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ABSTRACT

The main goal of this dissertation was to develop frameworks, quantitative models, and databases needed
to support data-driven, informed, and integrated decision-making in managing the vast transportation
infrastructure in California. Such a management system was envisioned to consider both costs and
environmental impacts of management decisions, based on full life cycles of the infrastructure, and using
reliable, high quality data that well represent local conditions in terms of materials and energy sources,
production technologies, design methods, construction practices, and other critical parameters.

This PhD research consisted of three parts: 1) development of a comprehensive life cycle inventory (LCI)
database for implementation of life cycle assessment (LCA) methodology in transportation infrastructure
management in California. 2) Evaluation of current and potential sustainability actions at the state and
local government levels through the development of frameworks, models, and datasets needed for
objective and accurate quantification of the impacts of management decisions. 3) Assessment of recycling
practices available for pavements at their end of life to quantify changes in environmental impacts
compared to conventional methods, considering the effects of recycling through the use stage.

Through the first part of this research, the most comprehensive and up to date, as of 2019, life cycle
inventory database, the UCPRC LCI Database, was developed for accurate quantification of
transportation infrastructure management projects in the state of California. This database includes an
extensive list of all the energy sources, materials, mixes, transportation modes, and construction processes
used in the projects at state and local government levels.

In the UCPRC LCI Database, the electricity grid mix and other energy sources used in various life cycle
stages are modified to represent the state’s local conditions. Mix designs are defined based on
specifications enforced by Caltrans and also cover designs used by local governments. Construction
practices are closely simulated based on data collected from local contractors and experts in addition to
the collection of primary data from a few field projects. The LCI database developed and presented in this
chapter has been verified by a third party according to ISO recommendations.

In the second part of this research, multiple studies were also carried out to develop decision-making
frameworks, models, and tools for local governments and state agencies to assess their policies and
alternative decision choices in meeting their sustainability goals. The frameworks in each case laid the
roadmap in terms of what needs to be included in the study and what models are needed for quantifying
the environmental impacts. The UCPRC LCI Database was then utilized to develop the required models
in each case, which were then assembled in tools that can calculate life cycle costs and environmental
impacts of different alternatives.

The first project in part two compared urban street designs from a widely used complete street design
guide and conventional street designs. The comparison used LCA to consider the full life cycle
environmental impacts of conversion of several types of conventional streets to complete streets. The full
system impacts of complete streets on environmental impact indicators, considering materials,

il



construction, and traffic changes, are driven by changes in reduction in VMT and changes in the operation
of the vehicles with regard to speed and drive cycle changes caused by congestion, if it occurs. An LCA
comparison of complete street implementation revealed the importance of considering speed and drive
cycle changes caused by congestion where it occurs.

The initial results indicate that application of the complete streets networks to streets where there is little
negative impact on vehicle drive cycles from speed change will have the most likelihood of causing
overall net reductions in environmental impacts. The results also indicate that there is a range of potential
VMT changes to which environmental impacts are more sensitive than they are to the effects of the
materials and construction stages, and that changes in vehicle speed have different effects on
environmental impacts depending on the context of their implementation, including the street type.

This second study in part two focused on comparing multiple pathways (scenarios) for Caltrans to
transition their fleet from vehicles with internal combustion engines burning fossil fuels to alternative
fleet vehicles (AFVs.) Four scenarios were considered based on AFV adoption rate including business as
usual (BAU), All-at-Once, a scenario based on the Department of General Services (DGS)
recommendations, and a Worst-Case scenario (do nothing, keep the current mix.) The project compared
the life cycle greenhouse gas (GHG) emissions, fuel consumption, and costs of vehicle purchase and
maintenance between 2018 and 2050.

The results showed a total life cycle costs of 2.4 billion dollars for the BAU case with 7.4 and 3.3 percent
increases versus BAU for the DGS and All-at-Once cases, and a 16.9 percent decrease for the Worst-Case
Scenario. Total GHG emissions during the analysis period of 2018 to 2050 reached close to 1.46 million
metric tonnes (MMT) of CO,e for the BAU case while the results for the DGS, All-at-Once show savings
of 2 and 9 percent in total GHG emissions versus BAU for the DGS and All-at-Once scenarios. The
Worst-Case Scenario results show that consequences of inaction in the adopting AFVs by Caltrans and
maintaining the current mix of vehicle technology and fuel will result in 54 percent increase in the GHG
footprint of their fleet between now and the year 2050.

The third chapter in part two focused on quantifying savings in greenhouse gases (GHG), energy, material
consumption, and costs that might be possible through increased use of recycled asphalt pavements
(RAP) in construction projects in California. The material production impacts of hot mix asphalt (HMA)
in Caltrans construction projects throughout the state during the entire analysis period of 33 years (2018
to 2050) results in close to 11.5 MMT of COxe for the baseline scenario.

Increasing the RAP content in HMA from the baseline of the 11.5 percent can result in up to a 6 percent
of GHG savings with 30.5 percent RAP content during the 33-year analysis period, when using aromatic
BTX rejuvenating agents (RAs.) These reductions are equivalent to 0.7, 5.2, 6.2 percent reductions in
GHG emissions compared to the baseline. The potential saving can be as high as 9 percent when bio-
based RA is used.

The last segment of this research focused on end-of-life (EOL) of flexible pavements and developed the
required models for full life cycle comparison of alternatives. Cradle-to-laid impacts of conventional
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alternatives and new in-place recycling options were first calculated followed by development of
performance prediction models that are needed to identify future performance during the use stage.

This first study in the last part was conducted to benchmark the cradle-to-laid environmental impacts of
several EOL treatments used in California for flexible pavements at their end of service life. The results
show that the material production stage is dominant in all impact categories for all treatments. The results
also show that the total amount of stabilizer added (which depends on percent stabilizer and the layer
thickness) has a significant impact on the total impacts. HMA overlay and HMA mill-and-fill have lower
impacts compared to all the full-depth reclamation (FDR)options with stabilizers across all impact
categories. Binder and stabilizer production caused more than 90 percent of the total impacts of the
material production across all cases.

The last study was focused on development of crack progression and roughness models for cold in-place
recycling (CIR) and FDR sections. Such models, which did not exist up to this point, allow a fair
comparison of EOL alternatives for flexible pavements by providing the means necessary for quantifying
the use stage impacts and including them in the analysis. As always, there is no EOL solution that fits all
cases, and the optimal decision is context sensitive. The selection of one treatment among all available
alternatives depends on circumstances (traffic levels, climate, and structural design), agency goals (only
considering costs or both costs and environmental impacts), project scope and analysis period (initial
costs and impacts versus full life cycle), and potential limitations (in terms of budget, available
technologies, and more).
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CHAPTER 1. Introduction

Sustainable development is a topic that the State of California is culturally dedicated to, historically a
pioneer in, and legally bound to strive for through state legislation and regulation, and other state and
local initiatives. The goal of sustainability legislation in California is to drastically reduce the state’s
environmental impacts and natural resource consumption while maintaining its economic excellence.
Sustainability considerations are pressing issues in all aspects of the state’s vast economic landscape. The
research presented in this dissertation is aimed at addressing some of the challenges that exist in
improving the transportation infrastructure management system. This research strives to achieve its
objectives by providing frameworks, models, and databases needed for incorporating objective and data-
driven lifecycle thinking into decision making at all levels: network level to project level for both state
agencies and local governments.

Figure 1.1 shows the scope of the research presented in this dissertation. There are three main categories:
1) development of a comprehensive life cycle inventory (LCI) database for implementation of life cycle
assessment (LCA) methodology in transportation infrastructure management in California. Such a
database should cover all the construction materials, transportation modes, construction activities used in
transportation projects in the state and should represent local conditions in terms of energy sources,
transport distance, mix design, and construction methodology. 2) Evaluation of current and potential
sustainability actions at the state and local government levels through the development of frameworks,
models, and datasets needed for objective and accurate quantification of the impacts of management
decisions. Several different abatement strategies are evaluated in detail. 3) Assessment of recycling
practices available for pavements at their end of life to quantify changes in environmental impacts
compared to conventional methods, considering the effects of recycling through the use stage. This
approach help avoid unintended consequences in cases where extra impacts during the use stage of new
options compared to conventional ones offset the improvements in the material production and
construction stages.

Following this introductory chapter, Chapter Two presents a review of the available information and
literature to identify the gaps in knowledge and the significance of the challenges that need to be
addressed in the field of sustainability of transportation infrastructure. This is followed by description of
the research objectives of this dissertation, and the tasks to address the challenges and achieve its
objectives.

The reliability of an LCA study is dependent on the quality and repeatability of the data used for
quantification of the impacts at each life cycle stage. Chapter Three presents all the assumptions and
modeling details for developing a comprehensive LCI database for transportation infrastructure
management in California. This chapter also includes a section on data quality assessment, which was
conducted under a third-party critical review process according to International Standards Organization
(ISO) standards. The LCI database presented in this chapter will be used in eLCAP, a web-based tool for
conducting LCA for decision-making at network and project levels in transportation infrastructure
management.
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Figure 1.1: Research scope, main topics and projects covered under each topic

The next several chapters are focused on current and potential greenhouse gas (GHG) mitigation
strategies at state and local government levels in California. Chapter Four presents the framework and the
model that was developed to evaluate complete streets design strategies for reducing GHG emissions in
urban areas. Complete streets design philosophies focus on facilitating active modes of transportation,
reduction of vehicle miles travelled, and enhancement of local communities. SB375, the sustainable
communities bill, mandates GHG reduction targets for urban areas in California. Implementing complete
streets is one of the main land use strategies used by local governments to meet such GHG reduction
mandates. To quantify the resulting changes in GHG emissions due to complete street designs versus
conventional design methodologies, the LCI database presented in Chapter Three was used to develop an
Excel-based model. The new model allows local governments to compare changes in the GHG emissions
and energy consumption of the construction and maintenance of street right of ways designed using
conventional and new design philosophies. The model also enables consideration of ranges of change in
vehicle miles traveled (VMT) and traffic speed for different street types and calculation of the
consequential changes in emission and energy consumption.

Caltrans and other state agencies have fleets of considerable size. Replacement of conventional state
vehicles with alternative fuel vehicles (AFVs) can result in significant reductions in GHG emissions,
fossil fuel consumption, and possibly life cycle costs of the fleet. Chapter Five provides comprehensive
data collected from reliable national data sources that are used to develop a highly customizable and
comprehensive model to evaluate various fleet transformation pathways. The model developed through
this chapter is capable of quantifying the costs, fuel consumption, and environmental impacts of the
Caltrans fleet considering an analysis period of 30 years. The chapter compares four different strategies in



terms of the potential reduction in GHG emissions, changes in life cycle costs, and the average cost of
GHG abatement compared to the business as usual case.

In Chapter Six, the increased use of reclaimed asphalt pavement (RAP) in construction projects that are
annually handled by Caltrans is investigated. The goal of this chapter is to determine the potential
reduction in GHG emissions over a 30-year analysis period by assuming various levels of increase in
RAP content of asphalt mixtures in pavement projects in the whole state. Life cycle costs are also
included in the analysis, and the abatement cost is compared across different alternatives.

Use of recycled materials has always been encouraged and considered as a more sustainable approach
compared to conventional methods of using virgin materials and transferring old materials to landfills.
The last portion of this dissertation is focused on quantifying the actual impacts of various recycling
techniques currently available for pavements so that actual changes in impacts can be better understood.
This task is undertaken in Chapter Seven.

The performance during the use stage of sections built using recycled materials can be significantly
different from those sections built using conventional methods. Chapter Eight addresses this question by
developing predictive performance models for sections built using in-place recycled materials. The
models were developed by collecting data from Caltrans pavement management system and conducting
various statistical methods for analyzing empirical methods.



CHAPTER 2. Background, Problem Statement, and Research
Objectives

The public roads in the USA consist of more than 4 million lane-miles of roads of which 2.63 million
lane-miles are paved. This network supports close to three trillion vehicle-miles traveled each year (BTS
webpage on Roadway Lane-Miles) which is responsible for 84 percent of the USA annual petroleum
consumption of more than 203 billion gallons (Davis et al., 2015.) The maintenance and expansion of
such a vast infrastructure requires nearly 320 million tonnes of raw materials each year and costs more
than 150 billion dollars (Santero, 2009.) These numbers show the tremendous cost of the transportation
network and the significant impacts it has on the environment. Reliable quantification of such costs and
impacts is critical in the effective management of transportation infrastructure. There are several
environmental analysis tools available for quantification of the environmental impacts.

Finnveden and Moberg (2005) conducted a comparison of the available methods for environmental
analysis and categorized them based on four characteristics:

e Procedural or analytical: procedural methods focus on the procedures based on the decision
context while analytical methods are concerned with the technical aspects of the analysis. The
analytical tools can be part of the procedural ones.

e The type of impacts considered: natural resource consumption or environmental impacts or both.

¢ The object of the study, which can be: 1) policies, plans, programs, and projects, 2) regions or
nations, 3) organizations or companies, 4) products and services, 5) substances

e Ifthe tool is used in a descriptive (accounting, attributional) or change-oriented (consequential)
study. As their names suggest, descriptive studies are used for describing a product or system in
terms of its environmental impacts or natural resource consumption while change-oriented studies
are used to identify the consequences of a system or policy outside its system boundaries.

Table 2.1 shows Finnveden’s classification of analysis tools based on the type and object of the study
followed by Table 2.2 that provides a brief explanation for each of the tools. As shown in the table, life
cycle assessment (LCA) is a suitable tool for evaluating environmental impacts of products and services
both in attributional and consequential studies and, therefore, has gained popularity in assessment of
environmental impacts of transportation infrastructure.

Table 2.1. Classification of environmental analysis tools
based on the type and object of the study (Finnveden and Moberg, 2005). Acronyms are defined in

Table 2.2
Type of Study (acronyms explained in Table 2.2
Objects Descriptive (Accounting, Change-Oriented
Attributional) (Consequential)
Policies, plans, programs, and projects - SEA, EIA, CBA
Regions or nations IOA, SEEA E;?JT(;:;: r;cl»zlléxmodels with
Organizations or companies Environmental Auditing
Products and services LCA LCA
Substances SFA SFA




Table 2.2. Description of different environmental analysis tools

Tool Description
CBA: Cost-Benefit An analytical tool for assessing the total costs and benefits of a project. All benefits and
Analysis costs including environmental costs should be monetized and included.
EIA: Environmental A change-oriented procedural tool established mainly for assessing environmental
Impact Assessment impacts of projects. Generally, a site-specific tool.
An analytical tool within economics and systems of national accounts that comprise of
IOA: Input-Output matrixes that describe trades between sectors. Economic trades between the sectors
Analysis are the basis used to divide the whole market environmental impacts between all the
sectors.

A tool for assessing environmental impacts and resource consumption through
product's whole life cycle, from material acquisition through use stage and disposal.,
Used mainly as an analytical tool.

LCA: Life Cycle
Assessment

SEA: Strategic
Environmental
Assessment

Similar to EIA but intended to be used at an earlier stage in decision making and on a
more strategic level. More used for policies, plans, and programs.

A system for organizing statistical data to monitor the interactions between the economy
and the environment. Economic activities within a nation are the primary objects,
physical measures (inputs and outputs of resources and emissions) plus monetary
values are stored in such systems. In some cases, this is used to monetize the
environmental impacts using different valuation methods.

SEEA: System of
Economic and
Environmental
Accounting

SFA: Substance Flow A Material Flow Accounting (MFA) method which focuses on specific substances either
Analysis within a region or from cradle-to-grave of a product.

Life cycle assessment 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. A generic model of a product system life cycle stages
is shown in Figure 2.1. 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 process
and rules for conducting an LCA are generally defined by the International Organization for
Standardization (ISO) in its 14040 family of standards (ISO, 2006.)

Figure 2.2 shows the general framework for conducting LCA studies as defined by ISO (2006) which
consists of four major steps: goal and scope definition, life cycle inventory (LCI), life cycle impact
assessment (LCIA), and interpretation.

The process begins with defining the goal of the study which determines the system boundary and scope
of study, duration of the study and a suitable functional unit. The next step is the life cycle inventory
phase where all the inputs and outputs to the system boundary within the life cycle are quantified. The
inputs are normally in the form of input flows of raw materials and energy and output flows of waste and
pollution (depending on the system boundary), emissions to air, water, and soil as well as the flow of
product output. In the LCIA phase, the LCI results are classified and categorized into several
environmental impact categories such as global warming, acidification, eutrophication, primary energy



consumption, ozone layer depletion and more. The final step is the interpretation of the results to answer
the questions posed by the stated goals of the study.
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Figure 2.1: General life cycle of a production system (Kendall, 2012.)
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Figure 2.2: General life cycle assessment framework according to ISO (2006.)

LCA can be used for a variety of purposes, including (Harvey et al., 2015a):

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

¢ Informing and guiding decision-makers in industry, government, and non-governmental
organizations for 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.



e 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
Environmental Product Declaration (EPD) statement.)

2.1. Pavement LCA

The earliest applications of LCA to pavements were in the 1990s (Horvath et al., 1998; Stripple, 2001)
and since then, it has continuously gained more attention for evaluating the environmental performance of
pavements. In Europe, LCA is now widely used in the construction industry and some countries such as
France (Jullien et al., 2015) and the Netherlands (van Leest et al., 2008) have regulations in place for the
use of LCA in the procurement of pavement projects. In North America, use of LCA in the pavement
industry was introduced to a wider audience at a Pavement LCA Workshop held in Davis, California in
May 2010 and founding of the Concrete Sustainability Hub at the Massachusetts Institute of Technology
at about the same time. It was introduced more comprehensively to the Federal Highway Administration
(FHWA) and a wider audience at a subsequent meeting of the FHWA Sustainable Pavement Task Group
in April 2012, also held in Davis. Other early studies on application of LCA in pavements in the United
States were carried out at several universities including Carnegie Mellon University (Horvath et al.,
1998), with the work continued at UC Berkeley (Horvath et al., 2003), the University of Michigan, Ann
Arbor (Keoleian et al., 2005, Kendall, 2007, Zhang 2009), the University of California Davis (Santero,
2009; Li, 2012; and Wang, 2013), and the University of Illinois (Aurangzeb et al., 2014; Yang, 2014)

Santero et al., (2011) conducted a critical review of the LCA studies on pavements and concluded that
even though the existing literature at that time provided a foundational framework for quantifying
environmental impacts of pavements, it failed to deliver conclusions regarding material selection,
maintenance strategies, design methodologies, and other best practice policies for achieving sustainability
goals. Their recommendation for comprehensive quantification of environmental impacts of pavements
and achieving sustainability goals was to standardize the functional units, expanding the system
boundaries, improving data quality and reliability, and broadening scopes.

To address these shortcomings and to provide a general framework for conducting pavement LCA in the
USA, University of California Pavement Research Center (UCPRC) developed the UCPRC general
framework for pavement LCA and presented it at the three-day symposium in Davis in 2010 (Harvey et
al., 2010.) Domestic and international researchers and professionals in pavement sustainability including
representatives from academia, asphalt and cement industry, employees of a number of state departments
of transportation, and FHWA were invited to attend and learn about LCA from European practitioners
and North American researchers and critique the framework in breakout sessions. UCPRC used the
results of the breakout discussion sessions to further develop the framework and then published it, as
shown in Figure 2.3. The life cycle of any pavement can be divided into four main stages: 1) material
production, 2) construction, maintenance, and rehabilitation, 3) use, and 4) end-of-life (EOL.)

Follow-up symposiums were held in Nantes (Nantes 2012 LCA Conference webpage), Davis (Pavement
LCA 2014 Conference webpage), and Urbana/Champaign (Pavement LCA 2017 webpage) to share new
findings, discuss areas which still needed further research, and transfer knowledge to other regions of the
world (Harvey et al., 2015b.)



The Federal Highway Administration has also been working towards implementing sustainability and life
cycle thinking into transportation infrastructure management. Their activities include, but are not limited
to, developing management roadmaps, forming a technical writing group and a webpage for public
education, and providing access to quality materials related to the topic. The sustainable pavement
technical writing group at FHWA have so far published a reference document for improving the
sustainability of pavement organized around a life cycle thinking (Van Dam et al., 2015) and a framework
for application of LCA to pavements (Harvey et al., 2016) and number of tech briefs.

2.1.1. Material Production

The material production stage of a pavement LCA considers each material used in the life cycle. Each
material must be characterized by a cradle-to-gate LCI. Cradle-to-gate refers to the process of raw
material acquisition from the ground; transportation to, from and within processing or manufacturing
sites; processing and manufacturing of materials; and mixing processes to the point at which the product
is ready to leave the last processing site to begin transportation to its point of use. There are several LCI
databases available for materials used in pavements. App-Table 1 in Appendix I shows some of the main
databases used in pavement LCA and their popularity based on a recent literature survey by FHWA
(FHWA 2014.) App-Table 2 lists the major models and tools used for conducting pavement LCA.

Reliability of any LCA study is directly affected by the data used for the LCI phase. The data should be
representative of the local technology and practice in the material production. In California, The
Pavement Life Cycle Assessment Tool for Environmental and Economic Effects (PaLATE), developed by
Horvath (PaLATE webpage), is one of the first datasets developed in the USA for pavement LCA.
PaLLATE uses the economic input-output LCA (EIO-LCA) methodology for determining the LCI of raw
materials. EIO-LCA is an approach based on economic input-output models to identify the flows of goods
and services between distinct sectors of the economy and uses it to estimate the direct and indirect inputs
to a product based on market demands. The main issue with PaLATE is that the database is outdated and
does not represent the local conditions in California as it is based on national data. EIO-LCA is less
accurate compared to process-based models that closely model each step of the material production.
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Figure 2.3: Life cycle stages of a pavement (Harvey et al., 2010.)

There are datasets that are highly cited in the literature such as Stripple (2001), and early versions of the
Athena Institute database (2006), which are not the best options as they are outdated and may no longer
represent the technologies used today in producing the materials. The Athena Institute databases have
since been continuously updated, especially for cement and concrete materials. Even with the newer
datasets, local practices and sources of plant energy and electricity grid mix are different for different
regions, making the development of regionally representative datasets a necessity.

To address these issues, Wang et al., (2012) developed material production datasets in GaBi software in
2011 for the main materials and mixes used in California pavement projects and calibrated the models to
represent the California electricity grid mix, plant fuels, and local mix designs. Although the dataset
developed by Wang et al., was the most representative of material production in California at the time, it
did not include a comprehensive and exhaustive list of all the materials and mixes used in Caltrans’
projects and it was not developed by collecting primary data from the plants in California. Therefore, the
first improvement for Wang’s dataset is to develop models for the missing materials and mixes and the
next, and ideal, step is to collect primary data by contacting the material production plants in order to
closely model actual processes.

2.1.2. Construction, Maintenance, and Rehabilitation

There are five major types of pavement projects in California: 1) New construction, 2) Widening 3)
Pavement preservation, 4) Rehabilitation, and 5) Reconstruction (Caltrans, 2015.) The definition for each
of these items is provided in Appendix I. The following stages are recommended to be considered for
modeling the construction stage and capturing all the energy consumption and environmental impacts in
pavement LCA studies (Harvey et al., 2010):

¢ Equipment mobilization and demobilization.
e Equipment use at the site.



e Transport of materials to the site, including water; transport of materials from the site (for final
disposal, reuse, or recycling.)

e  Other use of energy used on site (e.g., for lighting if construction occurs at night.)

¢ Changes to traffic flow, including work zone speed changes and delay and diversions where
applicable.

Most studies exclude capital investment and construction of the production plants and manufacturing of
the equipment; however, this should be explicitly stated when describing the scope of analysis. In
addition, while maintenance and rehabilitation happen at different times in the life cycle of a pavement,
because the nature of the activities and processes are the same, they are all considered as recurring
elements of the construction stage. The frequencies and types of maintenance and rehabilitation activities
during the life cycle depend on the performance of the pavement in terms of roughness and cracking
indices and the agency’s decision tree and trigger values for such indices. This will be discussed in the
next chapter, the use stage, as performance models are discussed there.

Figure 2.4 shows the items that need to be considered when developing the LCI of a construction process.
A survey of the literature shows that different sources are used for estimating the emissions of the
construction equipment. EPA’s NONROAD model is a common source in many studies conducted in the
USA. The California Air Resources Board (CARB) has developed OFFROAD, a model for construction
equipment emissions which was used in the study by Wang et al., (2012) to model construction of hot
mix asphalt (HMA, rubberized and conventional) and portland cement concrete (PCC.)
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. AR energy sources used —
fuel consumption based on on site (lighting, on site
speed conex heating...)

Figure 2.4: Flowchart for developing the construction stage LCI.

The same issues with the material production LCIs exist here: a comprehensive dataset for all possible
surface treatments does not exist, and for those items for which a construction LCI is available in the
literature, the data are either outdated or do not represent the current practice in California.

Construction activities not only cause environmental impacts directly through consumption of material
and operation of equipment on site but also cause traffic flow changes which can translate into changes in
emissions and energy consumption as the traffic is slowed down, stopped, or has to take detours around
the construction work zone. The changes can result in increases or decreases in energy use and emissions
depending on the baseline traffic speed. Figure 2.5 shows the flowchart that can be used in capturing the
changes in emissions and energy consumption caused by traffic delay.
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While a study on ranges of global warming potential of different life cycle stages of a pavement showed
that traffic delay can potentially have a significant impact of the total impacts of a pavement (Santero and
Horvath, 2009), a critical review of 15 pavement LCA studies conducted by Santero et al. (2011) showed
only three studies considered traffic flow changes caused by the construction activities. Lepert and Brillet
(2009) conducted a study to see the impacts of road works on the traffic flow and as their results show in
Table 2.3, in most cases disrupting the traffic will result in more fuel consumption, although they have
also added that there are special cases possible where road works can result in negative extra consumption
due to limiting the speed limit and, therefore, improving fuel efficiency of the traffic. A recent LCA study
conducted on the material production and construction stages of a two-lane reconstruction of an existing
interstate in northern Illinois showed that GHG emissions and energy consumption caused by traffic delay
are comparable to the impacts of the construction stages assuming a two-lane closure (Kang et al., 2014.)

The results of the studies mentioned above show the importance of considering the traffic delay to
improve the accuracy of estimating the construction stage impacts, an issue which has not been
considered in the pavement LCA case studies in California so far (Wang et al., 2012.)
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Extra distance need to be
traveled due to detours

Primary energy
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Figure 2.5: Flowchart for determining impacts of traffic delay caused by construction activities.

Table 2.3. Speed, acceleration, and fuel consumption in various traffic flow conditions

for a Peugeot 406 sedan (Lepert and Brillet, 2009)

Flow Condition

Parameter

Free Disturbed | Stop and Go | Congested
Mean speed (km/h) 90 74 46 4
Standard deviation on speed (km/h) 1.1 8.9 23 3.7
Mean acceleration (m/s2) 0 0 0 0
Standard deviation on acceleration (m/s2) 0.1 0.4 0.4 0.3
Mean consumption (1/100 km) 57 6.9 7.4 37.1
Mean extra consumption (% of free flow) - 21% 70% 555%

2.1.3. Use

The pavement use stage can be broken into two types of processes: the travel of vehicles on the pavement;
and the interaction of the pavement with the climate and the surrounding environment. Pavement
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characteristics directly affect the use stage impacts through different mechanisms such as roughness,
surface texture and permeability, albedo, and more. Roughness, structural response under vehicle loads,
and macrotexture affect vehicle fuel economy, and can collectively be labeled as “pavement rolling
resistance” characteristics.

Figure 2.6, taken from Santero and Horvath (2009), shows the range of global warming potential for
different life cycle stages of pavements. The bottom five categories are related to the use stage, and as the
figure shows, impacts due to rolling resistance, which translate into fuel consumption in vehicles, are the
main source of impacts during the use stage; this is dependent on the traffic level of the section though
and might not be the case for low traffic volume roads.

Materials "l:l—'
Transportation I—( - ; - i—'
Onsite Equipment l—|:|—l
Traffic Delay  —
Carbonation I—[:'—|
Roadway Lighting |—|
Albedo: Urban Heat Island |—|
Albedo: Radiative Forcing —
Rolling Resistance: Structure i—'
Rolling Resistance: Roughness i—'
T T T T
10° 10' 10° 10° 10* 10°

Global Warming Potential (Mg CO,e/lane-km)

Figure 2.6: GWP impact ranges for pavement life cycle components (Santero and Horvath, 2009.)

