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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
vd yards 0914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm?
t? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers km?
YOLUME
floz fluid ounces 29557 milliliters mL
gal gallons 3.785 liters L
3 cubic feet 0.028 cubic meters m’
yd? cubic yards 0.765 cubic meters m’
NOTE: volumes greater than 1000 L shall be shown in m?
MASS
0z ounces e, grams g
b pounds 0.454 kilograms kg
1y short tons (2000 1b) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
el Fahrenheit 5 (F-32)/9 Celsius °C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 Tux Ix
fl foot-Lamberts 3.426 candela/m> cd/m?
FORCE and PRESSURE or STRESS
1bf poundforce 445 newtons N
1bf/in’ poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol ‘When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi?
VYOLUME
mL milliliters 0.034 fluid ounces fl oz
il liters 0.264 gallons gal
m’ cubic meters 35314 cubic feet i
m? cubic meters sty cubic yards yd?
MASS
g grams 0.035 ounces 0z
kg kilograms 2.202 pounds b
Mg (or "t") megagrams {or "metric ton") 1.103 short tons (2000 1b) T
TEMPERATURE (exact degrees)
e Celsius 1.8C+32 Fahrenheit R
TLLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m? 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons (8) 2225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch 1bf/in’

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of
ASTM E380.
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CHAPTER 1. INTRODUCTION

1.0 Background

An increasing number of agencies, companies, organizations, institutes, and governing bodies
are embracing principles of sustainability in managing their activities and conducting business.
These principles focus on the overarching goal of proactively bringing key environmental, social,
and economic factors into the decision-making process. Sustainability considerations are not
new, as they were often considered indirectly or informally in the past. However, recent years
have seen increased efforts to quantify sustainability effects as they pertain to pavements,
systematically incorporating them into decision making in a more organized fashion (Van Dam
et al. 2015).

1.0.1 Sustainability Defined

Most definitions of sustainability begin with that issued by the World Commission on
Environment and Development (WCED), often referred to as the Brundtland Commission Report
(WCED 1987):

Sustainable development is development that meets the needs of the present without
compromising the ability of future generations to meet their own needs.

This definition is focused on the concept of “needs” and the idea of limitations imposed by the
state of technology and social organization on the environment’s ability to meet present and
future needs. In a shorter version of this, sustainability is often described as being made up of
the three components of environmental, social, and economic needs, collectively referred to as
the “triple-bottom line.”

For many years, the economic component has been the dominant decision factor, but more recent
years have seen the growing emergence of both the environmental and social components (even
though there are some current limitations associated with their measurement and assessment). A
focus on sustainability can then be interpreted in such a way that all triple-bottom line
components are considered important, but the relative importance of these factors (and how each
is considered) are case sensitive, very much driven by the goals, demands, characteristics, and
constraints of a given project.

“Sustainability,” in the context of pavements, refers to system characteristics that encompass a
pavement’s ability to (Van Dam et al. 2015):

e Achieve the engineering goals for which it were constructed.

e Preserve and (ideally) restore surrounding ecosystem.

e Use financial, human, and environmental resources economically.

e Meet basic human needs such as health, safety, equity, employment, comfort, and

happiness.

1.1 Measuring Sustainability

The “measurement” of sustainability is the first step in being able to establish benchmarks and
assess progress. There are a number of different measurement tools and methods available for
assessing and defining pavement sustainability, all of which have strengths and weaknesses and
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may be used individually or in combination. The four most relevant tools or methods for
quantifying aspects of sustainability are described below:

Performance Assessment. Performance assessment involves evaluating pavement
performance in relation to the pavement’s intended function. Performance is most often
addressed in relation to that of the current standard practice. For instance, if the current
standard asphalt pavement surfacing is expected to last 15 years, the value of an
alternative surfacing (e.g., open-graded friction course, stone matrix asphalt, or
rubberized asphalt concrete) is based on the projected service life of the considered
alternative relative to the 15-year service life of the standard surface. The most common
sentiment is that alternatives must perform equally to or better than the current standard
practice (although this may be a narrow view because it does not consider other possible
added benefits). Performance may also be addressed in terms of specific physical
attributes (e.g., pavement structural capacity, material attributes, and condition or distress
measures) and the behavior mechanisms that link these attributes to expected
performance.

Life-Cycle Cost Analysis (LCCA). LCCA is an analysis technique that uses economic
analysis to evaluate the total cost of an investment option in constant dollars over an
analysis period. As such, it is principally used to address the economic component of
sustainability. One underlying assumption of LCCA is that the benefits of considered
alternatives are equal, so only costs (or differential costs) must be considered. LCCA
does not directly address societal or environmental issues (e.g., clean air and water,
habitat impacts, establishment of livable community conditions) unless such issues can be
monetized and treated purely as costs. Caution should be exercised when environmental
issues are monetized and this is often discouraged due to: (a) challenges associated with
determining a monetary value and (b) potential for double counting when both life-cycle
assessment (LCA) and LCCA are performed.

The Federal Highway Administration (FHWA) encourages the use of LCCA as a
decision-support tool, as is stated in their 1981 Pavement Type Selection Policy
Statement (Federal Register 1981), and has provided guidance in an Interim Technical
Bulletin (Walls and Smith 1998). The most prevalent LCCA software tool for pavements
is the FHWA’s RealCost program (FHWA 2011).

Sustainability Rating Systems. A sustainability rating system is essentially a list of
practices or features that impact sustainability, coupled with a common unit of
measurement (usually a point system) that quantifies the relative impacts. In this way,
the diverse impacts of various practices and features (e.g., pollutant loading in storm
water runoff, changes in pavement design life, tons of recycled materials used, energy
consumed and saved, pedestrian accessibility, ecosystem connectivity, and even the value
of art) can all be compared using a common unit (rating points).

In its simplest form, a rating system may count the implementation of every best practice
equally (e.g., all worth one point), in which case the rating system amounts to a tally of
the number of best practices used. In more complex forms, rating systems weight best
practices (usually in relation to their impact on a selected definition of sustainability or a
selected set of priorities), which can assist in choosing the most impactful best practices
to use given a limited scope or budget. Many national and international pavement
sustainability rating systems are currently available (e.g., INVEST, Greenroads, and
Envision).
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e Life-Cycle Assessment (LCA). LCA is a technique that can be used for analyzing and
quantifying the environmental impacts of a product, system, or process. LCA provides a
comprehensive approach to evaluating the total environmental burden of a product or
process by examining all of the inputs and outputs over the life cycle, from raw material
production to end of life. This systematic approach identifies where the most relevant
impacts occur and where the most significant improvements can be made while
identifying potential trade-offs. The processes and rules for conducting an LCA are
generally defined by the International Organization for Standardization (ISO) in its 14040
family of standards (ISO 2006). These standards are quite broad; thus, more precise
guidance is needed for their application to a specific material or process. Such guidance
is usually developed by the relevant industries and other stakeholders.

LCA is a field of science that is still evolving, yet it has demonstrated real-world value
over the last two decades by helping manufacturers, companies, governments and other
groups identify what is environmentally important to them and then to define needed
actions to improve their environmental impacts. An increasing number of industries are
creating LCA-based Environmental Product Declarations (EPD) to attest to the
environmental performance of products that can be used in pavement LCA, which creates
the need for harmonization.

The earliest application of LCA to pavements was in the 1990s. LCA is now widely used
in Europe in the construction industry and some countries (e.g., France and the
Netherlands) include LCA in green construction regulations that govern pavements and
other structures. Only recently (within the last 5 years) has LCA begun to be considered
as a decision support tool in North America.

Each of the four tools described above offers certain unique benefits. For example, performance
assessment 1s a longstanding method of evaluation, essentially measuring engineering
performance and often comparing it to a commonly accepted standard. The use of LCCA to
assess cost impacts for pavements is well established, and is a subset of a larger group of
methods for assessing the macroeconomic impacts of spending on transportation in general.
Rating systems are easily understood and are emerging worldwide and several have been
implemented by various groups. LCAs are an emerging technology with a well-established
baseline process (i.e., the ISO 14040 series of standards), but their use for pavements still
requires considerable work to define specific rules and common practices, and to establish how
LCA results should best be used to measure and assess environmental (and perhaps social)
impacts for pavement systems.

One key to making good pavement-related decisions is to have an understanding of where
environmental impacts are created in the life cycle of pavements, as well as how and to what
extent various sustainability strategies actually reduce those environmental impacts. It is also
important to be able to identify potential unintended consequences that can result in increased
environmental impacts. Best practices in pavement engineering should be adopted to ensure that
the materials, design practices, construction and maintenance procedures used are appropriate for
the site-specific conditions. This document focuses on pavement LCA as a tool for assisting in
pavement-related decision making by quantifying environmental impacts over the full pavement
life cycle.

1-3



Chapter 1. Introduction Pavement Life-Cycle Assessment Framework

1.2 Pavement Life Cycle

Reference has been made to the pavement life cycle, which is a useful means of describing the
stages that a pavement goes through from its initial design development to the end of its useful
life. An LCA looks at the environmental impacts over that entire pavement life cycle, which is

illustrated in figure 1-1.
Material
Production
P N
Pavement
Design

End Of Life

Maintenance/ .

. Construction
Preservation

N pd

Figure 1-1. Pavement life-cycle stages.

e Material Production. Material production includes all processes used in the acquisition
(e.g., mining and crude oil extraction) and processing (e.g., refining, manufacturing and
mixing) of pavement materials.

e Design. The design stage refers to the process of identifying the structural and functional
requirements of a pavement for given site conditions (i.e., subgrade, climate, traffic,
existing pavement structure, etc.), as well as the determination of the pavement structural
composition and accompanying materials.

e Construction. The construction stage includes all processes and equipment associated
with the construction of the initial pavement.

e Use Phase. The use phase refers to the period during which the pavement is in service
and is interacting with vehicles and the environment.

e Maintenance/Preservation. These are activities applied at various times throughout the
life of the pavement to maintain its overall serviceability.

e End of Life. The end-of-life stage refers to the final disposition and subsequent reuse,
processing, or recycling of the pavement after it has reached the end of its useful life.

Additional details concerning the pavement life cycle, including factors and considerations
associated with each stage, are described in chapter 2.
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1.3 Common Uses of Pavement LCA

At the present time, the use of LCA in the pavement community is growing but is still limited
and only a few agencies are working to apply LCA in a consistent way. That said, the most
common current uses of pavement LCA in North America are for the following purposes:

e Selection of a material or pavement structural design in conjunction with LCCA.
e Evaluation of the impacts of potential changes in a policy or specification.

e Development of LCA tools for screening or detailed LCA for the scoping or design of a
project.

e [Evaluation of scenarios for network-level decisions and strategies for preservation,
maintenance and rehabilitation.

e Development of material EPDs for pavement applications.

It is important to note that each use may require a different type of LCA approach, which is
defined in the first phase of the LCA (goal and scope definition). The intended use should
always be kept in mind when drawing conclusions during the final phase of LCA
(interpretation). It also means that the relevancy of (and the level of detail required by) some
sections of this document depend on what is to be accomplished, as each phase of the LCA
process and the steps within each phase depend on the intended purpose of the LCA study.

The “complexity” of an LCA study will vary with the number, nature, and the required precision
of elements that are included in the study, as well as with the level of effort required for data
gathering and impact calculations. LCA study complexity can be broadly categorized as follows:

¢ Benchmarking studies, which are intended to provide baseline results for the
comparison of alternative decisions and are mostly based on the life-cycle inventory
(LCI). These studies are often limited to:

— Goal and system definition.

— Determination of the flows of materials and resources into the system and the
products, wastes and pollutants out of the system.

— Quantitative comparisons of those results.

These types of studies can be limited to focus only on the differences between
alternatives, disregarding the parts that are similar. This results in a limited goal and
scope that can significantly reduce the overall levels of complexity and effort. The
limited goal and scope will also reduce the effort required for the interpretation phases.
Usually, these types of studies do not include impact assessment and only include
inventory data such as energy, emissions, and waste. Further, they are not considered a
full LCA, but instead begin the process of applying LCA methodologies to decision
making.

e LCA studies with only a few impact indicators or that only consider selected stages
of the full life cycle. These studies usually cover all of phases of an LCA and include the
development of life-cycle inventories (LCI) and life-cycle impact assessment (LCIA).
Current pavement LCA studies that mostly look at energy flows and greenhouse gas
(GHG) emissions tend to fall into this category. The interpretation phase may include
less detail than is called for in a more comprehensive LCA; however, it will typically
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include sensitivity assessment and complete documentation of its limitations for
transparency reasons.

e LCA studies that include LCI and LCIA for a larger set of impact indicators and
interpretation, and consider the complete pavement life cycle. These types of studies
can be referred to as full LCA studies, and it is expected that an increasing number of full
pavement LCA studies will be developed in North America in the coming years. One
driver to this expected increase is that a full LCA is generally required for EPDs, as
called for in the Product Category Rule (PCR) documents, except that the life-cycle
stages only go from the cradle to the gate of the producer’s plant.

The different levels of complexity are also considered in the detailed descriptions of LCA
processes in the remaining chapters with the guidance and commentary provided in this
document assisting agencies in conducting the types of studies discussed above.

1.4 Document Overview

This document is intended to provide LCA guidance but is not intended to set LCA standards. It
provides a general framework for conducting LCA studies on pavement materials, projects and
systems, describing the current status of the LCA methodology and its application to pavements.
Importantly, this document provides guidance for agencies, but also allows for the description of
viable alternatives (and their pros and cons) where they exist, as well as the documentation of
current practices and experiences.

1.4.1 Chapter Listing

This document consists of eight chapters (including this introductory chapter), with the bulk of
the document organized to follow the step-by-step process for conducting a pavement LCA as
outlined by the ISO 14040 standards. A description of the primary chapters in this document is
provided below:

e Chapter 2: A Primer on Pavement Life-Cycle Assessment. This chapter presents a
high-level overview of LCA principles and the key elements of LCA,; it also provides an
introductory overview of how LCA may be applied to pavements.

e Chapter 3: Goal and Scope Definition. The first phase of any LCA study is the goal
and scope definition. In this phase, the goal for the LCA is established and clearly stated,
which helps define how the study is conducted, determines the precise product or process
to be analyzed, and sets boundary conditions. A well-defined study goal and scope is
needed to clearly identify choices and assumptions with respect to the most important
elements of the LCA, such as the functional unit, analysis period, system boundaries, life-
cycle inventory, and impact categories.

e Chapter 4: Life-Cycle Inventory Analysis. The second phase of an LCA is the life-
cycle inventory analysis, in which the data necessary to satisfy the goal and scope are
collected and processed and the types of input and output data that are expected (e.g., the
energy and materials that are consumed and the emissions and waste that are created) are
described. This chapter includes approaches and suggestions concerning the different
aspects of the LCI phase, covering the unit processes, cut-off criteria, data types and
sources, data-quality requirements, and procedures to address missing data. It is written
with the practicalities of the actual inventory process in mind and uses a number of
illustrations to show how the inventory can be organized and executed.
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Chapter 5: Impact Assessment. LCIA translates the results of a LCI into measures of
human or environmental impacts or damages. The translation of LCI results into impacts
is conducted using a scientific basis that considers the impact chain (or cause-and-effect
chain) of an environmental flow on humans, the natural environment, or the depletion of
natural resources. This chapter outlines the steps that are included in the impact
assessment, including:

— Selection of impact categories, category indicators and characterization models.
— Assignment of LCI results to the selected impact categories (classification).

— Calculation of category indicator results (characterization).

— Normalization.

— Grouping.

— Weighting.

It includes an overview of the most widely used impact assessment methods and impact
categories (e.g., global warming, fresh water use, human toxicity, resource use, etc.).

Chapter 6: Interpretation. The interpretation phase of the LCA is where the results are
presented for the functional unit, the major contributions are identified and explained in
terms of where the impacts are incurred, the uncertainty is described for the data and for
the scenarios used, and sensitivity analyses are conducted over possible variations that
can be justified for the most important methodological assumptions. This chapter
includes a discussion of the following:

— Identification of major issues based on findings of the LCI and LCIA phases.
— Evaluation procedure to ensure completeness.

