

Binder RAP 0.80 17.65

Sasobit 0.09 2.02
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After completing the normalization procedure, the
distance-based compromise programming formulation can
be written as:

Min La ¼ Min
X

πk
Z�
k−Zk xð Þ
Z�
k

� �� �
ð4Þ

Subject to:

X
k¼1

p

πk ¼ 1 ð5Þ

In this formulation, Zk
* represents the ideal solution for

objective k. Each objective function should be optimized indi-
vidually in order to find the amount of Zk

*. Also, the parameter
p represents the total number of objectives and πk is a weight
that can be arbitrarily assigned by the decision makers to
account for the relative importance of each objective.

Environmental and socio-economic weights are represented by
πk , which ranges from 0 to 1 for each of the objective function.
After developing the mathematical structure of the compromise
programming, this optimization model is coupled with uniform-
ly distributed input variables to account for the uncertainty. The
optimization model is presented as follows:

Index

i: Sustainability indicator
m: Pavement type indicator
p: Number of pavement types
r: Number of environmental indicator
s: Number of socio−economic indicator

Parameters

Aim: The impact of pavement m for environmental
indicator i

Table 3 Environmental impact multipliers per $M output of each sector

Sectors Water (m3) Energy (TJ) Carbon (t CO2-eqv) Hazardous waste (t) Toxics (t)

NAICS 327410 102,206 44.7 5,320 247,000 514

NAICS 212320 273,549 21.6 1,490 158,000 95.4

NAICS 324110 35,620 31.7 2,790 4,120,000 187

NAICS 325180 140,817 32.4 2,180 2,190,000 528

NAICS 325110 79,115 42.3 2,920 5,650,000 414

NAICS 221200 25,286 14.5 1,990 168,000 47.3

NAICS 237310 21,009 8.26 612 222,000 62.7

NAICS 484000 13,097 18.8 1,400 358,000 37.5

Fishery (gha) Grazing (gha) Forestry (gha) Cropland (gha) CO2 uptake (gha)

NAICS 327410 0.140 0.177 19.658 31.330 1,172

NAICS 212320 0.126 0.138 1.558 16.586 317.815

NAICS 324110 0.153 0.126 1.729 4.673 492.070

NAICS 325180 0.327 0.189 1.958 12.716 410.777

NAICS 325110 0.214 0.227 2.509 43.542 486.416

NAICS 221200 0.086 0.081 1.664 3.186 257.523

NAICS 237310 0.159 0.137 9.307 12.165 127.964

NAICS 484000 0.126 0.155 1.357 2.296 320.715

Table 4 Socio-economic impact multipliers per $M output of each sector

Sectors Import ($M) Income ($M) Profit ($M) Tax ($M) Injury (number of workers) Employment (emp-min)

NAICS 327410 0.168 0.493 0.457 0.044 0.831 27,180

NAICS 212320 0.085 0.576 0.368 0.051 0.608 31,157

NAICS 324110 0.852 0.345 0.545 0.100 0.329 16,098

NAICS 325180 0.488 0.636 0.289 0.058 0.567 29,684

NAICS 325110 0.616 0.435 0.471 0.081 0.413 20,690

NAICS 221200 0.954 0.292 0.588 0.112 0.275 13,252

NAICS 237310 0.089 0.715 0.248 0.032 0.956 35,438

NAICS 484000 0.104 0.636 0.307 0.047 0.971 36,037
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Bim: The impact of pavement m for
socio−economic indicator i
Wim: The weight of environmental indicator i for
pavement m

Decision variable

Xim: The percentage use of pavement type m for
sustainability indicator i

Objective functions

Z1 xð Þ ¼
X
i¼1

r X
m¼1

p

AimX imW im ð6Þ

Z2 xð Þ ¼
X
i¼1

s X
m¼1

p

BimX im ð7Þ

Subject to

X
m¼1

p

X im ¼ 1 for i ¼ 1 ; 2 ; … r ð8Þ

X im≥0 fori ¼ 1; 2;…r and form ¼ 1; 2;…; p ð9Þ

Z1(x) denotes the environmental objective function and
Z2(x) represents the socio-economic objective function. Aim
is denoted as the environmental impact of pavement type m
for the indicator i whereas Bim is denoted as the socio-