Performance prediction models are required to estimate progression of rolling resistance of the pavement
with time for determining vehicle fuel consumption during the use stage. Values of rolling resistance
coupled with pavement-vehicle interaction models are used to calculate the fuel consumption of the
vehicles. Models such as MOVES by EPA are then used to convert the fuel consumption into
environmental impacts.

Mean Profile Depth (MPD) and International Roughness Index (IRI), are the major parameters measuring
the effects of macrotexture and roughness, respectively, that contribute to the rolling resistance of flexible
pavements (Wang et al., 2012.) Pavement roughness, influenced by pavement surface wavelengths
between 0.5 and 50 m, is measured with IRI in units of in/mi or m/km and is defined as the ratio of the
vehicle’s accumulated vertical movement and the vehicle distance traveled during the measurement. MPD
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is a measure of pavement macrotexture (unevenness with a wavelength between 0.5 mm to 50 mm) and
can be measured using the methodology described in ASTM E1845-15. Conversion of the IRl and MPD
into rolling resistance can be done through models such as HDM-4 developed by the International Road
Federation and calibrated to the USA conditions (Chatti and Zaabar, 2012.)

While there are multiple studies that have considered rolling resistance in the use stage such as (Yu and
Lu, 2012, Wang et al., 2012, and Zhang et al., 2010) and they have more or less used the same
methodology explained above in estimating fuel consumption but the main gaps in the knowledge are
lack of reliable roughness prediction models for different pavement surface treatments and for different
climatic regions and also an updated pavement-vehicle interaction model.

Another issue that should be considered in the use stage is the frequency of maintenance and
rehabilitation (M&R) activities. Frequency of M&R is typically determined using models for predicting
cracking initiation and progression with time. The performance models are used to estimate when the
cracking index will reach trigger values for doing maintenance and rehabilitation based on the agency’s
decision tree. For California, Tseng (2012) developed initial models for wheel-path crack initiation and
progression by collecting pavement condition survey (PCS) data and using survival models to determine
crack initiation and a mixed effect logit model to model crack progression. The shortcoming of the
models developed by Tseng is that they do not cover all the surface treatments conducted in pavement
projects in California, especially the ones related to the end-of-life stage of pavements such as CIR and
FDR. Tseng’s data also included the results of initial data mining of historic Caltrans pavement condition
surveys and as-built records, which have been substantially improved in the succeeding five years.

2.1.4. End-of-Life
There are three different options available at the end of a pavement service life:

e Removal of materials and disposal in landfills,

¢ Continued use (also referred to as reuse) in place as an underlying layer in its state at the end of
life of the pavement, or

e Pavement material recycling either:

o In-place: mainly for flexible pavements through partial depth methods of cold in-place
recycling (CIR) and hot in-place recycling (HIR), or full depth reclamation (FDR) of the
pavement (discussed below.) For rigid pavements, in large projects, on-site recycling unit
can be set up to process the old portland cement concrete by removing the steel
reinforcement and breaking the concrete to the desired gradation and specification. The
resulting material is called reclaimed concrete materials (RCM) and can be used as coarse
aggregate, base materials, or for embankment.

o At the recycling plant: used for both rigid and flexible pavements. Old asphalt concrete
and portland cement concrete are pulverized and moved to a central plant for further
processing. RCMs undergo the same processes as in an on-site recycling unit and have
the same applications. The resulting recycled flexible pavement materials at the plant,
called reclaimed asphalt pavement (RAP), can either be used directly as aggregate in base
layers or be mixed with hot mix asphalt to take advantage of the aged binder that still
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exists in RAP to replace the use of the virgin binder in asphalt mixes. PCC recycled at the
plant is generally used as aggregate base.

Focusing on in-place strategies of flexible pavements, there are three strategies available: CIR, FDR, and
HIR. CIR starts with milling and pulverizing the surface of the distressed pavement to a predetermined
depth. The pulverized materials are then mixed with or without additives and are graded, placed, and
compacted back in place providing an improved base layer and a wearing hot mix asphalt (HMA) overlay
or a surface treatment is typically added on top. CIR and FDR are both cold recycling methods and the
main difference is that CIR only pulverizes the materials in the HMA layer of the previous section and
does not go through the layers underneath, while in FDR, all of the HMA layer and at least 2 in. (50 mm)
of the base/sub-base materials are pulverized.

Therefore, CIR is mostly used for cases where the distresses and issues are only within the few top inches
of the surface layer, but FDR is used when the pavement is heavily deteriorated. HIR construction process
consists of four steps: (1) softening of asphalt pavement surface with heat, (2) scarification and
mechanical removal of the surface material, (3) mixing with recycling agent, asphalt binder, or new mix,
and (4) laydown and paving of the recycled mix. HIR is usually used for three applications: (1) surface
recycling, (2) repaving, and (3) remixing and each application uses different sets of equipment and
sequence of construction. HIR is not common in California and, therefore, will not be included in the
scope of this study. Details of the construction process for CIR and FDR are later presented in Chapter
Seven.

In-place recycling is gaining more popularity as it results in less consumption of virgin aggregates and
less environmental impacts in hauling of the materials to the site. These reductions in material
consumption and hauling expenses result in lower construction costs. Recycling has always been closely
linked to environmental stewardship, this coupled with scarce resources of virgin materials in California,
has led Caltrans to aggressively pursue recycling in their pavement projects. There is also legislation in
this regard such as Assembly Bill 338, approved in 2005, which requires Caltrans to use crumb rubber
asphalt (CRA) in its construction project with a minimum requirement of 20 percent of total asphalt
weight used in projects to be from CRA by 2007, 25% by 2010 and 35% by 2013 (CA Legislature
webpage on AB338.) Compared to recycling of the pavement, conventional EOL techniques for flexible
pavements are reconstruction, mill-and-fill, or construction of an overlay on top of the existing pavement.
EOL is the least considered life cycle stage in LCA studies identified across the world, as Table 2.4 taken
from the FHWA review of the literature in 2014 shows.

Table 2.4. Inventory sources contributing to
pavement life-cycle stages (FHWA, 2014)

Life-Cycle Stages Stu:i:sf
Material Acquisition 97
Construction 28
Maintenance and Rehabilitation 97
Use 27
End-of-life 19
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A survey was conducted of recent LCA studies on EOL of pavements, and the summary is presented in
App-Table 3. Within these studies, there is no reliable data set that closely models the local practice in
California in terms of the construction activities, mix designs, and locally adjusted LCI for the materials
used in each EOL alternative. As the table shows, there are still questions and issues to address:

e Reliable and locally representative quantification of the impacts of the options available at EOL.
e Allocation of the impacts between the upstream and downstream projects when using recycled
materials (discussed below.)
® The performance of the sections built from recycled materials or built using in-place recycling
compared to the conventional techniques. This should be investigated from two perspectives:
o Surface roughness changes with time that directly affect vehicle fuel consumption.
o Section cracking performance that affects future maintenance and rehabilitation (M&R)
frequencies.

2.1.5. The Issue of Allocation in LCA Studies

ISO 14040 (2006) defines allocation as “partitioning 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.” Systems that
produce co-products, by-products, or recycled materials are areas of concern for allocation. Co-products
are two or more products that are produced in the same process, like the final products of a crude oil
refinery plant. A by-product is the result of a production process that is primarily focused on another
material, but the by-product can still be marketed and sold for value. What is left from a production
process that has no economic value and no use in other industries is called waste. In the case of a refinery
that processes crude oil and produces several refined products (co-products) how to allocate the total
emissions and environmental impacts of the oil extraction, transportation and refinery processes between
the co-products is an issue where they cannot be assigned exclusively to one product or another through
thermodynamic or mechanical decomposition of the processes. . As another example, fly ash is a waste of
coal combustion in power plants and can be used as a partial substitute for portland cement. Dividing the
impacts of coal combustion between the electricity generated by the plant (the main product) and the fly
ash (the waste) is an allocation issue.

Recycled materials are another area of concern. Recycling can be open-loop or closed-loop. In closed-
loop recycling, the material is recycled back into the original product system, such as the case for
aluminum cans or RAP back into HMA. In open-looped recycling, the material is recycled into other
product systems with a substantial change in the inherent properties. Another issue to consider is the
possible loss of quality during the recycling process and therefore the number of times recycling can be
repeated in the future. Quality degradation during the recycling process might be significant enough that it
would eventually lead to the disposal of the material as waste.

ISO 14040 recommends avoiding allocation, whenever possible, by: (1) Dividing the unit process into
sub-processes and collecting inputs and outputs related to each, or (2) Expanding the system boundaries
to include the additional functionalities related to the co-products. When the allocation is unavoidable,
ISO recommends partitioning the impacts based on the underlying physical relationships between them
such as mass proportions or energy content ratios. ISO also allows allocation based on economic value
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where appropriate. However, these methods can yield significantly different results depending on the
physical property chosen for doing the allocation.

The issue of allocation is present in many aspects of pavement LCA studies such as environmental
impacts of asphalt binder as a co-product of an oil refinery, or supplemental cementitious materials
(SCMs) such as fly ash, slag cement, silica fume, and by-products of other industries. Another major area
of concern is recycled materials such as RAP and RCA. While allocation of co-products and by-products
in pavements have been considered by multiple studies (Sayagh, 2010; Huang, 2013; and Kang 2014),
best practice for allocation of recycled materials, either in-place or at plant is still an area of debate.

Recycling pavement materials, either in-place or at a plant, will displace the use of finite resources such
as virgin aggregates and sometimes virgin binders and therefore eliminate the impacts of producing virgin
materials. This avoidance of using virgin materials can result in reductions in environmental impacts that
should be allocated between the upstream project that provides the recycled materials and the downstream
project that uses it. There are also emissions and energy consumptions, referred here as environmental
burdens, for producing the recycled materials. These burdens for in-place recycling include pulverization,
processing, further addition of stabilizing agents and virgin aggregate to achieve specified gradations and
other specification limits for mix proportioning and properties. For plant recycling the burdens are caused
by: demolition, transportation to the plant, processing done at the plant, and transportation of the recycled
materials to the new construction site. The allocation of these environmental burdens between the
upstream and downstream projects is not straight forward. There can also be plant recycling of materials
produced at the plant but never transported to a construction site, for various reasons.

Allocation of recycled materials has been an area of discussion in all four international symposiums on
pavement LCA (Davis, CA 2010; Nantes, France 2012; Davis, CA 2014; and Urbana-Champaign, IL
2017) and three different approaches have been suggested (Harvey et al., 2010; Van Dam et al., 2015), as
explained in Figure 2.7:

¢  Cut-off method: benefits and burdens of recycling all goes to the downstream project (pavement 2
is responsible for R1, no reduction of environmental impacts allocated to pavement 1 for
producing recycled materials)

e 50/50 method: half the impacts to the second pavement and half to the first pavement

e Substitution method: The first pavement is given the full benefits (the impacts that are avoided by
substituting virgin materials in pavement 2)
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V1: Environmental impacts of material production for pavement 1
V2: Environmental impacts of material production for pavement 2 (V1<V2 due to using recycled materials that replace virgin
aggregate)
R1: Environmental impacts of the recycling processes
P1, P2: Environmental impacts of pavement construction
U1, U2: Environmental impacts of the use stage
W1, W2: Environmental impacts of waste management
Figure 2.7: EOL allocation rules potentially applicable for pavements (Van Dam et al., 2015.)

Not only there are no reliable models to quantify the environmental impacts of the in-place recycling and
plant-recycling practices currently in use in California, but also, there is no consensus on a framework or
methodology for handling the allocation. Some other questions that need to be addressed are:

e  What is the damage to the recycled layers at the time that the surface fails, and how many times is
the surface replaced before the underlying recycled layer(s) need to be treated?

e [s there a difference in recyclability of a new pavement at its EOL versus a section that is built
using any of the conventional rehabilitation techniques?

e How many times can a recycling strategy be repeated, and do the materials and the construction
activities change with subsequent recycling? If is the number of times recycling can be repeated
is limited, which means the quality deteriorates with each recycling, how should the allocation of
the impacts between the current and the future recycling be handled?

* Does consequent recycling have a detrimental impact on the pavement performance? Is the same
performance model applicable to a section recycled once and a section that that has been recycled
multiple times?

e Should the LCA consider repeated use of the same treatment or are there paths in the analysis
period in which different alternatives should be considered?
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2.1.6. Cost Effectiveness

Multiple studies have stated that in-place recycling practices cost less compared to conventional EOL of
treatments such as mill-and-fill or total reconstruction. In-place recycling involves less consumption of
virgin aggregate and potentially less binder, as well as less hauling of the materials to the site. However, a
complete comparison should include all life cycle stages and requires life cycle cost analysis, as more
frequent future M&R may offset the savings in the initial construction impacts. App-Table 4 in Appendix
I shows a review of some of these studies with limitations identified in each. It should be noted though
that due to high fluctuations in relative prices of asphalt and cement (BLS webpage on Producer Price
Index; Caltrans webpage on Asphalt Price Index), most of the cost studies conducted in the past are not
very useful nor applicable for now and do not provide an accurate picture of the relative costs of the
current practices. This shows the need for updated cost estimates and sensitivity studies for each of the
rehabilitation alternatives.

2.2. Implementation of Life Cycle Thinking in Local Roads Management in California

Most pavement LCA studies, either at the project level or network level, are conducted on pavement
sections which are part of the state network and local roads have not been included as much. While in
fact, as Figure 2.8 shows, local roads are more than 82 percent of the total statewide lane-miles in
California, and as presented in Table 2.5, they support an estimated 54 percent of the statewide annual
vehicle miles traveled.

Table 2.5. Maintained road miles and estimated annual
vehicle miles of travel (AVMT) by jurisdiction (Caltrans, 2018a)

% of % of
Jurisdiction II-V?irI]:s Statewide (mi;i\igr“:ls-; Total

Total AVMT
City Streets 181,475 45.7% 118,466 34.4%
County Roads 146,128 36.8% 37,313 10.8%
State Highways 51,279 12.9% 187,164 54.4%
Federal Agencies 15,765 4.0% 964 0.3%
Other State Agencies 2,067 0.5% 396 0.1%
Statewide Total 396,715 100.0% 344,304 100.0%
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Figure 2.8: Breakdown of public road ownership in California based on lane-miles (Caltrans,
2018a).

There are several state GHG emission reduction policies in California, some of which directly target local
agencies. The most important ones are Assembly Bill 32, the global warming solution act, which was
enacted in 2006, requiring reduction of statewide GHG emissions to the 1990 level by 2020 and 50
percent reduction from that level by 2050 (CA Legislature webpage on AB32.) and Senate Bill 375 which
mandates metropolitan planning organizations (MPOs) to create land use and transportation plans to meet
the regional GHG reduction mandates set by Air Resources Board (CARB webpage on SB375.)

Another area of concern for local agencies is the cost of maintaining their networks. A statewide study of
California’s local street and road system conducted in 2014 reported that while existing funding levels
were $1.657 billion/year, it was estimated that maintaining the current conditions required 3.328
billion/year (at its current Pavement Condition Index (PCI) of 66) and funding required to reach what the
report considered optimal was $7.275 billion/year. It was assumed that by bringing the roads to optimal
level, cities and counties will be able to maintain streets and roads at the most cost-effective level.

In April 2017, Senate Bill 1, the Road Repair and Accountability Act of 2017, was signed into law which
invests $54 billion over the next decade to fix roads, freeways and bridges in communities across
California. These funds through SB1 are equally split between state and local investments. SB1 has a
dedicated webpage that reports how the funding is allocated and the status of projects funded by this bill
(SB1 Overview webpage.)

Local agencies in northern California usually use modified Caltrans’ guidelines for new pavements, and
maintenance and rehabilitation of existing pavements. Similar specifications are used in southern
California through the Greenbook. Local roads normally have lower traffic levels compared to the state
network, and typically fail because of issues with utility cuts, traffic and construction quality that are
different from the context of the state highway system. Currently, local governments do not have any tool
to quantify the environmental impacts of their civil infrastructure decisions at network level management
(to comply with SB375) nor compare alternatives at the project level.
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What can help mitigate some of the challenges with the budget and reduce GHG emissions is to use
Caltrans’ type pavement structures where applicable, but to develop new designs for structures and M&R
that recognize the differences between the state and local networks and that potentially use less material,
cost less, and have less environmental impacts considering the whole life cycle of the option. This
requires new section designs, and estimates of the construction costs, service life, and GHG emissions in
each of the life cycle stages for them and to compare with conventional designs. There is no such model
available for local agencies at this point. Recent work at UCPRC (Jones et al., 2016) points towards the
potential of greater use of recycled materials, designs that are easier to maintain when utilities are present
and the potential benefits of more frequent preservation treatments as opposed to less frequent, but more
expensive rehabilitation treatments

2.3. Problem Statement and Gaps in the Knowledge

Based on the previous discussion presented in this proposal, the current gaps in the knowledge are:

e There are LCI datasets available for materials, surface treatments, and construction activities, but
these datasets generally: a) do not include a comprehensive list of all available options, b) are
outdated, and c) are not representative of the local conditions in terms of processes, mix designs,
and energy sources.

¢ Frameworks and models that can help local governments quantify the life cycle costs and
environmental impacts of their decisions in transportation infrastructure management do not exist
at this point. Such frameworks and data models are critical to help local governments evaluate
their strategies and decision making. Asset management through such frameworks and tools
would allow local governments and state agencies to find the most efficient solutions to meet
their goals at minimum cost. Such an approach would help managers avoid less optimal solutions
or even worse, cases where unintended consequences offset the whole benefits realized through a
novel approach.

e There are limited and unreliable data for quantifying the environmental impacts of EOL strategies
for flexible pavements; these strategies include conventional methods (such as reconstruction,
mill-and-fill, and overlays) and recycling strategies (either in-place or plant-recycling.)

e There are no reliable performance prediction models for pavements built from recycled materials.
Therefore, it is unclear whether such sections perform better, equally, or worse compared to
conventional strategies. If the performance is worse, it is possible that the potential savings in
environmental impacts due to recycling are offset by the need for more frequent maintenance and
rehabilitation in the future compared to conventional strategies.

e The surface roughness is going to affect vehicle fuel consumption during the use stage.
Roughness performance models for sections built using in-place recycling are also unknown at
this point.

e There is no consensus on the methodology on how to allocate the reduction in environmental
impacts due to recycling between the upstream project that is at its EOL and the downstream
project that is going to use the recycled materials.
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2.4. Research Objectives
The main objectives of this research are to:

¢ Complete the LCI database for the materials and surface treatments used by Caltrans and local
governments on their pavement projects.

e Develop frameworks and models as a decision-making approach and tool for local and state
agencies, consisting of modules for LCA and Life Cycle Cost Analysis (LCCA.) The data to be
fed into the models will be taken from the UCPRC LCI database which is the deliverable of the
first objective in this list. The frameworks and tool will allow decision makers to quantify the
costs and environmental impacts of multiple alternatives during analysis period and within the
scope and system boundary set by the decision maker. The alternatives are a list of the
conventional treatments used by local agencies and new section designs that will be developed as
part of this project that are expected to use less materials and cost less in the initial construction
stage and over the life cycle. The cost estimates coupled with estimates of the service life of the
options and the future M&R frequencies will be used to compare the life cycle cost (LCC) of the
alternatives. LCC and LCA results can provide the decision maker with all the information
needed to select among available alternatives. The decision support approach and tool will be
mindful of the limitations of data, time, and expertise typically available to local government
agencies.

e Develop models to quantify the environmental impacts of EOL alternatives for flexible
pavements, using the practice in California as the case study.

® Investigate and recommend a methodology for handling allocation of the EOL impacts and
provide understanding on how it can affect the decision making in terms of selecting the
treatments based on their environmental impacts.

e Develop performance prediction models for recycled sections to understand how their roughness
and cracking change with time and therefore, allow fair comparison of recycling and conventional
methods throughout their life cycle.
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CHAPTER 3. Comprehensive Life Cycle Inventory for
Transportation Infrastructure Projects, Calibrated to the
Energy Mix, Technologies, and State-of-Practice in California

3.1. Introduction

This chapter documents the details and assumptions used to develop the University of California
Pavement Research Center (UCPRC) life cycle inventory (LCI) database for quantifying the
environmental impacts of pavement projects in California, as well as some impacts from building heating,
cooling, and lighting. The UCPRC LCI database presented in this chapter is mostly the result of two LCA
studies by the UCPRC completed for the California Air Resources Board (CARB) and the California
Department of Transportation (Caltrans.) The goal and scope of each of those studies is defined in
Section 3.2.1. and Section 3.2.2. , respectively, in order to contextualize how they will use the LCI data
and to specify how the data will be applied within the scope of each study.

The data presented in this chapter are intended as background LCI data for those studies and do not
include foreground inventories for pavement designs, maintenance schedules, building designs, and
vehicle traffic levels and fuel consumption. Further, the data provided in this chapter do not include
background information for any use stage elements other than building energy consumption (e.g.,
pavement vehicle interaction [PVI], lighting, carbonation, albedo effects due to radiative forcing.)
Foreground data are “from the system of primary concern to the analyst” and background data “include
energy and materials that are delivered to the foreground system as aggregated data sets in which
individual plants and operations are not identified” (EPA webpage on LCA Glossary.)

These LCI have been incorporated into the LCA software called eLCAP (environmental Life Cycle
Assessment for Pavement.) These inventories will continue to be updated in the future as part of the
ongoing development of eLCAP and will be subjected to periodic outside critical review.

The models and inventories were either developed by the author or are modified versions of models
available in commercial software. In either case, the main goal in development of each LCI was to
represent the local conditions, technologies, and practices in terms of the electricity grid mix, material
production processes, plant energy sources, transportation modes, mix designs, construction
specifications (new construction, maintenance, and rehabilitation), and end-of-life practices used in
California. These inventories can also be used as a framework for creating regional LCI for other
locations around the world.

The main commercial source used in the development of these LCls was the PE Profession Database
available in the software program GaBi (GaBi webpage). Other database sources were also used,
including ecoinvent (ecoinvent webpage) and the US Life Cycle Inventory (USLCI) which is hosted at the
NREL website (NREL webpage on USCLI.) The energy sources and materials for which LCls were
developed and included in the UCPRC LCI database are listed in Table 3.2, and the composite materials
and transportation mode inventories are listed in Table 3.3. These LCls combine the results of both
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studies and not all the items were used in both; the items included in each study are detailed in
Section 3.2.1. and Section 3.2.2. .

The UCPRC decided that a third-party verification of the database was needed to verify the accuracy and
reliability of data sources, modeling assumptions, and the LCI results. The three-member review

committee selected to conduct the verification according to ISO 14040 requirements is listed in Table 3.1.

Table 3.1. The third-party review committee members

Reviewer Position Institute Area of Expertise
Robert Karlsson, Ph.D. Swedish Expert in pavement LCA
(Chair of the Review Specialist Transportation and transportation
Committee) Administration (STA) infrastructure
Amlan Mukherjee, Ph.D., Assomat.e Professor, Civil Michigan . Expert in pavement LCA
and Environmental Technological .
P.E. . . : . and asphalt materials
Engineering University
Massachusetts

Executive Director, Institute of Expert in pavement LCA

Concrete Sustainability Hub and concrete materials
Technology

Jeremy R. Gregory, Ph.D.

The original version of the remainder of this chapter, written by the author, served as the UCPRC report
to the review committee, and the version included in this chapter now includes the results of responding
to their comments A few additional concrete mix design inventories were added after the critical review,
as noted in this chapter, and the naming of the existing concrete mix designs was changed to more
specifically identify the type of mix and its intended use. These additional inventories are for:

e Portland Cement Type 111

e (Calcium Sulfo-Aluminate Cement (CSA)

e Concrete mix designs for state highway lane replacement, local streets, and minor concrete

e Concrete mix designs for slab replacement with Type Il and CSA cement

e Bonded Concrete Overlay of Asphalt concrete mix designs from the Cool Pavement project with

three levels of supplementary cementitious materials

Table 3.2. Energy sources and materials
included in the UCPRC LCI database

Item Type

Electricity Energy Sources
Diesel Burned in Equipment Energy Sources
Natural Gas Combusted in Industrial Equipment Energy Sources
Aggregate (Crushed) Materials
Aggregate (Natural) Materials
Bitumen Materials
Bitumen Emulsion Materials
Crumb Rubber Modifier (CRM) Materials

Dowel Materials
Limestone Materials
Paraffin (Wax) Materials
Portland Cement Type | Materials
Portland Cement with 19% SCM Materials
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Item

Type

Portland Cement with 50% SCM

Portland Cement Admixtures (Accelerator)
Portland Cement Admixtures (Air Entraining)
Portland Cement Admixtures (Plasticizer)
Portland Cement Admixtures (Retarder)
Portland Cement Admixtures (Superplasticizer)
Portland Cement Admixtures (Waterproofing)
Quicklime

Reclaimed Asphalt Pavement (RAP)
Reflective Coating (BPA)

Reflective Coating (Polyester Styrene)
Reflective Coating (Polyurethane)

Reflective Coating (Styrene Acrylate)
Styrene Butadiene Rubber (SBR)

Tie Bar

Materials
Materials
Materials
Materials
Materials
Materials
Materials
Materials
Materials
Materials
Materials
Materials
Materials
Materials
Materials

* SCM: Supplementary Cementitious Materials

Table 3.3. Pavement composite surface materials and treatments,
and transportation modes included in the database

Item

Type

Bonded Concrete Overlay on Asphalt

Cape Seal

Chip Seal

Cold in-Place Recycling

Conventional Asphalt Concrete (Mill-and-Fill)
Conventional Asphalt Concrete (Overlay)
Conventional Interlocking Concrete Pavement (Pavers)
Fog Seal

Full Depth Reclamation

Permeable Asphalt Concrete

Permeable Portland Cement Concrete
Portland Cement Concrete

Portland Cement Concrete with Supplementary Cementitious Materials
Reflective Coating (BPA)

Reflective Coating (Polyester Styrene)
Reflective Coating (Polyurethane)

Reflective Coating (Styrene Acrylate)
Rubberized Asphalt Concrete (Mill-and-Fill)
Rubberized Asphalt Concrete (Overlay)
Sand Seal

Slurry Seal

Barge Transport

Heavy Truck (24 Tonne)

Ocean Freighter

Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Surface Treatments
Transportation

Transportation

Transportation
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A downloadable Excel file for each item discussed in this chapter is available in a supplementary data
folder available over the internet (UCPRC LCI DB Shared Folder on Box), this folder will be referred to
as the Supplementary Data throughout this chapter. Each file contains two tabs: one is the full LCI of the
item and the other is the life cycle impact assessment (LCIA) results from different impact assessment
methodologies. It should be noted that the impacts calculated using the Tool for Reduction and
Assessment of Chemicals and Other Environmental Impacts (TRACI) 2.1 (Bare, 2012) results are the
only impact calculations that were subjected to critical review.

In general, the system boundary of the LCIs developed included: (a) extraction of raw material from the
ground, (b) transportation of raw materials to the plant, and (c) the processes conducted in the plant to
prepare the final product to be shipped to the construction site, which is referred to as a “cradle-to-gate”
LClIs. Delivery of the product to the construction site and the impacts associated with the transportation
are not included in a cradle-to-gate LCI. Transportation is included in the LClIs as a separate item, with
different inventories for each mode of transportation shown in Table 3.3. Section in Chapter 2 describe
the specific system boundary for each item in more detail.

3.2. Goal and Scope Assumptions Used to Develop Inventories

3.2.1. Goal and Scope of CARB/Caltrans Lawrence Berkeley National Laboratory Heat Island
Study

This project was a collaborative effort between the Lawrence Berkeley National Laboratory (LBNL) as
lead, the UCPRC, the University of Southern California, and thinkstep, and was jointly funded by CARB
and Caltrans. The study goal was to produce a tool that enables decision-makers to compare the
environmental life cycle impacts of conventional pavements and cool pavements in urban areas (tool
summarized in (Levinson et al., 2017), study results summarized in (Gilbert et al., 2017) Urban areas
generally have higher temperatures compared to the undeveloped land around them, as they are covered
with pavement and buildings that absorb heat from solar irradiance, and have multiple sources of heating
including building and motor vehicles. This phenomenon is referred to as an urban heat island.

Cool pavements have higher albedo (reflectivity) compared to conventional pavements which can
contribute to reducing urban heat island effects by reflecting more solar irradiance than conventional
pavements. The objective of this study was to conduct a full life cycle analysis so that the environmental
impacts of the full life cycle stage considering materials, construction, transportation, year-round building
energy use, and end of life could be fully accounted for, not just the reduction of urban heat island and
consequent impacts from summer-time building energy use during the use stage which was the system
boundary of previous LBNL studies. The analysis period was defined as 50 years for the various surface
treatments compared in the study.