— Sensitivity and consistency check.

— Conclusions.

— Appropriateness of the definitions of the system functions, the functional unit, and the
system.

— Limitations identified by the data-quality assessment and the sensitivity analysis.
— Recommendations.

Chapter 7: Critical Review. Critical review is one of the core elements of LCA and
serves to verify whether an LCA has met the requirements for methodology, data,
interpretation and reporting. This chapter covers the need and guidelines for three
situations where critical review is important:

— Critical review of an LCA study.
— Review during the development of a Product Category Rule document.
— Review of a proposed Environmental Product Declaration.

This chapter includes guidance and information on the types of review and on the review
process itself.

Chapter 8: Reporting. A well-written LCA report starts with a systematic and
comprehensive summary of the outcome of the LCA study. It also includes a
transparently presented overview of the data, methods, assumptions, results and
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limitations in sufficient detail to allow the reader to comprehend the complexities and
trade-offs inherent in the LCA. This chapter discusses the background information and
general motivation for the study, and provides guidance for reporting and interpreting the
relevant results and conclusions from the different life-cycle stages. When relevant, it
also includes reporting on the results from the critical review process, including
additional requirements for comparative LCA studies to be disclosed to the public. LCA
reporting that follows the guidelines in this chapter should result in a well-documented
study.

Chapters 3 through 8 of the document are all structured similarly, incorporating the following
sections:

An introduction that includes an overview of the most important steps (presented in a
flow diagram, where possible), the critical terminology, and the relation of the topic to
the most important uses of LCA for agencies.

A section with guidance on the application of the topic that follows the ISO steps from
the flow diagram. There are three possible types of information within each chapter
application guidance section:

— Where possible, the guidance provided includes general consensus best practices (i.e.,
“should” recommendations). Agencies can use these best practices as generally
agreed upon starting points.

— If'there is no general consensus, an overview of acceptable approaches is presented
and the user can select the best approach for the LCA application at hand (i.e., “can
options).

2

— There are also topics that are still in the early stages of research and for which no
clear-cut guidance on best practice exists. In these cases, it is clearly noted that
additional research is needed or is currently underway and that no clear consensus
currently exists.

A section with discussion and background for the guidance (chapters 3, 4, 6, and 8 only).
The content of this section varies and depends on the topic for which guidance is being
provided. Typical information discussed under this section includes: scientific
background and description of the rationale to be adopted, a description of different
options that can be considered and, in some cases, examples of how to apply the
guidance.

In addition, appendices are included in support of this document. Appendix A provides an
example checklist for reporting the scope of an LCA, appendix B presents a glossary of terms
used throughout the document, and appendix C provides a list of suggested reading material
relevant to practical implementation of LCA principles.

1.4.2 Target Audience

The primary audience for this document comprises LCA tool developers, state Department of
Transportation (DOT) practitioners, and groups or organizations working with them to
investigate LCA processes or to develop or evaluate LCA tools. Other audience members
include PCR developers, EPD producers, and consultants commissioned by DOTs to perform
LCA. Other key stakeholders in the pavement community expected to benefit from the
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information contained in this document include local roadway agencies, industry (i.e., suppliers,
producers, contractors and consultants), academia, and various public interest groups.

1.4.3 Document Perspective

The application of LCA to pavements is evolving and it is expected that this document will be
updated and improved as the methodology for conducting pavement LCAs continues to develop
over the coming years. This document is intended to provide guidance only, and should not be
considered to be a standard, requirement or specification.
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CHAPTER 2. A PRIMER ON PAVEMENT LIFE-CYCLE ASSESSMENT

2.0 Introduction

This chapter is a primer on pavement LCA that provides the reader with a foundation and context
for later chapters of the document, which explore each phase of the LCA process in further
detail. This primer introduces the principles, purpose and details of the LCA process and defines
the most important terminology. Existing LCA standardization is described, and steps are
provided to begin including LCA concepts into decision-making processes by implementing
“life-cycle assessment thinking.” The chapter closes with an introduction to the various potential
applications of LCA for pavement owner-agencies and their industry/market partners.

2.1 Origin of LCA

The precursors to LCA were originally developed in the late 1960s to analyze air, land and water
emissions from solid wastes. The principles and applications were later broadened to include
chemical emissions and use of energy and resources, with a focus on consumer products and
product packaging rather than complex infrastructure systems (Hunt and Franklin 1996; Guinée
2012). Between 1990 and 2000, developments shifted to the creation of full-fledged, impact-
assessment methods and the standardization of LCA methods by the ISO (SAIC 2006). In the
transportation area, LCA topics have included: assessment of asphalt binder and cement
production; evaluation of low-carbon fuel standards for on-road vehicles; examination of
transportation networks; and examination of interactions between transportation infrastructure,
vehicles and human behavior, amongst other topics.

2.2 Purpose of LCA

LCA provides a comprehensive approach to evaluating the complete environmental burden of a
particular product (such as a ton of aggregate) or more complex systems of products or processes
(such as a transportation facility or network), examining the most significant environmental
inputs and outputs over its life cycle, from raw material production to the end of the product’s
life. A generic model of a production life cycle for LCA is shown in figure 2-1. As can be seen,
the life cycle begins at the acquisition of raw materials, proceeds through several distinct stages
(material processing, manufacturing and use), and terminates at the product end of life (EOL).

LCA can be used for a variety of purposes, including (Harvey, Meijer, and Kendall 2014):

e Identifying opportunities to improve the environmental performance of products at
various points in their life cycles.

e Informing and guiding decision makers in industry, government and non-governmental
organizations for a number of purposes, including strategic planning, setting priorities,
product or process design selection, and redesign.

e Selecting relevant indicators of environmental performance from a system-wide
perspective.

¢ Quantifying information concerning the environmental performance of a product or
system (e.g., to implement an eco-labeling scheme, make an environmental claim, or
produce an EPD statement).

Comparisons of LCA results can guide decision makers towards making choices that reduce
environmental impacts (Van Dam et al. 2015). Moreover, LCA can be used to identify trade-offs
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in decision making by facilitating the evaluation of life-cycle stages and multiple environmental
indicators. LCA is an approach for investigating the consequences of changes that, when
properly applied, considers system-wide effects and the entire life cycle. If the pavement LCA
does not consider all significant life-cycle stages and all appropriate environmental indicators,
the resulting policies, regulations and specifications that are intended to reduce environmental
impacts may have unintended negative consequences. This risk is greatest when changes are
made to one system part or life-cycle stage without evaluating the effects of the changes on the
rest of the system and the other life-cycle stages.

Inputs
- T T T T
W, P Recycle Remanufacture ~~Reuse WP |Recyere
M = Materials WP
= Energy ! s
W = Waste
P = Pollution Outputs

U=Transport / Qutputs can be translated into impacts

Figure 2-1. Generic life cycle of a production system for LCA (Kendall 2012).

2.3 Pavement Life Cycle

The pavement life cycle includes the material production, design, construction (new construction
as well as preservation, maintenance and rehabilitation activities), use, and end-of-life stages
associated with a pavement structure. These stages and some typical inputs and outputs for
pavement are shown in figure 2-2, with additional discussion provided in the following sections.

2.3.1 Material Production

Modeling the material production stage requires that each material input to the pavement system
be characterized by an LCI that includes the following processes: raw material acquisition,
material production (i.e., all transformation processes from raw material to finished material or
product), mixing processes (e.g., in asphalt or concrete plants), and transportation of raw or
finished materials between stages. As is expected in all LCAs, the inputs to these processes
should each be modeled from a life-cycle perspective and should include the LCI of the
background processes as well (e.g., in addition to accounting for the foreground process of direct
energy consumption, the LCI of the background processes for the production of the energy
should be included).
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Figure 2-2. Representation of pavement life-cycle stages (UCPRC 2010).
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2.3.2 Construction, Preservation, Maintenance, and Rehabilitation

The modeling of these stages requires that the following processes and impacts be considered:

e Equipment mobilization and demobilization (transport of equipment to and from the

project site).

e Equipment use at the site.

e Transport of materials (including water) to the site.

e Transport of materials from the site for final disposal, reuse, or recycling.

e Energy used on site (e.g., lighting for nighttime construction).

e Changes to traffic flow, including work zone speed changes and delay and diversions

where applicable.

In addition, changes to traffic over time should be considered in either the baseline modeling or a
sensitivity analysis. These considerations should include changes in both traffic growth and
traffic composition (i.e., vehicle type mix and technology) (UCPRC 2010). Many studies
exclude the consideration of equipment manufacturing and capital investments in construction-
related production facilities. That is an acceptable practice, but the exclusion or inclusion of
each item must be explicitly stated so that the boundaries of the analysis are clear which then

enables the interpretation of the analysis results in the appropriate context.

2.3.3 Use

Figure 2-3 illustrates various pavement characteristics and their impacts on the use phase of the

pavement life cycle. Many of these relationships are the focus of current research.

/Pavement Characteristib

ﬁmpacts on Pavement Use Phash

Structural
Responsiveness

Macrotexture

Roughness

Permeability

Albedo, Heat Capacity,

and Conductivity

N /

Figure 2-3. Selected pavement characteristics and their impacts on use-phase objectives (Van

Dam et al. 2015).
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These characteristics and their effects are summarized below:

e Pavement roughness, macrotexture and structural response can all affect vehicle fuel
consumption and, as a result, have potentially significant environmental impacts.

e Pavement surface texture, roughness and other characteristics affect the intensity and
frequency spectra of noise generated from tire-pavement interaction. This noise may
impact humans inside of vehicles as well as human and animals within the acoustical
range of the vehicles operating on the pavement.

e Pavement transverse profile, surface texture and permeability affect surface friction and
the potential for hydroplaning, which can, in turn, impact pavement safety.

e The permeability of the pavement system impacts storm water runoff volume and flow
rates. Pavements that are partially or fully permeable can reduce peak flow rates by
holding precipitation within the pavement structure and slowly releasing it to the
environment. This can reduce pollution flow into receiving water bodies and moderate
resulting changes in the temperatures of those waters.

e The albedo (reflectance), heat capacity and thermal conductivity of the pavement all can
affect the absorption of solar energy into the pavement and the emission of reflected and
thermal energy from the pavement. These processes can potentially have both negative
and positive impacts on energy consumption (through building and vehicle
cooling/heating systems), air quality and human health (depending on a number of
factors). In some applications, the albedo of the pavement may also have an impact on
the energy needed for nighttime lighting and the visibility of pavement markings (safety
considerations).

Decisions that impact the selection of these key pavement characteristics must recognize and
consider many trade-offs, including many that affect important safety issues. It also must be
recognized that many use phase effects are not yet well quantified; thus, considerable uncertainty
exists, particularly when considering long analysis periods (e.g., 50 years or more).

2.3.4 End of Life

At pavement EOL (as well as during some rehabilitation activities), materials often become
available for recycling, reuse or disposal. Just as in the other life-cycle stages, data are analyzed
with respect to the EOL phase concerning equipment use and related fuel consumption, the reuse
of materials, and the “production” of recycled materials like reclaimed asphalt pavement (RAP)
or recycled concrete aggregate (RCA). Recycled materials are typically used in new pavement
construction projects in the base or the pavement surface layers, and may be used in project fill
and other applications. In rare circumstances, materials may be transported to a landfill for
disposal.

In LCA, pavement recycling and reuse present a challenge concerning the partitioning or
allocation of impacts and benefits between the originating pavement project and the receiving
pavement project. One example is associated with the use of RAP, which can be used in
significant quantities to replace aggregate and binder in new asphalt pavement. In this case, the
question arises as to how much of the associated environmental benefit is allocated to the older
pavement (or to the industry producing the recycled material) and how much to the new
pavement being constructed. Allocation issues can also cross industry boundaries, such as when
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fly ash, a “waste” product generated from the burning of coal in electrical power plants, is used
as a desirable cementitious material to replace portland cement in concrete.

Although there are several methods of allocation, there is currently no consensus on how to
perform these allocations for the recycling of pavement materials. A general consensus among
LCA practitioners and those involved in evaluating products and systems is that the allocation
rules should be set up using the following criteria:

e Incentivize practices that reduce environmental impact.
e Prevent double counting of credits and the omission of important items.

e Reflect what is actually happening as closely as possible to ensure fair treatments of all
stakeholders.

e Be transparent so that all parties can understand how allocations are performed and how
they influence the results.

2.4 The LCA Process

LCA invites practitioners to use a systems-based approach that includes the full life cycle of a
material, product, pavement or pavement system (i.e., “from cradle-to-grave”). However, it
should be noted that LCA can also be applied to only selected life-cycle stages (e.g., “from
cradle-to-gate”), depending on the goals and objectives of the LCA.

For pavements, the life cycle is typically defined to include the material extraction and
production, construction, use, maintenance and rehabilitation (M&R), and EOL phases. Each of
these stages is affected by the pavement design, which results in the selection of pavement
structural layers and materials that, along with construction quality, determine the performance
of the pavement for the given traffic, climate and native soil.

The general LCA process is described and governed by a series of standards produced by the
ISO. The overarching requirements and guidelines are presented in the ISO 14044,
Environmental Management — Life-Cycle Assessment - Requirements and Guidelines (ISO
2006b). From this standard, and as shown in figure 2-4, an LCA study consists of four phases,
which are briefly described in the next sections and expanded upon in subsequent chapters:

Goal and Scope Definition.
Inventory Analysis.

Impact Assessment.

b=

Interpretation.
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Key stepsinclude
goal and system
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essentially, what
can be left out of
the LCA?

Goal
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Life Cycle ‘

Inventory
Assessment
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Impact
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Assessment

uonelaadiaju)

The “accounting”
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track all the inputs
and outputs from
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of the impact
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the Goal

Figure based on I1SO 14040, adopted from Kendall ?

Figure 2-4. Illustration of the life-cycle assessment framework (Kendall 2012).

2.4.1 Goal and Scope Definition (see chapter 3)

The first phase in an LCA 1is the definition of the assessment goals and scope. These help to
determine the key features of the analysis, including the depth and breadth of the LCA, which
can vary considerably with the overall goals. Some of the key items that are considered include:

e Goal. Goals for an LCA must first be set by the organization performing the LCA in
order to determine the type of study, the scope and the approach for assessing impacts
and making decisions. Goals will likely differ between agencies, depending on their
overall environmental objectives, policies, laws and regulations, all of which should be
based on the environmental values of the agency that produces them.

e Scope. The scope of an LCA defines the system analysis boundary (i.e., what is and is
not to be included in the LCA). The scope should address the life-cycle stages and
processes to be included, identify the geographic and temporal boundaries of the analysis,
define the functional unit of analysis, and define the required data quality. The selected
scope should depend on the established LCA goals. The following are important elements

that are defined in the scope:

— Functional Unit. The functional unit describes what is to be studied by defining the
physical unit and performance specifications that must be met. For pavement LCA,
the functional unit might be a particular length of pavement with a specific geometry
(e.g., a certain number of lanes and shoulders of a specified size) that meets the
acceptance criteria set by the responsible agency over a specified length of time. All
of the LCA results will be expressed against this functional unit, which can be

considered to be a normalizing step.
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— Analysis Period. This is the period of time addressed by the LCA. Selection of the
analysis period is important for considering the impacts of changes in pavement
performance, vehicle technologies, energy sources and traffic volume and
composition, and more, over time. The analysis period should be long enough to
capture the next rehabilitation or other major event whose timing is influenced by the
current decision. Most LCA studies implicitly assume that current technologies and
practices will remain somewhat constant over time and can be modeled forward
(Harvey, Meijer, and Kendall 2014).