economic impact (Eq. 7). The total of Xim is 1 (Eq. 8). Wim

represents the weight of each environmental impact indicator:
energy consumption, GHG emissions, hazardous waste gen-
eration, toxic releases into air, and ecological land use. The
total ofWim is 1. These weights are obtained from Version 4.0
of the BEES (Building for Economic and Environmental
Sustainability) software which was introduced by the National
Institute of Standards and Technology (NIST; Lippiatt 2007).
Since there is no separate weighting category for our five land
footprint indicators, their weights are assumed to be identical.
In order to develop this set of weights, NIST solicited input
from a volunteer stakeholder panel. The weights of environ-
mental impacts and their calculation method can be found in
Gloria et al. (2007).

Consequently, a stochastic multi-objective optimization
model is combined with the LCA results to optimize the
multiple environmental and socio-economic objectives, si-
multaneously. MATLAB® programming software is then
used for coding the compromise programming algorithm
(MATLAB 2012). A uniform distribution was assumed for
each selected input variable. Then, using the value of each
indicator in a given range, a stochastic compromise program-
ming model has been utilized for finding the optimal alloca-
tion of different pavement types.

2.5 Analysis results

The study results are based on sustainability impact analysis
and stochastic compromise programming, which are present-
ed in the following sub-sections.

2.6 Environmental impacts

The environmental impacts of each of the analyzed pavements
are computed in terms of water and energy consumption,
GHG emissions, hazardous waste generation, and toxic

Manufacturing 
of Pavement 

Materials

Transportation 
of Pavement 

Materials
Asphalt Mixing

Pavement 
Construction

Process

Supply Chain

Em (tail-pipe) Em (onsite)Em (onsite)

327410 212320

324110 325180

484000 237310

327410

221210

324121325110

Fig. 1 System boundary of a
hybrid LCA model
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releases into air. As shown in Fig. 2, Asphamin® has the
highest environmental impacts than other pavement types
with an exception of GHG emissions. This pavement type is
followed by EvothermTM and Sasobit®, respectively. In terms
of LCA phases, materials extraction and processing and con-
struction are found to have the largest contributions. On the
contrary, for GHG emissions, mixing phase has the second
largest impact after manufacturing of pavement materials.
Especially, total GHG emissions are found to be the highest
for EvothermTM, which also has the largest emissions during
the mixing phase (see Fig. 2). NCAT’s field experiment results
indicate that EvothermTM used 14.5 % more energy than
HMA and emitted larger quantities of GHGs. On the contrary,
the total natural gas consumption is reduced by 8.8 % for
Asphamin® and 17.9 % for Sasobit® (Hurley et al. 2009). In
terms of GHG emissions and energy consumption, Sasobit®
shows the minimum values compared to other WMAs and
HMA control mix.

Fig. 3 also presents the net land footprint of each pavement
design in terms of global hectares (gha). Based on the total

land use results, HMA has the lowest footprint with an excep-
tion of CO2 uptake land when compared to other pavements.
When we looked more closely at life cycle phases, materials
extraction and processing and construction phases represent
two dominant phases for land footprint categories such as
fishery, grazing, forestry, and cropland. For CO2 uptake land,
after materials extraction and processing, the mixing phase has
the second largest contribution. In addition, this land footprint
category is responsible for the highest footprint compared to
other land use types. Asphamin® and EvothermTM represent
the pavement mixtures with maximum CO2 uptake land utili-
zation due to high emissions in pavement material production
and energy requirement during the mixing phase whereas
Sasobit® has the lowest land footprint result, which is also
parallel to total GHG emission findings.

2.7 Socio-economic impacts

As can be seen from Fig. 4, Asphamin® has the highest socio-
economic impacts than other pavement types. The differences
in thickness of the Asphamin® design played an important
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Fig. 2 Environmental impacts
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role in this finding because more materials extracted and
processed for construction of this pavement structure, which
in turn required more transport and construction fuel. This
pavement technology is followed by EvothermTM. On the
contrary, Sasobit® and HMA control-mix have shown similar
performances in terms of analyzed socio-economic indicators.
For import, gross operating surplus (GOS) and government
tax indicators, materials extraction and processing phase has
the dominant contribution. The use of bitumen, which is used
as a binder in asphalt mixture, resulted in the highest import
values compared to other materials. In addition, construction
of pavements has the second largest impact on the overall
employment, income, and work-related injuries after
manufacturing phase. Conversely, socio-economic impacts
are found to be minimal for transportation and mixing phases.
When we looked more closely at injury results, pavement
materials manufacturing and construction phases have the
highest values, which indicate the importance of work safety
in production and construction processes when paving the
U.S. highways. It is also important note that to there is a