Table 3.4 shows the parameters that were calculated in the study to allow objective comparison of
alternative cool pavement strategies considering the full life cycle of pavement materials and energy
consumption in buildings. The surface treatments considered in this project consisted of a comprehensive
list of conventional and alternative approaches that can potentially be applied to urban public pavements.
The list of treatment types considered in the study is shown in Table 3.5 which includes covering
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pavement surfaces with reflective coatings instead of conventional asphalt-based slurry seals, even though
reflective coatings were still not generally available in the market at the time of this study. The study’s
geographic scope was limited to the state of California and its temporal scope was assumed to be begin
between the years 2012 (then current electrical energy production) and 2020 (under the California
Renewables Portfolio Standard (RPS.)

Table 3.4. Parameters of interest in the cool pavement study

Pavement Side Climate Side Building Side
Energy Consumption and
Environmental Impacts due to: | Changes in Urban temperature due to Changes in Energy

changes in pavement albedo. Calculated consumption in buildings due to
- Material Production using a climate model considering: changes in urban temperature
- Transportation caused by changing pavement
- Construction - percent of public roads changed each year albedo
-Total Cradle to Laid - albedo of the specific type of surface

treatment selected - Cooling in summers
Calculated Using LCA - changes in albedo with age of pavement - Heating in winters

Table 3.5. List of surface treatments considered in the cool pavements study
Surface Treatment
Bonded Concrete Overlay on Asphalt (BCOA) with three levels of SCM’
Seals (Cape, Chip, Fog, Sand, Slurry)
Conventional Asphalt Concrete, (mill and fill; overlay)
Conventional Interlocking Concrete Pavement (Pavers)
Permeable Asphalt Concrete
Permeable Portland Cement Concrete
Permeable Rubberized Asphalt Concrete
Portland Cement Concrete (PCC) with three levels of SCM
Reflective Coating (with four different coating)
Rubberized Asphalt Concrete (mill and fill; overlay)
“SCM: Supplementary Cementitious Materials

The material production stage included extraction of raw materials from the ground, transportation to
processing plants, and the processing conducted in plants. Transportation of the materials from the plant
to the site and then from the site to the landfill or recycling plant at the EOL was also included for each
case. Processes for construction activities on site were modeled for each surface treatment according to
Caltrans specifications and correspondence with local contractors. During the use stage, energy use in
buildings was quantified with consideration of changes in urban temperatures according to the albedo of
the surface treatment applied calculated using the WRF model by the University of Southern California,
and also considering the percentage of the urban public pavements treated, and albedo changes expected
over time.

Radiative forcing from the reflection of solar energy off the pavement into the atmosphere was outside the
system boundary but was considered separately in the journal article describing the total study, including
a summary of the LCA (Gilbert et al., 2017.) Changes in the surface roughness and its resulting impact on
vehicle fuel consumption during the use stage was also not included in the study scope and system
boundary. The service life for each surface treatment was considered based on previous experience and
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consultation with local agencies, however, maintenance activities during the use stage were excluded
from the system boundary. Changes in traffic during the construction periods and construction work zone
congestion were also excluded from the system boundary.

The intended audience of the study included local governments, pavement researchers and practitioners,
and construction contractors. The functional unit selected for the study was 1 lane-mile of pavement
surface. To enable investigation of the impact of the cleaner electricity grid mix mandated by California
Renewable Portfolio Standard, the LCI for the study was developed under two assumptions, one based on
the year 2012 electricity grid mix and one based on the grid mix anticipated for the year 2020. The tool
developed was named pLCA (pavement LCA) and Figure 3.1 shows the system boundary defined for this
project. Coding of pLCA was outside the scope of this dissertation and was done by LBNL.

3.2.2. eLCAP

UCPRC has developed a web based LCA tool, eLCAP, for pavement designers to quantify the
environmental impacts of their pavement design decisions, both at planning and project design stages of
project development. eLCAP will include the inventories developed in the cool pavement project as well
as complementary items needed to quantify all the impacts occurring across the full life cycle of
pavements under management of public agencies. At this time the inventories in eLCAP are focused on
California. Figure 3.2 shows the items that can be included in the system boundary of studies conducted
in eLCAP.

3.3. Allocation

Allocation is the assigning of proportions of total single process impacts to multiple products of the
process where the impacts cannot be separated based on sub-division of the process into the parts each
product is responsible for based on physical sub-processes. The two pavement material products that
required allocation for their inventories in this study are bitumen, which comes from the refining of oil
into bitumen and many other products, and reclaimed asphalt pavement (RAP) which involves the
creation of the original asphalt pavement and the additional processes of reclaiming it at the end of its life.
Details of allocation assumptions and corresponding results can be found in each of the respective
sections for these products later in this chapter. Table 3.6 lists the pavement materials for which allocation
of the LCI data was needed and the potential allocation methods that could be used for each.

Table 3.6. Possible allocation methods to be used for selected pavement materials in the database

Item Applicable Allocation Methods
Bitumen Mass-based, energy-based, and value-based (economic)
Reclaimed asphalt pavement (RAP) Cut-off and 50/50
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Figure 3.1: Scope of the pLCA tool.

3.4. Life Cycle Impact Assessment

TRACI 2.1 (Bare, 2012) was used as the main methodology for converting the LCI results into impact
assessment indicators. The following were the impact indicators used for the LBNL Heat Island study:

Global warming potential (GWP)
Photochemical ozone creation (smog) potential (POCP)

o Smog emission, unlike global warming, is a local issue and therefore the location of the
emission matters. However, this study did not specify the location nor timing of the
emission of these ozone precursors. Instead this study measured the total POCP over the
full life cycle of the surface treatment regardless of where it occurred.

Particulates smaller than 2.5 um (PM2.5.)

o Similar to smog potential, particulate emissions occur on a local scale and are emitted at
various locations as part of different stages of a pavement section’s life cycle from raw
material extraction to EOL. This study did not consider the timing and location of
emissions for this category.

Primary energy used as fuel from renewable and nonrenewable resources (net calorific value
excluding feedstock energy)
Primary energy used as a material from nonrenewable resources (feedstock energy)
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Material Production

- raw materials extraction

- transportation to plant

- plant processes
for a comprehensive list of all the construction materials used in
pavement projects in California, including materials not currently widely
used (such as reflective coatings) identified in the Cool Pavement project

v

Transportation —» Mixing Plant [—» Transportation

v

Construction, Maintenance, & Rehabilitation

* All the construction activities conducted:
- during initial construction, or
- in all future maintenance and rehabilitation
activities in the service life

* Changes in the work zone traffic due to construction

v

Use Stage

- Vehicle operation and fuel consumption
- Surface roughness and its impact on vehicle mpg

v

End-of-Life

- Reuse
- Recycling: in-place/in-plant
- Landfill

Figure 3.2: Scope of the eLCAP software.

Initial LCA studies conducted for Caltrans (Wang et al., 2012) primarily focused on global warming
potential, primary energy demand used as fuel (renewable and nonrenewable), and primary energy used
as a material from nonrenewable resources (feedstock energy.) More recent studies, such as the
benchmarking of EOL practices (Saboori et al., 2017), also include smog and particulate matter. The
eLCAP software has been developed with the intention that it will report all the impact categories
identified by the EPA and two main inventory items, primary energy and feedstock energy, as shown in
Table 3.7. The full LCIA results of the UCPRC LCI dataset are included in the supplementary data

available for download, as noted earlier.
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Table 3.7. TRACI 2.1 impact categories and selected inventory items
to be used in the UCPRC eLCAP software

Life of Impact Categories in the USEPA TRACI 2.1 Impact Assessment Methodology
Acidification [kg SO2-e*]

Ecotoxicity [CTUe]

Eutrophication [kg N-e]

Global Warming Air, Excluding Biogenic Carbon [kg CO2-e]

Global Warming Air, Including Biogenic Carbon [kg CO2-¢e]

Human Health Particulate Air [kg PM2.5-¢]

Human Toxicity, Cancer [CTUh]

Human Toxicity, [ds: spell as “non-cancer’?] [as: fixed] Non-Cancer [CTUh]
Ozone Depletion Air [kg CFC 11-€]

Primary Energy Demand Use as Fuel from Renewable and Nonrenewable Resources (Net Calorific Value) [MJ]
Primary Energy Demand Used as Raw Materials (Feedstock Energy) [MJ]
Resources, Fossil Fuels [MJ Surplus Energy]

Smog Air [kg O3-€]
* equivalent

The data sources used to model each item in the inventory described in this chapter were chosen after the
available options were examined to see which were most up to date and representative of the regional
conditions in California. Details are available in the discussion of each item below and also in Chapter
Three, Data Quality Requirements and Data Validation. As noted earlier, although an Excel file for each
of the items in this chapter is available in the Supplementary Data (UCPRC LCI DB Shared Folder on
Box) on the web with full LCI and LCIA, the LCIA results are provided below for reference. It should
also be noted that a few of the models built using the USLCI database contain dummy flows that have
zero upstream impacts; use of dummy flows was unavoidable at this time as there were no better available
datasets.

3.5. Energy Sources

3.5.1. Electricity

The electricity grid mix for California was taken from The California Energy Almanac webpage, and the
table for 2012 is reproduced here as Table 3.8. Figure 3.3 and Figure 3.4 show the other parameters used
in the model definition and Figure 3.5 shows the model developed using the software program GaBi,. The
average Western US grid process (based on the EPA’s Emissions & Generation Resource Integrated
Database [eGRID]) that is included in GaBi was used in the model to account for the unspecified portion
of the grid mix. As noted in Section 3.2.1. , the electricity LCI was developed under two different grid
mix scenarios, one based on the year 2012 and one based on the year 2020. Including the latter will allow
analysts to investigate the impact of a cleaner energy mix on the results of the study. As noted, the use of
the 2020 renewables portfolio was specifically requested by the California Air Resources Board assuming
that implementation of cool pavement strategies will happen after 2020.
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Table 3.8. Electricity generation mix in CA (b) In year 2020 (CA Renewable Portfolio

(a) In year 2012 (CA Energy Almanac webpage) Standard [RPS])
Fuel Type Perceg:;nﬁiﬁ Fuel Type Perceg:iglnﬁiﬁ
Total Renewables 15.40% Total Renewables 28.20%
Biomass 2.30% Biomass 1.20%
Landfill Gas 0.00% Landfill Gas 0.30%
Geothermal 4.40% Geothermal 2.90%
Small Hydro 1.50% Small Hydro 1.60%
Solar 0.90% Solar PV 10.90%
Wind 6.30% Solar Thermal 2.30%
Total Non-Renewables 84.60% Wind 9.00%
Hard Coal 7.50% Total Non-Renewables 71.80%
Hydro Large 8.30% Hard Coal 6.40%
Natural Gas 43.40% Hydro Large 7.00%
Nuclear 9.00% Natural Gas 36.80%
Unspecified 16.40% Nuclear 7.60%
Total 100.00% Unspecified 13.90%
Total 100%
Free parameters
Parameter WYalue Minimurn Maximur Standan Comment, units, defaulks
Bingas 0 0 % [08] [%] percentage power from biogas
Biomass_solid 2.3 0%  [07][%] percentage power from biomass (solid)
Geothermal 4.4 0% [#%] Percentage power From geothermal
Grid_losses 8 0% [23] [%%] arid losses| distribution losses related to power supp
Hard_coal 7.5 0 % [03] [%:] percentage povesr From hard coal
HF O 1] 0%  [06] [%] percentage power from Fuel ol
Hydro 9.8 0%  [10][%:] percentage power From hydro power
Matural_gas 43.4 0 % [05] [%:] percentage power From natural gas
Muclear Q 0% [01] [%%] percentage power from nuclear power
Output_total 1 0%  [24] [MJ] electricity output
Cun_consunnpk 0 0% [18] [%%] poweer own consumption related to gross generation
Photowolkaics 09 0 % [12] [%:] percentage power from photovolbaics
Unspecified 16.4 0% [%%] percentage of other unspecified power
Wirid 6.3 0%  [11][%] percentage power from wind power
WEE 1] 0 % [09] [%] percentage power From waste incineration (\Waske-t

Figure 3.3: Parameters used in the electricity model.
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Parameter Flow 7 Quantity Amount Unit

= Unspecified_nor Electricity [Electric power] Energy (net calorific value) 0.178 Ml
= Biogas_norm Electricity from biogas [System-dependent] Energy (net calorific value) 0 Ml
= Geothermal_norm  Electricity from geothermal energy [System-dependent  Eneray (net calorific value) 0.0478 Ml
= Hard_coal_norm Electricity from hard coal [System-dependent] Energy (net calorific value) 0.0815 Ml
= HFO_norm Electricity from heavy fuel oil [System-dependent] Energy (net calorific value) 0 Ml
= Hydro_norm Electricity from hydro power [System-dependent] Energy (net calorific value) 0.107 Ml
= Natural_gas_nor  Electricity from natural gas [System-dependent] Energy (net calorific value) 0.472 Ml
= Nuclear_norm Electricity from nuclear energy [System-dependent]  Energy (net calorific value) 0.0978 Ml
= Photovoltaics_n Electricity from photovoltaic [System-dependent] Energy (net calorific value) 0.00978 Ml
= Biomass_s_norm  Electricity from solid biomass [System-dependent] Energy (net calorific value) 0.025 M)
= WEE_norm Electricity from waste to energy [System-dependent] Energy (net calorific value) 0 Ml
= \Wind_norm Electricity from wind power [System-dependent] Energy (net calorific value) 0.0685 Ml
Parameter  Flow © Quantity Amount Unit
= Qutput_total Electricity [Electric power] Energy (net calorific value 1 MJ
Waste_heat Waste heat [Other emissions to air]  Energy {net calorific value 0.087 MJ

Figure 3.4: The inputs and outputs of the electricity model.
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Figure 3.5: The model developed for the California electricity grid mix.

3.5.2. Diesel Combusted in Industrial Equipment

32



The data for diesel combusted in industrial equipment were directly taken from the GaBi database.
Figure 3.6 and Figure 3.7 show the model and its inputs and outputs in GaBi.

3.5.3. Natural Gas Combusted in Industrial Equipment
The data for natural gas combusted in industrial equipment were directly taken from the GaBi database.
Figure 3.8 and Figure 3.9 show the model and its inputs and outputs in GaBi.

3.5.4. Summary of Energy Sources

Table 3.9 shows a summary of selected LCI and LCIA results for the energy sources studied.

Table 3.9. Summary of selected LCI and LCIA results for energy sources
(based on the 2012 CA electricity grid mix)

Func- a PED
b e gOCPL PMES awpe fen R
COze] 9 9 [MJ] ]
Electricity (2012 grid mix) 1MJ 1.32E-01 4.28E-03 2.54E-05 3.09E+00 2.92E+00 0.00E+00
Electricity (2020 grid mix) 1MJ 1.07E-01  3.53E-03 2.23E-05 2.92E+00 2.23E+00 0.00E+00
Diesel, combusted 1 liter 4 50E+01 1.99E+01 3.55E-02 6.25E+02 6.25E+02 0.00E+00
Natural gas, combusted 1 m3 2.42E+00 5.30E-02 1.31E-03 3.84E+01 3.84E+01 0.00E+00

a GWP: global warming potential

b POCP: photochemical ozone creation potential (smog formation potential)

¢ PM2.5: particulate matters smaller than 2.5 um which cause respiratory damages and asthma
d PED (Total): Total primary energy demand excluding the feedstock energy, where feedstock energy data were available and

shown in the table; otherwise PED Total is the total primary energy demand including the unknown feedstock energy.

e PED (non-ren): Total primary energy demand from non-renewable resources. The same note as PED (Total) applies to this

category as well.

f FE: feedstock energy. Also called PED (non-fuel) is the energy stored in the construction materials (such as asphalt) that is not

consumed and can be recovered later.

US: Diesel, at refinery o

US: Diesel, combusted in 8

USLCI{PE
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averaqge fuel mix

Transport, train, diesel @

b 4

powered

v

Figure 3.6: Diesel combusted in industrial equipment.

33

p industrial equipment USLCI




Flow Quantity Amount Unit

US: Transport, barge, average fuel mix [Products and Intermediates] kakm 28425 kgkm
US: Transport, train, diesel powered [Products and Intermediates] kgkm 3355.4 kgkm
Diesel [Refinery products) Mass §37.521 kg
US: Transport, combination truck, average fuel mix [Products and Intermediates] kgkm 5245.3 kgkm
Flow Quantity Amount Unit
Acetaldehyde (Ethanal) [Group NMYOC to air] Mass 0.012747 ka
Acrolein [Group NMYOC to air] Mass 0.0015373 ka
Benzene [Group NMYOC to air] Mass 0.015506 ka
Butadiene [Group NMYOC to air] Mass 0.00064984 ka
Carbon dioxide [Inorganic emissions to air] Mass 2701 kg
Carbon monoxide [Inorganic emissions to air] Mass 14.029 ka
Dust (PM2,5 - PM10) [Particles to air] Mass 1.6503 ka
Formaldehyde (methanal) [Group NMYOC to air] Mass 0.019612 kg
Methane [Organic emissions to air (group YOC)] Mass 0.13363 ka
Nitrogen oxides [Inorganic emissions to air] Mass 52.8808 kg
Polycyclic aromatic hydrocarbons (PAH) [Group PAH to air] Mass 0.0027921 ka
Propene (propylene) [Group NMYOC to air] Mass 0.042879 ka
Sulphur dioxide [Inorganic emissions to air] Mass 0.5986 ka
Toluene {methyl benzene) [Group NMYOC to air] Mass 0.0067975 kg
US: Diesel, combusted in industrial equipment [Products and IntYolume 1 m3
YOC {unspecified) [Organic emissions to air (group YOC)] Mass 1.3519 ka
Xylene (dimethyl benzene) [Group NMYOC to air] Mass 0.0047367 ka

Figure 3.7: Inputs and outputs of diesel combusted in industrial equipment.

Transpott, train, diese| @ )’ E fRMA: Matural gas, xﬁ'
powered " combusted in industrial
equiprnent LISLCT <u-s02=

| ]
Transport, combination @
kruck, average Fuel mix

| ]
Matural gas, processed, @

-

at plant
‘6L Product PE <u-soz 8 Lo pﬁr
: Pipeline
A T average PE 'GLO: Product PE X =
LI_S-CF'.. E ec?:nmtx.-i gri : Syesns i
mi {production mix), at grid I

Figure 3.8: Natural gas combusted in industrial equipment
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Flaw Quankity Armnounk [nik

I3 Durnmmy_Transport, pipeling, unspecified [Cummey Flows] kgkm 1.19E003  kgkm
1U5: Transport, combination truck, average fuel mix [Producks and Intermediates] kglkm 199 kglern
15 Transpott, train, diesel powered [Products and Intermediates] kagkrn 11.9 kgkrin
113 Matural gas, processed, at plant [Products and Intermediates] Yolurne 1 m3
Flow Quantity Amount ik
1J5: Matural gas, combusted inindustrial equipment [Producks and Inkermediates] “alume 1 rm3
Acetaldehyde (Ethanal) [Group NMVOC ko air] Maszs 6.54E-007 kg
Acrolein [Group NMYOC ko air] Mass 1.05E-007 kg
Benzene [Group MMYOC ko air] Mass 1.96E-007 kg
Butadiene [Group MMYOC to air] Mass 7.03E-009 kg
Carbon dioxide [Inorganic emissions to air] Maszs 1.96 kg
Carbon monoxide [Inorganic emissions ba air] Mass 0.000246 kg
Cust (PMZ,5 - PM10) [Particles ko air] Mass 0.000103 kg
Ethiel benzene [Group MMYOC to air] Mass 5,23E-007 kg
Formaldehywde (methanal) [Group MMYOC ko air] Mass 1.16E-005 ka
Methane [Organic emissions ko air (group YOC)] Mass 0.0001:39 kg
Maphthalene [Group PAH to air] Mass 2. 12E-008 kg
Mitrogen oxides [Inorganic emissions ko air] Mass 0.00167 kg
Palycyclic aromatic hydracarbons (PA&H, carcinogenic) [Group PAH ko air] Mass 3.59E-005 ka
Propylene oxide [Group MMYOC to air] Mass 4, 74E-007 kg
Sulphur dioxide [Inorganic emissions bo air] Mass 1.01E-005 kg
Toluene {methyl benzene) [Group MMYOC Eo air] Mass 2. 12E-006 kg
WOiZ funspecified) [Organic emissions ko air (graup W] Mass 3.44E-005 ka
sylene (dimethyl benzene) [Group MMYCIC to air] Mass 1.05E-006 kg

Figure 3.9: Inputs and outputs of the natural gas model.
3.6. Material Production Stage for Conventional Materials

3.6.1. Aggregate (Crushed)

The data shown in Table 10 in Marceau (2007) were used to model plant production of crushed aggregate
production. That table is reproduced here as Table 3.10(a.) Figure 3.10 shows the model developed in
GaBi to calculate the LCI and the LCIA results, and Figure 3.11 shows the inputs and outputs of the
model.

Before the data from Marceau (2007) could be modeled with GaBi, it was necessary to convert from the
unit kJ/metric ton of aggregate to kg/kg of aggregate (for coal) or m’/kg of aggregate (for the rest of the
energy sources.) This conversion was done using the conversion factors in Table 3.10(b) (note that
modeling of electricity did not require this conversion.)

Table 3.10. (a) Aggregate—crushed production in plant, reproduction of table 10 of Marceau (2007)

Item Energy/ton Btu/ton kJ/metric

Aggregate ton
Coal, ton 2.75E-05 577 670
Distillate (light) grade nos. 1, 2, 4, & light diesel fuel, gallon 9.32E-02 12,920 15,030
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Item Energy/ton Btu/ton kJ/metric

Aggregate ton
Residual (heavy) grade nos. 5 & 6 and heavy diesel fuel, gallon 1.45E-02 2,167 2,520
Natural gas, 1000 cu ft 3.45E-03 3,543 4,120
Gasoline used as fuel, gallon 9.39E-03 1,174 1,370
Electricity, 1000 kWh 2.96E-03 10,088 11,730
Total — 30,470 35,440

Table 3.10. (b) Conversion factors for items in Table 3.10 and Table 3.11

to adjust their units for modeling in GaBi

kJ/ton of Energy . Value used in .
Energy Source Agg’ Content Unit GaBi Unit
Coal 670 4.10E-05 kJ’g 275605 <Y/ k;ggf
- : . 3
(IjDilesélgla;Se(lllght) grades 1, 2, 4, & light 15030 2 65E-08 I:];Jé 3.98E-07 m /kggogf
i 3
(I;vzzledlufile(lheavy) grades 5, 6, & heavy 2520 2 40E-08 I:];Jé 6.05E-08 m /kggogf
3
Natural gas 4120 262805 <Y 108E-04  M7kgof
m agg
3
Gasoline used as fuel, gallon 1370 286E08 392608 M/ kggogf
* Agg: aggregate
"isch: Blectrictygrid U5 Crushedstone o
i {produckion mi), at grid, = LCO3rse aggregate), at plant
PChA <u-50>
1U3: Diesel, combusted in it
indusktrial equiprment -
LISLCTIPE
U5 Residual Fuel oil, '
combusted in industrial boiler  s—) ' 2
GLO: Product PE =

USLCIIPE

1J5: Matural gas,

<U-502=
;&l

combusted in industrial boiler s

LISLZIIPE

U5: Gasoling, combusted
in equipment USLZIIPE

[J5: Lignite coal,

combiusted in industrial boiley s

USLCIIPE

Figure 3.10: Model developed for crushed aggregate production.
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Inputs |Show only valuables v B
Parameter  Flow Quantity Amount Unit
- US: Gasoline, combusted in equipment [Products and Intermediates] Yolume 3.92E-008 m3
s US: Diesel, combusted in industrial equipment [Products and Interme Yolume 3.89E-007 m3
- US: Natural gas, combusted in industrial boiler [Products and Intermevolume 0.000108 m3
= US: Residual fuel oil, combusted in industrial boiler [Products and Int:Yolume 6.05E-008 m3
- US: Lignite coal, combusted in industrial boiler [Products and IntermeMass 2.75E-005 kg
B Electricity [Electric power] Energy (net calorific value) 0.0117 MJ
Outputs Show all flows
Parameter Flow Quantity Amount Unit
= Crushed stone [UCPRC Flows] Mass 1 kg

Figure 3.11: Inputs and outputs of the crushed aggregate model.

3.6.2. Aggregate (Natural)

The data shown in Table 9 in Reference Marceau (2007) were used to model natural aggregate production
in the plant. That table is reproduced here as Table 3.11. Figure 3.12 and Figure 3.13 show the model
developed for natural aggregate and the model’s inputs and outputs. Conversion of values from kJ/fon of
aggregate to the values used in GaBi was done based on Table 3.10(b.)

Table 3.11. Aggregate—natural production in plant, reproduction of Table 9 of Marceau (2007)

Item Ii"geéggé::: Btu/ton kJIme’:;ig
Coal, ton 5.62E-02 7,793 9,060
Distillate (light) grade nos. 1, 2, 4, & light diesel fuel, gallon 1.26E-02 1,888 2,200
Residual (heavy) grade nos. 5 & 6 and heavy diesel fuel, gallon 1.33E-03 1,370 1,590
Natural gas, 1000 cu ft 5.43E-03 679 790
Gasoline used as fuel, gallon 2.41E-03 8,210 9,550
Electricity, 1000 kWh — 19,940 23,190
Total 5.62E-02 7,793 9,060

3.6.3. Bitumen

The model for bitumen in GaBi was based on the USLCI database developed by National Renewable
Energy Lab (NREL webpage on USLCI) which represents an average refinery in the US. In this study,
the electricity process in the GaBi model was modified to reflect the electricity grid mix in California.
Figure 3.14 and Figure 3.15 show the models and the relevant inputs and outputs. A mass-based approach
was used for the allocation of refinery plant impacts between the products, as shown in Table 3.6. This
allocation approach was used because GaBi uses USLCI results that are mass-based, and it does not
provide results before allocation (the LCI for the whole refinery with all the refined products) so that
other allocation methods—such as energy-based or economic-based allocations—can be applied.

This study required the bitumen model to also be used as a sub model in several other models under
development in GaBi by UCPRC, therefore, a decision was made to use mass-based allocations both for
consistency and to aid in developing full LCIs. Because the FHWA framework for pavement LCA
(Harvey et al., 2010) recommends reporting feedstock energy separately as this energy might be
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recovered in the future (if economically viable), the feedstock energy of bitumen (for bitumen and
bitumen emulsion) was assumed to be 40.2 MJ per kg of residual bitumen (IPCC, 2006.)

It should also be noted that all the LCIs in this chapter are cradlie to gate (including extraction of raw
materials from the ground (cradle), transporting the raw materials to plant, and all the processes
conducted in the plant to get the final material ready to ship at the gate of plant.) This is particularly
important for bitumen and materials using bitumen, such as bitumen emulsion, CRM, and waxes, where
the material still contains carbon that can be emitted into the air after it leaves the plant’s gate through
incineration and/or other processes; that potential future carbon emission if the material might be burned
in the future is not included in the LClIs reported in this chapter. The source of the crude oil used for
producing asphalt and the processes undertaken at the source for extraction can also impact the final
results. Yang et al. (2016) conducted a study to calculate environmental impacts of refinery products in
five different U.S. regions, considering changes in the crude oil extraction processes and the allocation
methodology used. Their study showed that regional differences in extraction process caused an average
15 percent difference in the impacts of the asphalt mixture.