2.4.2 Inventory Analysis (see chapter 4)

The second phase of an LCA, the life-cycle inventory analysis phase, is where environmental
flows (e.g., inputs of material, energy and resources, and outputs of waste, pollution and co-
products) are identified and quantified for the system being studied. To perform an inventory
analysis, a model of the process being analyzed is set up using the functional unit and system
boundary definitions. The flows of materials and energy into the process model are then
identified and calculated for each life-cycle stage, as are the waste and pollution flows coming
out of the process (see figure 2-1). Collectively, these data are typically referred to as the life-
cycle inventory (LCI). For a typical asphalt or concrete mixing plant, typical flows include:
energy consumption in the form of electricity, fuel oil, or natural gas; raw material consumption
in the form of aggregates, asphalt binder, cementitious materials, and water; and output flows,
such as emissions and waste. Typically, all of these inputs and outputs are traced all the way
back to their origins. For aggregates, the origin is commonly the quarrying processes; for natural
gas, origin inputs include the processes of setting up the gas well and delivering the gas. Similar
considerations must be used for each flow (Harvey, Meijer, and Kendall 2014).

Data for these processes can be obtained from a number of sources, including existing public
data, commercial data available for purchase, and even project-specific, on-site data collection.
In practice, a combination of these data collection approaches may be necessary, depending upon
the LCA scope, and the collected data will often require appropriate spatial and temporal
corrections. Some examples of approaches to data collection are included in recent literature
(e.g., Weiland and Muench 2010; Mukherjee, Stawowy, and Cass 2013; Santero et al. 2011; and
Wang et al. 2012).

No matter what data are used, it is important to report the type of data and their quality in order
to identify which data are influencing the conclusions of the assessment, as well as to perform
sensitivity analysis on those inventory data sets that are the most influential. General guidance
on data quality and data-quality indicators is available from ISO (2006a; 2006b).

2.4.3 Impact Assessment (see chapter 5)

The life-cycle impact assessment phase (LCIA) is the third phase of the LCA. The purpose of
LCIA is to develop a better understanding of the environmental significance of the LCI by
translating environmental flows into environmental and human health impacts. Impacts
generally fall into the broad categories of:

e Depletion of resources.

e Impacts on humans.

e Impacts on nature (ecosystems).
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LCA studies usually include a selection of impact categories that are most relevant to the specific
project goal and scope, and can range from a narrow focus on energy and energy-related
emissions to a full set of impact categories. A list of typical impact categories is included in
table 2-1. The most commonly used impact categories in the U.S. are based on the TRACI
(“Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts”)
impact assessment methodology developed by the US Environmental Protection Agency (EPA).
The most recent version of this tool, TRACI v2.0, was released in 2012 (Bare 2011; EPA 2012).
The most widely used global impact assessment method is the CML (Center for Environmental
Studies at the University of Leiden, the Netherlands) methodology (Guinée et al. 2002), which
was most recently updated in April 2015.

2.4.4 Interpretation (see chapter 6)

In the final phase, interpretation, the overall results are summarized and discussed as a basis for
conclusions, recommendations and decision making in accordance with the defined goals and
scope. Proper LCA practice, as defined by ISO 14044, includes an interpretation phase where
the results are presented for the functional unit, the major environmental contributions are
identified and explained in terms of where the environmental impacts are most pronounced, the
data uncertainty and variance are noted, and sensitivity analyses are conducted for the most
important methodological assumptions.

Table 2-1. Typical LCA impact categories.

Group Impact Category

Fuel, nonrenewable!

Resources, nonrenewable
Resources, nonrenewable, secondary
Fuel, renewable

Resource, renewable

Resource, renewable, secondary

Energy use

Resource, renewable

Resource use 2
Resources, nonrenewable

Climate Change'-?
Ozone layer depletion':?
Emissions |Acidification':?
Tropospheric ozone'2
Eutrophication'?

Human toxicity?, respiratory’
Human toxicity, carcinogenic!

Human toxicity, noncarcinogenic'

Toxicit ..
Y Ecotoxicity', fresh water?
Ecotoxicity, marine water?
Ecotoxicity, soil?
Water Fresh water use
Hazardous
Waste
Nonhazardous
! Part of TRACI
2 Part of CML
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Uncertainty in LCA results is a natural outcome of inherent data variability, input uncertainty
and model imprecision (ISO 2006b). Pavement LCAs should include an analysis of uncertainty
in the functional unit, analysis period, LCI data, system boundary assumptions, and impact
assessment. Some examples of the sources of uncertainty include limitations in the data used,
uncertainty in predicting future changes in traffic and technology, and assumptions in the
allocation of impacts for reused and recycled materials.

ISO 14044 states that the most important aim of LCA studies is that they be reported
transparently so that readers can review the goals, scope, and conclusions of the study. ISO
14044 also requires an independent review for LCA studies that compare alternatives; a review
panel is typically convened for that purpose (Harvey, Meijer, and Kendall 2014).

2.5 Standardization

The need to standardize the LCA methodology to ensure consistency in the process led to the
development of LCA standards in the early 1990s by the ISO, as documented in their 14000
family of standards. Key standards related to LCA in this series are:

e ISO 14025, Type 11l Environmental Labels and Declarations - Principles and Procedures
(ISO 2006¢).

e [SO 14040, Environmental Management — Life-Cycle Assessment - Principles and
Framework (ISO 2006a).

e [SO 14041, Environmental Management — Life-Cycle Assessment - Goal and Scope
Definition and Life-Cycle Inventory Analysis (ISO 1998).

o ISO 14042, Environmental Management — Life-Cycle Assessment — Life-Cycle Impact
Assessment (ISO 2000a).

e ISO 14043, Environmental Management — Life-Cycle Assessment — Life-Cycle
Interpretation (ISO 2000Db).

e SO 14044, Environmental Management — Life-Cycle Assessment Requirements and
Guidelines (ISO 2006b).

This document is aligned with ISO 14000 standards for the following reasons:

e The ISO 14000 family of standards is generally accepted worldwide by material-
producing and product-manufacturing industries as the primary standard describing LCA.

e The ISO 14000 family of standards promotes completeness and transparency of LCA
studies based on worldwide consensus for best practice.

e Adhering to the ISO 14000 family of standards leads to consistency and compatibility of
practice across industries, which results in information that is easier for consumers of
LCA studies to use effectively and efficiently.

While the ISO 14000 family of standards (particularly ISO 14040 and 14044) define a
commonly accepted standard method for LCA, specifics can vary greatly from one application to

another. As a result, each industry must develop its own approaches for the implementation of
the ISO standards.
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The LCA approach developed and used by an industry to produce EPDs or other types of
“ecolabels” 1s called a Product Category Rule (PCR), and the applicable ISO standard is 14025
(ISO 2006¢). A commonly cited set of LCA standards specific to building materials is published
by the European Committee for Standardization under Technical Committee 350 (Sustainability
of Construction Works) and includes a standard for EPDs published as EN15804 (CEN 2013).
These and other standards and guidelines for LCA are referenced throughout this document for
application to pavement LCA.

Examples of the benefits of standardization include the consistent modeling of cement for
concrete, whether it is used in buildings or for pavements, and the consistent modeling of the use
of oil, whether it is used as a pavement material resource or as an energy resource. Alignment
with and adherence to the ISO standards aims to improve the general practice of LCA, providing
consistency across different applications, including pavement LCA.

2.6 Approaches for Implementing LCA “Thinking”

It is recognized that LCA concepts are new to many agencies and potential users. The following
steps can be taken to begin including LCA concepts in decision-making processes even without
conducting a full LCA:

1. Identify questions to be answered and specific environmental goals to be achieved. In
many cases, the questions regard the impact of a change in policy or the design of a
specific project as compared with current practice (the “base condition™).

2. Define system boundaries and identify items that are the same across a comparison study
so that they need not be considered in the analysis.

3. Define the functional unit and the approach required for sensitivity analyses for
evaluating a policy, including the determination of specific project variables and a
number of cases that span the expected ranges of conditions.

4. Identify the types of operations and materials that occur within the system, and determine
how their types and numbers change for the options being considered. A comparison of
units of something used or consumed may be enough to identify the net effects of the
proposed change on the system, particularly if only one type of input or output changes.

5. Identify appropriate environmental data sets (i.e., life-cycle inventory data) needed and
continue with the LCI, impact assessment and interpretation phases of the LCA as
described previously.

The completion of the first four items of this process often help to determine whether a full LCA
needs to be completed, or whether it is clear that one alternative will have a reduced
environmental impact (Harvey et al. 2013).

2.7 Potential Agency Application of LCA

The current use of LCA in pavement applications is rather limited and only a few agencies are
working to apply LCA in a consistent way. Still, there are a number of examples that illustrate
how LCA can be used for a variety of purposes. Some specific examples of applications of
pavement LCA by agencies in North America are shown in table 2-2, the most common of which
include:
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Selection of a material or pavement structural design in conjunction with LCCA
(example 1.a).

Evaluation of the impacts of potential changes in a policy or specification (example 2.e.).

Development of LCA tools for screening or detailed LCA for the scoping or design of a
project (example 2.h).

Evaluation of scenarios for network-level decisions and strategies for preservation,
maintenance and rehabilitation (example 3.1).

Development of pavement material EPDs (example 4.k).

2.8 Summary

This chapter presents a brief primer on the principles, components, and application of LCA for
pavements. The application of LCA can help support decision making regarding changes to
policies and practices to reduce the impacts of pavements on humans and the environment while
identifying potential unintended negative consequences. More detailed information on LCA as it
applies to pavements is available elsewhere (e.g., SAIC 2006; Kendall 2012; Harvey, Meijer, and
Kendall 2014; and UCPRC 2010).
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Table 2-2. Application of LCA for agencies.

ISO Use Case (Application)

Example

1. Identifying opportunities to a. Pavement material or structural design selection (in conjunction with LCCA).
improve the environmental b. Pavement material procurement optimization.
P er.formanc.:e ofprod}lct.s at Evaluation of the potential benefits of the use of higher recycled content or on-site
various points in their life . .
recycling of pavement materials.
cycle.
2. Informing and guiding d. Identify the effects of potential changes in a project. These are typically
decision makers in industry, comparisons of alternatives for pavement material types and sources, pavement
government, and structural designs, pavement type, design lives, future maintenance and
nongovernmental rehabilitation scenarios or other types of project-specific plans and specifications.
organizations for a number of The project can be for a new pavement, rehabilitation or maintenance for a single
purposes, including strategic project. This type of study would typically be done by or for a project designer or
planning, priority setting, planner who is comparing alternative strategies for treatment of an existing
product or process design pavement or constructing a new pavement. An example would be considering the
selection, and redesign. effects of an improvement in the maintenance and rehabilitation programs to
extend the pavement service life or improve smoothness.

e. Identify the effects of potential changes in a policy. Studies used for policy
assessment usually consider changes in specifications, design methods, standards,
or project- or network-level goals that will be applied across all projects and all
scenarios for network management. The assessment is often performed by
completing an LCA study on a set of example cases selected to sufficiently
characterize all expected applications of the change to projects or the network for
the purposes of deciding whether or not to make the change. This type of study
would typically be done by a pavement engineer or planner to answer questions
posed by internal or external stakeholders before moving ahead with changes.

f.  External communication of improvements in pavement life-cycle design and use
by comparing environmental performance over time (i.e., current project vs
projects from before).

g. LCA-based environmental performance as part of the procurement process in the
design-bid-build (low-bid) project-delivery system, as it is being used in some
European countries.

h. Development and application of LCA tools for screening or detailed project-level
LCA.

3. Selecting relevant indicators of |i.  Identification of relevant and significant indicators over which an agency has

environmental performance control from a network-level LCA approach. This type of study focuses on

from a system-wide decisions or scenarios regarding the timing and types of preservation,

perspective. maintenance, rehabilitation and reconstruction treatments for a set of pavements
that are managed as a network. This type of study is typically performed by or for
pavement management staff in order to answer questions posed to the pavement
management unit internally or by external stakeholders regarding the entire
network or subsets within the pavement network.

j. Prioritize LCI database development at either the state (regional) or national level.

4. Quantifying information on k. The development of an EPD following the PCR for the product that is the subject

the environmental
performance of a product or
system (e.g., to implement an
eco-labeling scheme, make an
environmental claim or
produce an environmental
product declaration statement).

Ju—

of the EPD.

While some pavement materials used in pavement LCA are in the process of
developing (or have published) EPDs, there are currently no programs available in
the U.S. market for environmental claims on a pavement structure level. It is
generally expected that this case will not be common in North America because
pavement structures are generally individually designed for unique conditions for
each project. They are also often designed by the owner (rather than the producer)
without knowing the precise sources of the construction materials that will be used
and, therefore, cannot be assessed generically with an EPD.
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CHAPTER 3. GOAL AND SCOPE DEFINITION

3.0 Scope of Pavement Systems

It is recognized that sustainability is a system characteristic, and pavements are but one part of
the transportation system. The pavement system is defined as the structure constructed above the
native undisturbed subgrade soil, typically constructed in distinct layers and including compacted
or stabilized subgrade, bound or unbound subbase(s)/base(s), and the wearing surface. Broadly,
this encompasses pavement structures in a number of different facility types, such as highways,
streets, roads, shoulders and parking areas. The focus of this document is on pavement structures
in mainline and shoulder applications for highways and roadways that are typical of those
managed by State highway agencies. Furthermore, only hard surfaced roadways are considered,
including those surfaced with various types of asphalt concrete (AC) and hydraulic cement
concrete (HCC). For the purposes of this document, all surfaces constructed with asphalt
materials are generically referred to as “asphalt” pavements, whereas all surfaces constructed
with HCC are generically referred to as “concrete” pavements.

There are a number of items related to highways and roadways that are not included or
considered in this document; examples include:

e Planning.

e Capacity.

¢ Roadway striping.

e Roadway signage and message boards.

e Barriers and other safety appurtenances.

e Ice and snow management.

e Roadside management.

e Drainage structures.

e Bridges and other structures.

3.1 Introduction

The first step in any LCA study is to define the study goal(s) and scope. A precise definition of
the goal is needed to clearly identify system boundaries and the functional unit that will be used
throughout the LCA study, including the subsequent phases of establishing the LCI, conducting
impact analyses, and effectively interpreting and reporting the results. A well-defined goal helps
to determine which processes and flows within the system boundaries are to be included or
excluded from the study.

Once the goal of the study is defined, the scope is developed to include the following items (ISO
2006a; Harvey et al. 2010):

e Definition of the product(s) to be studied in terms of the function(s) or service(s)
provided.

e Definition of the functional unit and analysis period, which are needed to relate the
impacts to a unit of service over a defined period of time.
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e Determination of the system boundaries and life-cycle stages, which are needed to decide
which material flows and emissions are included in the study and which ones are
excluded.

e Selection of the allocation procedures that are to be used when assigning flows to
multiple products that come from the same process, or to multiple processes that are used
for a single product.

e Seclection of the indicators and their subsequent interpretations to be used to determine
progress toward the goal, including environmental indicators of selected aggregated
flows from the life-cycle inventory and impact indicators calculated for selected impact
categories using an impact assessment methodology.

e Documentation of the /imits of the study in terms of the scope definition (particularly
what will be left out of the study and why), limitations of data availability and quality for
each life-cycle stage, which indicators have been selected and which have not (and the
resulting limitations on the ability to calculate impacts), and the limitations of the
sensitivity analysis.

¢ Identification of the data requirements and data-quality requirements to ensure that data
used to determine flows, calculate impacts and perform sensitivity analysis of the
interpretation of the results are sufficient to meet the goals of the study.

e Determination of the critical review process needed to meet the goals of the study and the
expectations of the intended audience for outside review.

e Determination of the reporting requirements (type and format) to appropriately convey
the results to the intended audience.

The first three items are discussed in detail in this chapter. Short introductions to the remaining
items are also provided in the context of how they should be considered in the goal and scope
definition process. More details on data inventories and allocation, impact assessment,
interpretation, critical review, and reporting are presented in chapters 4, 5, 6, 7 and 8,
respectively.

The development of the goal definition and scoping document works best if it explicitly follows
a process of the type shown in figure 3-1. Decisions in preceding phase of the goal and scope
definition are usually necessary in order to proceed to the next step in the scoping process.
Assumptions and limitations should be documented in each step of the goal-setting and study-
scoping processes for use in steps 7 and 8 shown in figure 3-1.