positive correlation between total income and number of
injuries. In general, sector with high income rate generated
more employment, which resulted in higher amount of work-
related injuries. This is because the number of full-time em-
ployees is multiplied with corresponding injury rates to obtain
the total number of injuries. The overall socio-economic im-
pact results are presented in Fig. 4.

2.8 Stochastic compromise programming results

In Sections 3.1 and 3.2, it was assumed that the input param-
eters were known with certainty. Therefore, the model out-
puts, including environmental and socio-economic results, did
not address the variability that is inherent in the input vari-
ables. In order to account for the variability of critical input
variables, a uniform distribution was assumed for each select-
ed variable. The utilization of probabilistic values enabled us
to estimate the impact of the variability in consumption of
WMA additives (−30% to +30%), the transportation distance
of the pavement materials to mixing sites (50–500 km) and the
amount of mixing energy (−10 % to +10 %). Similar uncer-
tainty ranges were also used in previously published LCA
study for uncertainty analysis (Tatari et al. 2012).

In this analysis, a compromise programming model is
utilized in order to find the most appropriate allocation of
pavement alternatives based on different weights of environ-
mental and socio-economic indicators. As shown in Fig. 5, the
percentage rates of allocation of each pavement methods has
been ranged between 0 and 1. As mentioned before,
Asphamin® WMA has the highest socio-economic impacts
among other alternatives, and therefore when the socio-
economic weight (SEW) is critical, this method has the
highest allocation rate with more than 50 %. The percentage
of allocation of this method is very sensitive to the change of
weights, as it drops dramatically by increasing environmental
weight (EW). While EW is greater than 0.4, Asphamin®
WMA is not a suitable option among other alternatives.

Moreover, in a balanced weighting situation in which en-
vironmental and socio-economic indicators have equal impor-
tance, Sasobit® has higher percentage with a share of 61 %.
This is followed by HMA at 25 % and Evotherm at 9 %,
respectively. Interestingly, the allocation percentage of HMA
stays almost the same for the rest of EWs (greater than 0.5),
with only 3 % changes in allocation results. In addition, when
environmental indicators have more importance compared to
socio-economic indicators, Sasobit® WMA is still the most
preferred method. Specifically, while EW is greater than 0.5,
the allocation of this pavement technology ranged between
66 % and 70 %. Also, when the weights vary between 0.5 and
1, the percentage of allocation of EvothermTM stays almost the
same, with only 4 % variation.

It is also critical to note that in 2010, approximately 360
million tons of asphalt pavement materials produced in the
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USA in which 42 million tons (12 %) were produced using
WMA technologies (U.S. Department of Transportation
2010). When looked more closely at the compromise pro-
gramming results, it is found that U.S. pavements utilize
approximately 3.52 times more HMA than the scenario where
environmental and socio-economic indicators are equally im-
portant. Hence, the results clearly support the significance of
an increase in WMA use for sustainable pavement construc-
tion. The optimal utilization of each pavement mixture is
presented in Fig. 5 based on varied environmental and
socio-economic weights.

3 Conclusions and recommendations

A comprehensive hybrid TBL-LCA model is developed
to evaluate macro-level environmental and socio-
economic implications of using WMA technologies in
construction of asphalt pavements in the United States.
This holistic analysis complements previous LCA studies by
evaluating pavements not only from emissions and energy
consumption standpoint, but also from socio-economic per-
spectives. Furthermore, compromise programming results
provide a vital guidance for policy makers when optimizing
the use of pavement types based on different environmental
and socio-economic priorities. As a result, this research aimed
to increase awareness of the inherent benefits of TBL-
oriented EIO analysis and constrained stochastic optimi-

zation through application to emerging sustainable infra-
structure practices. Based on analysis results, the fol-
lowings are highlighted:

& Asphamin® WMA was found to have the highest envi-
ronmental and socio-economic impacts in comparison
with other pavement designs.