US-CA: Eleckricity grid mix 8¢ , B Sand and gravel
L
(production mix), ak grid, Iy plant PCA <u-s0=
PE
US: Diesel, combusted in~ 75 o
industrial equiprment USLCIPE i
1J5: Residual fuel ail, B GLO: Product PE B
combusted in industrial boiler ; <:u-su:u:>
IJSLCLIFE
Matural gas, combusted @ f
inindustrial equiprnent
1J5: Gasoline, combusted #
in equipment LSLCIPE P

Figure 3.12: The GaBi model developed for natural aggregate.
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Inputs | Show only valuables

Parameter  Flow Quantity Amount
. US: Natural gas, combusted in industrial equipment [Products and In Yolume 4.15E-005
. US: Diesel, combusted in industrial equipment [Products and IntermeYolume 2.34E-007
- US: Gasoline, combusted in equipment [Products and Intermediates] Yolume 2.27E-008
- US: Residual fuel oil, combusted in industrial boiler [Products and IntVolume S.26E-008
. Electricity [Electric power] Energy (net calorific value) 0.00956
Outputs Show all Flows
Parameter Flow Quantity Amount Unit
= Sand and gravel [UCPRC Flows) Mass 1 kg
Figure 3.13: Inputs and outputs of the natural aggregate model.
Matural gas, combusted
in industrial boiler
Crude cil, ak production &
US-CA Eledtricity grid &5
mix (praduction rx), al grid,
X

I L | |
I Crude ail, in A
Finery LSLCT <u-so=

Residual Fuel oil,
combusted in industrial I:u:uler
Transpork, ocean LD Produck PE
freighter, average Fuel mix W B e

]
Transpark, barge,
average fuel mix
Liquefied petroleurn gas, @
combusted inindustrial boiler )

|

Figure 3.14: GaBi model developed for bitumen.
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Inputs IShow only valuables

Parameter  Flow Quantity Amount Unit
= Crude oil, at consumer USA [Crude oil, at consunMass 1.03 ka
- Electricity [Electric power] Energy {(net calorific value) 0.497 M)
- US: Liquefied petroleum gas, combusted in indus Yolume 9.46E-007 m3
s US: Natural gas, combusted in industrial equipme Yolume 0.00914 m3
n US: Residual fuel oil, combusted in industrial boile Yolume 2.24E-005 m3
= US: Transport, barge, average fuel mix [Productkgkm 1.19 kagkm
= US: Transport, ocean freighter, average fuel mi>kgkm 4.73E003 kagkm

Outputs
Parameter Flow Quantity Amount Unit

" Bitumen [Organic intermediate products]) Mass 1

s Diesel [Refinery products) Mass 0

B Gasoline (regular) [Refinery products) Mass 0

s Hard coal coke [Coke, at production] Mass 0

= Refinery gas [Refinery products) Mass 0

s US: Kerosene, at refinery [Products and Intermediat¢Yolume 0O

o US: Liquefied petroleum gas, at refinery [Products ar¥olume 0

= US: Petroleum refining coproduct, unspecified, at refiMass 0

= US: Residual fuel oil, at refinery [Products and InternVolume 0O
1,1,1-Trichloroethane [Halogenated organic emission Mass 9.69E-011
aldehyde {(unspecified) [Group NMYOC to air] Mass 4.2E-005
Ammonia [Inorganic emissions to air] Mass 2.1E-005
Ammonia [Inorganic emissions to fresh water] Mass 1.5E-005
Biological oxygen demand (BOD) [Analytical measure:Mass 3.4E-005
Carbon monoxide [Inorganic emissions to air] Mass 0.0133

Carbon tetrachloride (tetrachloromethane) [Halogen:Mass 1.2E-011
Chemical oxygen demand (COD) [Analytical measure:Mass 0.00023

Chromium (+¥I) [Heavy metals to fresh water] Mass  3.7E-008
Chromium (unspecified) [Heavy metals to fresh watetMass S.69E-007
Dust (unspecified) [Particles to air] Mass 0.00024
Methane [Organic emissions to air {group YOC)] Mass 7.09E-005
Nitrogen oxides [Inorganic emissions to air] Mass  0.00033
NMYOC (unspecified) [Group NMYOC to air] Mass 0.00203

Oil (unspecified) [Hydrocarbons to fresh water] Mass 1.1E-005
Phenol (hydroxy benzene) [Hydrocarbons to fresh w.Mass 2.3E-007
R 12 (dichlorodiflucromethane) [Halogenated organic Mass 1.2E-010

B8 5886588858688 858888888282288888

Solids (suspended) [Particles to fresh water] Mass 2.8E-00S
Sulphide [Inorganic emissions to fresh water] Mass 1.9E-007
Sulphur dioxide [Inorganic emissions to air] Mass 0.00235

Figure 3.15: Inputs and outputs of the bitumen model.

3.6.4. Bitumen Emulsion

LCI data for bitumen from Section 6.4 of the Eurobitume LCI report (Eurobitume, 2012), were used and
are reproduced here as Table 3.12. Figure 3.22 and Figure 3.23 show the models developed and the inputs
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and outputs. The Eurobitume report was also used to determine the other flow numbers used in modeling
the process in GaBi (Figure 3.23) as there were no other sources available at the time.

Table 3.12. Energy and material requirements for bitumen emulsion production in plant (one tonne
of residual bitumen), data from section 6.4 of the Eurobitume report (Eurobitume, 2012)

. . ‘e Hot Emulsion
Category Item Unit Bitumen Emulsifier HCI Water Milling Total
Raw Bitumen at
Material Refinery kg 1.00E+3 1.10E+0 - - - 1.00E+3
Natural Gas kg 2.01E+1 2.20E-1 3.40E-1  8.00E-2 1.21E+0 2.19E+1
Energy Crude Qil kg 4.09E+1 1.40E+0 4.00E-1 1.80E+0 4.00E-1 4.49E+1
Resources Coal kg 1.03E+0 3.00E-1 6.70E-1  7.00E-2 3.25E+0 5.32E+0
Uranium kg 6.00E-5 2.00E-5 4.00E-5 0.00E+0 2.30E-4 4.00E-4
3.6.5. Cement

Two methods for producing cement were considered: precalciner and preheater. The general model
developed includes both methods and allows the user to define what percentage of the final product is
made with each method (this enables a user to closely represent average local conditions.) The LCI model
for portland cement was developed based on the PCA report (Marceau, 2007), with the electricity
component modified to represent the California grid mix. Although the process CO, was overestimated in
the USLCI database due to double counting the emissions from energy production, this was corrected by
changing the process CO; using Xu et al., (2016.)

The general model is pictured in Figure 3.16 and Figure 3.17 shows the inputs and outputs of the model.
Figure 3.18 and Figure 3.19 show the details of the models for each of the production methods,
precalciner and preheater. In developing this LCI it was assumed that all the cement used in California is
produced in-state. Based on correspondence with the California Nevada Cement Association, it is likely
that at least 95 percent of the cement used in California is produced in precalciner plants. Therefore, for
the results reported in this chapter, it was assumed that 100 percent of the cement was produced by
precalciner plants, as shown in Figure 3.17.

There are different types of cement used for various applications. The main types included in the UCPRC
database are:
e portland cement type I/II, used for most pavement construction where high early strength in
overnight closures is not needed
e portland cement type III (rapid setting for slab replacement)
e calcium sulfo-aluminate cement (CSA, rapid setting for slab replacement)
e portland cement with supplementary cementitious materials (SCM), made of type I/Il and SCMs
such as fly ash and blast furnace slag.

For many materials, fuel and electricity consumption are the major two sources of CO, emissions during
the material production stage. However, for cement production, calcination of limestone at the
pyroprocessing step is a nearly equal source of CO, emissions to fuel and electricity consumption.
Limestone and other raw feeds undergo a series of mineral phase transitions when heated, and calcium
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carbonate (CaCOs, the primary mineral compound in limestone) is converted to calcium oxide (CaO) by
driving CO, out of the compound in a process called calcination.

The amount of CO; released during the pyroprocessing step can also be calculated based on the
composition of the mineral phases of the clinker. The composition of the mineral phases of a clinker
differ for every product. Portland cement (PC) and CSA cement have different mineral phase
compositions, and this chapter uses numbers from Quillin (2007) which are shown in Table 3.13. The
main components of portland cement are alite and belite and the main components of CSA cement are
belite and calcium sulfo-aluminate. The amount of CO; released from calcination during the formation of
1 kg of each mineral phase is also listed in Table 3.13, showing that the amount of CO, released by
calcination is highly dependent on the mineral phases in the clinker used to make a kilogram of cement.

Table 3.13. Mineral stage composition of portland cement (type l/ll & lll) and Calcium Sulfo-
aluminate cement

g‘i’:‘ifr' Stagesof  pjite  Belite  Aluminate Ferrite Ca'cizl'l"‘r:iﬂ::
Portland cement 64%  16.50% 350%  9.50% 0%
CSA cement 0% 38% 0% 8% 35%
CO2 release 579 512 489 362 216

The composition of the mineral phases of PC and CSA cement also change the temperatures used to
produce them, which affects the energy use for the pyroprocessing stage. Alite, the main component of
portland cement, starts to form at temperatures around 1,300°C and belite starts to form at 1,200°C. Thus,
portland cement is manufactured at about 1,450°C while CSA cement is produced at about 1,300°C.

The mineral phase compositions of Type I and Type III portland cement are similar, however the Type III
PC is more finely ground. While Type I is ground to a surface area of 330 to 380 m?*/kg, Type III is
ground to 400 to 450 m*/kg. It was assumed that the difference between Type I and Type III only exists in
the surface area, and therefore the only differences in the LCI are from the grinding process. The grinding
is usually performed in a ball mill, which is operated by electricity. The surface areas of Type I and Type
I1I were assumed to be 330 m?/kg and 400 m?/kg, respectively, and it was assumed that electricity
consumption is linearly related to the surface area. For CSA cement, both heating processes in the plant
and the CO, released were corrected based on data provided in the previous paragraph.

For portland cement with SCM, LCI for portland cement with 19 percent slag and 50 percent slag were
taken directly from the ecoinvent database incorporated in the GaBi software, however, the models could
not be modified to represent the electricity grid mix in California because only the final LCIs were
available. The LCls taken from ecoinvent are based on the technology and manufacturing processes in
Switzerland and were developed in 1997. The summary table at the end of this chapter includes the LCI
and LCIAs of 1 kg of portland cement produced using the precalciner method (as an example.)
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Figure 3.16: The model developed for cement (general.)



Free parameters

Parameter Forrmula Yalue

Precalciner 1

Preheater 0

Total 1
Fixed parameters

Parameter Forrmula

Precalciner_nor Total*precalciner

Preheater _nor Tokal*Preheater

Inputs
F'arameter Flow
" Cement (average) [Minerals]
Cement (CEM I3 [Minerals]

= Preheater_nor
Outputs

Parameter  Flow

= Tokal Cement (average) [Minerals]

Minimum Maximur Standarn Commer

0 %
0 %
0%  [kal
Yalue
1
0
|Sh-:nw all Flows
Cuankity Arnounk IInit
Mass 1 ko
Mass 1] ko

|5hn:|w all Flaws
Juantity  Amount Unik
Mass 1 kg

Figure 3.17: Inputs and outputs of the general model for cement that can be modified by a user.
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Figure 3.18: The model developed for cement production
(precalciner method + CA electricity mix.)
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Flows Cgankity Arnount Linik

Electricity [Eleckric power] Energy (net calmd. 515 1]
US: Bituminous coal, combusted inindustrial boiler [Producks Mass 0.1041 ka
Hard coal coke [Coke, at production] Mass 0.0134 kg
US: Matural gas, combusted in industrial boiler [Products ancYolume 0.00725 m3
UIS: Dummy wWaske, miscellaneous, combusted ininduskrial bMass 0.0037 kg
Limestone {calcium carbonate) [Mon renewable resources]  Mass 0.00137 kg
Water [Water] Mass 0.0005<41 kg
yvpsum (natural gypsum) [Mon renewable resources] Mass &, 15E-005 kg
Clay [Mon reneveable resources] Mass S.97E-005 kg
Shale [Mon renewable resources] Mass 5.22ZE-005 kg
Sand [Mon renewable resources] Mass 4+, 05E-005 kg
LS: Dummy_Disposal, cement kilm dust, inresidual material [:Mas=s 3.73E-005 kg
FLaws material, unspecified [Material resources] Mass Z.64E-005 kg
US: Doy Slag, ak blast furnace [Durmensy Floves] MMass 1.98E-005 kg
Iron ore (56,86%:) [Mon renewable resources] Mass 1.35E-005 kg
US: Duamemey Fly ash, unspecified origin [Durrmsy Flows] Mass 1.35E-005 kg
US: Dummy_Boktom ash, unspecified origin [Dummy Flows] Mass 1.01E-005 kg
US: Dummy_Recwcling, cement kiln dusk [Durmnmy Flows] Mass 9,65E-006° kg
US: Dy _wWaste, solvents, combusted inindustrial boiler |Mass S.61E-006 kg
Us: Dommy_ Foundry sand, at mine [Dumimty: Flowes] Mass 3.82E-006 kg
US: Dummey wWaske, tire derived, combusted in industrial boilMass 3.37E-005 kg
US: Diesel, combusted in industrial boiler [Producks and Inker Yolurne 1.36E-006 m3
Slate [Mon renewable resources] Mass 1.13E-006 kg
US: Dumemey_waske, octher solid, combusted ininduskrial boile Mass 9.34E-007 kg
US: Dummny_Zement baags, at plant [Dumms Flowes] Mass &, 3E-007 kg
US: Dummyy_Refractory material, unspecified, at plant [DurmMass 5,.47E-007 kg
US: Dummey_Grinding aids, at plant [Dumney: Floves] Mass 3.6E-007 kg
US: Dummy_Explosives, ab plant [Dummy Flows] Mass 2.95E-007 kg
US: Dy Grinding media, at plant [Durnry: Flows] Mass 1.4E-007 kg
Us: Durmmny_ il and grease, at plant [Cumney Flows] Mass 1.3E-007 kg
UsS: Gasoline, combusted in equipment [Producks and Interm Yolurme q, FE-003 m3
Us: Residual Fuel oil, combusted in industrial boiler [Producks Yolurne &.24E-003 m3
US: Dummy_Chains, at plank [Dummy Flows] Mass Z.01E-003 kg
US: Durmmey_Filker bags, at plant [Curnny Flows]) Mass 1.92E-008 kg
US: Liguefied petroleumn gas, combusted in industrial boiler [Fyolumne 1.48E-008 m3
Us: Dummsy_Middle distillates, combusted inindustrial boiler [ Yolurme 1.07E-009 m3
LIS: Dumme_ wWaske, oil, combusted inindustrial boiler [Coarnnr Yolure 4, 87E-010 m3
Flao Cuankity Amounk Linit
Carbon dioxide [Inorganic emissions to air] Mass 0.45 kg
Carbon rmonoxide [Inorganic emissions ko air] Mass 0.00154 kq
Cement (average) [Minerals] Mass 1 kg
Methane [Drganic emissions ko air (group WioeZ)] Mass 5.25E-005 kg
Mitrogen oxides [Inorganic emissions ko air] Mass 0.00z21 kg
MEY O (unspecified) [Group MMYIOIZ Eo air] Mass 6.43E-005 kg
Sulphur dioxide [Inorganic emissions to air] Mass 0.000541 kg
Arnmonia [Inonganic emissions ko air] Mass 4. 76E-008 kg
Dioxins (unspec.) [Halogenated organic emissions to air] Mass 6. 7E-014 kg
Duskt (PM10) [Particles ko air] Mass 0.000z292 kg
Hydrochloric acid {1 00%:) [Inorganic inkermediate producks] Mass 6.5E-005 kg
Mercursy [Heawy metals booair] Mass 5.24E-008 kg

Figure 3.19: Inputs and outputs of the precalciner method for production of portland cement.
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Matural gas, combusted == U3-CaA; Portland cement g§'
in industrial bailer i(Preheater), ak plank (CO2
corrected) PCA <u-so

Liquefied petroleum gas, &=

combusted in industrial boiler 4
Biturninovs coal, e >
combusted in industrial boiler
U5 Petraleum coke, at 24
refiners LISLCIES 4
U5 Diesel, combusted in i
induskrial baoiler USLCIfES 4
Residual Fuel il =t
combusted in industrial boiler 4
Gasoling, combusted in &= N
equipment
US-Ca: Electricity grid 8%
mniz {produckion mixd, ak grid b

Figure 3.20: The model for cement production (preheater method + CA electricity mix.)
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Flo Cuantity Armnounkt ik
Electricity [Electric power] Energy (net caloid, 54 ]
1J5: Bituminous coal, combusted inindustrial boiler [Products Mass 0,117 kn
Hard coal coke [Coke, at production] Mass 0.0139 kg
1J5: Matural gas, combusted in industrial boiler [Producks ancMolume 0.00375 m3
1J5: Dummy_Waste, miscellaneous, combusted inindustrial bMass 0.0037 ki
Limestone {calciurm carbonate) [Mon renewable resources]  Mass 0.00137 kg
‘Water [Water] Mass 0.000341 kg
iayvpsum {natural gypsum) [Mon renewable resources] Mass 6,15E-005 kg
iZlay [Mon renewable resources) Mass 5,97E-005 kg
Shale [Mon renewable resources] Mass 5.22E-005 kg
Sand [Mon renewable resources) Mass 4,05E-005 kg
1J5: Dummy_Disposal, cement kiln dust, in residual material lzMass 3.73E-005 kg
Fuaw material, unspecified [Material resources] Mass Z.64E-005 kg
1U5: Dummy_Slag, at blast Furnace [Cummy Flows] Mass 1.98E-005 kg
Iron are (56,56%: ) [Mon renewable resources] Mass 1.35E-005 kg
1J5; Dummy Fly ash, unspecified origin [Dumn: Flows] Mass 1,35E-005 kg
115 Dumrmy - Boktom ash, unspecified origin [Durmmy Flows]  Mass 1.01E-005 kg
5: Dummy_Recycling, cement kiln dusk [Durnmey Flows] Mass 9.65E-006. kg
15 Dummy_MWaske, solvents, combusted in industrial boiler |Mass 3.81E-006 kg
1J5: Dummy_Foundry sand, at mine [Dummsy Flaws] Mass 3.8ZE-006 kg
1U5: Durmmy_MWaste, tire derived, combusted in industrial boilMass 3.37E-006 kg
Slate [Mon renewable resources] Mass 1.13E-006 ko
1J5; Dummy_Waste, other solid, combusted in industrial boileMass 9,34E-007 kg
115: Diesel, combusted in industrial boiler [Products and InketVolume 8.04E-007  m3
1U5: Durmrmy_Cement bags, at plant [Dummy: Flows] Mass 6.8E-007 kg
S Dummy_Refractory material, unspecified, at plant [DurmMass 6,.47E-007 kg
15 Dummy_iarinding aids, at plant [Dummyy Flows] Mass 3.6E-007 kg
115 Dummy_Explosives, at plant [Dummey Flows] Mass Z.95E-007 kg
115 Durmmy_arinding media, at plant [Dumnmy Flows] Mass 1.4E-007 kg
1J5; Dummy_Oil and grease, at plant [Dummy Flows] Mass 1.3E-007 ko
1J5: Gasoling, combusted in equipment [Products and Interm Yolume 1.06E-007 m3
1US: Durmmy_Chains, at plant [Dummy Flows] Mass 2.01E-003 kg
115 Dummy_Filker bags, at plant [Dumms: Flows] Mass 1.92E-008 kg
1J5: Liguefied petroleurn gas, combusted in industrial boiler [Fyolume 4,ZE-009°  m3
1U5: Dy _Middle distillates, combusted inindustrial boiler [Yolume 1.07E-009 m3
115 Dummy_Maste, oil, combusted inindustrial boiler [Dumee Yolurne 4.87E-010 m3
1J5; Residual Fuel oil, combusted inindustrial boiler [Products Yolume 1] m3
Flaw Ciuantity Amounk ik
Carbon dioxide [Inorganic emissions to-air] Mass 0.43 kg
Zarbon monoxide [Inorganic emissions ta air] Mass 0.000521 kg
Cement (average) [Minerals] Mass 1 kg
Methane [Organic emissions to air (group MOC)] Mass 4,3E-006 kg
Mitrogen oxides [Inorganic emissions to air] Mass 0.00235 kg
MM (unspecified) [Group MMYOQC bo air] Mass 1.3E-005 kg
Sulphur dioxide [Inorganic emissions o air] Mass 0.000272 kg
Amrmonia [Inorganic emissions ko air] Mass 4, 75E-006 kg
Dinxins (unspec.) [Halogenated organic emissions to air] Mass 2.38E-015 kg
Dust (PM10Y [Particles to air] Mass 0000266 kg
Huwdrochloric acid (100%:) [Inorganic inkermediate producks] Mass 1.3E-006 kg
Mercury [Heawy metals ta air] Mass 2.69E-008 kg

Figure 3.21: Inputs and outputs of the preheater method for production of portland cement.
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3.6.6. Cement Admixtures

Cement admixtures are added to improve the constructability or performance of portland cement concrete.
The following admixtures were taken directly from GaBi. accelerator, air entraining, plasticizer, retarder,
and superplasticizer. Refer to the Supplementary Data for more information.

3.6.7. Crumb Rubber Modifier

A new GaBi-based model for crumb rubber modifier (CRM) was developed based on Reference. The
model is presented in Figure 3.24, and its inputs and outputs are presented in Figure 3.26, Figure 3.27,
and Figure 3.28. The latter three figures show the inputs and outputs of each of the model’s main
processes: crushing, grinding, and pulverization (Corti and Lombardi, 2004.) The cut-off method was
used as the allocation method for crumb rubber modifier, with all the impacts of producing and using the
initial material, the tire, assumed to be allocated to the upstream processes and the recycling process
impacts to produce CRM were assumed to be allocated to the CRM (see Table 3.6.)

x ' '§
UsS: Water deionized PE IF* Bitumen Ermulsion, &t i
plank, Arash EuroBitume
“U-50%
LIS-CA: Bitumen;, at ot
refinety:

US-Ca: Electriciby grid %
iz l{_pru:u:luu:tiu:un mix]l_, at grid,

L0 Product PE bd
<U-502

wr

DE: Hydrochloric acid B

(32%) PE
Ernulsifier, at plant ;ﬁ" )
Figure 3.22: The model developed for bitumen emulsion.
Inputs |Show only valuables v B
Parameter  Flow Quantity Amount Unit
- Bitumen [Organic intermediate products] Mass 1 kg
. Hydrochloric acid (32%) [Inorganic intermediate products) Mass 0.00462 kg
- Emulsifier [Operating materials] Mass 0.00462 ka
. Water (desalinated; deionised) [Operating materials] Mass 0.529 kg
. Electricity [Electric power] Energy (net calorific value) 0.185 M
Outputs Show all flows
Parameter Flow Quantity Amount Unit
= Residual Bitumen from Emulsion Mass 1 kg

Figure 3.23: Inputs and outputs of the bitumen emulsion model.
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US-CA: CRM production ¥ 28

{gridning process); at plant  ee— cryching process), at plant — se— (pulverisation process), at .

Corkl Su-sn

l

Corti <u-soz

| J

plant Carti su-sa =

L5 Iron and steel, [
production mix USLCIIPE

Figure 3.24: GaBi model developed for crumb rubber modifier (CRM.)

Inputs |Show only valuable
Parameter  Flow Quantity Amount Unit

- Electricity [Electric power] Eneragy (net calorific value) 0.25 M)

= Light Fuel oil [Refinery products] Mass 1.62E-00S kg

- Steel part [Metal parts]) Mass 0.000338 kg

Outputs |Show all Flows
Parameter Flow Quantity Amount Unit

*f..Groundtire Mass  1.42 kg
] Iron scrap ['Waste for recovery]Mass  0.0499 kg

Figure 3.25: Inputs and outputs for the grinding process of the CRM model.

Inputs |Show only valuable
Parameter Flow Quantity Arnount Unit
- Electricity [Electric power] Energy {net calorific value) 0.813 M3
Ground tire Mass 1.42 kg
Steel part [Metal parts] Mass 1.42E-005 kg
Outputs ‘ Show all flows
Parameter Flow Quantity Amount Uniit
= Crushed tire Mass 1.06 kg
= Iron scrap [Waste For recovery]Mass 0.355 ka

Figure 3.26: Inputs and outputs for the crushing process of the CRM model.

3.6.8. Dowel and Tie Bar

Dowel and tie bar models were developed in GaBi using the software’s predefined models for the

production of steel and the epoxy coating for covering the bars. The electricity used in the coating process

was not included because reliable data were unavailable and because the process energy was assumed to
be insignificant compared to energy consumption of the steel and epoxy production. Figure 3.28 shows

49



the model developed, and Figure 3.29 to Figure 3.33 show the inputs and outputs for each particular bar.
The mass of dowel and tie bars was taken from ASTM A615/A615M (2012) and the epoxy specifications
were taken from ASTM A775/A775M (2007.)

Inputs Show onby valuabl
Parameter  Flow Quantity Arnount Unit
- Crushed tire Mass 1.06 kg
= Electricity [Electric power] Energy {net calorific value) 0.546 M3
. Steel part [Metal parts] Mass 0.00029 kq
Outputs { Show all fc
Parameter Flow Quantity Amounk Unit
] Crumb rubber material Mass 1 ka
" Dust (PM10) [Particles to air] Mass  0.000251 ka

Figure 3.27: Inputs and outputs for the pulverization process of the CRM model.

Gl Steel rebar &E’ 1J5: Dol bar with X a:;?
1J5; Bisphenol & PE E IJ5: Epoxy coating g@
_
L5075

I15: Epichlorohydrin by E
product calcium chlaride, e "
hydrochloric acid) PE

15 ariline (Phenyl F
: ] —————H
amine, Amino I:uenzene:‘,l DR ¥
us: ¥
Hexamethylenediaming e b

[HMD&; via adipic acid) PE

RER: titanium dioxide, %
production mix, at plant ——H

Figure 3.28: Model developed in GaBi for dowel and tie bar.
(Note: the mass of steel and epoxy coating would differ for different bar diameters.)
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##* UUS: Epoey coating <u-so» [Steel] -- DB Process (== =]
Object  Edit. Wiew Help

- T e - — — —
IR -RREEEE i3 ouy B2 @
Mame us w Epoxy coating Source - Iu-so - Unit process, single operat vJE
Parameter B
Patameter © Formula Yalue rlinirurr Maximur Skandar Commer
Parameter ]
# 1o B 1ccoeur | % Lowe | ) Documentation |
Completeness [No statement ¥ |
| | @
Fla Cluantity Armount Unit Trz Standar Origin Camment
£ Aniline [Drganic intermediate pr & Mass 0.2z kg X 0% (MNostatement)
2= Bisphenol A [Organic intermedia J& Mass 0.53 kg ¥ 0% ({MNostatement)
< Dicyandiamide & Mass 0 kg X 0% ({Mostatement)
<= Epichlorohydrin [Organic internm & Mass 0 kg X 0% (Mostatement)
& Ethylenediamine [Organic intern & Mass 0 kg X 0% ({MNostatement)
& Titanium dioxide [Inorganic inte & Mass 0.25 kg X 0% {MNostatement)
Fow
1™ b
Outputs _ _ =
| Flow Cluantity Arnourit nit Trz Standar Origin Caomrment
£ Epoxy coating & Yolume 0.000716 m3 X 0% ({MNostatement)
Sl
(]l ¥

Please enter one or more characters

Figure 3.29: Inputs and outputs of the epoxy coating model taken from GaB.,.

Inputs Show onby va

Farameter Flow Cuantity Arnount Limit
= Epoxy coaking Volurne 1.94E-005 m3
. Steel rebar [Metals] Mass 2.64 ka

Outputs l Show al

Parameter Flow Quantity Amount Unit
. Dowel Bar (1.25" Diameter) Number c1 pcs.

Figure 3.30: Inputs and outputs for a 1.25 in dowel.
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Inputs | Show only v
Parameter  Flow Quantity Amount Linit
= Epoxy coating Yolume Z.38E-005 m3
. Steel rebar [Metals] Mass 4.09 kg
Outputs E Show al
Parameter Flow Quantity Amaount Unit
. Dowel Bar (1.5" Diameter) number c1 pcs.
Figure 3.31: Inputs and outputs for a 1.5 in dowel.
Inputs |5huw anly v,
Parameter  Flow Cuantity Arnount Uik
= Epoxy coating Yolurne 1.9E-005% m3
= Steel rebar [Metals] Mass 1.7 kg
Outputs | Show all f
Parameter Flow Quantity Amount Unit
. Tie bar with coating Number c1 pcs.

Figure 3.32: Inputs and outputs for % in tie bar.

3.6.9. Limestone

The model for limestone was taken from the GaBi dataset, and the electricity process in the model was
replaced with the process developed to represent local California local conditions. Figure 3.33 shows the
model and Figure 3.34 shows the inputs and outputs to the model. Limestone was used as background

data for the cement and lime models.

-
US-CA, Electricity grid mix @ :

(productlon mix)‘ at gnd .............................. >

combusted in industrial boiler

Diesel, combusted in
industrial boiler

Bituminous coal, 9
_
L]
_

v
Gasoline, combustedin @
equipment

v

»
Matural gas, combusted @17 ’
in industrial boiler

n

Limestone, at mine
LCI <u-so>

Figure 3.33: The model developed for limestone.
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Inputs ‘ Show only valuables s

ParametFlow Quantity Amount Unit
- Electricity [Electric power] Energy (ne0.0152 M3
- US: MNatural gas, combusted iniVolume  0.00014 m3
= US: Bituminous coal, combustecMass 3.58E-00S ka
L] US: Diesel, combusted in industYolume  5.84E-007 m3
= US: Gasoline, combusted in equVolume  5.11E-008 m3

Outputs | Show all f

ParametFlow Quantity Amount Unit
" Limestone [Minerals)] Mass 1 ka

Dust {unspecified) [Particles to Mass S.11E-005 kg

Figure 3.34: Inputs and outputs of the limestone model.