The process for goal and scope definition shown in figure 3-1 should be used for all LCA
studies. Different levels of complexity were discussed in chapters 1 and 2, including
benchmarking studies, LCA studies with a small set of impact category indicators and LCA
studies with a full set of indicators. As defined for this document, benchmarking studies are
generally considered to include all of the steps shown in figure 3-1 except that they will
generally not include impact indicator calculation.
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1. Define Goal
Intended Application
Intended Audience
Question(s) to be answered
Comparative and Disclosure
Attributional or Consequential

4, Determine Allocation Procedures
* Identify what processes need
allocation
Determine allocation approaches for
co-products and recycling

5. Select Impact Categories
* Relate to goal
* Review project and location specific
considerations

9. Define Data Requirements
* Sources of data
* Primary or secondary data
= Average data or specific data
* Preliminary sensitivity of results to
data sources

10. Define Data Quality Requirements
* Relate to goal
* Review data quality checklist

13. Complete Scoping Document for LCA
Study

2. Determine Functional Unit
Application
Analysis period
Location of use
Performance standard
Physical definitions or diversions

3. Define System Boundaries and Life Cycle Stages
* Define unit processes
* Determine “cut-off” criteria
* Determine sensitivity analysis criteria

6. Define Interpretation Process
* Determine approaches for handling
uncertainty in interpretation

7. Document Assumptions

8. Document Limitations
= System boundary and life cycle stage
truncation
Data quality and availability for each stage
Impact assessment data
Sensitivity data

11. Determine Critical Review Process
* Determine if critical review is needed
* If yes, determine critical review process

12. Determine Reporting Requirements
* Consider goal and audience
* Transparency documentation

Figure 3-1. Flow chart for developing goal definition and scoping document for LCA studies.

3.2 Guidance

The following sections provide guidance on each step involved in the development of the goal
definition and scoping document for LCA studies.

3.2.1 Define Goal

Common applications for pavement LCA studies are shown in table 2-2. It is often helpful when
identifying the goal of the study to refer to those generic application types. The matrix of
application type and complexity level is referred to throughout this and subsequent chapters.

Items that should be considered when defining the goal of the study are:

e Intended application.
e Intended audience.

e Question(s) to be answered.
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e  Whether the study is intended for o _
comparison with alternatives (referred to as a ||| Attributional and Consequential LCA

comparative study) or disclosure for a single Studies
decision or product. Most pavement LCA studies are
. o attributional, meaning they are based on
e  Whether the Study approach 18 attributional estimaﬁng the “flows and potenﬁa/

or consequential. environmental impacts of a specific

product system typically as an account of

The LCA study sponsors should stipulate the goal of || the history of the product” (ISO 2006a).

the study in terms of a question. The LCA This is useful in understanding the

.. . .. impacts of a pavement project or

practitioner should then determine whether this is a network, or for comparing alternatives for

single product/decision LCA or a comparative LCA, a pavement project (i.e., the choice of

and then whether the study is attributional or pavement type) that will not change the

consequential (see sidebar). Thus, the goal of the systems that they interact with, such as

pavement LCA can be any of the following four inducing price changes or consumer
options: behavior changes.

Attributional LCAs may not be

1. A single product or system attributional appropriate when considering future
analysis to determine the flows and impacts policies or tefo;;"O/OQieS”that change l‘ge
status quo of the overall systems inside
of the product or system. and outside the project or network.
2. A comparative attributional analysis, These types of change-oriented studies
comparing the flows and impacts of two or should take a consequential approach.

more products or systems. Consequential LCAs assess the

environmental impacts of changes to an
evaluated system. This can be useful in
evaluating system-wide impacts.

3. A single product or system consequential
analysis that considers how flows and

impacts will change within and beyond the Ad(ditionally, consequential LCA can be
system in response to decisions. useful for infrastructure and planning
. . . studies that evaluate decisions that have
4. A comparative consequential analysis, longer-term and more far-reaching
comparing the changes in flows and impacts consequences not considered in
within and beyond the system boundary due attributional studies. System boundaries

to alternative decisions. for consequential LCA should be set to
capture “unintended consequences” and
interactions of the pavement processes

Examples of the four types of studies are shown in being assessed with other systems.

table 3-1.Most pavement LCA studies are
attributional because most of the common uses of Consequential LCA is mostly used for
LCA in pavement applications rely on assumptions decision support at regional or national
that the systems in which pavements are built and levels, and focuses on the environmental

. . . impacts induced by decisions.
operated and the socio-economic and physical Consequential LCA often requires

systems that support pavement systems do not knowledge of the sensitivity of socio-

change substantially within the context of the economic and physical processes to the

question to be answered. intervention being studied for the
pavement systems and all other systems

The sponsors and the LCA practitioner should that will change (and their interactions).

review the goal definition statement to be certain
that it is fully understood and that there is agreement on its accuracy and its representation of the
problem under investigation before moving forward with the next steps of the LCA. The goal
will drive the scope of analysis, which may not require a full life-cycle approach. For example,
the analysis for a particular material may be a “cradle-to-gate” or a “cradle-to-landfill” analysis.
The LCA study should be redesigned if the goal changes.
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Table 3-1. Examples of the four different types of pavement LCA studies (single product vs.
comparative and attributional vs. consequential).

. Intended Intended
Question Type of LCA Study Application Audience

Customers who buy the
product, the company
commissioning the

What resource flows are used in producing a . . EPD who may use it for

pavement material and what are the resulting Smgble prodilct EP]()l for the given product design aI‘lid

emissions and impacts? attributiona product. 1mpr(.)\'/ement, an LCA
practitioners answering
other questions who
need inventory data
provided by the EPD.

Decide which

Which of two alternative types of alternative should be | People deciding which

rehabilitation have the least resource use and | Comparative used based on alternative to use and

environmental impacts over a set of attributional environmental those reviewing the

indicators? impact and resource | decision.

use.
Comparative
. . attributional Select best locations | Construction planners
What are the fuel use, local air pollution, and (benchmarking study, | for stockpiling and and project managers,

damage to pavement caused by truck
transportation required by alternative
locations for recycled materials stockpiles?

no impact indicators
calculated, only life-
cycle inventory for
flows of interest)

delivering recycled
materials to
construction sites.

local residents, and
permitting and other
government agencies.

What are the changes in environmental
impact for a region if pavement maintenance
and rehabilitation budgets are permanently
reduced by 20 percent and those funds are
instead put into transit and active

Support planning
decisions for

transportation, assuming no change in the size . Regional policy
. allocation of
of the pavement network? All systems that Single system . makers, all affected
. . transportation

would be affected should be considered, consequential b stakeholder
. . . . funding to meet o .
including mode choice for freight and - organizations, public.

e environmental
personal mobility, employment and travel oals
demand patterns, vehicle type selection for £0aIS.
rougher roads, vehicle maintenance and
replacement time, freight damage, and energy
type.
What are the life-cycle environmental impacts
of alternative new specifications for concrete Determine whether
and asphalt mix designs to include more the policy produces | Policy decision makers,
recycled materials? Considering alternative Comparative environmental industry groups
uses of the recycled materials and the consequential benefits compared affected (within and
replaced cement and asphalt binder outside to the current outside of pavements).
the pavement system, and changes in price specifications.
due to changes in demand.
What are the life-cycle environmental

falt ti t
consequences of alternative pavemen Reduce the
management treatment strategies in a . Pavement managers
. . . . environmental .
treatment selection decision tree? Consider Comparative . and financial planners,
) : impacts of network .
effects of alternate treatments on life-cycle consequential o affected industry
. . . within cost

costs, vehicle fuel efficiency, and changes in stakeholders.

the cost of newly developed treatments if
their use is increased substantially.

constraints.
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3.2.2 Determine Functional Unit or Declared Unit

The functional unit defines the system that will be studied and acts as the reference for scaling of
input and output data in any of the life-cycle stages of the product or service (Kendall and
Santero 2010, CEN 2013). The functional unit can be characterized by identifying the following
items (which are discussed in detail below):

e Application.

e Location where it will be used.

¢ Physical boundary definitions and dimensions (referred to as the “unit”).
e Performance standard.

e Analysis period.

For pavement systems, the functional unit should be a representation of the physical dimensions
and the quantified performance of the pavement (Harvey et al. 2010), which aligns with the ISO
14044 definition that the functional unit is the “quantified performance of a product system for
use as a reference unit” (ISO 2006a).

Whenever the goal of the study is the comparison of alternatives, it is essential that there is
equivalence of the definitions of the functional units of the alternatives so that they can be
compared without bias.

When the application of the product and its functional requirements are uncertain and not part of
the goal and scope of the study, then a declared unit may be used instead of a functional unit. A
declared unit can only be used when the scope of the LCA does not include all stages of the life
cycle beyond delivery to the gate of the plant and, therefore, functional requirements for the
stages will not be defined. The defined unit is typically defined in terms of its physical quantity
(such as mass, length, area or volume) and does not include any definitions of functionality.
Defined units are used for EPDs for materials which can be used in a number of applications and
are used to provide LCI information for component materials of composite materials. The
declared unit should relate to the typical (albeit not completely) defined uses of the material.
(CEN 2013, EeBGuide Project 2012)

Application

The application will determine the characteristics and components of the system based upon the
purpose that it is intended to serve. The application will have been determined when defining
the goal and is derived from the context of the goal question.

Location of Use

The location of use will influence the definition of a number of other elements of the functional
unit as well as later decisions, such as applicability of data, the importance of different impact
category indicators and the interpretation of the results. The location can be easily defined for
project-specific studies or when analyzing an entire network for a network-level analysis. The
owner of the functional unit will influence the standards being applied, the technology used for
materials, prevailing construction practices, and design methods and pavement management
criteria, as well as regulatory standards that may be relevant to the LCA. More careful
consideration of the location is needed when selecting a factorial of example projects for a policy
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analysis. For an EPD, the location will be for the location(s) where the product is produced. An
EPD can be for a single site producing a material, or may be an average or model representing
multiple sites (see chapter 5 for details).

Physical Boundary Definition and Dimensions of Functional Unit

The physical boundaries of the functional unit define the portions of the pavement structure to be
considered part of the pavement system at the location(s) included in the study. The dimensions
permit the determination of volumes, masses, surface areas and other quantities needed to
perform the LCA.

In general, an LCA study of a complete pavement system needs to consider the processes within
the entire physical boundaries of the pavement structure, including the surface, base, subgrade,
shoulder and drainage system. However, if the goal of the LCA does not include the complete
pavement system, then the system boundaries can be adjusted. For example, the physical
boundaries may include the mainline pavement but leave shoulders and ramps out of the system
(if they are the same for all alternatives being considered). Other choices to make when defining
physical boundaries include whether or not to include all of the pavement layers. For example, if
two alternatives for resurfacing are being considered, the layers that are not being touched by
either alternative may be excluded and the slopes of fill sections may be included or left out,
depending on the goal of the study.

Performance Standard

The performance standard for the pavement system(s) being evaluated is typically identified in
terms of the design life, functional life or another functional criteria, such as roughness or
specific levels of pavement distress. The performance standard should be appropriate for the
application, location and physical boundaries of the functional unit.

An important aspect of a functional unit is to define the functional performance standard metrics
that need to be met. This is usually accomplished by referencing performance metrics associated
with the standards of an owner and a geographical area. For pavements, these will be the length
of time (or, more likely, a specified number of traffic repetitions transformed to time) and
performance in that time period for metrics such as specified levels of distresses and roughness,
or other structural or functional condition measures. These metrics often vary between highway
agencies, and agency definitions and requirements may change periodically.

Performance unit metrics can play a crucial role in study interpretation, especially in comparative
LCAs where two different products offering the same service are compared. When the goal is a
comparative study, ISO 14044 (ISO 2006b) states that:

In a comparative study, the equivalence of the systems being compared shall be evaluated
before interpreting the results. Consequently, the scope of the study shall be defined in
such a way that the systems can be compared. Systems shall be compared using the same
functional unit and equivalent methodological considerations, such as performance,
system boundary, data quality, allocation procedures, and decision rules on evaluating
inputs, and outputs and impact assessment. Any differences between systems regarding
these parameters shall be identified and reported. If the study is intended to be used for a
comparative assertion intended to be disclosed to the public, interested parties shall
conduct this evaluation as a critical review.
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The performance standard will also be needed to determine the expected performance
characteristic metrics of the pavement (e.g., smoothness, distress, friction, reflectance and noise)
during the analysis period.

Some metrics used in comparisons, such as ride quality measured by IRI (with any appropriate
measurement technology adjustments), can likely be assumed to be comparable over some
pavement decisions being considered. Other metrics may differ over decisions such as pavement
type because they only occur on one type, such as faulting on jointed concrete pavement and
rutting on asphalt pavement. In such cases, consideration of the agency’s definitions of
comparable states for performance metrics should be given in the defined study goal and scope,
and comparisons of values for inherently different metrics, such as cracking severity levels in
concrete and asphalt pavements, should be identified for potential consideration in sensitivity
analyses.

For example, a performance standard for a project-level comparison of rehabilitation alternatives
could include the required design life, with design life based on distress and roughness
performance requirements for the materials, traffic and climate relevant to the location, the
materials and construction standards and specifications of the owner, and expected future
maintenance and rehabilitation interventions. For comparisons of alternative treatment scenarios
in a network level LCA, the performance standard could include the agency’s decision tree
criteria for treatment, network-level distress goals and budget constraints. For an EPD for a
material used in pavement, the performance standard should state what specifications or
standards the material will meet, and provide test data that will permit the audience for the EPD
to determine what standards and specifications it will meet.

Analysis Period

For pavement LCA, recommendations for analysis period selection aim to capture the impacts of
the current decision and its influence on subsequent maintenance/preservation treatments at least
through the life of the next major rehabilitation or reconstruction treatment event. Yet care must
be exercised to not unnecessarily increase the analysis period and subsequently raise the
difficulty and uncertainty of predicting future events.

When different pavement design options are to be compared, the selected analysis period should
be at least long enough to cover the life of the next major rehabilitation of the longest lasting
system (and should preferably extend through the lives of several rehabilitation treatments or the
first reconstruction) so that the effects of the current alternative on subsequent decisions are
considered in the analysis (see the commentary on analysis periods in section 3.3.2 for
application examples of this principle). A simple truncation rule should be applied to the
fractions of lives left over at the end of the analysis period for shorter-lived treatments. This
truncation rule amortizes the part of the life that is in the analysis period using a straight-line
reduction in functionality from the time of initial construction until the next major treatment, as
shown in in section 3.2.2

When one of the pavement systems or treatments in the LCA is extremely long lived, a
maximum analysis period of 100 years is recommended. When the longest lived pavement
system in the LCA will likely never receive a major rehabilitation or reconstruction and will
receive only maintenance and preservation treatments (e.g., for a pavement handling very low
traffic volumes), then a minimum 35-year analysis period is recommended (FHWA 1998).
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A good practice for state highway agencies and other organizations with established LCCA
guidance is to follow the same practices for selecting analysis periods for LCA, provided that
they essentially follow the guidance provided by US DOT and this document. Definitions of
maintenance, preservation, rehabilitation or reconstruction should follow established LCCA
practices for the agency. The FHWA provides definitions (FHWA 2005), including updated
definitions for preservation and maintenance at FHWA (2016).

Depending on its goal, the LCA study may consider less than the full life cycle of the pavement
decision. For example, the goal may be to only consider the materials and construction stages, or
only the use stage. Careful consideration should be given to analysis periods that do not extend
beyond the functional life of the next major rehabilitation or reconstruction in any pavement
LCA study. When such extensions are unavoidable, the reasons for not following the analysis
period recommendations presented here should be explained in the Goal and Scope
documentation.

3.2.3 Define System Boundaries and Life-Cycle Stages

Steps that must be taken to finalize the system boundaries and life-cycle stages are:

e Define unit processes.
e Determine cutoff criteria.

e Determine sensitivity analysis criteria.

Unit Processes

Unit processes refers to all processes that are part of the functional unit to be considered in the
pavement LCA study. The system boundaries are the set of criteria specifying which unit
processes are part of the system being analyzed and which are not (ISO 2006a). It is often
helpful to describe the system using a process flow diagram showing the unit processes and their
interrelations. Each of the unit processes included in the study should be defined in terms of:

e Where the unit process begins, in terms of the receipt of raw materials or intermediate
products.

e The nature of the transformations and operations that occur as part of the unit process.

e Where the unit process ends, in terms of the destination of the intermediate or final
products (ISO 2006b).