& WMAs did not perform better in terms of environmental
impacts compared to HMA. However, they appeared to
perform better when socio-economic indicators of sustain-
ability were considered.

& Among the life cycle phases, material extraction and pro-
cessing was found to have the highest contribution to all
environmental impact indicators that showed the impor-
tance of cleaner production strategies for sustainable pave-
ment construction.

& The overall GHG emissions were to be highest for
EvothermTM due to higher energy use and mixing emis-
sion factors. On the contrary, Sasobit® had the best per-
formance in terms of minimum carbon footprint.

& Although WMA generally performed better in terms of
reduced mixing emissions, inclusion of direct and indirect
manufacturing related impacts have changed the overall
comparisons. Materials extraction and processing had the
dominant impact on overall carbon and toxic emissions
results.

& In terms of socio-economic impact results, material ex-
traction and processing and construction phases were
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found to have the largest contributions when compared to
mixing and transportation of pavement materials.

& Stochastic compromise programming results also indicate
that when environmental indicators have more impor-
tance, Sasobit® is favored. On the other hand, if only
socio-economic aspects were considered, Asphamin®
WMA had the highest percentage of allocation compared
to other WMA types.

& In a balanced weighting scenario where environmental
and socio-economic weights were equal (EW, 50 %;
SEW, 50 %), Sasobit® was allocated at 61 %, HMA at
25 %, and EvothermTM at 9 %. In all the cases, HMA
mixture was also allocated that is ranging from 13 % to
24 %.

& When considering current HMA consumption amounts in
the U.S. highways, it is likely to conclude that there is a
strong need on increasing the percentage share of WMA
mixtures in order to achieve more balanced sustainability
performance goals for future. This policy recommenda-
tion is proven by the optimization model findings.

& The main lesson learnt from this study is that even though
mixing phase is important, it should not be the only
criteria to evaluate the overall sustainability performance
of WMA and HMA pavements. The supply chain, which
includes the contribution of all indirect economic sectors
for materials extraction and processing, is also critical for a
more holistic analysis. In addition, extending the system
boundary by considering the interactions between U.S.
sectors helps us to capture all indirect impacts that might
minimize errors related to using narrow system boundaries
for impact analysis.

Although a hybrid TBL-LCA model is developed, uncer-
tainty in the LCA results and limitations of the current EIO
method should be taken into account by decision makers. The
first is that, this paper used a single-nation input–output model
rather than a global multi-regional input–output (MRIO)
framework. Hence, current results have some important un-
certainties related to using domestic technology assumption
for imported materials. Current input–output model can be
extended beyond the boundary of the U.S. economy to ac-
count for the global impacts of the pavement construction by
considering the role of the imported products such as bitumen,
fuels, and WMA additives. The importance of using MRIO
models can be found in the literature (Hertwich and Peters
2009; Kanemoto et al. 2011; Tukker et al. 2009).

While the current work used a high-resolution U.S. supply
and use tables (discerning 426 sectors), there is aggregation-
related uncertainties in the final results since several subsec-
tors are evaluated under the same main sector. These uncer-
tainties can be minimized by using more specific process
inventory data for products analyzed under highly aggregated
sector like chemical product manufacturing. Another

important limitation was also related to transportation because
current paper used the truck transportation sector to calculate
sustainability impacts of pavement material transport. Truck
transportation is a very non-homogeneous service sector that
comprises several establishments primarily engaged in pro-
viding general freight. The detailed LCA of freight transpor-
tation by modes is critical and can be found in the literature
(Facanha and Horvath 2007).

Inevitably, variability ranges chosen for mixing energy,
transportation distance, and WMA additive consumption are
also subject to uncertainties. With changing variability ranges,
MODM model might give different results for the allocation
of WMAs. Furthermore, another greatest weakness of
MODM model is the subjectivity of the weighting step that
is needed to value the different environmental impact catego-
ries. Although weighting is widely used in LCA, the
weighting stage is the least developed of the impact assess-
ment steps which can be improved by using multi-criteria
evaluation techniques such as panel methods or AHP
(Hermann et al. 2007; Gloria et al. 2007). For future research,
authors also suggest to evaluate other WMA technologies
such as Synthetic Zeolite and WAM-Foam as more sustain-
ability indicators become readily available using more
process-specific life cycle inventory data.
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