3.6.10. Paraffin (Wax)

This item was taken directly from GaBi, for more information refer to the Supplementary Data.

3.6.11. Quicklime

This item was taken directly from GaBi. Refer to the Supplementary Data for more information.

3.6.12. Reclaimed Asphalt Pavement (RAP)

Reclaimed asphalt pavement (RAP) is one of the items for which allocation issues arise. In developing an
LCI for RAP it was assumed that a 1 In-km road is pulverized to a depth of 15 cm (6 in) and the materials
are then hauled to a plant for further processing and use in HMA mixes as RAP. The assumed hauling
distance was 50 miles, a typical one-way hauling distance for aggregates in California. In the model
developed, both of these assumptions can be modified by a user.

The pulverization process was modeled assuming use of a 700 hp milling machine for milling the
materials. The milling machine specifications and process details were taken from Caltrans equipment
catalogs, the UCPRC case studies report (Wang et al. 2012) and guidelines in the literature. Full models
are available in the Supplementary Data, parts of which have been recreated here. Table 3.14 shows how
diesel consumption for 1 In-km of pulverizing an old HMA surface is estimated. The total fuel used is
then multiplied by the inventory (and also impact indicators) of diesel combusted in industrial equipment
(Section 3.5.2.) to get to the emissions and environmental impacts of the Construction Stage. The
transportation impacts are calculated based on the inventories defined later in this report. The total mass
of RAP produced during the milling process is multiplied by the LCI for 1,000 kg-km of materials being
transported by truck to calculate the transportation impacts. Table 3.15 shows the impact of hauling the
reclaimed materials to a plant 50 miles away; this distance can be adjusted by a user.

Table 3.14. Modeling milling process of a 1 In-km road to produce RAP

Engine Hourly Fuel UL (L)) (20 (eI Number Fuel

Equipment Power Consumption Speed Speed Pass over the of Used
or Activity P (ft/min) (km/h) Functional Unit

(hp) (gal/hr) (1 lane-km) Passes (gal)

Milling 700 20 10 0.183 5.47 1 109.36
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Table 3.15. Transportation impacts of hauling 1 In-km of RAP to the plant for further processing

* o Feedstock

Functional Unit GWP POCP PM2.5 PED (Total)* PED (Non-Ren) Energy
[kg CO2e] [kg Ose] [kgl [MJ] [MJ] [MJ]

1 In-km of RAP 9.20E+03 1.47E+03 2.94E+00 1.32E+05 1.32E+05 0.00E+00

* The total primary energy demand excluding the feedstock energy, where feedstock energy is available and shown
in the table; otherwise PED Total is the total primary energy demand including the unknown feedstock energy.
** Same note as above applies to PED (nonrenewable.)

At the plant, RAP will replace the virgin aggregate used in HMA production and hence there will be a
reduction in environmental impacts. There are two approaches to allocating the reductions in
environmental impacts due to avoiding extra emissions in the new mix that contains the RAP. If the cut-
off method is used, all the reductions in environmental impacts for replacing the virgin binder and
aggregate plus all the impacts of hauling and initial milling are allocated to the downstream project that
uses the RAP. In the 50/50 method the total virgin material production impacts, the milling processes at
the end of life, and hauling to plant are summed up and divided between the upstream project and
downstream project. For virgin material production, the LCI results from Section 3.6.1. were used. Both
results, for 1 kg of RAP, are provided here as Table 3.16 and Table 3.17.

Table 3.16. Selected LCI and LCIA results for 1 kg of RAP, using the cut-off method for allocation

* PED Feedstock
Functional Unit kg C%V:’:; [kg?)?:; Plv[llfg5] BED (To[tlsll‘}] (Non-Re[&);’]‘ En?;n%yi
Milling 8.91E-04 3.93E-04 6.99E-07 1.23E-02 1.23E-02 0.00E+00
Transportation 6.27E-03  1.00E-03  2.00E-06 8.98E-02 8.98E-02 0.00E+00
Total 7.16E-03  1.39E-03  2.70E-06 1.02E-01 1.02E-01 0.00E+00

* The total primary energy demand excluding the feedstock energy, where feedstock energy is available and shown
in the table; otherwise PED Total is the total primary energy demand including the unknown feedstock energy.
** Same note as above applies to PED (nonrenewable.)

Table 3.17. Selected LCI and LCIA results for 1 kg of RAP, using the 50/50 method for allocation

PED PED Feedstock

Functional Unit Sl ot AP (Total)*  (Non-Ren)** Energy
[kg CO2e] [kg Ose] [kg] [MJ] [MJ] [MJ]

Material Production 4.54E-03 8.08E-04 3.25E-06  3.28E-01 3.22E-01 2.41E-01
Milling 445E-04 1.97E-04 3.49E-07 6.14E-03 6.14E-03 0.00E+00
Transportation 3.14E-03 5.00E-04 1.00E-06 4.49E-02 4.49E-02 0.00E+00
Total 8.13E-03  1.50E-03  4.60E-06  3.79E-01 3.73E-01 2.41E-01

* The total primary energy demand excluding the feedstock energy, where feedstock energy is available and
shown in the table; otherwise PED Total is the total primary energy demand including the unknown feedstock

energy.
** Same note as above applies to PED (nonrenewable.)

3.6.13. Styrene Butadiene Rubber (SBR)

The LCI data and model for styrene butadiene rubber (SBR) was item was taken directly from GaBi.
Refer to the Supplementary Data for more information. SBR is a polymer that can be added to hot mix
asphalt to modify and improve the bitumen performance, thus increase the pavement durability. Adding
SBR has shown to improve the mix performance in terms decreased temperature susceptibility, increased
rut resistance, and increased resistance to stripping (Brown et al., 1992.)
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3.6.14. Summary of the Material Production Impacts for Conventional Materials

Table 3.18 summarizes the selected LCI and LCIA results for the conventional materials included in the
database developed in this project. As noted in Section 3.2.1. , a decision was made to base an inventory
for LBNL Heat Island study on two electricity grid mixes since California is pursuing cleaner sources of
electricity through the Renewable Portfolio Standard (RPS.) One inventory was based on the year 2012
grid mix and the other was based on the projected California electricity grid mix in the year 2020.

Table 3.19 summarizes the selected LCI and LCIA results for the conventional materials included in the
database using the 2020 electricity grid mix. This table only contains the items that could have the
electricity process in their model changed.

3.7. Material Production Stage for Reflective Coatings

Four major types of reflective coatings were identified after conducting a literature review with
colleagues from Chinese universities who had worked extensively with them, Xuejuan Cao (from
(Chonggqing Jiaotong University), Peilong Li (Xi’an International Studies University), Lijuan Zhang
(Shanghai Institute of Applied Physics), and Bo Pang (Beijing Jiaotong University.) Two of the groups
are epoxy or resin based and two are water based. Data on the chemical composition and mass breakdown
of an example of each type coating were extracted from the literature and sent to thinkstep, GaBi
software’s parent company. Using these data, the company developed models for each reflective coating
type and incorporated them into GaBi 6.3 and provided this study with the LClIs based on the GaBi 2014
database (GaBi, 2014.) However, thinkstep did not share the actual models with the UCPRC and
therefore, images of the model structure and unit processes cannot be shared.

Table 3.20 shows the chemicals in each of the four coating types, with the mass breakdown. Producing
this table required multiple resources (Cao et al., 2011; Cao et al., 2014; Feng et al., 2012; Santamouris et
al., 2011; Wang H. et al., 2012; Li et al., 2016) The table also shows the LCI dataset from GaBi (2014)
that were used to model each process. For most cases, matching LCI datasets were found and in cases
where matching datasets were not available, proxy datasets were utilized. The table also shows the region
where the LCI datasets were taken from since the production processes for a product can differ from
region to region, yielding different LClIs for the same product. US data were given preference.

The datasets developed in this project represent cradle-to-gate system boundary, meaning that all
upstream material and energy consumption and emissions and waste are included, from the extraction of
raw materials, to the transportation and processing in the plant. The LClIs also include an estimated
electricity use of 0.1 MJ/kg for mixing the various chemicals together; this accounts for less than

1 percent of the total primary energy demand of the coating.
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Table 3.18. Summary of selected LCI and LCIA results for conventional materials (based on 2012 CA electricity grid mix)

Item Functional Unit - CGOV;’; [kg%g] P'V['Ifé? (Tofﬁ;z (Non-RePnIiB‘ Feegrf;?;;

[MJ] [MJ] [MJ]
Aggregate (Crushed) 1 kg 3.43E-03 6.53E-04 1.59E-06 6.04E-02 5.24E-02 0.00E+00
Aggregate (Natural) 1kg 2.36E-03 4.04E-04 9.54E-07 4.31E-02 3.65E-02 0.00E+00
Bitumen 1kg 4.75E-01 8.09E-02 4.10E-04 4.97E+01 4.93E+01 4.02E+01
Bitumen Emulsion 1 kg of Residual Bitumen 5.07E-01  8.23E-02 4.17E-04 5.09E+01 5.04E+01 4.02E+01
Cement (CSA) 1kg 8.42E-01 7.10E-02 4.61E-04 5.48E+00 5.13E+00 0.00E+00
Cement (Portland Type I/11) 1kg 8.72E-01  7.28E-02 4.99E-04 5.94E+00 5.58E+00 0.00E+00
Cement (Portland Type IlI) 1kg 8.90E-01 7.33E-02 5.01E-04 6.26E+00 5.83E+00 0.00E+00
Cement (Portland with 19% SCM) 1kg 7.04E-01 2.60E-02 1.78E-04 3.40E+00 3.20E+00 0.00E+00
Cement (Portland with 50% SCM) 1 kg 445E-01 1.76E-02 1.23E-04 2.75E+00 2.56E+00 0.00E+00
Cement Admixtures (Accelerator) 1 kg 1.26E+00 5.71E-02 1.88E-04 2.28E+01 n/a n/a
Cement Admixtures (Air Entraining) 1 kg 2.66E+00 8.68E+00 2.55E-03 2.10E+00 n/a n/a
Cement Admixtures (Plasticizer) 1 kg 2.30E-01 1.34E-02 5.57E-05 4.60E+00 n/a n/a
Cement Admixtures (Retarder) 1 kg 2.31E-01 4.23E-02 9.81E-05 1.57E+01 n/a n/a
Cement Admixtures (Superplasticizer) 1 kg 7.70E-01  4.55E-02 2.33E-04 1.83E+01 n/a n/a
Cement Admixtures (Waterproofing) 1 kg 1.32E-01 4.00E-02 6.73E-05 5.60E+00 n/a n/a
Crumb Rubber Modifier (CRM) 1 kg 213E-01 6.90E-03 1.05E-04 4.70E+00 3.60E+00 3.02E+02
Dowel 1 Each 3.69E+00 1.30E-01 1.39E-03 4.87E+01 4.20E+01 0.00E+00
Limestone 1kg 4.44E-03 2.11E-04 8.24E-08 7.84E-02 6.80E-02 0.00E+00
Paraffin (Wax) 1kg 1.37E+00 7.57E-02 4.70E-04 5.46E+01 5.43E+01 0.00E+00
Quicklime 1kg 1.40E+00 3.52E-02 7.11E-04 7.88E+00 7.88E+00 0.00E+00
Reclaimed Asphalt Pavement (RAP) [Cut-Off] 1kg 7.16E-03 1.39E-03 2.70E-06 1.02E-01 1.02E-01 0.00E+00
Reflective Coating (BPA) [50/50] 1kg 8.13E-03 1.50E-03 4.60E-06 3.79E-01 3.73E-01 2.41E-01
Styrene Butadiene Rubber (SBR) 1 kg 413E+00 1.29E-01 4.48E-04 1.03E+02 1.02E+02 0.00E+00
Tie Bar (3/4 in) 2.25E+00 7.99E-02 8.53E-04 3.00E+01 2.60E+01 0.00E+00
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* The total primary energy demand excluding the feedstock energy, where feedstock energy is available and shown in the table; otherwise PED Total is the total
primary energy demand including the unknown feedstock energy.
** Same note as above applies to PED (nonrenewable)



Table 3.19. Summary of LCI and LCIA for conventional materials, energy sources,

and transportation (based on 2020 ca electricity grid mix)

PED Feedstoc
Functional Bl A PM2.5 PEE (Non- k
Item . [kg [kg (Total) o
Unit COze] Ose] [kal MJ] Ren) Energy
[MJ] [MJ]
Aggregate (Crushed) 1 kg 3.13E-3 6.44E-4 1.56E-6 6.72E-2 4.83E-2  0.00E+0
Aggregate (Natural) 1 kg 211E-3 3.97E-4 9.24E-7 4.86E-2 3.32E-2  0.00E+0
Bitumen 1 kg 463E-1 8.06E-2 4.08E-4 9.76E+0 8.96E+0  4.02E+1
1 kg of
Bitumen Emulsion Residual 5.02E-1 8.22E-2 4.16E-4 1.08E+1 1.02E+1 4.02E+1
Bitumen
Cement (PC Type I/ll) 1 kg 8.62E-1 7.25E-2 497E-4 6.23E+0 5.40E+0  0.00E+0
Crumb Rubber Modifier 1 kg 1.72E-1 569E-3 9.99E-5 563E+0 3.04E+0  3.02E+2

* The total primary energy demand excluding the feedstock energy, where feedstock energy is available and shown
in the table; otherwise PED Total is the total primary energy demand including the unknown feedstock energy.
** Same note as above applies to PED (nonrenewable.)

Table 3.20. Chemicals in each coating, mass breakdown, and LCI datasets used (GaBi, 2014)
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o

"§ | Chemical Name Maso/so Representative LCI Dataset gzﬁ‘:ter;lRegion

(&)
Unsaturated polyester resin 60 Polyester Resin unsaturated (UP) DE

% Styrene 24  Styrene us

E Titanium dioxide 8 Titanium dioxide pigment us

g Silicon dioxide 4  Silica sand (flour) us

& | Iron oxide 1 Iron oxide (Fe203) from iron ore DE

n_oT Polysiloxane 0.5 Siloxane (cyclic) (from organosilanes) DE

< | Ethylene bis(steramide) 0.5 Ethanediamine DE
Cobalt napthenate 2 Cobalt mix GLO
Bisphenol-A epoxy resin 75 Bisphenol A us
Titanium dioxide 10 Titanium dioxide pigment us

g Carbon black 0.5 Carbon black (furnace black; general purpose) US

2 ztrﬁé)rylene glycol phenyl 3 Dipropyleneglycol dibenzoate plast EU-27
Glycerol monostearate 1.5 Stearic acid DE
Tetramethylethylenediamine 10 Tetraacetyl ethylenediamine (TAED) NL

g Styrene 7.7 Styrene us

a Titanium dioxide 6 Titanium dioxide pigment us

_§ Butyl acroylate 13 Butyl acrylate DE

5‘: Methyl acrylate 5.4 Methyl acrylate from acrylic acid by DE

> esterification

® | Methacrylic acid 3 Methacrylic acid us

E Zinc oxide 6 Zinc oxide GLO

ﬁ A . Ammonium sulfate, by product acrylonitrile,

£ mmonium persulfate 0.18 hydrocyanic acid us

?’2; N-dodecyl mercaptan 0.1 Methanthiol (methyl mercaptan) us

& | Ammonium sulfite 0.02 Sodium hydrogen sulfite EU-27




o
£ . % . Dataset
g Chemical Name Mass Representative LCI Dataset Country/Region
(8]
HydroxypropanE-1- Soaping agent (sodium alkyl-
1.6 GLO
sulphonate benzenesulphonate)
Azirdine 1 Hydrazine hydrate/hydrazine DE
Ammonium hydroxide 1 Tetramethyl-ammonium hydroxide (TMAH) us
Water 55 Water deionized us
()]
(=
©
=
a’ . .
5 | Cis-1,4-cyclohexylene di- 8 Isophorone di-isocyanate (IPDI) DE
> | isocyanate
&
a
Polyester polyols 18 Long Chain Polyether Polyols mix EU-27
Titanium dioxide 12 Titanium dioxide pigment us
5 Silicon dioxide 0.6 Silica sand (flour) us
$ | Sodium dodecyl sulfate 2 Detergent (fatty acid sulfonate derivate) GLO
©
'E 1,6-Di-isocyanatohexane 3 Methylene di-isocyanate (MDI) DE
2122
3 | Bis(hydroxymethyl)propionic 2 Adipic acid DE
acid
Polydimethylsiloxane 0.4 Siloxane (cyclic) (from organosilanes) DE
Water 54  Water deionized us

Table 3.21 summarizes the main LCIA categories and inventory items of interest for the reflective
coatings.

Table 3.21. Summary LCI and LCIA of reflective coatings

Funct PED PED Feedstock
Item ion.al kg C%V::; [kg%?:; PIV[IIfQS] (Total)* (Non-Ren)** Energy

Unit [MJ] [MJ] [MJ]
BPA 1kg 3.73E+00 1.61E-01 1.41E-07 9.08E+01 8.86E+01 0.00E+00
Polyester Styrene 1 kg 4.40E+00 2.08E-01 2.23E-06 9.17E+01 8.74E+01 0.00E+00
Polyurethane 1kg 2.34E+00 1.02E-01 2.20E-07 5.15E+01 4.90E+01 0.00E+00
Styrene Acrylate 1 kg 1.56E+00 6.34E-02 3.88E-07 3.66E+01 3.54E+01 0.00E+00

* The total primary energy demand excluding the feedstock energy, where feedstock energy is available and shown
in the table; otherwise PED Total is the total primary energy demand including the unknown feedstock energy.
** Same note as above applies to PED (nonrenewable.)

3.8. Transportation Stage

The LCI and LCIAs for the four major modes of transportation used in the modeling process were all
taken directly from GaBi. Table 3.22 shows the summary of the main impacts. The comprehensive dataset
is available in the Supplementary Data. These four modes of transportation were selected as they are the
transportation modes that appear explicitly in this study’s GaBi plans as subprocesses, and therefore, may
be updated later by users.
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Table 3.22. Summary of LCIl and LCIA for major transportation modes (GaBi)

Funct PED PED Feedstock
. GWP POCP  PM25
Item ional (Total)* (Non-Ren)** Energy
unit K9 COze]  [kg Ose] kgl [MJ] [MJ] [MJ]
Barge Transport lgf)k?n 331E-02 958E-03 1.96E-05 4.17E-01 417E-01  0.00E+00
Combination Truck, 1000 928E-02 153E-02 2.52E-05 1.19E+00 1.19E+00  0.00E+00
diesel powered kg-km
Heavy Truck (24 Metric 1000 7.80E-02 1.24E-02 2.49E-05 1.12E+00 1.12E+00  0.00E+00
Tonne capacity) kg-km
Ocean Freighter ;gf)k?n 00183  0.0111 1.87E-05 0.231 0.231 0

* The total primary energy demand excluding the feedstock energy, where feedstock energy is available and shown in the table;
otherwise PED Total is the total primary energy demand including the unknown feedstock energy.
** Same note as above applies to PED (nonrenewable.)

3.9. Mix Designs and Material Production Stage of Various Pavement Surface
Treatments

Table 3.23 lists the pavement surface treatments that were considered in this study. Each treatment’s
impacts can be divided among material production, transportation to the site, and construction activities.
In this section, the mix design for each surface treatment is discussed first to provide a basis for the
calculations for the material production stage. The inventories developed in the previous Sections 3.5, 3.6,
and 3.7 were used alongside the mix designs to calculate the material production stage impacts for each
treatment. The details of calculations are presented in the Supplementary Data “2. Mixes and Treatments”
folder), parts of which are presented in this section where needed and where it was possible to include
them. The transportation distance was assumed to be 50 miles (80 km), a typical hauling distance in
California, for all surface treatments.

To represent project-specific conditions, the user can change the default hauling distance in the models
available in the Supplementary Data. The construction activities were modeled using the state of the
practice that was determined using Caltrans specifications, consultations with local experts, and what was
found in the literature. Other than the material production stage of conventional asphalt concrete (or
HMA), portland cement concrete (PCC), and rubberized HMA (RHMA), none of LCls in this section
were modeled with GaBi software; consequently, no figures show the plant or unit processes for those
LCIs appear here. The LCIs and LCIAs of the energy sources and materials developed in Section 3.5 and
Section 3.6 were used in an Excel file with most of the mix design information taken from the Caltrans
Maintenance Technical Advisory Guide (MTAG) to calculate the LCI and LCIA of the material
production stage for each of the surface treatments (Caltrans MTAG, 2007).

The construction stage was modeled based on the sequence of construction activities, the equipment used
in each step, the horsepower and hourly gas consumption of the equipment, the speed of the equipment,
and the required number of passes over the section. These were used to calculate the total fuel
consumption for the functional unit which was then multiplied by the GaBi values for the LCI and LCIA
of “fuel combusted in equipment” to calculate the construction stage environmental impacts. The details
of the calculation of construction activities are available in the construction.xlsx file in the construction
folder in the supplementary data, which is also re-created here in Table 3.29. The functional unit for all
surface treatments is 1 lane-kilometer (In-km.) For some of the items, such as PCC and HMA, the
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thickness can be modified by the user; for other items such as slurry seal and similar treatments, the
application rate of aggregate or bitumen emulsion can be changed in terms of mass per surface area. For
reporting purposes in this chapter, typical thicknesses or application rates for surface treatments were
selected based on common practice, or Caltrans specifications where applicable.

Table 3.23. Pavement surface treatment alternatives considered
Surface Treatments

Bonded Concrete Overlay on Asphalt (BCOA)
Cape Seal

Cement Concrete (Various Applications)

Chip Seal

Conventional Asphalt Concrete (Mill-and-Fill)
Conventional Asphalt Concrete (Overlay)
Conventional Interlocking Concrete Pavement (Pavers)
End-of-Life Treatment (Cold In-Place Recycling)
End-of-Life Treatment (Full Depth Reclamation)
Fog Seal

Permeable Asphalt Concrete

Permeable Portland Cement Concrete
Reflective Coating (BPA)

Reflective Coating (Polyester Styrene)
Reflective Coating (Polyurethane)

Reflective Coating (Styrene Acrylate)
Rubberized Asphalt Concrete (Mill-and-Fill)
Rubberized Asphalt Concrete (Overlay)

Sand Seal

Slurry Seal

3.9.1. Bonded Concrete Overlay on Asphalt (BCOA)

Bonded concrete overlay on asphalt (BCOA) consists of placing a concrete overlay on an existing asphalt
concrete surface. For the purposes of this study, the default thickness was selected as 12.5 cm (5 in),
although the thickness can be selected by the designer. BCOA construction consists of milling of the
existing asphalt layer (1.25 to 5 cm [0.5 to 2 in], assumed as 2.5 cm [1 in] in this study), sweeping it
multiple times and air blasting it, wetting the surface, placing the concrete, and finally sawing and sealing
of the joints every 60 to 180 cm (2 to 6 ft.) (Caltrans MTAG, 2007.) As with the model for portland
cement concrete, further down below, sawing, and joint sealing are not included in this model. The
thickness of the BCOA is a variable that can be changed by the designer. The LCI results can be linearly
scaled based on the default thickness used in this section and the new design thickness. Mix designs for
the BCOA mixes used in the Cool Pavement project are listed in Table 3.24 and construction details are
presented in Table 3.29.
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Table 3.24. Mix design for BCOA with three levels of SCM

. Air Total
Ceme Fly Coarse Fine . Retar Water
Item nt S(IIZS Ash Agg Agg WZ:Z; F;ﬁ;; IIE:Itnr; -der Reducer (kgs/gg;
(kg) (kg) (kg)  (kg) (kg) (kg) 0
(kg) [%]
BCOA 139
(PC139- 139 56 84 1038 817 173 0 0 0 0 o
SCM139) [50%]
BCOA 71
(PC267- 267 0 71 1085 764 145 2 0 0 0 19%
SCM71) [19%]
BCOA 0
(PC448- 448 0 0 1071 598 161 2 1 2 2 [0%]
SCMO) °

3.9.2. Cape Seal

A cape seal is defined as a slurry seal over a chip seal by the MTAG. Refer to the slurry seal and chip seal
subsections for the mix design details.

3.9.3. Cement Concrete

Figure 3.37 shows the model developed in GaBi for portland cement concrete (PCC.) It is a general
model and the mix design can be modified to cover all ranges of PCCs used in construction projects.
Figure 3.38 shows the inputs and outputs of the model and how they can be modified by the user.

The general model for PCC was used to develop LCls for the following applications:
¢ lane replacement
e slab replacement (2 mixes)
e Jocal streets
®  minor concrete

The selected mix designs for slab replacement were taken from the UCPRC case studies by Wang et al
(2012) which presents a typical mix design with high early strength used for slab replacements in Caltrans
rehabilitation projects constructed using overnight closures. For lane replacement, a typical mix design
used by Caltrans in state highway projects was used which incorporates use of supplementary
cementitious materials (SCMs.) Mix designs for local streets and minor concrete were taken from projects
in the City of Santa Rosa and City of Davis. The mix designs are presented in Table 3.25 and construction
details are available in Table 3.29.

Table 3.25. Mix designs for PCC items (mass per 1 m* of mix)

FI Coa Fine Air Reta Water Total
Cement Slag V' rse Water Fiber Entrai Redu SCM
Item Ash Adgg . rder 3
(k) (k) (kg) Agg (kg) (kg) (kg)  ning (kg) cer (kg/m°)
(kg) (kg) (kg) [%]

Local Streets PCC
fws.a”ta Rosa  (pcyqg 418 0 892 869 184 42 0 0 3.4 2
ix for Local SCMO) [0%]

Streets)

Lane PCC 106 50
Replacement  (PC284 284 50 ’ 8 822 149 0 0.1 0 1.2 [18%]
(Caltrans Mix ~ SCM50) °
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Coa Air Water Total

ement ag rse ater iber ntrai edu
ltem c sl AFS'% ';:"e w Fiber Entrai '}3}: Red SCM
(ka) ko) o Age & (k) (ke) ning o cer (kg/md)
— (kg) (kg) (kg) [%]
or otate
Highways)
Minor
Concrete
; _ PCC
(Clly ofDavis (P35 3 0 "2 812 163 0 0 0 1 [oo/(;
Sidewalks SCMo) ’
and Footings)
Siab
PCC
Replacement  poyazs 475 o 112 609 166 374 o 07 26 0
(with Cement 8 [0%)]
Type Ill) SCMO)
Slab
PCC
Replacement 1,06 0
(with CSA gccsl\ﬁg,)go 390 0 . 7% 156 0 0 2.1 1.2 [0%]
Cement)

* Abbreviations used in the item codes:

CSA: Calcium Sulfo-aluminate cement

PC: portland cement (type I/l unless explicitly stated as type IlI)
SCM: Supplementary Cementitious Materials

The thickness of the PCC layer was assumed to be 17.5 cm (6.8 in) as a default, although the thickness of
the PCC can be defined by the designer. The construction process consisted of grinding of the old surface,
sweeping, and lay-down of the PCC layer using paver. Saw cutting and curing were assumed to make a
small contribution to the inventories and their impacts and were not included. The thickness of the new
portland cement concrete is a variable that can be changed by the designer. The LCI results can be
linearly scaled based on the default thickness used in this section and the new design thickness. For slab
replacement, average slab size was assumed to be 3.6 m (12 ft) wide, 4.5 m (15 ft) long, and 22.5 cm (9
in) thick.

3.9.4. Chip Seal

It was assumed that chip seals are constructed with 1.8 L/m? (0.4 gal/sy) of bitumen emulsion and 19
kg/m? (35 1b/sy) of aggregate. The construction process consists of sweeping, application of asphalt
emulsion, spreading of aggregate, embedding of aggregate with pneumatic tire rollers, and a final round
of sweeping. Aggregates are assumed to be angular and crushed (Caltrans MTAG, 2007.) Construction
details for chip seal are presented in Table 3.29.

3.9.5. Fog Seal

The MTAG states that the emulsion application rate for fog seals should be between 0.45 to 0.7 L/m? (0.1
to 0.15 gal/sy), the average of which was used in this study. Construction consists of sweeping, spraying
emulsion, and the optional application of sand, which was not assumed in this study (Caltrans MTAG,
2007.) Construction details for fog seal are presented in Table 3.29.