Cutoff Criteria

The system boundaries and life-cycle stages to be considered should be selected based on the
goal of the study. Based on ISO 14044 requirements, deletion of life-cycle stages, processes, or
inputs or outputs for a given process should only occur if the deletion does not significantly
change the overall conclusions of the study. In addition, any decisions to omit life-cycle stages,
processes, inputs or outputs should be clearly stated, and the reasons and implications for their
omission should be explained.

The exclusion of life-cycle stages could lead to incorrect conclusions with significant unintended
consequences. For example, the production of a particular material may have a low
environmental impact, but its durability may not be good, leading to frequent replacement, or it
may cause roughness that affects vehicle fuel use, or it may not be recyclable at the end of its
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life, all of which would not be considered if only the material’s production stage is included in
the study. Benchmarking studies that include only one or a few life-cycle stages should include
a statement regarding uncertainty caused by truncation of life-cycle stages in the documentation
of limitations. Similarly, the exclusion of elements of the pavement structure, such as subgrade
preparation or shoulders, should be considered with respect to the goal and scope of the study.

All elements should be included in single system attributional studies for pavement structures. In
comparative studies where certain elements are exactly the same throughout the analysis period
and have no impact on inputs or outcomes, these elements can be excluded and their exclusion
should be documented; the results of the analysis, however, will not be comprehensive in terms
of total impact, and this should also be documented.

Cutolff criteria are the criteria for excluding unit processes from the analysis (or excluding inputs
or outputs from unit processes) when those processes (or inputs or outputs) are not expected to
affect decision making. The establishment of cutoff criteria is considered acceptable practice and
is usually done to eliminate the effort of creating data inventories for flows that are not
impactful. Preliminary inventory data for these processes still must be collected and analyzed to
examine the expected impacts to determine whether cutoff criteria have been met. More
commentary regarding how to approach this problem in pavement LCA is presented in section
3.3.3.

The cutoff criteria used in a pavement LCA study should be established based on accepted
standards such as EN15804 (CEN 2013) or ISO 14044 (discussed in greater detail in section
3.3.3), and the assumptions upon which the cutoff criteria are established should be clearly
described in the scoping of the LCA. The effect of the selected cutoff criteria on the outcome of
the study should also be assessed and described in the final report as part of the sensitivity
analysis (the scoping of which is described later).

Several types of cutoff criteria are used in LCA practice to decide which processes, inputs and
outputs are to be included in the assessment. These include mass balance, energy balance and
environmental significance. All three of these criteria should be considered for cutoff in
pavement LCA. The identification of inputs based on any two or three criteria alone may result
in the omission of important inputs (i.e., inputs having significant effects on the third criterion)
from the study. For example, some pavement materials make small mass contributions to the
pavement but can have large environmental impacts for specific indicators, while other materials
with large mass or energy contributions can have large impacts on other processes, such as
transportation fuel use (in the case of materials with large mass contributions).

When the study is to be used in developing comparative assertions that are intended for
disclosure to the public, the final sensitivity analysis of the inputs and outputs data should
include the mass, energy and environmental significance criteria so that all processes and
inputs/outputs are included until greater than 95 percent of the contributions to the total of each
of the three types of criteria are included in the study (ISO 2006b). This cutoff threshold can be
difficult to meet, considering the uncertainty of pavement inventories at this time.

Sensitivity Analysis for System Boundaries

Sensitivity analysis is the use of systematic procedures for estimating the effects of the choices
made regarding assumptions, methods and data on the outcome of a study (ISO 2006b). A
process and criteria for using the sensitivity analysis to test which processes and inputs and

3-10



Pavement Life-Cycle Assessment Framework Chapter 3. Goal and Scope Definition

outputs should be included or excluded should be established as part of the scope definition.
Application of the cutoff criteria can only be done once the collection of inventory data has
begun. As inventory data are collected and impact analysis begins (see chapter 5), the system
boundaries may need to be adjusted based on the results of sensitivity analysis and application of
the cutoff criteria.

The following elements of the LCA study should be considered for system boundary changes in
pavement LCA:

¢ Functional unit.

e Analysis period.

e Processes and inputs and outputs for individual processes in the life-cycle inventory.
e Life-cycle stages.

e Traffic considerations in the use phase (defined later).

e Future rehabilitation and maintenance treatment types and schedule based on variability
of performance and alternative future decisions.

e Fleet composition.
— Speed distribution.
— Traffic growth change.
— Improvement of vehicle technology and emissions standards.

e Allocation methods (defined below and in chapter 5).

3.2.4 Determine Allocation Procedures

Allocation is the partitioning of the input or output flows of a process or a product system
between the product system under study and one or more other product systems (ISO 2006b).
ISO recommends that allocation be avoided wherever possible but, where allocation is
unavoidable, it is important that the input or output flows be partitioned in a practical way that
reflects their actual relationships with the product systems.

There are a number of situations in pavement LCA where allocation is currently needed,
including:

e Production of asphalt in a petroleum refinery, where allocation is needed because the
processes for producing asphalt also produce other petroleum products.

e Use of supplementary cementitious materials (SCM) in hydraulic cement concrete where
the environmental benefits of replacing some of the portland cement in concrete are a
result of using an SCM produced in a different process (e.g., fly ash produced in the
combustion of coal).

e The use of recycled materials where allocation is needed to account for the upstream
processes outside of the pavement system (e.g., asphalt binder from recycled asphalt
shingles from waste produced at a shingle factory) and the current pavement processes as
well. A similar situation can be applied to any materials coming into pavement from
industries that are primarily focused on nonpavement products.
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e Allocation of the environmental effects of recycling existing pavement materials into new
pavement materials (e.g., the use of recycled asphalt pavement in new pavement), for
which benefits and impacts can be attributed in part to both the new material and the
original material.

The tasks executed when determining allocation procedures as part of the goal and scope
definition are:

1. Identify what processes need allocation.

2. Determine allocation approaches for co-products, reuse and recycling.

The main points of the allocation procedures laid out in detail in ISO 14044 (ISO 2006b) are
summarized as guidance for pavement LCA practitioners in this document. The general points
are:

e The inputs and outputs should be allocated to the different products according to clearly
stated procedures that should be documented and explained together with the allocation
procedure.

e The sum of the allocated inputs and outputs of a unit process should be equal to the
inputs and outputs of the unit process before allocation.

e Whenever several alternative allocation procedures seem applicable, a sensitivity analysis
should be conducted to illustrate the consequences of the departure from the selected
approach.

Unit processes with inputs or outputs that may be subject to allocation should be identified and
documented when establishing which processes are included in the system boundaries.

Chapter 4 provides details regarding specific approaches to allocation.

3.2.5 Select Aggregated Flow, Impact Cateqgories and Impact Category Indicators

Life-cycle impact assessment (LCIA) is the phase of LCA aimed at understanding and evaluating
the magnitude and significance of the potential environmental impacts for a product system
throughout the life cycle of the product (ISO 2006b). The purpose of LCIA is to better
understand the environmental significance of the /ife-cycle inventory (LCI) by translating
environmental flows into environmental impacts that are presented in different impact categories.
Simple benchmarking studies will typically not include impact assessment, but will only include
evaluation or comparison of flows.

ISO 14044 requires that the LCIA phase include the following mandatory elements:

e Selection of impact categories, category indicators, and characterization models. This
includes selection of aggregated flow indicators.
e Assignment of LCI results to the selected impact categories (classification).

e (alculation of category indicator results (characterization).
The impact categories, category indicators and calculation methods should be selected in the

scoping phase of the LCA. Items to consider when selecting impact categories, indicators and
calculation methods as part of the goal and scope definition are:
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e The impact categories and indicators should support the goal of the study.

e The impact category and indicator selection should include project- and location-specific
considerations.

Guidance regarding specific impact category indicators for pavement LCA in the U.S. is
presented in chapter 5.

The recommended steps for selecting impact categories and indicators are:

1. Review the goal to determine whether the full set of impact category indicators is useful
for achieving the goal or, if not, which categories and indicators support the decision
making needed to achieve the goal and select those for inclusion in the study.

2. Review categories and indicators besides those that directly support the stated goal that
might be relevant to the sponsors or other project stakeholders (e.g., those directly
involved or those affected at the location) and select them for inclusion in the study. It
should be understood that different indicators will often move in opposite directions
(beneficial or detrimental) for a given decision, and that different stakeholders may have
different priorities regarding indicators.

3. Identify the calculation method for each indicator selected and the data needed to
calculate impact category indicators (see chapter 5).

4. Determine whether to conduct normalization and, if so, how normalization (often
achieved by weighting the indicators) will be conducted to support the goal of the study
and the needs of stakeholders. In accordance with ISO 14044, it is recommended that an
LCIA used in comparative assertions that will be disclosed to the public should employ a
sufficiently comprehensive set of impact categories; it is further recommended that the
comparison should be conducted considering impact categories one by one, rather than
by comparing a single summary score calculated by grouping all indicators into one
overall indicator.

The future time horizon for which LCI data will need to be collected should reflect the time
horizons considered in each impact indicator calculation. Further details are presented in
chapter 5.

Impact category indicator results can be normalized, grouped and weighted, but the decision
regarding how to handle those indicators needs to be identified in the scoping of the study.
Chapter 5 provides details on handling indicators and indicator normalization.

As part of an LCCA, the “time value of money” is usually included in the analysis in the form of
a discount rate. The discount rate reduces the present value of costs that occur throughout the
analysis period, with greater reductions applied to costs that occur later in the period. The
scientific LCA community has not agreed upon an equivalent to the discount rate for emissions
or energy use; therefore, emissions should be treated as having equal impact (without discount)
throughout the life cycle, except where dynamic characterization factors are available that
account for the changing effect of an emission over time (see section 3.3.5 in this chapter for
examples).
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3.2.6 Define Interpretation Process

Life-cycle interpretation is the phase of life-cycle assessment in which the findings of either the
inventory analysis or the impact assessment (or both) are evaluated in relation to the defined goal
and scope in order to reach conclusions and develop recommendations (ISO 2006b). The
process to be used for interpretation should be selected and outlined in the scoping of the LCA
study. The interpretation approach should be tied directly to the goals and other aspects of the
scope of the study.

The interpretation process to be used and documented in the scoping document should generally
follow the sequence of activities shown here (based on ISO 14044):

1. Identify the significant issues.

2. Evaluate the methodology and results for completeness, sensitivity, and consistency.

3. Draw preliminary conclusions and check that these are consistent with the requirements
of the goal and scope of the study, especially with regard to data-quality requirements,
predefined assumptions and values, methodological and study limitations, and
application-oriented requirements.

4. If the conclusions are consistent with the study goal and scope requirements, report them
as full conclusions; otherwise return to previous steps 1, 2 or 3, as appropriate.

More information regarding the interpretation process is presented in chapter 6.

3.2.7 Document Assumptions

All assumptions made in the previous six steps of the study goal and scope development process
should be documented as a part of the scoping of the LCA study. Assumptions that are
anticipated or known to be needed for subsequent phases of the study (i.e., inventory, impact
assessment, and interpretation) should also be documented. Documentation should include the
reasons for the assumptions and their expected effects on the results, as well as any changes in
assumptions made after the scope and goal have been initiated.

Typical assumptions made in the scoping phase can include reasons for truncation of life-cycle
stages and other aspects of the functional unit. Assumptions are also often made in pavement
LCA studies regarding the relevance of impact category indicators, and the use of only a few
indicators.

3.2.8 Document Limitations

The limitations of the study should be documented as a part of the scoping of the LCA study.
These should include documentation of the limitations imposed on any of the guidance items
discussed in this chapter, as well as any limitations that will be imposed during the subsequent
phases of the study (i.e., inventory, impact assessment, and interpretation). The reasons for the
limitations and their expected effects on the results should also be documented.

Items that should, as a minimum, specifically be considered when documenting the limitations of
the study in the goal and scope document include:

e System boundary and life-cycle stage truncation.

e Data quality and availability for each stage of the life cycle.
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e Impact assessment data.
e Data availability for sensitivity analyses.

e Methodological limitations in the LCA or underlying models.

3.2.9 Define Data Requirements

The scoping of the LCA study should describe the requirements for data to be used in the
inventory and impact assessment phases in order to be able to answer the questions posed by the
goal within the scope of the study. The goal and scope document for the LCA study should
identify the types and sources of data needed for each of the processes within the system
boundaries of each phase and identify any data limitations. Data can be obtained from primary
sources (€.g., measurements at production sites) and secondary sources (e.g., modeling),
including both calculated and estimated values.

Items to consider include:

e The need for primary or secondary data.
e The suitability of average data vs individual data measures.
e Sources of data.

e Preliminary sensitivity of results to data sources.

A single product or system attributional analysis to determine the flows and impacts of the
product or system will typically use either primary data from the producer of the pavement
product or information from multiple producers for a pavement system. Secondary data are
typically used to fill in gaps in primary data for composite materials and pavement systems.

A single product or system consequential analysis that considers how flows and impacts will
change beyond the system in response to decisions will typically require data for more than just
pavement products and systems. Further details are provided in chapter 4.

Data for a project-level analyses should be specific to the project and, where possible, should
include primary data from similar recent projects. Data for network-level analysis can be
selected to fill a factorial matrix representing the ranges of systems and conditions across the
network; alternatively, network-level databases representing the entire network should be used, if
available. Data for policy analysis should consider a factorial of pavements and conditions over
which the policy will be applied.

More information regarding inventory and impact calculation data is presented in chapters 4 and
5, respectively.

3.2.10 Define Data-Quality Requirements

According to ISO 14044, data quality is defined as “characteristics of data that relate to their
ability to satisfy stated requirements” (ISO 2006b). Therefore, the data-quality requirements are
dependent on the goal of the study and should be identified and documented in the scoping of the
LCA study. General considerations for determining data-quality requirements include:
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e Relate data-quality needs to the goal of the study, the indicators to be used, and the
sensitivity of the different results that will come from the study and their importance in
achieving the goal.

e Review project- and location-specific considerations.

Data-quality requirements should specifically address the following items (based on ISO 14044),
although the extent to which each of these considerations needs to be documented can be related
to their importance to the goal of the study:

e Time-related coverage: age of data and the minimum length of time over which data
should be collected.

e Geographical coverage: geographical area from which data for unit processes should be
collected to satisfy the goal of the study.

e Technology coverage: specific technology or technology mix.
e Data precision: a measure of the variability of the data values (e.g., variance).

e Completeness: percentage of flow that is measured or estimated. Missing data should be
explained, shown as a “missing value,” or shown with a modeled value with
documentation of the modeling in the goal and scope documentation.

e Representative: a qualitative assessment of the degree to which the data set reflects the
true population of data.

e Population of interest (i.e., geographical coverage, time period, and technology
coverage).

e Consistency: a qualitative assessment of whether the study methodology is applied
uniformly to the various components of the analysis.

e Reproducibility: qualitative assessment of the extent to which information about the
methodology and data values would allow an independent practitioner to reproduce the
results reported in the study.

e Sources of the data.

e Uncertainty of the information (e.g., data, models and assumptions).
Criteria for assessing data quality are presented in chapter 4.

The initial data-quality requirements can be addressed through preliminary sensitivity analysis
during the scoping of the LCA. The preliminary sensitivity analysis should consist of evaluation
of the impact category indicators and the different possible inventory sources, and the sensitivity
of the indicators to the uncertainty of the inventory sources for the different processes to be
included in the system boundaries. If the sensitivity analysis indicates inadequate primary data,
then secondary data are often sought as a replacement. Similarly, if the preliminary sensitivity
analysis indicates that there is little sensitivity of indicators to the quality of certain data
elements, then the level of data quality for those elements can be lower.

Figure 3-2 presents a simple flowchart for determining data requirements during the scoping
phase of the LCA, illustrating the movement from the goal and functional unit of the study to the
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indicators, to the data needs, and finally to the data quality to successfully achieve the study goal.
More information on data requirements is presented in chapter 4.