3.9.6. Conventional Asphalt Concrete (Mill-and-Fill and Overlay-Only)

The model developed in GaBi for conventional asphalt concrete (interchangeably referred to as “hot mix
asphalt” [HMA]) is shown in Figure 3.35. The mix design and the percentage of each of the ingredients
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can be changed within the model to facilitate calculating LClIs for various mix designs used in different
construction projects, as shown in Figure 3.36. The LClIs for two mixes were prepared: one with 15
percent RAP content and the other with no RAP—taken from the UCPRC case studies report—which
represents a typical mix used for rehabilitation projects by Caltrans. The details of both mixes are shown
in Table 3.26. Construction details for conventional asphalt concrete are presented in Table 3.29.

Table 3.26. HMA with RAP mix design (percent by mass)

ltem _ Mix 1 Mix 2

(with 15% RAP) (No RAP)
Aggregate Crushed 81 94
Asphalt Binder 4 6
Reclaimed Asphalt Pavement (RAP) 15 0

I15-CA; Biturnen, at ;,‘575 US-CA: Hot Mix px"% GLO: Product bs <u-so= X
refinery U5 LCT —* Asphalt (HMA), at plank
only MGE) Athena <u-soz

{
1J5-CA: Crushed stone ;:??’
(coarse and fine), at plank

Us-Ca: Sand and gravel ¢
{maturall, at plant

US-CA: Electricity grid ¢
mix {produckion mix), abgrid

-

US: Wax | Paraffins ot ##*
refiriery PE

s

US-CA: CRM production,

1J3: stvrene-butadiens &
rubber (SER) ts

5

Matural gas, combusted
in industrial equiprent

w
[]

Reclaimed dsphalk
Pavement, RAP

Figure 3.35: The model developed for HMA (the mix design can be modified)
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Free parameters

Parameter Formula Yalue
Agg_Crushed 0.81
Agg_Natural 0
Asphalt_Content 0.04
Crumb_Rubber 0
Extended_Oil 0
Polymer_Modifie 0
RAP 0.15
Inputs |Show only valuables
Parameter Flow Quantity Amount
. US: Natural gas, combusted in industrial equipment [ProductYolume 0.0103261
= Electricity [Electric power] Energy (net calorific value) 0.0076319
= Agg_Crushed Crushed stone [UCPRC Flows] Mass 0.81
= Agg_Matural Sand and gravel [UCPRC Flows] Mass 0
= Asphalt_Content Bitumen [Organic intermediate products] Mass 0.04
= Crumb_Rubber Crumb rubber material [UCPRC Flows) Mass 0
= Extended_Oil Wax synthetic [Organic intermediate products] Mass 0
= Polymer_Modifie Styrene-butadiene-rubber (SBR) [Plastics] Mass 0
= RAP RAP [UCPRC Flows] Mass 0
Outputs | Show all Flows
Parameter Flow Quantity Amount Unit
- Hot Mix Asphalt (HMA) [UCPRC Flows]  Mass 1 kg

Figure 3.36: Inputs and outputs of the HMA model.

The typical thickness of the asphalt concrete placed was assumed to be 6 cm (2.4 in.) Two construction
options are considered for use of asphalt concrete. The first option is mill-and-fill, where the construction
consists of milling 4.5 cm (1.8 in) of the surface (assumed thickness) followed by application of a tack
coat, lay-down of new asphalt concrete, and compaction of the layer with three types of rollers (vibratory,
pneumatic, and static.)

The second option is overlay-only with a similar mix design and thickness. The only difference between
the two approaches is in the construction stage, where milling of the top surface is not conducted. Instead,
a tack coat is applied on the old surface and then the new HMA is directly put on top. The thickness of the
new asphalt concrete is a variable and can be changed by the user. The LCI results can be linearly scaled
based on the default thickness used in this section and the new design thickness.

3.9.7. Conventional Interlocking Concrete Pavement (Pavers)

An Environmental Product Declaration (EPD) developed by Angelus Block Inc. was used to determine
the environmental impacts of pavers. The EPD reported the impacts for two separate functional units, first
for a functional unit of 1 m® of concrete paver materials and then for a concrete masonry unit (CMU)
which has the dimensions of 20 cm % 20 cm X 40 ¢cm (8 in X 8 in x 16 in) and 50 percent voids.
Construction details for concrete pavers are presented in Table 3.29.
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3.9.8. Permeable Asphalt Concrete Pavement

Permeable asphalt concrete was assumed to consist of a base of thickness of 15 cm (0.5 ft) made from
100 percent crushed and angular aggregate, topped with 11 cm (0.35 ft) of open-graded asphalt concrete,
per Caltrans recommendations (Caltrans, 2014.) Construction details for permeable asphalt concrete are
presented in Table 3.29.

3.9.9. Permeable Portland Cement Concrete

Permeable PCC was assumed to consist of a 15 cm (0.5 ft) open-graded portland cement concrete layer on
top of a 15 cm (0.5 ft) granular base layer, according to Caltrans recommendations (Caltrans, 2014.)
Construction details for permeable PCC are presented in Table 3.29.

3.9.10. Reflective Coatings

The construction process for reflective coatings consists of sweeping the pavement surface which is then
followed by application of the coating with a tanker. The application rates assumed for this study were
based on the average of the ranges found in the literature study (see

Table 3.20.) Construction details for reflective coatings are presented in Table 3.29.

U5-Chyg Biturnen, at ;'ﬁ US-CA: Hot Mix pxé& GLO: Product bs <u-so= % &
refinery U5 LCI —* Asphalk (HMA), at plant
(only MG Athena <u-sox

I5-Ca: Crushed stone ef;'}
icoarse and fine), at plankt

1J5-Ca: 5and and gravel ;:5’
imatural), at plant

US-Cé: Electricicy grid 8¢
miz {production mix), at grid

1J3: Wax | Paraffins at ~;:§"l§
refinery PE

J5-Ca: CRM production, {?
at plant Cortj

1J3: styrene-butadiens B
rubber (SER ks

Matural gas, combusted ==
in industrial equipment

Reclaimed Asphalt m=
Pavement, RAP

Figure 3.37: The GaBi model developed for PCC.
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Free parameters

Parameter Formula Yalue
Accelerator 0,0154
Aga_Crushed 0,466
Agg_Matural 0.252
Air_Entrainer 0
Cement_Content 0,198
Plasticiser 0
Retarder 0.000259
Supetplasticise 0,00105
Water i
Waterproofing
Fixed parameters
Parameter Farrula Yalue
Z_Check accelerator + Agg_Crushed+ Agg_Matural+ A _Entrainer+Cement_Content+Plasticis 1
Inputs Show all Flows
Parameter Flow Cuankity Arnounk Lmit
= fgg Matural Sand and gravel [UCPRC Flows) Mass 0,252 kg
= Agg. Crushed Crushed stone [LCPRC Flaws] Mass 0,466 kg
» Zement_Content Cement (average) [Minerals) Mass 0,196 kg
= Wiater \Water (tap water) [Dperating materials] Mass 0. 0656 kg
® fccelerator EU: Accelerator [UCPRC Flows] Mass 00154 ka
n Electricity [Electric pomwer] Energy {net caloid, 0061 3 M1
s Superplasticise  EU: Superplasticiser (HRMWR) [UCPRC Flaws] Mass 0.00103 kg
m Retarder ELl; Retarder [LICPRC Flows] Mass 0000252 kg
. 115; Matural gas, combusted inindustrial equiprent [Produck Yolume 0000122  m3
u 115; Diesel, combusted in industrial equipment [Products and Yolurme Z2.54E-007 m3
= dir_Entrainer ELI: &ir Entrainer [LCPRC Flows] Mass 1] kg
» Plaskiciser ELl: Plasticiser [LIZPRC Flows] Mass 0 kg
= Waterproofing  ELL Waterproofing [UCPRC Flows) Mass 1] kg
Outputs |Sh|:|w all Flowss
Farameter Flow Quantity  Amounk IInik
L] Portland Cement Concrete (PCC) [UCPRC Flows) Mass 1 ko

Figure 3.38: Inputs and outputs of the PCC model.

3.9.11. Rubberized Asphalt Concrete (Mill-and-Fill and Overlay-Only)

The mix design for rubberized asphalt concrete (rubberized hot mix asphalt, RHMA) was taken from the
UCPRC case studies report (Wang et al., 2012), which presents a typical rubberized asphalt concrete mix
used in Caltrans rehabilitation projects. That mix design is presented in Table 3.27.

Table 3.27. RHMA mix design

Item % by Weight Item % by Weight
Aggregate 92.5 Asphalt Binder 7.5
Coarse 68 Bitumen 77.5
Fine 27 CRM 20
Dust 5 Extender Oil 2.5

66



As with conventional asphalt concrete, two options are provided here: mill-and-fill and overlay-only. The
construction process was assumed to be similar to that of conventional asphalt concrete. The thickness of
the treatment for both cases was assumed to be 5 cm (2 in), although this thickness is a variable that can
be changed by the designer. The LCI results can be linearly scaled based on the default thickness used in
this section and the new design thickness, and similar to HMA and PCC, the mix design can also be
modified by the user. Construction details for RHMA are presented in Table 3.29.

3.9.12. Sand Seal

Sand sealing consists of the application of bitumen emulsion followed by deposition of a layer of sand on
top of it; after that a pneumatic roller is often used to stabilize the sand. The range of emulsion application
is between 0.45 to 1.15 L/m? (0.1 to 0.25 gal/sy) and sand is applied at 9.5 to 13.5 kg/m? (18 to 25 1b/sy.)
The average of the ranges was used in both cases in this study (Caltrans MTAG, 2007.) Construction
details for sand seal are presented in Table 3.29.

3.9.13. Slurry Seal

A Type II slurry mix design was selected with an application rate of 5.5 to 8 kg/m? (10 to 15 Ib/sy) of
angular aggregate and residual asphalt content of 7.5 to 13.5 percent by weight of aggregate. The average
of the ranges was used in both cases in this study (Caltrans MTAG, 2007.) Construction details for slurry
seal are presented in Table 3.29.

3.10. End-of-Life (EOL) Treatments: Cold In-Place Recycling and Full-Depth Recycling

The following matrix of end-of-life treatments were modeled using current Caltrans practices in
California. The treatments considered are presented in Table 3.28. The cut-off method was used for the
allocation of impacts between the upstream and downstream projects (see Table 3.6.) The transport
distance for all the mixes and materials from plant to site was assumed to be 50 miles one way; for other
transportation distances the numbers can be linearly calibrated. Construction process details for cold in-
place recycling (CIR) and full-depth reclamation (FDR) are presented in Table 3.30.

Table 3.28. Typical in-place end of life recycling treatments in California

List of End-of-Life Treatments
CIR (10 cm [4 in] milled + mechanical stabilization) with FDR (25 cm [10 in] milled + 3% FA + 1% PC ) with 6
2.5cm (1in) of HMA OL cm (2.4 in) RHMA OL
CIR (10 cm [4 in] milled + mechanical stabilization) with FDR (25 cm [10 in] milled + 2% PC ) with 6 cm (2.4
Chip Seal in) RHMA OL
FDR (25 cm [10 in] milled + no stabilization) with 6 cm FDR (25 cm [10 in] milled + 4% PC ) with 6 cm (2.4
(2.4 in) RHMA OL in) RHMA OL
FDR (25 cm [10 in] milled + 4% AE + 1% PC ) with 6 cm FDR (25 cm [10 in] milled + 6% PC ) with 6 cm (2.4
(2.4 in) RHMA OL in) RHMA OL

AE is asphalt emulsion; PC is portland cement; FA is foamed asphalt; RHMA is rubberized hot mix
asphalt; OL is overlay.

3.11. Construction Stage for Various Surface Treatments

Table 3.29 shows the construction process for each of the surface treatments considered in this study.

67



Table 3.29. Construction process for different surface treatments
(modeled based on Caltrans specifications, consultation with local experts, and literature)

. Spee .
Engine Hourly Time (hr) for 1 Fuel
Case Equipment/Activity Power Fuel Use (ftlrr?i (skpnerleh(; Pass over 1 P::s;:; Used J::ZI Fuael;
(hp) (gal/hr) T lane-km (gal) .
Milling 700 20 10 0.183 5.47 1 109.36
Bonder Concrete Sweeping 80 2 100  1.829 0.55 2 2.19
Overlay on Asphalt ) 129
(BCOA) Wetting 80 2 100 1.829 0.55 1 1.09
Concrete placement 90 3 10 0.183 547 1 16.4
Sweeping 80 2 100 1.829 0.55 2 2.19
Emulsion application 350 7.2 25 0.457 219 1 15.75
Chip Seal Aggregate application 350 7.2 25 0.457 2.19 1 15.75 68
Rolling (pneumatic) 120 4.9 25 0.457 2.19 3 32.15
Sweeping 80 2 100 1.829 0.55 2 2.19
Sweeping 80 2 100 1.829 0.55 2 2.19
Fog Seal . o 17.9
Emulsion application 350 7.2 25 0.457 219 1 15.75
Milling 700 20 10 0.183 5.47 1 109.36
Prime coat application 350 7.2 25 0.457 219 1 15.75
Conventional Asphalt  HMmA placement 250 10.6 15  0.274 3.65 1 38.64
Concrete (Mill-and- ) . 284.5
Fill) Rolling (vibratory) 150 8.1 25 0.457 2.19 2 35.43
Rolling (pneumatic) 120 4.9 25 0.457 219 3 32.15
Rolling (static) 150 8.1 25 0.457 219 3 53.15
Prime coat application 350 7.2 25 0.457 2.19 1 15.75
HMA placement 250 10.6 15 0.274 3.65 1 38.64
Conventional Asphalt . .
Concrete (Overlay) Rolling (vibratory) 150 8.1 25 0.457 2.19 2 35.43 175.1
Rolling (pneumatic) 120 4.9 25 0.457 2.19 3 32.15
Rolling (static) 150 8.1 25 0.457 2.19 3 53.15
Conventional Base compaction 150 8.1 25 0.457 2.19 1 17.72
Interlocking Concrete 571
Pavement (Pavers) Pavers placement 350 7.2 10 0.183 5.47 1 39.37
Permeable Asphalt Base layer lay down 350 7.2 25 0.457 2.19 1 15.75 192.8
Concrete Base layer compaction 150 8.1 25 0.457 2.19 1 17.72 '
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Spee

Engine Hourly Time (hr) for 1 Fuel
Case Equipment/Activity Power Fuel Use d SIPREE Pass over 1 2, G Used U@E] A
(ft/mi  (km/h) Passes Used (gal)
(hp) (gal/hr) n) lane-km (gal)
HMA placement 250 10.6 15 0.274 3.65 1 38.64
Rolling (vibratory) 150 8.1 25 0.457 2.19 2 35.43
Rolling (pneumatic) 120 49 25 0.457 219 3 32.15
Rolling (static) 150 8.1 25 0.457 2.19 3 53.15
Base layer lay down 350 7.2 25 0.457 219 1 15.75
Permeable Portland ¢ 14 er compaction 150 81 25 0457 219 1 1772 49.9
Cement Concrete
HMA placement 920 3 10 0.183 5.47 1 16.4
Portland Cement Grinding 275 5 10 0.183 5.47 1 27.34
Concrete (slab Sweeping 80 2 100 1.829 0.55 1 1.09 448
replacement) Concrete placement 90 3 10  0.183 5.47 1 16.4
Portland Cement Grinder 275 5 10 0.183 5.47 1 27.34
Concrete with SCM Sweeping 80 2 100 1.829 0.55 1 1.09 44 .8
(Overlay) Paver (Concrete) 90 3 10  0.183 5.47 1 16.4
Sweeping 80 2 100 1.829 0.55 1 1.09
Reflective Coatings i i 16.8
9 Reflective coating 350 72 25 0457 2.19 1 1575
application
Milling 700 20 10 0.183 5.47 1 109.36
Prime coat 350 7.2 25 0.457 2.19 1 15.75
Rubberized Asphalt HMA Placement 250 10.6 15 0.274 3.65 1 38.64
Concrete (Mill-and- . ) 284.5
Fill) Rolling (vibratory) 150 8.1 25 0.457 2.19 2 35.43
Rolling (pneumatic) 120 4.9 25 0.457 219 3 32.15
Rolling (static) 150 8.1 25 0.457 219 3 53.15
Prime coat 350 7.2 25 0.457 2.19 1 15.75
HMA Placement 250 10.6 15 0.274 3.65 1 38.64
Rubberized Asphalt . .
Concrete (Overlay) Rolling (vibratory) 150 8.1 25 0.457 2.19 2 35.43 175.1
Rolling (pneumatic) 120 4.9 25 0.457 219 3 32.15
Rolling (static) 150 8.1 25 0.457 219 3 53.15
Sand Seal Sweeping 80 2 100 1.829 0.55 2 219 66.9
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Spee

Engine Hourly Time (hr) for 1 Fuel
Case Equipment/Activity Power Fuel Use d SIPREE Pass over 1 2, G Used U@E] A
(ft/mi  (km/h) Passes Used (gal)
(hp) (gal/hr) n) lane-km (gal)
Emulsion application 350 7.2 25 0.457 219 1 15.75
Sand application 350 7.2 25 0.457 2.19 1 15.75
Rolling (pneumatic) 120 49 25 0.457 219 3 32.15
Sweeping 80 2 100 1.829 0.55 1 1.09
Sweeping 80 2 100 1.829 0.55 1 1.09
Slurry Seal HMA Placement 250 10.6 25 0.457 2.19 1 23.18 56.4
Rolling (pneumatic) 120 4.9 25 0.457 2.19 3 32.15
Table 3.30. Construction process for EOL treatments
Engine Hourly Time (hr) for 1 Fuel
Case Equipment/Activity Power Fuel Use (fstrr:ien‘: (skF::/eh‘i Pass over 1 P::é:: Used 'I::; (F L;el)l
(hp) (gal/hr) lane-km (gal) g
Milling 700 20 10 0.183 5.47 1 109'2
. Rolling (pneumatic) 120 4.9 25 0.457 219 3 3215
gt'Rb(l'V'e‘t?ha”'CiL Rolling (vibratory) 150 8.1 25 0457 2.19 2 3543
5 ;‘C'r:]z;"l’r:‘])'j’i",\'ﬂ A Rolling (static) 150 8.1 25  0.457 2.19 3 5315 373.1
O'L Prime coat application 350 7.2 25 0.457 219 1 15.75
HMA placement 250 10.6 15 0.274 3.65 1 38.64
Rolling (vibratory) 150 8.1 25 0.457 2.19 2 3543
Rolling (static) 150 8.1 25 0.457 2.19 3 53.15
Milling 700 20 10 0.183 5.47 1 1092
Rolling (pneumatic) 120 4.9 25 0.457 219 3 3215
CIR (Mechanical Rolling (vibratory) 150 8.1 25 0.457 2.19 2 3543
Stabilization) with  Rolling (static) 150 8.1 25 0.457 2.19 3 53.15 295.9
Chip Seal Emulsion application 350 7.2 25 0.457 2.19 1 15.75
Aggregate application 350 7.2 25 0.457 219 1 15.75
Rolling (pneumatic) 120 4.9 25 0.457 219 3 32.15
Sweeping 80 2 100 1.829 0.55 2 2.19
FDR (AE & Milling 1000 28.57 10 0.183 5.47 1 1962
Cement 3 455.37
Stabilization) with Rolling (padfoot) 150 8.1 25 0.457 2.19 2 3543 ’
Overlay Rolling (vibratory) 120 4.9 25 0.457 2.19 3 3215
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Engine Hourly Time (hr) for 1 Fuel
Case Equipment/Activity Power Fuel Use (fiﬁ::ien(; a‘:fh(; Pass over 1 P:;::: Used J::ZI (F L:i)l
(hp) (gal/hr) lane-km (gal) g

S:‘argae‘ie leveling with 150 8.1 25 0457 2.19 2 3543
Rolling (rubber-tired) 150 8.1 25 0.457 219 3 53.15
Prime coat application 350 7.2 25 0.457 2.19 1 15.75
HMA placement 250 10.6 15 0.274 3.65 1 38.64
Rolling (vibratory) 150 8.1 25 0.457 219 2 3543
Rolling (static) 150 8.1 25 0.457 2.19 3 53.15
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3.12. Summary of Cradle-to-Gate Impacts (Material Production, Transportation, and

Construction) for Various Surface Treatments

Table 3.31 summarizes the main LCI and LCIA categories of interest for the treatments with the 2012
electricity grid mix. Table 3.32 shows the EOL treatments summary. Table 3.33 represent the same
results but based on California electricity grid mix in 2020.

Table 3.31. Summary LCI and LCIA of treatments for default thicknesses and a functional unit of 1
In-km: 2012 grid mix

- PED

- Life Cycle GWP POCP PM2.5 (Total)* (Non-

Stage [kg COze] [kg Ose] [kd] Ren)**

[(MJ] IMJ]

o Material 1.06E+04 9.65E+02 6.97E+00 5.45E+05  5.39E+05

CIR (10 cm [4 in] milled +

mechanical stabilization) Transport 1.38E+03  2.21E+02  4.43E-01 1.98E+04  1.98E+04

V(;iﬁh 2.5 cm (1in) of HMA Construction 445E+03  1.97E+03 3.50E+00 6.14E+04  6.14E+04

Total 1.64E+04 3.15E+03  1.09E+01 6.26E+05  6.20E+05

Material 3.64E+03 5.97E+02 2.91E+00 3.45E+05 3.42E+05

CIR (10 cm [4 in] milled + Transport 4 80E+02 7.65E+01  1.53E-01 6.87E+03  6.87E+03
mechanical stabilization) )

with Chip Seal Construction 3.53E+03  1.56E+03 2.77E+00 4.87E+04  4.87E+04

Total 7.65E+03 2.23E+03 5.83E+00 4.01E+05  3.97E+05

Material 3.33E+04 3.27E+03 2.21E+01 1.88E+06  1.86E+06

FDR (25 cm [10 in] milled +  Transport 3.32E+03 5.30E+02 1.06E+00 4.76E+04  4.76E+04
no stabilization) with 6 cm )

(2.4 in) RHMA OL Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04

Total 4.20E+04 6.20E+03 2.74E+01 2.01E+06  1.98E+06

Material 1.06E+05 4.22E+04 3.33E+04 4.69E+06  4.64E+06

FDR (25 cm [10 in] milled +  Transport 4.02E+03 6.40E+02 1.28E+00 5.75E+04  5.75E+04
4% AE + 1% PC ) with 6 cm )

(2.4 in) RHMA OL Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04  7.49E+04

Total 1.16E+05 4.52E+04 3.33E+04 4.82E+06 4. 77E+06

Material 9.31E+04  4.03E+04 3.33E+04 3.47E+06  3.44E+06

FDR (25 cm [10 in] milled +  Transport 3.88E+03  6.18E+02 1.24E+00 5.55E+04  5.55E+04
3% FA + 1% PC ) with 6 cm )

(2.4 in) RHMA OL Construction 5.44E+03  2.40E+03 4.27E+00 7.49E+04  7.49E+04

Total 1.02E+05 4.33E+04 3.33E+04 3.60E+06  3.57E+06

Material 8.96E+04 6.50E+03  4.42E+01 2.15E+06  2.10E+06

FDR (25 cm [10 in] milled +  Transport 3.60E+03 5.74E+02 1.15E+00 5.15E+04  5.15E+04
2% PC ) with 6 cm (2.4 in) ,

RHMA OL Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04  7.49E+04

Total 9.87E+04 9.48E+03 4.96E+01 2.27E+06  2.23E+06

Material 146E+05 9.74E+03  6.64E+01 2.41E+06  2.35E+06

FDR (25 cm [10 in] milled +  Transport 3.88E+03 6.18E+02 1.24E+00 555E+04  5.55E+04
4% PC ) with 6 cm (2.4 in) )

RHMA OL Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04  7.49E+04

Total 1.55E+05 1.28E+04  7.19E+01 2.54E+06  2.48E+06

FDR (25 om [10 in] milled +  Material 2.02E+05 1.30E+04 8.85E+01 2.67E+06  2.60E+06

6% PC ) with 6 cm (2.4in)  Transport 4.15E+03  6.62E+02 1.33E+00 5.95E+04  5.95E+04

RHMA OL Construction ~ 5.44E+03  240E+03  4.27E+00 7.49E+04  7.49E+04
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PED

ltem Life Cycle GWP POCP PM2.5 (Tof:zzl;?‘ (Non-
Stage [kg CO2e] [kg Ose] [kgl Ren)**

[MJ] [MJ]

Total 2.12E+05 1.60E+04 9.41E+01  2.81E+06 2.73E+06

* The total primary energy demand excluding the feedstock energy, where feedstock energy is available
and shown in the table, otherwise PED Total is the total primary energy demand including the unknown

feedstock energy.

** Same note as above applies to PED (nonrenewable.)

Table 3.32. Summary LCI and LCIA of EOL treatments for a functional unit of 1 In-km: 2012 grid

mix
PED PED
. GWP POCP PM2.5
Item Life Cycle Stage (Total)* (Non-Ren)**
[kg CO2e] [kg Ose] [kgl [MJ] [MJ]
S Material 1.06E+04 9.65E+02 6.97E+00 5.45E+05 5.39E+05
CIR (10 cm [4 in] milled
+ mechanical Transport 1.38E+03 2.21E+02 4.43E-01 1.98E+04 1.98E+04
stabilization) with 2.5 Construction 4.45E+03 1.97E+03 3.50E+00 6.14E+04 6.14E+04
cm (1in) of HMA OL
Total 1.64E+04 3.15E+03 1.09E+01 6.26E+05 6.20E+05
o Material 3.64E+03 5.97E+02 2.91E+00 3.45E+05 3.42E+05
CIR (10 cm [4 in] milled
+ mechanical Transport 4.80E+02 7.65E+01 1.53E-01 6.87E+03 6.87E+03
gtablilization) with Chip  Construction 3.53E+03 1.56E+03 2.77E+00 4.87E+04 4.87E+04
ea
Total 7.65E+03 2.23E+03 5.83E+00 4.01E+05 3.97E+05
, Material 3.33E+04 3.27E+03 2.21E+01 1.88E+06 1.86E+06
FDR (25 cm [10in]
milled + no stabilization)  Transport 3.32E+03 5.30E+02 1.06E+00 4.76E+04 4.76E+04
\gilghMi CgL(2-4 in) Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04
Total 4.20E+04 6.20E+03 2.74E+01 2.01E+06 1.98E+06
, Material 1.06E+05 4.22E+04 3.33E+04 4.69E+06 4.64E+06
FDR (25 cm [10 in]
milled + 4% AE + 1% Transport 4.02E+03 6.40E+02 1.28E+00 5.75E+04 5.75E+04
EE”\)AXitgLG cm(2.4in)  Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04
Total 1.16E+05 4.52E+04 3.33E+04 4.82E+06 4 77E+06
, Material 9.31E+04 4.03E+04 3.33E+04 3.47E+06 3.44E+06
FDR (25 cm [10in]
milled + 3% FA + 1% Transport 3.88E+03 6.18E+02 1.24E+00 5.55E+04 5.55E+04
;ﬁl\)ﬂx\/igf cm(2.4in)  Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04
Total 1.02E+05 4.33E+04 3.33E+04 3.60E+06 3.57E+06
Material 8.96E+04 6.50E+03 4.42E+01 2.15E+06 2.10E+06
FDR (25 cm [10 in] Transport 3.60E+03 5.74E+02 1.15E+00 5.15E+04 5.15E+04
milled + 2% PC ) with 6 )
cm (2.4 in) RHMA OL Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04
Total 9.87E+04 9.48E+03 4.96E+01 2.27E+06 2.23E+06
Material 1.46E+05 9.74E+03 6.64E+01 2.41E+06 2.35E+06
FDR (25 cm [10 in] Transport 3.88E+03 6.18E+02 1.24E+00 5.55E+04 5.55E+04
milled + 4% PC ) with 6 ,
cm (2.4 in) RHMA OL Construction 544E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04
Total 1.55E+05 1.28E+04 7.19E+01 2.54E+06 2.48E+06
Material 2.02E+05 1.30E+04 8.85E+01 2.67E+06 2.60E+06
Transport 415E+03 6.62E+02 1.33E+00 5.95E+04 5.95E+04

73




PED PED

Item Life Cycle Stage el el Al (Total)* (Non-Ren)**

[kg COze] [kg Ose] [kgl [MJ] [MJ]

FDR (25 cm [10 in] Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04
milled + 6% PC ) with 6

Total 2.12E+05 1.60E+04 9.41E+01 2.81E+06 2.73E+06

cm (2.4 in) RHMA OL

* The total primary energy demand excluding the feedstock energy, where feedstock energy is available
and shown in the table, otherwise PED Total is the total primary energy demand including the unknown
feedstock energy.

** Same note as above applies to PED (nonrenewable.)

As noted in Section 3.2.1. , the goal and scope definition section of the Heat Island study, since California
is pursuing cleaner sources of electricity through the Renewable Portfolio Standard (RPS), a decision was
made to base the LCI inventory for the study on two electricity grid mixes. One inventory was based on

the year 2012 grid mix and the other was based on the projected California electricity grid mix in the year

2020. The tables in this section present selected LCI and LCIA values for materials, energy sources, and
surface treatments that were used in that study. The EOL LClIs are not included in this section as LClIs
under 2020 were specific to the treatments in the Heat Island study.

Table 3.33. Summary LCI and LCIA of treatments for 1 In-km of treatment
(with 2020 electricity grid mix)
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tem Life Cycle GWP  POCP  PM25 (To':jg (ﬁfrg Feeg:;‘:;';
tage [kg COze] [kg Ose] [kg] Ren)

[MJ] [MJ] [MJ]

Bonded Material 2.18E+05 1.80E+04 1.16E+02 1.50E+06 1.41E+06  0.00E+00

8323;3%n Transport 7.04E+03  1.12E+03  2.25E+00 1.01E+05 1.01E+05  0.00E+00

Asphalt Construction 1.54E+03  6.80E+02 1.21E+00 2.12E+04 2.12E+04  0.00E+00

(BCOA) Total 227E+05 1.98E+04  1.19E+02 1.62E+06 1.53E+06  0.00E+00

Material 4.96E+03  8.22E+02  4.02E+00 1.07E+05 9.92E+04  3.75E+05

Cape Seal Transport 6.53E+02  1.04E+02  2.09E-01 9.35E+03 9.35E+03  0.00E+00

Construction 1.49E+03  6.56E+02 1.17E+00 2.05E+04 2.05E+04  0.00E+00

Total 7.10E+03  1.58E+03 5.39E+00 1.37E+05 1.29E+05  3.75E+05

Material 3.59E+03  5.96E+02 2.90E+00 7.72E+04  7.16E+04  2.69E+05

Chip Seal Transport 4.80E+02  7.65E+01  1.53E-01 6.87E+03 6.87E+03  0.00E+00

Construction 8.12E+02  3.59E+02  6.37E-01 1.12E+04  1.12E+04  0.00E+00

Total 4.88E+03  1.03E+03  3.69E+00 9.53E+04 8.96E+04  2.69E+05

Material 1.05E+03  1.72E+02  8.72E-01 227E+04 2.13E+04  8.42E+04

Fog Seal Transport 1.31E+01  2.08E+00  4.17E-03  1.87E+02 1.87E+02  0.00E+00

Construction 2.14E+02  9.46E+01  1.68E-01 2.95E+03 2.95E+03  0.00E+00

Total 1.28E+03  2.69E+02  1.04E+00 2.58E+04 2.44E+04  8.42E+04

Convention  Material 2.54E+04  2.40E+03  1.68E+01 4.31E+05 4.00E+05  8.95E+05

oAt Transport 332E+03 530E+02 1.06E+00 4.76E+04 476E+04  0.00E+00

(Mill-and- Construction 3.40E+03  1.50E+03  2.67E+00 4.68E+04 4.68E+04  0.00E+00

EQQYSQP) Total 3.22E+04 4.43E+03 2.06E+01 5.26E+05 4.94E+05  B8.95E+05

Material 2.54E+04  240E+03  1.68E+01 4.31E+05 4.00E+05  8.95E+05




PED

ltem ;ife Cycle GWP POCP PM2.5 (To'::l;?, (Non- Feeg:;‘:;';
tage [kg CO2e] [kg Ose] [kgl Ren)
[MJ] [MJ] [MJ]
Convention  Transport 3.32E+03 5.30E+02 1.06E+00 4.76E+04 4.76E+04  0.00E+00
goﬁifgf;t Construction 2.09E+03 9.23E+02 1.64E+00 2.88E+04 2.88E+04  0.00E+00
(Overlay)
Mix 1 (15%  Total 3.09E+04 3.85E+03 1.95E+01 5.08E+05 4.76E+05  8.95E+05
RAP
Congention Material 3.00E+04 3.20E+03 2.11E+01 7.08E+05 6.66E+05 1.29E+06
APl rransport 1856402 294E+01  5.90E-02 264E+03 264E+03  0.00E+00
(Mill-and- Construction 3.40E+03 1.50E+03 2.67E+00 4.68E+04 4.68E+04  0.00E+00
(F,\',lg “RAKP% Total 3.36E+04 4.73E+03 2.39E+01 7.57E+05  7.16E+05 1.29E+06
Convention  Material 3.00E+04 3.20E+03 2.11E+01 7.08E+05 6.66E+05 1.29E+06
3‘0‘},§ﬁ’2§‘;t Transport 1.856E+02  2.94E+01  5.90E-02 2.64E+03 2.64E+03  0.00E+00
(Overlay) Construction 2.09E+03 9.23E+02 1.64E+00 2.88E+04 2.88E+04  0.00E+00
MKPZ) (No Total 3.23E+04 4.16E+03 2.28E+01 7.39E+05  6.98E+05 1.29E+06
Convention  Material 7.66E+04  7.84E+03 nla  6.81E+05 n/a n/a
ﬂ:ter,ockmg Transport 9.38E+03  1.50E+03 3.00E+00 1.34E+05 1.34E+05  0.00E+00
Concrete Construction 6.82E+02 3.01E+02  5.35E-01 9.39E+03  9.39E+03  0.00E+00
f;;’fé?se)m Total 8.67E+04 9.64E+03 3.53E+00 8.25E+05 1.44E+05  0.00E+00
Material 498E+04 521E+03 3.22E+01 8.66E+05  7.81E+05 1.59E+06
Permeable  Transport 1.51E+04  2.40E+03 4.81E+00 2.15E+05 2.15E+05  0.00E+00
éi?,*;?;‘te Construction 2.30E+03  1.02E+03 1.81E+00 3.17E+04 3.17E+04  0.00E+00
Total 6.72E+04  8.63E+03  3.88E+01 1.11E+06  1.03E+06 1.59E+06
Material 2.66E+05 225E+04 1.41E+02 1.90E+06 1.76E+06  0.00E+00
Eﬁﬁ{{;i"’;,b'e Transport 1.76E+04  2.80E+03 5.62E+00 2.52E+05 2.52E+05  0.00E+00
Cement Construction 5.95E+02 2.63E+02 4.67E-01 821E+03 8.21E+03  0.00E+00
Conerete Total 2.85E+05 2.56E+04 1.47E+02 2.16E+06 2.02E+06  0.00E+00
Material 3.01E+05 248E+04 1.60E+02 2.07E+06 1.94E+06  0.00E+00
22:1'22? Transport 9.69E+03  1.55E+03  3.10E+00 1.39E+05 1.39E+05  0.00E+00
Concrete Construction 5.35E+02 2.36E+02  4.20E-01 7.38E+03 7.38E+03  0.00E+00
Total 3.11E+05 2.66E+04 1.63E+02 221E+06 2.08E+06  0.00E+00
Portland Material 1.39E+05 1.21E+04  7.99E+01 1.05E+06  8.95E+05 0.00E+00
Cement Transport 9.69E+03  1.55E+03  3.10E+00 1.39E+05 1.39E+05  0.00E+00
VCWC:Q%?& Construction 5.35E+02 2.36E+02  4.20E-01 7.38E+03  7.38E+03  0.00E+00
Total 1.49E+05 1.39E+04  8.34E+01 1.19E+06 1.04E+06  0.00E+00
Material 1.04E+04  4.46E+02 2.75E+00 2.52E+05 2.46E+05  0.00E+00
Eggﬁﬁgvf Transport 1.38E+02 2.21E+01  4.43E-02 1.98E+03  1.98E+03  0.00E+00
BPA Construction 2.01E+02 8.88E+01  1.58E-01 277E+03 2.77E+03  0.00E+00
Total 1.07E+04  5.57E+02 2.95E+00 2.57E+05 2.51E+05  0.00E+00
Reflective  Material 1.22E+04 5.77E+02 1.42E+01 2.55E+05 2.43E+05  0.00E+00
gglayir;?e: Transport 138E+02 2.21E+01  4.43E-02 1.98E+03 1.98E+03  0.00E+00
Styrene Construction 2.01E+02 8.88E+01  1.58E-01 2.77E+03 2.77E+03  0.00E+00
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ltem Life Cycle GWP POCP PM2.5 (To'::l;?, (ﬁfrz Feeg:;‘r’;';
Stage [kg CO2e] [kg Ose] [kgl Ren)

[MJ] [MJ] [MJ]

Total 1.25E+04  6.88E+02  1.44E+01 2.59E+05 247E+05  0.00E+00

Refloctive Material 8.66E+03  3.78E+02 3.42E+00 1.91E+05 1.81E+05  0.00E+00

Coating — Transport 1.85E+02  2.94E+01  5.90E-02 2.64E+03 2.64E+03  0.00E+00

Polyurethan  Construction 2.01E+02 8.88E+01  1.58E-01 277E+03 2.77E+03  0.00E+00

© Total 9.05E+03 4.96E+02 3.63E+00 1.96E+05 1.87E+05  0.00E+00

Refloctive Material 5.76E+03 2.35E+02 1.82E+00 1.36E+05 1.31E+05  0.00E+00

Coating — Transport 1.856E+02  2.94E+01  5.90E-02 2.64E+03 2.64E+03  0.00E+00

Styrene Construction 2.01E+02 8.88E+01  1.58E-01 277E+03 2.77E+03  0.00E+00

Acrylate Total 6.15E+03  3.53E+02 2.04E+00 1.41E+05 1.36E+05  0.00E+00

Rubberized  Material 2.72E+04 2.71E+03  1.83E+01 2.43E+05 2.01E+05 1.34E+06

ézaf;?gte Transport 2.77E+03  4.42E+02  8.85E-01 3.96E+04  3.96E+04 0.00E+00

(Mill-and- Construction 3.40E+03  1.50E+03 2.67E+00 4.68E+04 4.68E+04  0.00E+00

Fill) Total 3.34E+04 4.65E+03 2.19E+01 3.29E+05 2.88E+05 1.34E+06

Rubberized Material 2.72E+04 2.71E+03  1.83E+01 2.43E+05 2.01E+05 1.34E+06

Asphalt Transport 2.77E+03  4.42E+02  8.85E-01 3.96E+04  3.96E+04 0.00E+00

Concrete Construction 2.09E+03 9.23E+02 1.64E+00 2.88E+04 2.88E+04  0.00E+00

(Overlay) Total 3.20E+04 4.07E+03 2.09E+01 3.11E+05 2.70E+05 1.34E+06

Material 1.56E+03  2.58E+02 1.26E+00  3.38E+04  3.13E+04 1.18E+05

Sand Seal Transport 2.88E+02 4.58E+01  9.19E-02 4.11E+03  4.11E+03  0.00E+00

Construction 7.99E+02 3.53E+02 6.27E-01 1.10E+04 1.10E+04  0.00E+00

Total 2.65E+03 6.57E+02 1.98E+00 4.89E+04  4.64E+04 1.18E+05

Material 1.38E+03  2.26E+02 1.12E+00 2.97E+04  2.76E+04 1.06E+05

Slurry Seal Transport 1.73E+02  2.76E+01  5.53E-02 2.48E+03 2.48E+03  0.00E+00

Construction 6.74E+02  2.98E+02  529E-01 9.29E+03 9.29E+03  0.00E+00

Total 2.22E+03 552E+02 1.70E+00 4.15E+04  3.94E+04 1.06E+05

* The total primary energy demand excluding the feedstock energy, where feedstock energy is available and shown
in the table; otherwise PED Total is the total primary energy demand including the unknown feedstock energy.
** Same note as above applies to PED (nonrenewable.)

3.13. Data Quality Requirements and Data Validation

ISO 14040 requires defining data quality requirements (DQR) as part of the goal and scope definition
phase of an LCA study (ISO, 2006). Data validation is a part of life-cycle inventory phase where the
collected data are evaluated based on DQR. For data validation, ISO requires that “a check on data
validity shall be conducted during the process of data collection to confirm and provide evidence that the
data quality requirements for the intended application have been fulfilled.” This section first defines the
DQR according to the goal and scope of the studies and then conducts data validation according to the

defined DQR.
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3.13.1. Data Quality Requirements

This section is conducted using ISO 14044 as the main guideline, as well as the FHWA Pavement LCA
Framework. The data quality requirements should be determined based on the goal and scope of the study
for which the dataset is going to be used. Considering the defined scope of studies in this chapter, the
following are required in terms of data quality; where applicable Table 3.34 was used for assessment of
the quality of the data:

Time-related coverage. It is required that all the data sources used for developing the LCI have been
collected within the last 10 years under the assumption that the technology, production/construction
procedures, and energy sources have not changed drastically during that time. Use of older data sources is
only permitted if the data is still representative of the data the current practice and technology and no
newer data source is available.

Geographical coverage. At minimum, all the data sources should be based on national average data,
although the use of locally collected data is strongly advised. Use of international data sources is only
permitted when there are no sources of national data and it can be proved that the international data is
representative of the US practice.

Technology coverage. 1t is required that the data represent technologies used at least at the national level,
although use of data sources representing local technologies is strongly advised. Use of international data
sources is only permitted when there are no sources of national data and it can be proved that the
international data is representative of technologies used in the US. Also, the data should represent the
particular technology used in the area of the study; in case there is a lack of such data, modeling based on
a mix of technologies used within US borders is permitted. Also, the data should represent the particular
technology used in the area of the study; in case there is a lack of such data, modeling based on a mix of
technologies used within US borders is permitted.

Completeness. The data used for developing the inventory should include all the flows related to the goal
and scope of the study.

Consistency. The study methodology should have been applied uniformly to the various components of
the analysis.

Reproducibility. The reproducibility of results is required, except for cases where data are taken from
internationally accepted sources of data such as GaBi, ecoinvent, or similar databases.

Sources of data. These should be reported for each item.

Uncertainty. Sources of uncertainty should be clearly stated; this could be due to uncertainty in data,
models, or assumptions.

Table 3.34. Quality assessment methodology used for selected criteria

Criteria Poor Fair Good Excellent
Time Coverage 15+ year-old data 10 to 15-year-old 5to 10-year-old Less than 5-year-old
data data data
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Criteria Poor Fair Good Excellent

Geographical Modified to Primary data collected
c grap International data National data represent local from local
overage :
practice plants/contractors
International data, not  International data, National-level Technology specifically
Technology similar to the US close to the US used in the area under
. : average
practice practice study
Completeness (%
of flow that is <50% <75% <90% >90%

measured)

3.13.2. Data Validation

The data validation process for this LCI database consists of data quality assessment and comparison of
the results with widely accepted and/or highly cited results taken from other sources/literature. Table 3.35
shows the results of data quality assessment of the UCPRC LCI database considering the data quality
requirements defined in the previous section. It should be noted that the results in this section constitute
an assessment of the representativeness of the LCI data for the goal and scope of the studies discussed in
this chapter. The representativeness of each item was calculated by averaging the score that the item
received in each of the four categories identified in Table 3.2 (between 1 for Poor and 4 for Excellent.)
This score was then converted back to the Poor-to-Excellent scale for representativeness of the data.

Table 3.36 shows the result of comparing GWP and primary energy demand for some of the items in the
inventory using different sources. Table 3.36 compares the UCPRC results versus results from other
sources in form of ratios of “UCPRC value/value from the other source.” Table 3.37 provides more
details for the main processes taken directly from GaBi that were used to build the UCPRC models.

Cases where this ratio is more than 1.5 are in bold type. However, as stated earlier, the model developed
by UCPRC for PCC is a general model in which the mix proportions can be modified; the values
presented here are only for a single mix design and these values can change significantly depending on
the specified PCC mix design. The other major difference is between the UCPRC GHG values for natural
aggregates and those from Stripple (Stripple, 2001.) A comparison of Athena numbers for crushed and
natural aggregates reveals a difference of two orders of magnitude and there is no documentation to
explain why this significant difference exists. However, PED numbers for crushed and natural aggregate
between UCPRC and Athena are close. Therefore, it was assumed that the Stripple (2001) numbers for
aggregates were not accurate and no further investigation was conducted.

However, as stated earlier, the model developed by UCPRC for PCC is a general model in which the mix
proportions can be modified; the values presented here are only for several examples mix designs and
these values can change significantly depending on the specified PCC mix design. The other major
difference is between the UCPRC and Athena (2006) GHG values for natural aggregates and those from
Stripple (2001.) A comparison of Athena numbers (2006) for crushed and natural aggregates reveals a
difference of two orders of magnitude and there is no documentation to explain why this significant
difference exists. However, PED numbers for crushed and natural aggregate between UCPRC and Athena
are close. Therefore, it was assumed that the Stripple (2001) numbers for aggregates were not accurate for
a North American context and no further investigation was conducted.
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Table 3.35. (a) Data quality assessment of constituent materials and transportation modes

Com Repre Repr Sour
Time Geog Tech. sentat odu ce -
iz Cov. .Cov. Cov. z::st: ivene cibili of Bzl e
ss ty Data
Used GaBi for modeling based
Aggregate GaBi Data variability in plant energy on literature and calibrated
(Crushed) Good Good  Good  Good  Good Y /Lit. consumption based on CA grid mix and
plant fuel.
Used GaBi for modeling based
Aggregate GaBi Data variability in plant energy on literature and calibrated
(Natural) Good Good  Good  Good  Good Y /Lit. consumption based on CA grid mix and
plant fuel.
Variability in reflner)_/ output for Used GaBi for modeling based
GaBi mass-based allocation, also on literature and calibrated
Bitumen Excellent Good Good Good Good Y . uncertainty in relative prices of R
/Lit. ; based on CA grid mix and
products for economic-based
. plant fuel.
allocation
Variability in reﬁnery output for Used GaBi for modeling based
. . mass-based allocation, also . ;
Bitumen . . GaBi S . - on literature and calibrated
; Excellent  Poor Fair Good  Fair Y . uncertainty in relative prices of o
Emulsion /Lit. ; based on CA grid mix and
products for economic-based
. plant fuel.
allocation
Crumb Used GaBi for modeling based
Rubber GaBi . . on literature and calibrated
Modifier Good Good Good Good Good Y ILit. Model imprecision based on CA grid mix and
(CRM) plant fuel.
Used GaBi for modeling based
Dowel & GaBi Model imprecision in energy on literature and calibrated
Tie Bar Good Good  Good  Good  Good Y /Lit. consumption in plant based on CA grid mix and
plant fuel.
Diesel
Burned in Excellent  Fair Good Good Good Y GaBi - Taken directly from GaBi.
Equipment
. . . o . .
Energy Electricity Excellent Good Excell Good Good Y GaBi Uncerﬁamty re.g.ardlng +15% of Used Ga.Bl.for mode]mg the
S ent / the grid electricity sources CA electricity grid mix
ources
CPU
C
Natural
Gas
Combusted Excellent  Fair Good Good Good Y GaBi - Taken directly from GaBi.

in Industrial
Eq.
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Com Repre Repr Sour
Item Time Geog Tech. plete sentat odu ce Uncertainty Notes
Cov. .Cov. Cov. ness ivene  cibili of
ss ty Data
Model taken from GaBi,
Limestone Excellent  Fair Good Good Good N GaBi - calibrated to local conditions
based on CA grid mix.
Paraffin . . . .
(Wax) Excellent  Fair Good Good Good N GaBi - Taken directly from GaBi.
Input uncertainties and input data Used GaBi for modeling based
Portland Type I/l Fair Good Good Fair Fair Y Gabi variability in terms of plant on literature and calibrated
Cement yp /Lit. y > O p based on CA grid mix and
energy consumption
plant fuel.
. L Used GaBi for modeling based
Slag . Model imprecision in terms of ! :
GaBi . . on literature and calibrated
Cement Poor Poor Poor Poor Poor Y . time relevancy and geographical L
o /Lit . based on CA grid mix and
(19% Slag) and technological coverage
plant fuel.
Slag Model imprecision in terms of Used GaBi for modeling based
GaBi .. . on literature and calibrated
Cement Poor Poor Poor Poor Poor Y ; time relevancy and geographical L
o /Lit. . based on CA grid mix and
(50% Slag) and technological coverage
plant fuel.
Portland
Cement . . . Bi . - Taken directly f GaBi
Admix- Accelerator Excellent  Poor Fair Fair Fair N GaBi Model imprecision aken directly from GaBi.
tures
Air - Excellent  Poor Fair Fair Fair N GaBi Model imprecision Taken directly from GaBi.
Entraining
Plasticizer Excellent  Poor Fair Fair Fair N GaBi Model imprecision Taken directly from GaBi.
Retarder Excellent  Poor Fair Fair Fair N GaBi Model imprecision Taken directly from GaBi.
2szgfrplastl Excellent  Poor Fair Fair Fair N GaBi Model imprecision Taken directly from GaBi.
X\éaterproofl Excellent  Poor Fair Fair Fair N GaBi Model imprecision Taken directly from GaBi.
Reclaimed
Asphalt Excellent  Fair Good Good Good Y G‘.aB' Allocation method Modeleq in Excel for allocation
Pavement /Lit comparison.
(RAP)
Styrene
gﬂ?ge'?ne Excellent  Fair Good  Fair Fair N GaBi Model imprecision Taken directly from GaBi.
(SBR)
Barge Good Fair Good Good Fair N GaBi - Taken directly from GaBi.
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Com Repre Repr Sour
Item Time Geog Tech. lete sentat odu ce Uncertaint Notes
Cov. .Cov. Cov. PZ° ivene cibili of y
ss ty Data
Combinatio
gitersglk' Excellent  Fair Good Good Good N GaBi - Taken directly from GaBi.
powered
Heavy
Truck (24 Excellent  Fair Good Good Good N GaBi - Taken directly from GaBi.
Tonne)
Ocean . . . . .
. Good Fair Good Good Fair N GaBi - Taken directly from GaBi.
Freighter
Table 3.33. (b) Data quality assessment of composite materials
. . Comp Represe Repro
Surface Life-Cycle Time Geog. Tech. . L .
Treatment Stage Cov. Cov. Cov. leten ntativen C!UCIbI Source of Data  Uncertainty
ess ess lity
Materlal_ Good Good Good Good  Good Y Caltrans Manual .M'X d_e_3|gn variability a_nd the unce_rtalntles
Production identified for the constituent materials
Transportation Good Fair Good Poor Fair N if/ae}?agH:u“ng Transportation distance
Cape Seal Construction Excell Excell Excell Good  Good v Caltrans Vari.ability in construc_tion process and the
ent ent ent Manual/ equipment used on site
CA4PRS/
Experts & Contractors
Materiali Good Good Good Good  Good Y Caltrans Manual Mix dgsign variability e}nd the uncgrtainties
Production identified for the constituent materials
Transportation Good Fair Good Poor Fair N it/aet;aag:ulmg Transportation distance
Chip Seal Construction Excell Excell Excell Good  Good Y Caltrans Vari.ability in construqtion process and the
ent ent ent Manual/ equipment used on site
CA4PRS/
Experts & Contractors
Matenal_ Good Good Good Good  Good Y Caltrans Manual M'X d.e.S'gn variability "’?“d the unce:rtalntles
Production identified for the constituent materials
. . . State Hauling . .
Transportation Good Fair Good Poor Fair N Average Transportation distance
Fog Seal Construction Excell Excell Excell Good  Good Y Caltrans Varllablllty in construqtlon process and the
ent ent ent Manual/ equipment used on site
CA4PRS/
Experts & Contractors
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e . Comp Represe Repro
ST SIERGTED s TR LEHD leten ntativen ducibi Source of Data Uncertainty
Treatment Stage Cov. Cov. Cov. .
ess ess lity
Materlall Good Good Good Good Good Y Caltrans Manual .M'X dgmgn variability "’?“d the unce:rtalntles
Production identified for the constituent materials
Conventional  Transportation Good Fair Good Poor Fair N i:/a;t:eaH:ullng Transportation distance
Asphalt Excell Excell Excell Caltra?]s Variability in construction process and the
Concrete Construction Good  Good Y . .
) ) ent ent ent Manual/ equipment used on site
(Mill-and-Fill)
CA4PRS/
Experts & Contractors
Materlal_ Good Good Good Good  Good Y Caltrans Manual .M'X d.F‘TS'gn variability a_nd the uncgrtamhes
Production identified for the constituent materials
Conventional Transportation Good Fair Good Poor Fair N if/i}re;H:ullng Transportation distance
Asphalt 9 T .
. Excell Excell Excell Caltrans Variability in construction process and the
Concrete Construction i i i Good  Good Y M / ) t d it
(Overlay) en en en anua equipment used on site
CA4PRSI/
Experts & Contractors
Material Local Model imprecision (used EPD, details of modeling
; Good Good Good Fair Fair Y Manufacturer not available) and the uncertainties identified for the
. Production . .
Conventional EPD constituent materials
Interlocking Transportation Good Fair Good Poor Fair N State Hauling Transportation distance
Concrete Average
Pavement Estimated
(Pavers) Construction Excell Excell Excell Good  Good v based on Varl_ablllty in construc_tlon process and the
ent ent ent needed equipment used on site
equipment
Materlal_ Good Good Good Good  Good Y Caltrans Manual M'X d_g&gn variability gnd the unce_rtalntles
Production identified for the constituent materials
Transportation Good Fair Good Poor Fair N State Hauling Transportation distance
Permeable Average
Asphalt . Excell Excell Excell Caltrans Variability in construction process and the
Concrete Construction ent ent ent Good  Good Y Manual/ equipment used on site
CA4PRS/
Experts & Contractors
Materlal. Fair Good Good Good  Fair Y Caltrans Manual .M'X d.e.s'gn variapility e}nd the uncgrtamhes
Production identified for the constituent materials
Permeable . . State Hauling . .
Portland Transportation Good  Fair Good  Poor Poor N Average Transportation distance
Cement Construction Excell Excell Excell o . o0 4 v Caltrans Variability in construction process and the
Concrete ent ent ent Manual/ equipment used on site

CA4PRS/
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. . Comp Represe Repro
DUEEE iz UL Cragl U leten ntativen ducibi Source of Data  Uncertainty
Treatment Stage Cov. Cov. Cov. .
ess ess lity
Experts & Contractors
Materiall Fair Good Good Good Fair Y Caltrans Manual Mix dgsign variability 9”" the unceﬂainties
Production identified for the constituent materials
. . . State Hauling . .
Portland Transportation Good Fair Good Poor Fair N Average Transportation distance
Cement . Excell Excell Excell Caltrans Variability in construction process and the
Construction Good  Good Y ) .
Concrete ent ent ent Manual/ equipment used on site
CA4PRS/
Experts & Contractors
Material Local Mix design variability and the uncertainties
. Poor Poor Poor Good  Poor Y Manufacturer . e . :
Portland Production Mix Desi identified for the constituent materials
Cement X Jesigns
Concrete with  Transportation Good Fair Good Poor Fair N ilztfagH:u“ng Transportation distance
Supplementar . Excell Excell Excell Caltrans Variability in construction process and the
y Construction ent ent ent Good  Good Y Manual/ equipment used on site
Cementitious quip
Materials CA4PRS/
Experts & Contractors
Material . . . . Mix design variability and the uncertainties
Production Good Poor Fair Fair Fair Y Literature identified for the constituent materials
Transportation Good Fair Good Poor Fair N if/i}faH:u“ng Transportation distance
Reflective 9 T .
. . Excell Excell Excell Caltrans Variability in construction process and the
Coating Construction Good  Good Y ) .
ent ent ent Manual/ equipment used on site
CA4PRS/
Experts & Contractors
Materiall Good Good Good Good Good Y Caltrans Manual Mix dgsign variability "’?”d the unce:rtainties
Production identified for the constituent materials
Rubberized Transportation Good Fair Good Poor Fair N zlaltfaH:ullng Transportation distance
Asphalt Excell Excell Excell Caltra%s Variability in construction process and the
Concrete Construction Good  Good Y ) .
) . ent ent ent Manual/ equipment used on site
(Mill-and-Fill)
CA4PRS/
Experts & Contractors
Material Mix design variability and the uncertainties
Rubberized Production Good Good Good Good Good Y Caltrans Manual identified for the constituent materials
Asphalt Transportation Good Fair Good Poor Fair N State Hauling Transportation distance
Concrete Average
(Overlay) Construction Excell Excell Excell Good  Good v Caltrans Varl_ablllty in construc_tlon process and the
ent ent ent Manual/ equipment used on site
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. . Comp Represe Repro
DUEEE iz UL Cragl U leten ntativen ducibi Source of Data  Uncertainty
Treatment Stage Cov. Cov. Cov. .
ess ess lity
CA4PRS/
Experts & Contractors
Materiall Good Good Good Good Good Y Caltrans Manual Mix dgsign variability "’?”d the uncgrtainties
Production identified for the constituent materials
Transportation Good Fair Good Poor Fair N z/altfagH:ulmg Transportation distance
Sand Seal . Excell Excell Excell Caltrans Manual  Variability in construction process and the
Construction Good  Good Y ) .
ent ent ent / equipment used on site
CA4PRS/
Experts & Contractors
Materl_al Good Good Good  Good Good Y Caltrans Manual M').( des_|gn variability and_ the uncertglntles
Production identified for the constituent materials
. . . State Hauling . .
Transportation Good Fair Good Poor Fair N Average Transportation distance
Slurry Seal Caltrans o .
Construction Excell Excell Excell Good Good Y Manual/CA4PR Variability in g:onstructlon process and the
ent ent ent S/ equipment used on site
Experts & Contractors
I\P/Iatgrlal_ Fair Good Good Good  Fair Y Caltrans Manual .'\c/jhx dfe3|dg? Var';'ab”'ty ?”d the uncgrtﬁlntles
Bonder roduction < b identified for the constituent materials
Concrete Transportation Good Fair Good Poor Fair N At/e:fa :u ing Transportation distance
Overlay on 9 s .
. Excell Excell Excell Caltrans Variability in construction process and the
Asphalt Construction i i i Good Good Y M I/ ) t d it
(BCOA) en en en anua equipment used on site
CA4PRS/