Based on initial

What data are sensitivity
needed to analysis, what

Goal of Study: What impact

What questions indicators are Data and data

to be answered needed to quality

calculate data quality is
indicators? needed for each
data element?

for functional answer requirements

unit? question?

Figure 3-2. Example process for determining data requirements (data source: CEN 2013).

3.2.11 Determine Critical Review Process

Decisions concerning the need for and nature of the critical review should be determined during
the scoping of the LCA study. The critical review evaluates how the LCA study is conducted
and whether it addresses the stated goals. It also evaluates the scientific rigor, the data and the
methodologies used throughout the study.

The steps in the critical review determination process are (based on ISO 2006b):

e Determine if critical review is needed.
— If no, document reasons why critical review is not needed.
— Ifyes:
» Determine the type of critical review needed.

» Develop and document the scope of the critical review and the mandate given to
the reviewers.

» Determine who will be selected to conduct the review (based on the expertise
required) and who will chair the review committee.

» Determine the process of the critical review, including the stages of review.

A critical review is probably not needed if the study results are to be informally used for internal
purposes, such as internal benchmarking for improving efficiency at a pavement materials plant,
for internal evaluation of a contractor’s construction operations, or for scoping estimates prior to
initiating a formal LCA study. Critical review is recommended if the results of the study will be
used for important internal decisions or benchmarking, and should be included in the scope of
the study if the results are to be communicated externally.

The type and format of the critical review report for the LCA study should be based on the study
goal and the intended audience for the study, and should be included in the scoping document.

The critical review process and mandate for the reviewers of the LCA study should be
documented in the scoping of the LCA study, including the type of critical review and the
qualification of the critical reviewers. In general, the mandate of the reviewers should be to
ensure that the LCA study and the methods used to perform it are consistent with ISO 14044,
including:
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e The methods used to carry out the LCA are scientifically and technically valid.
e The data used are appropriate and reasonable in relation to the goal of the study.
e The interpretations reflect the limitations identified and the goal of the study.

e The study report is transparent and consistent.

As part of the initial scoping, it should be determined whether the reviewers are internal or
external to the organization performing the LCA study and whether it is a comparative study.
External reviewers should be used for comparative studies that will be published for external
uses. External reviewers should also be used for important internal decisions or benchmarking
where there is insufficient independence between the reviewers and those who performed the
study to obtain a sufficiently unbiased review. Confidentiality agreements with reviewers
regarding the content of the LCA should be created as needed.

Details regarding critical review are included in chapter 7.

3.2.12 Determine Reporting Requirements

The results and conclusions of the LCA should be completely and accurately reported without
bias to the intended audience. The results, data, methods, assumptions and limitations should be
transparent and presented in sufficient detail to allow the reader to comprehend the complexities
and trade-offs inherent in the LCA. The report should also allow the results and interpretation to
be used in a manner consistent with the goals of the study.

Some key items to consider in developing the reporting requirements for inclusion in the scoping
document:

e (Goal and audience.
e Documentation of the scoping of all of the elements discussed in this chapter.

e Documentation of changes in the scoping and assumptions that occurred during execution
of the study.

e Transparency documentation.

The report format should follow ISO 14044 Section 6 when the results of the LCA study include
impact assessment and will be reported to third parties. More information regarding reporting is
included in chapter 8.

3.2.13 Complete Scoping Document for LCA Study

The final step in the preparation of the goal and scope documentation is to complete the
document and publish it for internal and critical review.

It is recommended that the outline of the final document for a complete LCA study (as defined in
the introduction to this chapter) follow the outline of the guidance given in chapter 8. For less
than complete LCA studies, the flowchart for the scoping document should be followed.
Reductions in scope can be reported under the same headers, noting that some elements did not
apply or were implemented with less rigor or detail. The outline of the scoping document should
follow the goal and scope flowchart developed for the study.
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The same applies to benchmarking studies where all steps should be included in the scoping,
although the system boundaries and life-cycle stages identified in Step 3 will typically be
reduced in scope, which will simplify the work in the succeeding steps.

3.3 Commentary

3.3.1 Define Goal

The goal of the LCA is needed to develop the scope for the LCA, and the goal should be
adequately defined to ensure that the breadth, depth, and detail of the study are compatible and
sufficient to address the stated goal (ISO 2006a).

The goals of LCA studies can be for evaluation of a single product or system or a comparison
between two or more products or systems; they can also make use of either attributional or
consequential analysis (ISO 2006a).

In an attributional study, the LCA study attempts to answer questions such as “What are the
flows and potential environmental impacts of a specific product system” or, in other words,
“How are things (i.e., pollutants, resources, and exchanges among processes) flowing within the
chosen analysis period for the pavement system of interest?”” (ISO 2006a; Harvey et al. 2010).
For example, a cradle-to-gate attributional LCA of an aggregate product would examine the
exploration and opening of the site, extraction, crushing, sorting, washing, in-mine transport,
washing, blending, dust control, erosion control and all other processes to the point at which the
product passed through the gate of the mine.

In a consequential study, the LCA study attempts to answer questions such as “What are the
environmental consequences of possible (future) changes between alternative product systems?”
or “How will flows beyond the pavement system change in response to decisions in the
pavement system?” A consequential LCA might ask the question: “What is the effect of a
change in specifications for aggregate for use in a pavement application?” The scope of the
model would change and would need to include the effects of change in demand for the product
from different sources and effects on transportation distances, changes in extraction and
processing processes, changes in equipment (including capital costs of producing new
equipment), and consideration of which mines would continue producing the given product and
which would not, as examples.

The range of possible purposes and goals for an LCA can include, but are not limited to, the
following (ISO 2006a):

e Environmental management systems and environmental performance evaluation (e.g.,
identification of significant environmental aspects of the products and services of an
organization).

e Environmental labels and declarations.

e Integration of environmental aspects into product design and development (i.e., design
for the environment).

e Inclusion of environmental aspects in product standards.

e Environmental communication.
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¢ Quantification, monitoring, and reporting of entity and project emissions, removals, and
validation.

e Verification and certification of specific environmental impact category indicators.
In addition, there are a variety of potential applications in both private and public organizations.

The definition of the goal of the LCA should include consideration of a full range of potential
risks to humans and the environment that might be expected from the systems being analyzed
and the decisions that the study will support.

3.3.2 Determine Functional Unit

Physical Boundary Definitions and Dimensions of Functional Unit or Declared Unit

For pavement, it is often important to define the physical dimensions used for the pavement
structure or material to be typical of pavement construction projects or delivery units of material
so that the LCA modeling is of realistic scale for the questions being asked. The functional unit
should include items of physical dimensions such as length, width, and number of lanes (in
special cases, such as parking spaces, the total area might be more appropriate), the inclusion or
exclusion of the shoulders and median. It should also include indicators of the performance of
the pavement (e.g., design life) and criteria for performance (e.g., safety, ride quality, traffic
levels, load spectrum, speed characteristics, climatic conditions and engineering specifications)
(Harvey et al. 2010).

The functional unit used for modeling processes in LCA should have a similar scale to be
applicable to the goal of the study and to be representative of its intended application.
Normalization to a convenient size for comparison or communication should only occur by
normalizing results from an appropriately scaled unit that is consistent with the intended
application, performance standard and location. For example, the unit for major highway work
should be scaled to match a typical project size, such as “full-scale highway construction,” “city
street repair,” or “localized patching,” all of which can later be normalized in terms of a
convenient unit for comparison and communication (e.g., lane-mile, yd* of pavement surface,
etc.). However, defining the functional unit as 1 m? (90 yd?) of a layer of material makes it
difficult to get reasonable data for materials production and construction (such as type of the
equipment used, or thickness and number of lifts), use, or recycling, or to be able to look at the
data or the LCA results and have a sense of reasonableness. It is better to define the functional
unit at the application level that defines the service for the end user. Therefore, pavement
functional units typically include a full pavement section (often expressed in lane-km or lane-
mile that has to function for a period of time.

Some studies normalize physical dimensions of the functional unit after full-scale modeling is
done to make it more comprehensible for the audience or to make it easier for comparison (e.g.,
by taking the lane-width or project-length functional units and then normalizing them into a unit
of volume). For example, normalization of the functional unit into volume for the material
production stage might be reasonable, but it has no meaning in the use phase, where the lane-
mile is much more relevant.

Defined (or declared) units are often used for materials used in pavement construction, such as
aggregate, crumb rubber modifier, water-reducing admixtures, water, lime, asphalt binder and
cement, which can be used in different quantities in a number of different pavement materials
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prepared using different processes and having different functional requirements. They may have
some properties which may contribute to the final functional properties of the composite
materials or works they are used in, but they do not completely define the functionality of the
final material or work they are used in. It is recommended that declared units be in terms of the
commonly used defining unit type (i.e., mass, volume, area or length) commonly used for
pavement design, procurement and construction for their product family. (CEN 2013)

Analysis Period

The time horizon or the analysis period refers to the duration in which the inputs and outputs
associated with the functional unit are inventoried; pavements in particular impose major
challenges because initial construction and future maintenance and rehabilitation events often
have different functional design lives (Harvey et al. 2010).

To make a reliable statement about the impacts of a product/service or to make a fair comparison
between alternative systems that offer competing products/service, the functional unit needs to
define an appropriate time horizon for analysis. Typically for pavements, the intention of setting
the analysis period is similar to that used for LCCA: capture the performance of the initial
product or service and its effect through the life of at least the next subsequent major
rehabilitation treatment, and preferably through the lives of following rehabilitation treatments or
the next full reconstruction.

The US DOT (2003) provides the following general guidance for selecting LCCA analysis
periods:

As a rule of thumb, the analysis period should be long enough to incorporate all, or a
significant portion, of each alternative’s life cycle, including at least one major
rehabilitation activity for each alternative (typically a period of 30 to 40 years for
pavements, but longer for bridges). In some cases, an analysis period long enough to
capture the life cycle of one alternative may require that a shorter lived alternative be
repeated during that period.

The FHWA (1998) provides this guidance regarding LCCA; it is also applicable to LCA:

LCCA analysis period should be sufficiently long to reflect long-term cost differences
associated with reasonable design strategies. The analysis period should generally
always be longer than the pavement design period, except in the case of extremely long-
lived pavements. As a rule of thumb, the analysis period should be long enough to
incorporate at least one rehabilitation activity. The FHWA's September 1996 Final
LCCA Policy statement recommends an analysis period of at least 35 years for all
pavement projects, including new or total reconstruction projects as well as
rehabilitation, restoration, and resurfacing projects.

At times, shorter analysis periods may be appropriate, particularly when pavement
design alternatives are developed to buy time (say 10 years) until total reconstruction. It
may be appropriate to deviate from the recommended minimum 35-year analysis period
when slightly shorter periods could simplify salvage value computations. For example, if
all alternative strategies would reach terminal serviceability at year 32, then a 32-year
analysis would be quite appropriate.
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The lack of specific standards for pavement also means that a range of functional units and
analysis periods have been used for pavement. An extensive literature review of available LCA
studies on pavements shows a wide range between functional units and time horizons considered
by the researchers, which most likely reflects different goals and different systems being
analyzed; these are presented in table 3-2. The analysis periods indicate that there is a wide
range of possible analysis periods for pavements, reflecting the wide range of pavement lives
(from 5 to 100 years). This makes the selection of an appropriate analysis period a balancing act
between reducing the uncertainty regarding the ability to predict future information (which calls
for shorter analysis periods) and the need to consider the ramifications of a given pavement
decision on future maintenance, rehabilitation and reconstruction decisions (which calls for
longer analysis periods).

Table 3-2. Example functional and declared units and analysis periods for LCA.

LCA Examples From
Element Literature

Rehabilitation project on interstate freeway

Maintenance of several miles of city street

One parking facility

One year of pavement maintenance and rehabilitation on entire state highway network

Normalized functional or declared units

1 km or mile, or project length

1 lane-km or lane-mile, or any number of lanes or lengths

1 m? or ft?> of pavement material, or unit area, or number, or project surface area

1 m? or yd* of pavement material, or unit of volume, or number, or project volume
1 ton of pavement material, such as asphalt, or scrap tire

1 hour of mixing plant output

Small network of 8 road segments with 2 lanes

Functional
Unit

Analysis {100, 50, 40, 34, 30, 25, 20, 18, 10, 5 years
Period | Material production and construction stages only

[lustration of recommended guidance for selecting analysis periods for comparison analyses is
given by the following examples.

e When comparing two new pavements or pavement reconstructions (see figure 3-3):

— The analysis period should be the time through the life of the first major rehabilitation
or reconstruction of the longest lived alternative.

— The impacts of the shorter lived alternative and all subsequent treatments up to the
end of the analysis period should be included, truncating the final included treatment
at the end of the analysis period.

e  When comparing a new pavement or reconstruction to a rehabilitation (see figure 3-4):

— The analysis period should be the time through the life of at least the first subsequent
major rehabilitation or reconstruction (typically the reconstruction) of the longest
lived alternative.
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— The impacts of the shorter lived alternative and all subsequent treatments up to the
end of the analysis period should be included, truncating at the end of the analysis
period.

e When comparing two rehabilitation or maintenance treatments (see figure 3-5):

— The minimum analysis period should be the time through the life of at least the next
subsequent rehabilitation treatment of the longest lived alternative if comparing
rehabilitation treatments, and through the life of at least the next subsequent
maintenance treatment of the longest lived alternative if comparing two maintenance
treatments.

— The impacts of the shorter lived alternative and all subsequent treatments up to the
end of the analysis period should be included, truncating at the end of the analysis
period.

e  When comparing a rehabilitation treatment to a maintenance treatment (see figure 3-6):

— The analysis period should be the time through the life of at least the first subsequent
major rehabilitation or reconstruction (typically the rehabilitation) of the longest lived
alternative.

— The impacts of the shorter lived alternative and all subsequent treatments up to the
end of the analysis period should be included, truncating at the end of the analysis
period.

2 New or Reconstruction

Minimum Analysis Period 55 Years = End of Life of First Major Rehabilitation = Intial Pavement or Reconstruction

or Reconstruction m 1st Major Rehab or Reconstruction
= 2nd Major Rehab or Reconstruction

Truncate Impact of Option 2 at End of Analysis

1 New or Reconstruction

New or Reconstructed Pavement Alternative

0 10 20 30 40 50 60 70
Years

Figure 3-3. Minimum analysis period recommendation for comparing two new pavement or
reconstruction alternatives (note: the arrow indicates truncation of the 2™ rehabilitation for the
shorter lived alternative at the end of the life of the first major rehabilitation or reconstruction of
the longer lived alternative at 55 years).
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2 New or Reconstruction

m Reconstruction or Rehabilitation Alternative

Minimum Analysis Period 50 Years = End-of-life of First Major = 1st Major Rehabilitation or Reconstruction
Rehabilitation for Longest Lived New or Reconstructed Pavement = 2nd Major Rehabilitation or Reconstruction

Alternative
= 3rd Major Rehabilitation or Reconstruction

Truncate Impact of Option 1 at End of Analysis Period

1 Rehabilitation

Reconstruction or Rehabilitation Alternative

0 10 20 30 40 50 60 70 80

Chart Area l Years

Figure 3-4. Minimum analysis period recommendation for comparing a new pavement or

reconstruction alternative to a rehabilitation alternative (note: the arrow indicates truncation after
the life of the first major rehabilitation for the longest lived alternative at 50 years).

VAl Rehabilitation

Minimum Analysis Period 40 Years = End-of-life of 1st Major Rehabilitation for Longest | ™ Rehabilitation Alternative
Lived alternative m 1st Major Rehabilitation

= 2nd Major Rehabilitation

Truncate Impact for First Option at End of Analysis
m 3rd Major Rehabilitation

Rehabilitation Alternative

1 Rehabilitation

0 10 20 30 40 50 60
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Figure 3-5. Minimum analysis period recommendation for comparing two new rehabilitation or
maintenance alternatives (note: the arrow indicates truncation after the life of the first subsequent
major rehabilitation for the longest lived alternative at 40 years).
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Figure 3-6. Minimum analysis period recommendation for comparing a rehabilitation treatment
and a maintenance treatment (note: the arrow indicates truncation after the life of the first
subsequent major rehabilitation for the longest lived alternative at 45 years).

After selection of the appropriate analysis period following the guidance given above, the total
results over the analysis period from comparison studies can be divided by the number of years
in the analysis period to provide an indication of average annual results, as was done in Wang et
al. (2012), for example.

Where there is a large degree of uncertainty in future treatments, for example where one
alternative has a much shorter initial life than the longest lived alternative and a large number of
future treatments must be assumed, then sensitivity analysis should be included regarding future
treatments.

1t is important to capture all costs that differ among the alternatives being compared.
Where uncertainty associated with future costs is identified, the analyst should assess its
potential impact on the alternative using appropriate risk analysis methods.

The time horizon might not always be in years. For example, a motor vehicle functional unit
could be defined as the miles driven, years of use, or both. Similarly, pavement time horizons
might be expressed in terms of traffic repetitions, regardless of the time period over which those
occur (Kendall and Santero 2010).

3.3.3 Define System Boundaries and Pavement Life-Cycle Stages

The following list represents a generic unit process (ISO 2006¢):
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e Inputs.
— Raw (intermediate) material.
— Ancillary material.
— Energy.
e Outputs.
— Products.
» Intermediate product.
» Co-product.
— Emission/waste.
» Emissions to Air.
» Emissions to Water.
» Emissions to Land.
» Waste for treatment.
Figure 3-7 (Harvey et al. 2011) shows a sample list of the elements of the processes in each stage
that can be included in system boundaries of the LCA study, depending on the goal and the

functional unit, although there is differing availability of calibrated models and approaches for
each process.

If the LCA is applied to a preservation, maintenance, or rehabilitation activity where the
base/subgrade/drainage remain unchanged and are not used for comparison and are not part of
the decision, then those aspects of the structural design can be left outside the system boundary.
Similar principles apply for the exclusion of parts of the pavement system, depending on the goal
of the study.

The following processes should be considered for inclusion in the stages shown in figure 3-7,
depending upon the goal of the study (Harvey et al. 2011):
e Material production stage:
— Raw or recycled material acquisition.
— Transport of materials to the processing unit.
— All the processes conducted on the materials in the plant.

— Various types of energy should be considered separately (see chapter 5 for more
guidance).

e Construction and maintenance and rehabilitation stage:
— Transport of equipment to the site.

— Transport of materials from the processing unit to site and, in the case of demolition,
transport of materials from the site to its final disposition (e.g., recycling plant or
landfill).

— Manufacturing and investments solely related to the construction project under study.
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Water use.
Electricity use for lighting during construction.
Traffic congestion (and extra fuel burned as a result) due to construction activity.

Temporary infrastructure built for the construction stage.

e Use phase:

Additional fuel consumption by the traffic due to initial condition of the pavement
and considering changes in pavement condition over the analysis period. The
pavement condition includes:

» Roughness (some calibrated models are available).
» Texture (some calibrated models are available).
» Structural response (models are available, calibration is underway).

Effects of ambient temperature changes in urban areas caused by the pavement
(modeling is currently being developed).

Electricity used during the use phase for lighting pavements if reflectance is
considered a function of the pavement (some information is available and some
agencies consider pavement reflectance in designing lighting requirements).

Leachate of pollutants into underground water through the pavement during rainfall.

Storm water runoff (models are available, but are not yet typically applied to
pavement LCA).

e End-of-life stage, considering the fate of the pavement that can include recycling and
hauling to a landfill:

Reuse and recycling.
Emissions and fuel use from demolition and hauling of debris.
Leachate from landfilling (availability of models is uncertain).

Leachate from formerly bound materials now being used as unbound base (no models
are currently available).
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If the goal does not require consideration of the full life cycle, LCA techniques can still be used
for studies that have other scope definitions, such as (ISO 2006a):

e Cradle-to-gate studies, which includes materials extraction and processing.
e (Gate-to-gate studies, which considers processing of a material in a plant.

¢ (Cradle-to-gate with options (which includes the product stage and selected further life-
cycle stages).

e Specific parts of the life cycle (e.g., waste management, components of a product, and the
use phase).

For pavement LCA, the purpose might be to characterize a category of projects with subsequent
policy- or decision-making implications, or it might be project specific, where information for
decision making is sought for a specific project. If the goal of the LCA is a framework that can
be used across multiple projects, information reflecting average temporal and spatial variability
may be needed. Conversely, in project-specific LCAs, site-specific and project-specific
information should be used (when available) to develop local results. This type of resolution will
be particularly important in the impact assessment phase.

Cutoff criteria for mass and environmental impact for pavement can often be established in the
regulations for reporting limits for different outputs applicable to the functional unit. This can
aid in data collection, since it is often difficult to find data for regulated items if they are
occurring below the reporting limit. A maximum cumulative indicator effect of five percent for
all cutoff flows is the recommended threshold for each of the criteria (mass balance, energy
balance, and environmental aggregated flows and impacts). The following are recommendations
for appropriate mass, energy and environmental impact criteria (ISO 2006b):

e Mass Impact Criterion. Criterion require the inclusion of all inputs that cumulatively
contribute more than a defined percentage to the mass input of the product system being
modelled.

e Energy Impact Criterion. Similarly to the mass impact criterion, energy impact
criterion require the inclusion of those inputs that cumulatively contribute more than a
defined percentage of the product system’s energy inputs. The various forms of energy
(i.e., primary, secondary, renewable, nonrenewable, used as fuel and stored in a material)
can be considered for cutoff and truncation, although ISO and CEN standards do not
differentiate what energy types to consider. In general, primary energy demand is used as
the energy cutoff criterion.

¢ Environmental Significance. Decisions on cutoff criteria should be made to include
inputs that contribute more than an additional defined percentage of the estimated
quantity of the product system components that are specifically selected because of their
environmental relevance.

While data inventories are available for many pavement materials, they are not available for a
number of materials used in small quantities that potentially have large energy and
environmental contributions. This occurs particularly when proprietary additives, admixtures
and modifiers are used in asphalt and concrete mixtures to improve their properties. In many
cases the chemical components and processes used to make these materials are proprietary and
are not disclosed, making it difficult to create a new inventory when one does not exist. At this
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time the following are possible approaches, suggested in order from short-term to long-term
recommendations:

1. Work with the product manufacturer:
a. Ask the manufacturer of the material for an EPD.

b. Ask the manufacturer for a list of active and inert materials included in the product
and for an estimate of their relative quantities.

c. If this information is not made available and further steps are not feasible, then the
LCA study must document this gap in the LCI and LCIA. Any indication of potential
effects on the outcome of the study from available information regarding the product,
such as the identification of at least some of the ingredients or ingredient family
types, should be discussed in the limitations of the study.

2. Work with a chemical or LCA consultant to identify materials in the product and develop
inventory and indicator information for the ingredients in the product or product family.
This approach can be facilitated through the use of technology such as Fourier Transform
Infrared Spectroscopy (FTIR), which can identify many known chemicals and are
increasingly available in pavement materials laboratories.

3. Require EPDs for all materials used in pavements.

3.3.4 Determine Allocation Procedures

The ISO standards for LCA prescribe a hierarchical preference for how to assign, or allocate,
environmental flows that occur in the modeling of the LCA. These allocations must be assigned
whenever a production system boundary is crossed. For example, when one pavement life cycle
ends and another begins, allocation must be utilized when assigning environmental impact to the
material that is recycled from the pavement (i.e., how much of the environmental impact of the
material stays with the original pavement and how much is transferred with the recycled material
to the new pavement).

A general consensus among LCA practitioners and those involved in evaluating products and
systems is that allocation rules should be set up to (based on presentations and discussions at the
2012 Nantes conference on LCA for civil infrastructure [see, for example Huang, Spray, and
Parry 2013] and the 2014 pavement LCA symposium held in California [see, for example, Geyer
2014)):

e Prevent double counting of credits or the omission of important items.

e Provide fairness between industries by reflecting as closely as possible what is actually
happening.

¢ Be transparent so that all parties can understand how allocation is applied and how it
influences the results.

Definitions of different materials and processes requiring allocation in pavement LCA are
presented in chapter 4, along with a discussion of specific approaches for allocation.

Double counting is not allowed in the ISO standards, and presents a major problem in the
transparency and use of LCA studies to effectively determine environmental burdens. This
problem is directly applicable in pavement LCA studies, particularly for two cases:
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e Case 1, when the pavement LCA uses a waste product (which means it has no economic
value) from a nonpavement industry and assumes that all of the environmental burden of
producing that waste lies with its upstream producer, while at the same time the producer
of that waste is reporting reduced environmental burden in producing the waste because
of the downstream recycling in pavement. Some examples of where this can occur
include:

— The use of construction demolition waste (CDW) from buildings for granular base
and subbase material.

— The use of fly ash from the burning of coal to reduce the use of cement in concrete.
— The use of blast furnace slag to reduce the use of cement and aggregate.
— The use of recycled tires in asphalt binders and other pavement applications.

e (Case 2, when a pavement LCA for a project uses recycled pavement materials from
previous projects. Some examples of where this can occur include the use of RAP in new
asphalt mixes and the use of RCA in granular bases, new asphalt mixes, or new concrete
mixes.

Currently, there is no authority in the U.S. or any other part of the world that can determine the
appropriate approach when there is double counting due to conflicting assumptions in LCA
studies in different industries or between different pavement LCA studies. The approach to be
used must be selected and documented, and it is recommended that any known conflicts with
other LCA studies for materials being used in the LCA study should be clearly identified in the
Assumptions section of the study.

Because alternative allocation approaches are often applicable to pavement processes, allocation
should typically be included in the sensitivity analysis for pavement LCA studies, as is discussed
in chapter 4. The sensitivity analysis for allocation methods should be documented in the
scoping of the LCA study.

3.3.5 Select Aggregated Flow, Impact Categories and Impact Category Indicators

Pavement LCA studies select indicators, including selected aggregated flows from LCI and
impact category indicators for selected impact categories that are most relevant to the specific
project goal and scope. These indicators can range from those that narrowly focus on energy and
GHG to a complete set of impact categories.

The most frequently used impact categories are GHG alone or GHG and energy used together.
These two impact categories tend to be correlated, since combustion of fossil fuels is often the
largest source of GHGs. Focusing on only these two categories ignores a number of important
environmental burdens that affect people, ecosystems and the depletion of material resources.
Work by Laurent, Olsen, and Hauschild (2012) and others indicates that many impact categories
have little or no correlation with global warming or energy use. In general, impact category
indicators that are not tied to the burning of carbon-based fuels are less likely to be tied to those
two commonly selected indicators.

Pavement LCA studies should include all aggregated flows and impact category indicators that
are relevant to the goal of the study. In addition, there may be large differences in the values or
importance of impact category indicators for different regions of the country. Some indicators
may be of much greater or lesser importance to different regions, such as fine particulate
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emissions in regions with good air quality compared to regions that are deemed Clean Air Act
nonattainment zones. The appropriate categories to meet the goal of the pavement LCA study
should be included in the selection of the aggregated flows and impact categories, and it should
not be assumed that energy use and global warming potential (GWP) are surrogate measures of
other impact categories. The selection of environmental indicators should include consideration
of the full range of potential risks to humans and the environment that might be expected from
the systems being analyzed and the decisions that the study will support.

Impact indicators occurring during the analysis period that include a time component in the
impact calculation model should consider time as prescribed by the model.

Nonrenewable energy use and other nonrenewable resource consumption indicators are defined
by whether they are replaced by nature within 100 years. For example, energy from biomass is
generally considered renewable within 100 years, while fossil fuels are not.

Wherever possible, it is recommended that impacts should be calculated based on regional values
rather than national or international averages. While global warming and ozone depletion have
global impacts that are independent of the emission site, the other impacts listed above often
have regional and local impacts with strong dependency on emission site (Rosenbaum 2014). It
should be noted that some of the TRACI impact categories are calculated as a national “average”
impact, while others include more sophisticated location-specific approaches and location-
specific characterization factors, as well as U.S. average values for use when the location of the
inventory data is not available (Bare 2002). Chapter 4 provides a discussion regarding
normalization techniques that can include regional differences in the impact categories.

The most common impact assessment methods found in the pavement LCA literature include
CML, IPCC (Intergovernmental Panel on Climate Change), Eco-indicator, and TRACI (from
EPA). However, most pavement LCI studies found in the literature did not follow these impact
assessment methods and, instead, used their own aggregation and presentation methods that
include a summation of impacts, like solid waste or individual emissions, rather than impact
assessment.

Current LCA methods treat emissions identically regardless of when they occur in a product’s
life cycle, which can lead to a miscalculation of their true effects on the various systems they
impact. Dynamic impact calculations can account for processes that have higher levels of
emissions that occur early in the impact calculation analysis period and, therefore, have a heavier
impact than an assumption of equal emissions over the analysis period would indicate because of
the greater exposure time for the system being affected. This is often true of pavements where
the initial materials extraction and processing period produces intense emissions over a short
duration at the beginning of the analysis period. Further reading regarding dynamic impact
calculation can be found in several of the references for this chapter (i.e., Pehnt 2006; Bjork and
Rasmuson 2002; Kendall, Chang, and Sharpe 2009; Levasseur et al. 2010; and Kendall 2012).

3.3.6 Define Interpretation Process

Comparisons between products should be interpreted on an impact category by impact category
basis, and not based on averaging or other calculations of summary statistics across impact
categories. Recommendations should be based on the final conclusions of the study and should
reflect the reasonable consequence of the conclusions. If called for by the goal and scope of the
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study, specific recommendations to decision makers should be explained. Decisions regarding
the approaches used for interpretation should be included in the scoping document.

3.3.7 Document Assumptions

The assumptions made for the LCA study, and any limitations on the full performance of a
complete LCA will affect the outcome of the study and the answers to the questions posed by the
goal of the study. Assumptions are often made in order to complete many of the scope elements,
but the significance of the assumptions made depends in large part on whether they change the
conclusions. Testing of assumptions with sensitivity studies and critical review are essential
elements of LCA, and those assumptions that are found to affect conclusions and
recommendations should receive additional attention (where possible) to reduce their
uncertainty.

3.3.8 Document Limitations

Limitations on different activities in the LCA in the inventory, impact assessment and
interpretation phases are often imposed to reduce the cost and time necessary to complete the
study, or because of other limitations on resources, such as scarcity or uncertainty of data.
Examples for pavement LCA include limits on the extent of the life cycle in the study, gaps and
uncertainties in data, the use of secondary data (as opposed to recent primary data) for processes
that may have regional or temporal changes, variability in processes (particularly when
deterministic values are used), and lack of regional impact indicator calculations for impact
categories that are sensitive to regional differences (such as emissions affecting air quality).

3.3.9 Define Data Requirements

European Standard EN 15804 recommends that, as a general rule, specific data derived from
specific production processes or average data derived from specific production processes should
be the first choice. In addition, the following requirements are recommended:

e Representative average data should be used when calculating indicators for an average
product or process.

e An LCA describing a specific product should be calculated using specific data for at least
the processes that are germane to the goal of the study or to the product being assessed in
an EPD. Generic data may be used for the processes that are not essential to the question
being asked, or that the producer or operator cannot influence for a product or operation
(e.g., processes dealing with the production of input commodities, often referred to as
upstream data). Suitable data types are by process are summarized below:

— Upstream processes: generic data.
— Processes essential to achieving goal of study: specific data.
— Processes over which manufacturer has control for an EPD: specific data.
— Downstream processes: generic data.
e Documentation of technological, geographical and time related representativeness for

generic data should be provided in the project report.

Moreover, in determining data requirements, both regional applicability and temporal
applicability to the goal and functional unit of the study should be considered and appropriate

3-33



Chapter 3. Goal and Scope Definition Pavement Life-Cycle Assessment Framework

technologies that would be used during the life cycle of the pavement should be considered in
selecting data sources.
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CHAPTER 4. LIFE-CYCLE INVENTORY ANALYSIS

4.0 Introduction
4.0.1 Background

The life-cycle inventory (LCI) analysis is the second phase of an LCA, characterized by collecting
and processing the data necessary to satisfy the goal and scope. ISO 14040 defines LCI as “the
phase of life-cycle assessment involving the compilation and quantification of inputs and outputs
for a product throughout its life cycle” (ISO 2006a). In the LCI phase, all relevant data for some or
all of the life-cycle stages (see figure 4-1) should be collected and analyzed in a manner consistent
with the methods, rules, and assumptions specified in the goal and scope of the study. These
include the unit processes, cutoff criteria, data types and sources, data-quality requirements, and
procedures used to address any missing data. The process is iterative in that new data requirements
and limitations may be identified as data are collected and more is learned about the system. This
may trigger a change in the data-collection procedures to meet the study goals, or may even
necessitate a re-examination of the goal and scope of the study. The results from the LCI phase
form the basis for the subsequent life-cycle impact assessment phase.

\

/ A. Raw Material

Acquisition

E. End-of-Life

B. Material C. Construction D. Use Stage
Production

Distribution to Distribution to
Production Site Construction Site

Transport

/EIE

0. Fuel and Electricity Production
Process,ndinin:

Figure 4-1. Pavement life-cycle stages and a partial list of major aggregated processes that may be
included in various pavement LCA applications.

Inventory data collection is applied for all processes included in the system boundary. The system
boundary is defined in ISO 14044 as the “set of criteria specifying which unit processes are part of
a product system” (ISO 2006b). According to ISO 14044, a unit process is the “smallest element
considered in the life-cycle inventory analysis for which input and output data are quantified” (ISO
2006b). Multiple unit processes can be grouped together to form aggregated unit processes
representing complex manufacturing processes. The LCI analysis covers all units or aggregated
unit processes that fall within the system boundaries that are established during the goal and scope
phase. Unit processes and associated inventory data can be considered the building blocks of any
LCA, as they describe and characterize both input and output flows from the environment and
products. Inputs considered include material or energy flows that enter a unit process (such as raw
materials, energy and water use), while outputs considered are products, co-products, material, or
energy flows that leave the unit process (such as solid wastes, atmospheric emissions, waterborne
emissions, and emissions to soil). An example of an aggregated unit process and typical inputs and
outputs in coal mining is shown in figure 4-2.
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Elementary Flows:
Coal from ground (1.24 kg)

—»

Product Flows:

Bituminous coal (4.31e-04 kg)

Diesel (8.80e-03 liters)

Electricity (3.87e-02 kWh) »
Gasoline (8.36e-04 liters)

Natural gas (1.62e-04 liters)

Residual fuel oil (8.70e-04 liters)

Bituminous coal
mining

(Bt uminous coal, at
mirne from NREL
database)

Elementary Flows:

Iron (8.64e-06 kg)

Manganese (5.76e-06 kg)
L » Methane (3.99e-03 kg)

Particulates (1.63-03 kg)

Suspended solids (1.00e-04 kg)

VOC (2.57e-05 kg)

Product Flows:
Bituminous Coal (1.00 kg)

Figure 4-2. An example unit process for coal mining with typical inputs and outputs (NREL 2015).

4.0.2 Inventory Data

The LCI phase involves inventory data
collection and modeling of all unit processes
within the system boundaries in a pavement
LCA such as production and hauling of
aggregates, asphalt-binder production and
storage, asphalt mixture production, cement
manufacturing, concrete production, and various
other construction activities. Data types and
sources selected for an LCA depend on the goal
and scope of the study. Such data may be
collected from the production sites associated
with the unit processes within the system
boundary, or they may be obtained or calculated
from other sources. In practice, the data used for
an LCA may include a mixture of measured,
calculated, and estimated data.

The inventory data collected are generally
classified into two groups: primary (also known
as specific) data and secondary (also known as
generic) data. Primary data refer to data
collected from specific processes to model the
life cycle, and these represent the production and
construction of the studied product. Primary data
for EPDs are controlled by the owner of the
EPD. The collection of primary data is further
defined with step-by-step procedures in the
guidance section.

Secondary data are often obtained from existing
commercially or publicly available databases
and literature (e.g., Ecoinvent [EarthShift 2013]

Primary and Secondary LCI Data

Primary Data: Primary data refer to
data collected from specific processes to
model a product’s life cycle. These data
best represent the production stream of
the studied product since it is obtained
using data collected specific to the
process.

Example: Direct emission or activity data
in a specific cement plant producing raw
materials for a specific type of concrete
mixture used in a pavement LCA.

Secondary Data: Secondary data are
collected using a proxy process that is
assumed to be similar to the one being
studied, or they may represent industry
averages or distributions.

Example: Average process-activity data
or direct emissions (energy usage and
production) collected from all dry
process kiln cement plants and reported
as average by cement associations.
Energy consumption and emissions
from hauling trucks obtained from EPA
software (MOVES) is another example
of secondary data.
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and GaBi [Baitz et al. 2013]). Examples of secondary data include industry average inventory data
for generic products and services, such as material resources, energy, transport and waste
processes, or scenarios for the use stage and end of life. For EPDs, secondary data are not directly
controlled by the owner of the EPD and may be characterized as upstream data (data from the
supply chain) or downstream data (typically for the life-cycle stages after the manufacturing or
construction).

Secondary data can have the same quality as primary data, but care should be given to review the
data quality and to justify whether they meet the data-quality requirements for satisfying the goal
and scope. It is important to review the data quality for possible inconsistencies that frequently
occur between different data sources, which may be the result of inconsistent system boundaries,
different geographic coverage, completeness, etc.

4.1 Flow of Work for Inventory Analysis

Inventory analysis is composed of collecting a blend of primary and secondary data, depending on
the goals and intended application of the LCA. The flow of work for inventory analysis is shown in
figure 4-3. This includes key procedures for inventory analysis (which correspond to the chapter
organization) and is adopted from ISO 14040 and 14044 requirements, in addition to the European
Standard Norms for sustainability of construction works.

The flow of work for inventory analysis for conducting an LCA consists of eleven steps as outlined
below and discussed in greater detail in the rest of the chapter.

1. Prepare for Data Collection. Includes development of data-collection strategy and
formats, drawing of flow diagrams for major processes, and identification of data types and
sources. Preparation should start with checking out data and quality requirements, data
assumptions, and other information related to inventory data defined in the goal and scope
document.

2. Collect Initial Data for the Material-Production Stage. Uses primary or secondary data
sources. This is the step where input and output flows for major pavement materials and
production processes are collected from the identified sources. If the intended goal of the
study requires data collection for other life-cycle stages, proceed to step 3; otherwise,
proceed to step 4.

3. Collect Initial Data and Develop Models for Other Life-Cycle Stages. Includes
construction, maintenance and rehabilitation, use, and end-of-life stages. Unlike the
materials-production stage, models directly relating the pavement’s functional and
structural characteristics to the environmental impacts will need to be utilized in the use
stage to develop output flows.

4-3



Chapter 4. Life-Cycle Inventory Analysis Pavement Life-Cycle Assessment Framework

. Prepare for Data Collection
Check goal and scope for LCI requirements and
assumptions
Identify data sources
Prepare flow diagrams for major processes
Prepare data collection sheets

. Collect Initial Data for Materials Production Stage
Primary or secondary data collection for pavement
materials and processes
Proceed to Step 3 if other life-cycle stages are
included; otherwise proceed to Step 4

. Complete Data Collection and Modeling . Collect Initial Data for Other Life-Cycle Stages
Identify additional data sources Collect data and models for construction,
Model processes with incomplete data maintenance, rehabilitation, use, and end-of-life stages

. Aggregate Data
Compile individual processes representing major
pavement materials production processes
Compile processes from other life-cycle stages

. Validate Data
Check for reasonableness of data using mass/energy
balance and benchmarking

. Allocation of Inputs and Outputs
Apply allocation rules to distribute inputs and outputs
for multi-input processes, reuse, and recycling or
multi-output situations

. Translate Data to Unit Processes and Functional Units
Define data in terms of reference flows or functional
unit

. Apply Decision Rules and Refine System Boundaries 10. Assess Data Quality
Apply cut-off rules * Develop scoring criteria and assess representativeness
Refine system boundary if any inclusion or exclusion * Evaluate data quality of unit processes and aggregate
took place processes
Repeat Steps 1 to 8 for the affected processes and * Refine data collection steps for processes with
stages insufficient data quality

11. Prepare Documentation

* Document finalized inputs and output flows

= Prepare documentation with data sources, limitations,
assumptions, benchmarks, and quality

Figure 4-3. Flow of work and key procedures for inventory analysis recommended for each unit
process (data source: ISO 14044 [ISO 2006b]).

4. Complete Initial Data Collection. Uses models and other data sources. This step is
needed when the data collected in steps 2 and 3 are not sufficient to characterize impact
categories identified in the goal and scope phase. Data completion can be done using data
from other sources or using emission factors and other types of data models (e.g., water use
models, land use models, energy use models, fuel use models, etc.) that are available from
the literature and commercial LCI databases. When directly measured flows are
unavailable or insufficient, emission factors and other models can be used to complete the
missing released emissions or resource uses from a specific unit process or aggregated unit
processes. According to the EPA AP-42 definition, “an emission factor is a representative
value that attempts to relate the quantity of a pollutant released to the atmosphere with an
activity associated with the release of that pollutant” (EPA 1995). Emission factors can be
used to convert activity data (raw material, total production, or energy consumed) to
released emissions.
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5.

10.

11.

Validate Data. This includes checking that inventory inputs and outputs are within
reasonable ranges (e.g., completeness of mass [mass balance], energy [energy balance] and
environmental relevance, or comparative analyses of inventory items against other
sources).

Aggregate Data. Individual unit processes representing the supply chains and production
streams of major pavement materials are aggregated where relevant. The unit processes to
be included in the data aggregation are defined by flow diagrams and system boundaries
for each material.

Translate Data to Unit Processes and Functional Unit. Inventory input and outputs can
be expressed per unit mass or volume of production or per reference flow (measure of the
outputs required to fulfill the function expressed by the functional unit). Then, input and
output flows associated with a single unit process or aggregated unit processes (e.g.,
asphalt mixture production, cement manufacturing, concrete mixture production, etc.) are
defined per the functional unit.

Perform Allocation. Inventory input and outputs are allocated to the products or system
studied following the allocation methods identified in the scoping phase where applicable.
Allocation rules should be applied for the following situations:

— Manufacturing processes with co-products (e.g., oil refineries and asphalt-binder
production processes).

— Processes or systems used by multiple products (e.g., transport of multiple goods and
raw materials).

— Reuse and recycling of pavements at the end of their life.

— Multi-input situations (e.g., landfill, waste treatment).

Apply Decision Rules and Refine System Boundaries. Inputs and outputs to be included
or excluded in the final inventory database are determined after applying cutoff rules
identified in the scoping phase. Following any inclusion or exclusion from the initial
collected data, system boundaries should be refined and steps 1 to 9 should be repeated for
the unit processes affected by any changes.

Assess Data Quality. The quality of collected data is checked for consistency and
compatibility with the goal and scope of the study.

Prepare Documentation. Inventory inputs and outputs are finalized and documented
along with data sources, major limitations, assumptions, models, benchmarking, and
quality evaluation results.

Each step described in the flow of work toward the development of the inventory database will be
presented broadly in two parts. The first part presents guidance for each step of each task, while the
second part presents discussion and commentary for each task, along with specific examples and
recommended practices.

4.2 Guidance
4.2.1 Data-Collection Preparation

According to ISO 14044, the first step of data inventory analysis is preparing a plan for data
collection; this plan outlines the specific procedures to gather required inventory data consistent
with the goals of the study. The data types (primary or secondary) and quality requirements should
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be clearly defined in the scoping phase (see chapter 3) and in accordance with guidance provided
in ISO 14044 (ISO 2006b). In addition, indicators of the representativeness of the data should be
considered; data representativeness is measured by regional, temporal, and technological
applicability of the collected data for the LCA application (discussed later). The procedure to
determine data type and data-quality requirements is illustrated in figure 3-2 of chapter 3.

Data collection and inventory analysis plans generally include the following actions to ensure
transparency and uniformity while minimizing misunderstanding:

e Development of a data management plan documenting data-collection processes,
inventory reporting and updates, internal data-quality-control procedures, and
responsibilities.

e Development of process flow diagrams that outline all unit processes, including their
interrelationships.

e Preparation of data-collection forms and templates.

e Descriptions of each unit process in detail with respect to factors influencing inputs and
outputs.

e Determination of lists of flows and relevant data for operating conditions associated with
each unit process.

e Listing of the units of the flows.

e Identification of types of data for each unit process following the guidance provided in the
scoping phase.

e Description of the data collection and calculation techniques needed for all data.

e Documentation clearly identifying any special cases, irregularities, or other items
associated with the data provided.

Data-collection plans should also comprise the input and output flows for the included unit
processes. The scope of input and output flows is governed by the impact characterization method
chosen in the goal and scope phase. For example, emissions data can be limited to GHG emissions
if the goal of the study is to calculate only global-warming potential (as opposed to a more
complete list of impact categories). Major inventory categories for various processes that may be
included in a pavement LCA are presented in table 4-1.

All the aforementioned measures emphasize the importance of planning and documenting the
data-collection process, including consistency and uniformity. This will reduce potential errors
and facilitate future referencing.

4.2.2 Initial Data Collection for Materials-Production Stage

Once the data types and data-quality requirements are determined and the data-collection plan is
prepared, the next step is to perform the data collection for the material-production stage. The
inventory list needs to consider all materials used in the system boundary. In addition to the
inventory of pavement construction materials, plant processing energy requirements and emissions
should also be collected. Plant processes may include asphalt plants (batch or drum mixing),
concrete production (ready-mix and central-mix plants), and precast concrete production.
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The following is a general introduction to data collection and recommendations; strategies for data
collection of primary and secondary data are discussed separately.

Table 4-1. Inventory categories and parameters collected for each unit process included in the

system boundary.
Flow Category Description and Examples
Energy Renewable and nonrenewable energy resources for primary and secondary data sources are
Input typically reported separately. See the complete list of energy-related parameters in chapter 5

table 5-3. Examples: energy demand for the production and combustion of electricity, coal,
gasoline, diesel, natural gas, and residual oil in various processes.

Raw Materials
Input

Renewable and nonrenewable material resources are typically reported separately, as are
primary and secondary or alternative material resources. Examples: minerals, metals, water
and feedstock oil products.

Ancillary Ancillary inputs are material inputs consumed by the unit process to produce the product, but

Inputs that do not constitute part of the product. Examples: blasting and explosives used during
quarrying operations.

Products Products are any goods or services. Examples: pavement as the final product of pavement

Output LCA, asphalt mixture produced in an asphalt plant, concrete mixture in a ready-mix concrete

plant, and asphalt binder that is produced at the blending terminals or refineries.

Co-products

Co-products are any of two or more marketable materials, products or fuels from the same

Output unit process, but which are not the object of the assessment. Example: slag as a co-product of
steel production.

Waste Waste is typically categorized as either hazardous or nonhazardous waste; radioactive waste

Output is sometimes dealt with separately.

Emissions to
Air

Emissions to air typically include GHG such as carbon dioxide (CO;), methane (CHs),
nitrous oxide (N>O) and other air pollutants, such as particulate matter (PM2.5 and PM10),
carbon monoxide (CO), nitrogen oxides (NOy), sulfur dioxide (SO.), volatile organic
compounds (VOC) and heavy metals.

Emissions to

Emissions to water typically include nitrogen, phosphate (PO43-), chemical oxygen demand

Water (COD) and heavy metals.
Emissions to Emissions to soil reflect emissions of oil, pesticides and heavy metals.
Soil
Other Noise, radiation, land use and others.
Output
Application

Following the definitions and guidelines introduced in chapter 3, if the goal does not require
consideration of the full life cycle, initial data collection should be performed only for the
life-cycle stages included in the system boundary. Initial data-collection guidelines presented in
this section apply to the following scenarios:

e (radle-to-gate studies which include materials extraction and processing (e.g., generation
of EPD to characterize the environmental impact of a pavement material).
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Gate-to-gate studies which consider processing of a material in a plant (e.g., assessing
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