Experts & Contractors
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Table 3.36. Comparison of results for some of the database items with other sources

GWP : ecoinven  UCPRC/ . UCPRC/ UCPRC/
(kg CO2¢) Sl Bl t ecoinvent il Stripple s Athena
Aggregate kg 3.43E-03 NA NA  1.43E-03 240% NA NA
(Crushed)
Aggregate kg 2.36E-03 NA NA 7.35E-05  3211% NA NA
(Natural)
Bitumen kg 4.75E-01  4.29E-01 111%  1.73E-01 275% NA NA
Portland o o
Comont kg 8.72E-01  7.18E-01 121%  8.06E-01 108% NA NA
HMA kg 4.77E-02 NA NA  3.44E-02 139%  5.92E-02 81%
PCC kg 1.96E-01  1.09E-01 180%  1.37E-01 143%  1.20E-01 164%
: ecoinven  UCPRC/ . UCPRC/ UCPRC/
PED (MJ) Unit UCPRC t ecoinvent Stripple Stripple Athena Athena
(Acgrﬁ?:é‘; kg 6.04E-02 NA NA  7.86E-02 77%  5.76E-02 105%
(A,‘\‘]"gtﬁg?)te kg 4.31E-02 NA NA  7.67E-02 56%  3.60E-02 120%
Bitumen kg 4.97E+01 5.20E+01 96% 4.31E+01 115%  4.55E+01 109%
Portland kg 5.94E+00 3.38E+00 176%  4.34E+00 137%  4.97E+00 120%
Cement
HMA kg 4.45E-01 NA NA  5.51E-01 81% 5.31E-01 84%
RHMA kg 5.47E-01 NA NA  4.04E-01 135%  3.75E-01 146%
PCC kg 1.24E+00  6.04E-01 205%  8.67E-01 143% NA NA

Table 3.37. Data sources for the main processes that were taken directly from GaBi

Item Source Location Coverage Time Coverage
Diesel, combusted in industrial equipment USLCl/ts RNA 2009-2016
Electricity from biogas (West) ts us 2010-2018
Electricity from biomass (solid) (West) ts us 2010-2018
Electricity from geothermal ts us 2010-2018
Electricity from hard coal (West) ts us 2010-2018
Electricity from heavy fuel oil (HFO) (West) ts us 2010-2018
Electricity from hydro power ts us 2010-2018
Electricity from natural gas (West) ts us 2010-2018
Electricity from nuclear (West) ts us 2010-2018
Electricity from photovoltaic ts us 2010-2018
Electricity from waste ts us 2010-2018
Electricity from wind power ts us 2010-2018
Electricity, at grid, Western US ts us 2010-2018
Heavy-duty Diesel Truck ts us 2015-2018
Natural gas, combusted in industrial equipment USLCIl/ts RNA 2009-2016
Ocean freighter, average fuel mix USLCl/its US 2009-2016
Transport, barge, average fuel mix USLCl/ts RNA 2009-2016
Transport, combination truck, diesel powered USLCl/ts US 2009-2016

RNA: Region-North America
ts: thinksteps

3.14. Summary

This chapter presents the most comprehensive and up-to-date life cycle inventory database, the UCPRC LCI
Database, developed for transportation infrastructure management projects in the state of California as of early
2019. This database includes an extensive list of all the energy sources, materials, mixes, transportation modes,
and construction processes used in the projects at state and local government levels. The electricity grid mix and
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other energy sources used in various life cycle stages are modified to represent the state’s local conditions. Mix
designs are defined based on specifications enforced by Caltrans and also cover designs used by local
governments. Construction practices are closely simulated based on data collected from local contractors and
experts in addition to the collection of primary data collection from a few field projects. The LCI database
developed and presented in this chapter has been verified by a third party according to ISO recommendations.
This database was developed using the latest data from available databases, literature, and communications with
experts and contractors. The UCPRC LCI Database needs to be continually reviewed and get updated because of
the continuous improvements in material production technologies, construction practices, and energy sources
used for generating electricity and running the material plants. The revision and update process for the UCPRC
LCI Database should be repeated every few years using the latest available information. However, the most
critical measure that can be taken to improve the quality of the data is to collect primary data from local material
production plants and contractors.
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CHAPTER 4. LCA Comparison of Urban Street Design
Methodologies: Complete Streets versus Conventional Streets, with
Sensitivity Analysis on Key Model Parameters

4.1. Introduction

Complete streets are considered solutions for transportation corridors to improve social, economic, and
environmental conditions of a neighborhood or community compared to conventional streets (Harvey et al.,
2018) and are meant to provide safe access for all users of all ages and abilities using all modes of transport
(Smart Growth America webpage on Implementing Complete Streets.) Besides improving safety and providing
access for all users, especially non-motorized transportation, other benefits of compete streets mentioned in the
literature are reduced costs and environmental burdens, and creation of more livable communities (Caltrans
2017.) Reduced environmental burdens are not the only purpose of complete streets but it is often mentioned in
the literature that complete streets are designed to encourage active modes of transport and there is often an
explicit or implicit assumption that they will therefore reduce vehicle miles travelled. However, there is no
environmental life cycle comparison of complete streets and conventional ones that takes into consideration the
possible changes in traffic patterns. This chapter addresses this gap in the knowledge.

4.2. Goal and Scope

The goal of this chapter is to quantify the environmental impacts of implementing complete streets (CS)
guidelines using the life cycle assessment methodology and compare with the impacts of streets designed under
conventional methods.

Six types of urban streets were benchmarked and compared under two design scenarios:

e A conventional design using Section Four of the Sacramento County Office of Engineering
Improvement Standard (Sacramento County, 2009), which is an example of a standard currently in use
for designing conventional streets, and

e A complete streets design using the Complete Streets Manual from the Department of Urban Planning
of the City of Los Angeles, (City of LA, 2014.)

The system boundary for each street type includes material production, transportation of raw materials from
extraction site to processing plant and from there to the construction site, and construction activities; this is
referred to as a cradle-to-laid LCA. Throughout this chapter, the LCA results for these stages of the life cycle
are referred to as MAC impacts (Material, transportation, And Construction.)

An analysis period of 30 years was selected for conducting the LCA and calculating payback periods for
offsetting the differences in environmental impacts due to complete streets designs compared with conventional
designs. The functional unit for all cases in this chapter is considered as one block, except where stated
otherwise.
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Throughout this chapter, the Sacramento County Standard is referred to as SAC-DG (Sacramento Design
Guide), and the design option for each urban street type under SAC-DG is referred to as Conv-Option
(Conventional [Design] Option.) Similarly, the manual developed by the City of Los Angeles will be referred to
as LA-DG (LA Design Guide), and the design option for each street type under LA-DG is referred to as the CS-
Option (Complete Street [Design] Option.) All study details are covered in the “Assumptions and Modeling
Details” section, followed by results and discussion.

A sensitivity analysis was also conducted in which the assumed reductions in VMT for CS-Options were
evaluated for offsetting the extra MAC emissions of CS-Options compared to Conv-Options. The sensitivity
analysis considered a range of changes in vehicle miles traveled for the street type in question and the
surrounding network affected by the complete street. The change in vehicle miles traveled data was found in a
report from the City of San Jose, as were the following two cases of vehicle speed changes on the complete
street, which were also assumed to occur in the portion of traffic that moved to parallel routes in the surrounding
network:

e The typical conventional design maximum speed, and

¢ The design maximum speed recommended for complete streets by the National Association of City
Transportation Officials (NACTO)

The results of the LCA study and the limited sensitivity analysis in this chapter provide a quantitative
comparison of the environmental impacts of designing urban streets under conventional design guidelines versus
complete streets guidelines and includes sensitivity to different assumptions. However, it should be noted that
the scope of the LCA study in this chapter is limited to material production, transportation of materials to the
site, construction activities, and changes in vehicle miles traveled and vehicle speed, and their effects on
selected emissions from the production (well to pump) and combustion (pump to wheel) of vehicle fuel in the
use stage. The assessment does not include the end-of-life of the built infrastructure, or any other effects on
vehicles or the use of alternative modes of transportation in lieu of motorized vehicles.

All vehicles are assumed to burn gasoline and only passenger cars and light-duty trucks (SUVSs) are considered,
which means that consideration of any heavier freight vehicles is excluded.

A limitation of many complete street designs is that they do not consider existing use of a conventional street for
freight vehicles (it can be said that they are “incomplete” in that sense.) Any changes in freight vehicle routes,
changes in speed and operation of freight vehicles, and changes to smaller freight vehicles that can operate on
complete streets and any other logistical changes are not considered in this sensitivity analysis.

In addition to those impacts already mentioned, complete streets can have other important impacts not
considered in the limited sensitivity analysis presented in this chapter. Additional case studies for field projects

can include consideration of expansion of the system boundaries for LCA, which were limited by the scope and
budget of this framework development project.

4.3. Assumptions and Modeling Approach

Six major urban street types identified in SAC-DG were chosen for this study and are listed in Table 4.1. The
goal of the LCAs in this section is to benchmark the selected environmental impacts, primary energy demand,
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and material consumption of building various urban street types under the two different conventional (SAC-DG
and LA-DG) and complete street design guidelines. The main audience for this work is city planners and local
governments.

For the LCI and LCIA phases of the LCA, the first step is to quantify the amount of materials needed in each
case during the analysis period. SAC-DG has detailed drawings for the cross-section of each conventional street
type and other elements such as curb and gutters. SAC-DG drawings (Figure 4.1 below and App-Figures 1 to 3
in Appendix III) were used to determine the dimensions (Table 4.1) needed to calculate the quantity of
materials. Minimum aggregate base (AB) and asphalt concrete (AC) thicknesses were also taken from the same
reference. Figure 4.2 and Figure 4.3 show design recommendations for thoroughfares by LA-DG and NACTO
(2013), respectively (see App-Figures 4 to 13 Appendix III.)

SAC-DG does not offer any recommendations for block length, but it does have requirements regarding
maximum speed and minimum stopping sight distance. Due to lack of data availability and because this study is
more focused on relative changes in environmental impacts of CS-Options versus Conv-Options, block length
for each street type was considered as the minimum stopping sight distance multiplied by two.

Table 4.1. Conventional street dimensions (Sacramento County, 2009)

st T c . I:IIK'limhurln A Minigum Pavement Block

orventoral Asphall  AggregateBase  Widn () Lengin
32-ft Minor Residential 3 10 26 300
38-ft Primary Residential 3 10 32 400
48-ft Collector 3.5 13 42 500
60-ft Major Collector 4 14 54 600
74-ft Arterial 5.5 20.5 56 720
96-ft Thoroughfare 6.5 23 78 860

- Minimum

Strest Type imickness (m)  AggregsteBase  \GELNE oo
32-ft Minor Residential 3 10 26 300
38-ft Primary Residential 3 10 32 400
48-ft Collector 3.5 13 42 500
60-ft Major Collector 4 14 54 600
74-ft Arterial 5.5 20.5 56 720
96-ft Thoroughfare 6.5 23 78 860

SAC-DG and LA-DG use different terminologies for street types. Table 4.2 shows how the street types in the
two guidelines are matched based on width and traffic levels.

Table 4.2. Street types in SAC-DG and their assumed equivalent categories in LA-DG
Sacramento County City of LA

Minor Residential (32 ft) Local Street Standard

Primary Residential (38 ft) Collector

Collector (48 ft) Avenue Il (Secondary Highway)
Major Collector (60 ft) Avenue |l (Secondary Highway)
Arterial (74 ft)

Avenue | (Secondary Highway)
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Sacramento County City of LA

Thoroughfare (96 ft)

Boulevard | (Major Highway Class 1)

ROOT BARRIERS (TYP.) THOROUGHFARE
SEE NOTE 3
TYPE 2 CURB 96 FOOT STREET) _—TYPE 4 OR 5
SEE NOTE 6 - / % GUTTER MEDIAN TREATMENT = _ o007 BARRIERS (TYP.]  CURB

VARIES (SEE NOTE 2)
2%

SEE NOTE 3

TYPE 2 CURI
& GUTTER

—ROOT BARRIERS (TYP.)
SEE NOTE 3

| $ l 8 3" } ' } 3 l 39—, } 3 g | TS PR e ._!

SIDEWALK LANDSCAPE LANDSCAPE SIDEWALK |

(SEE NOTE 1)  BUFFER BUFFER  (SEE NOTE 1) [

R 20 B N 96" RIGHT OF WAY. N 20' 1

EASEMENT FOR PUBLIC UTILITIES & EASEMENT FOR PUBLIC UTILITIES &
R/W  TYPE 3 CURE R/W 5 >

PUBLIC FACILITIES (SEE NOTE 1) FRONTAGE ROAD

TYPE S

T

PUBLIC FACILITIES (SEE NOTE 1)

TYPE 2
SEE NOTE 6
1.5 CURB (TYP} 22 CURB & GUTTER 2% 5% "
8" 8 |ogions | 7
“MAJOR ROADWAY PAVEMENT LEﬁDEEQFE(S?ng% »

STATE RIGHT]

FRONTAGE ROAD ADJACENT
OF WAY =—

TO STATE FREEWAY TYPE
CURB & GUTTER

R

TYPE 5
CURB TYP.

—

e

R

R/W EASEMENT FOR F'UBLIC UTILIMES BE
PUBLIC FACILITIES (SEE NOTE 1)
- SEE NOTE 6

LANDSCAPE SID EWALK

3 — 50° RIGHT OF WAY :
NOTES: R/W

L SIDEWALK WOTH SHALL BE 8' AND PUBLIC EASEMENT SHALL BE 23" AT SCHOOLS, HOSPITALS, AND PEDESTRIAN DISTRICTS AS SET
FORTH IN SECTION 4—-23 OF THE IMPROVEMENT STANDARDS.

BUFFER  (SEE NOTE 1)
20°

EASEMENT FOR PUBLIC UTILITIES &
PUBLIC FACILITIES (SEE NOTE 1)

MEDIAN LANDSCAPING, IRRIGATION, AND FLATWORK SHALL MEET REQUIREMENTS OF THE DEPARTMENT OF TRANSPORTATION.
i 24" ROOT BARRIERS SHALL BE PLACED CONTINUOUSLY ON ALL SIDES OF LANDSCAFED BUFFERS.

COUNTY OF SACRAMENTO
MUNICIPAL SERVICES AGENCY

LANDSCAPED BUFFER AREAS ARE FOR LANDSCAPING AND IRRIGATION FACILITIES. OTHER THAN FIRE HYDRANTS, COUNTY ROADSIGNS,
STREET LIGHTS, AND PERPENDICULAR CROSSINGS (SUCH AS SERVCE LATERALS) NO UTILITY FACILITES (NOR COMMERCIAL SIGNS) SHALL
BE INSTALLED IN LANDSCAPED BUFFER AREAS.

TYPICAL SECTIONS
THOROUGHFARE STREETS
AND FRONTAGE ROADS

5 NO ABOVE GROUND FACILITY (CABINET, HYDRANT, POLE, SIGN, ETC.) SHALL BE CLASS A
INSTALLED IN SIDEWALK AREAS. SCALE: NONE 4 3
DATE: 06,/08,/09 -
iy HE e Ry ek o semg o T CHIEF, DEPT' OF TRANSPORTATION DRAWN BY: B.R. & TRU P.
Figure 4.1: Cross section of a thoroughfare (Sacramento County, 2009.)
3.2 | Bus Rapid Transit (BRT) (center-running) +
3.2 BB Cycle track
BRT “ ‘
¢ Platform BRT H
—
9 9 56) 3 ooy 10 2' 14'13') 10 14°(13") 2 10 1 3" 5'(6) g 9
L3 100'(96°) 18

[ 136'(130)

Figure 4.2: LA-DG recommendation for thoroughfare as a complete street (City of LA, 2014)
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Figure 4.3: NACTO recommendétion for thoroughfare from urban street design guide (NACTO, 2013) pp.
13.

The next phase in LCA is impact assessment (LCIA.) LCIA results were calculated using the TRACI

2.1 impact assessment methodology developed by the U.S. EPA (Bare, 2012.) A reduced set of TRACI impact
indicators was used for this study. LCIs and LCIA values are available in the database with appropriate units
(per kg of materials and mixes, per ton-km of materials transported, or per lane-km of construction activities.)
Full details of all the assumptions and data sources used for developing the UCPRC LCI Database can be found
in the UCPRC LCI Documentation report (Saboori et al., 2020.) App-Table 6 in Appendix III shows the list of
materials and values of selected LCIA impact categories and primary energy demand (PED) for each. App-
Table 7 provides similar data for different surface treatments used in pavement projects in which the functional
unit for surface treatment is one lane-kilometer (In-km), and the system boundary includes material production,
transportation, and construction impacts (the values in the table are MAC values.) A few items, such the
additional paint and plantings used in complete streets, were directly taken from GaBi LCA software (GaBi
webpage) and are not reported in the UCPRC LCI documentation; these items are designated with (GaBi) in
their titles.

The impact indicators considered in this chapter are:

¢ (Global Warming Potential (GWP): in kg of COe.

¢ Photochemical Ozone Creation Potential (POCP): in kg of Ose (a measure of smog formation.)
¢ Human Health (Particulate): in kg of PM, s (particulate matters smaller than or equal to

e 2.5 micrometers in diameter.)

e Total Primary Energy Demand (PED): in MJ.

e Primary Energy Demand (Non-Fuel): in MJ.

Non-Fuel PED is also referred to as “feedstock energy” and represents the energy stored in material that can be
recovered for combustion later if need be. The feedstock energy in asphalt binder (as a petroleum product) is a
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typical example: even though it is not a common practice to recycle binder out of pavement to combust it for
energy purposes because of the cost and high emissions, the primary energy stored in the binder can
theoretically be recovered for this purpose. On the contrary, the energy used in various combustion processes in
the system boundary cannot be recovered. Therefore, the PED (Non-Fuel) should be reported separately (Harvey
et al., 2016.)

Table 4.2 shows a complete list of all the CS elements recommended in LA-DG which are sorted into four
categories:

e Intersections and Crossings

e  Off-Street Non-Vehicular Treatments and Strategies
e Roadways

e Sidewalk Area

LCI and LCIA of the materials and surface treatments presented in App-Tables 6 and 7 were used to calculate
the LCI and LCIA for the LA-DG CS elements shown in Table 4.2. The results are presented in App-Table § in
Appendix III.

For each element (either conventional or CS) a service life was assumed and used to determine the number of
times that each will be treated with a typical maintenance, rehabilitation, or reconstruction treatment during the
30-year analysis period. Although the assumptions used in this study are generally more conservative than those
in actual practice, it was assumed that the entire conventional street and complete street infrastructure would be
replaced at the end of their service life. If any items have remaining service life at the end of the analysis period,
a linearly pro-rated salvage value was calculated and credited to the item.

4.4. Data Sources and Data Quality

Table 4.3 summarizes the data sources for all the data used in this study and presents further details about the
quality of the data used in this study.

Table 4.3. Data sources and data quality assessment
Com Repr Repres

Data Geog- . Technol . . Uncert

Item Sources raphy Time A plete oduci entativ alnty
ness bility eness

Electricity GaBil Good Excellent Excellent  Good Y Good Low
Natural Gas (Combusted) GaBi Fair Excellent Good Good Y Good Low
Aggregate (Crushed) GaBilLit. Good Good Good Good Y Good Low
Bitumen GaBilLit. Good Very Good Good Good Y Good Low
Crumb Rubber Modifier GaBilLit. Good Good Good Good Y Good High
Extender Oil GaBi Fair Good Poor Fair N Fair High
Paint GaBi Fair Good Good Good Y Good Low
RAP GaBilLit. Fair Excellent Good Good Y Good Low

4.5. Study Limitations and Gaps

The main limitation of this study was the lack of reliable model for predicting changes in VMT and traffic
speed. Another issue that was not within the scope of this study was the consequential changes in areas outsides

92



the physical system boundary. Energy consumption for lighting and maintaining the landscapes during the use
stage was also not included in the study.

4.6. Results and Discussion

Appendix III presents detailed LCA results for each street type designed under SAC-DG (App-Tables 9 to 14)
conventional street design, and similar results under LA-DG (App-Tables 15 to 20) complete street design. In
this section, the summary and comparison of all results are presented. For each street type, Table 4.4 shows
MAC impacts (absolute values) under different impact categories for Conv-Option and CS-Option. Table 4.5
presents the absolute change in each impact category when switching from the Conv-Option to the CS-Option.

Figure 4.4 shows the breakdown of total GWP between CS elements and conventional elements.

In all CS cases, conventional elements of urban streets, meaning the pavement, curbs, and gutters, etc., claim 90
percent or more of total MAC GWP. CS elements in thoroughfares have the maximum share of total GWP
among all street types, 10 percent, while CS elements of arterials claim the lowest share, 0.7 percent.

As stated earlier, comparing different street types with each other is not part of the goal of this study, and it does
not add much value since functionalities are different. Comparing the same street type under two design
methods by just looking at the absolute values of impacts is not very beneficial as these numbers are directly
proportional to the length of each block. This approach would have been suitable if the goal was to minimize
total emissions or reduce project-level emissions by a certain amount (where absolute values of emissions are
important.) However, for this specific research, because the goal is to conduct a preliminary comparison
between the two designs and get a first order estimate of changes in impacts, calculating relative values seems
most appropriate.

Table 4.4. Absolute values of various impacts categories for the two design options for the materials,

transportation, and construction (MAC) stages: conventional (Conv) and complete streets (CS
Impacts of Conv-Option GWP POCP PM2.5 PED (Total) PED (Non-Fuel)
Street Type (kg CO2ze) (kg Ose) (kg) (MJ) (MJ)
32 ft. Minor Red. 4 .80E+04 543E+03  2.59E+01 4.66E+05 3.34E+05
38 ft. Primary Red. 1.09E+05 1.34E+04  5.95E+01 1.16E+06 1.37E+06
48 ft. Collector 1.67E+05 2.14E+04  9.09E+01 1.87E+06 2.47E+06
60 ft. Major Collector 2.65E+05  3.47E+04 1.45E+02 3.05E+06 4.51E+06
74 ft. Arterial 4.62E+05 6.10E+04  2.53E+02 5.37E+06 7.99E+06
96 ft. Thoroughfare 8.21E+05 1.11E+05 4.52E+02 9.81E+06 1.62E+07
Impacts of CS-Option GWP POCP PM2.5 PED (Total) PED (Non-Fuel)
Street Type (kg COze) (kg Ose) (kg) (MJ) (MJ)
32 ft. Minor Red. 5.06E+04 5.62E+03 2.72E+01 4.81E+05 2.94E+05
38 ft. Primary Red. 1.14E+05 1.38E+04  6.19E+01 1.20E+06 1.35E+06
48 ft. Collector 1.70E+05 2.49E+04 4.68E+02 1.85E+06 2.45E+06
60 ft. Major Collector 2.87E+05 3.66E+04 1.57E+02 3.21E+06 4.42E+06
74 ft. Arterial 4.59E+05 6.07E+04 2.51E+02 5.34E+06 7.97E+06
96 ft. Thoroughfare 8.13E+05 1.07E+05 4.47E+02 9.38E+06 1.42E+07
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Table 4.5. Absolute change in MAC Impacts (impacts of CS-Option minus impacts of Conv.-Option)

Street Type hgcoe) (g0 PM250 TUURE Tl )
32-ft Minor Residential 2.57E+03 1.90E+02 1.33E+00 1.48E+04 -3.91E+04
38-ft Primary Residential 4.48E+03 3.76E+02 2.44E+00 3.08E+04 -1.95E+04
48-ft Collector 2.65E+03 3.54E+03 3.77E+02 -1.91E+04 -2.09E+04
60-ft Major Collector 2.26E+04 1.95E+03 1.23E+01 1.60E+05 -8.33E+04
74-ft Arterial -2.33E+03  -3.16E+02  -1.45E+00 -2.69E+04 -2.55E+04
96-ft Thoroughfare -8.10E+03  -4.41E+03  -5.92E+00 -4.30E+05 -2.02E+06
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Figure 4.4: Breakdown of materials and construction (MAC) GWP of complete streets between their
conventional (Conv.) elements and complete street (CS) elements.

Table 4.6 shows the relative change in MAC impacts. The table shows the percent increase in MAC impacts (in
different impact categories) when switching from the Conv-Option to the CS-Option. GWP, POCP, and PM2.5
all increase for residential and collector streets, ranging between a 1.6 to 8.5 percent increase in GWP, a 0.8 to
5.6 percent increase in POCP (smog formation) and a 1.5 to 8.5 percent increase in particulate matter. However,
for arterials and thoroughfares, switching from the Conv-Option to the CS-Option results in impact reductions
across all categories, ranging between 0.5 to 1.0 percent decrease in GWP, 0.5 to 4.0 percent decrease in POCP
(smog formation) and 0.6 to 1.3 percent decrease in particulate matter. These changes are due to differences in
the quantities used for different types of materials, primarily asphalt, concrete, and aggregate base resulting from
the reduction in total pavement surface area in the complete street designs for these types. These changes in the
impact indicators are nearly all less than +/- 10 percent, reflecting the fact that the conversion to a complete
street involves relatively small changes in the amounts and types of materials used on a complete street versus a
conventional street. PED (Non-Fuel) is the only category in which all street types show a decrease in impacts
when switching to CS-Options, with reductions ranging from 0.3 to 12.4 percent. This decrease is mostly
because CS elements replace asphalt pavement that has high PED (Non-Fuel) values compared to other items.
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As mentioned, PED (Non-Fuel) has no environmental impact and is a measure of use of a non-renewable
resource (0il.)

Table 4.6. Percent change in MAC impacts (CS-Conv.)/Conv.
GWP POCP PED (Total) PED (Non-

Street Type (kg COze) (kg Os¢) 'M2.5 (kg) (MJ)  Fuel) (MJ)
32-ft Minor Residential 5.40% 3.50% 5.10% 3.20% -11.70%
38-ft Primary Residential 4.10% 2.80% 4.10% 2.60% -1.40%
48-ft Collector 1.60% 0.80% 1.50% 0.70% -2.10%
60-ft Major Collector 8.50% 5.60% 8.50% 5.30% -1.80%
74-ft Arterial -0.50% -0.50% -0.60% -0.50% -0.30%
96-ft Thoroughfare -1.00% -4.00% -1.30% -4.40% -12.40%

4.7. Sensitivity Analysis and Conclusions

4.7.1. Change in VMT

Reducing vehicle miles traveled by facilitating active modes of transportation (biking and walking) is a major
goal of CS design guidelines. In this section, a sensitivity analysis that considers a range of changes in VMT is
shown. The analysis was performed to provide both an example quantification of the environmental
impacts/savings due to such changes, and an idea of the variables influencing the results. The results were then
combined with the materials and construction LCA results of the previous section to see the relative sensitivities
of MAC, assumed speed change, and assumed VMT change on the model outputs. The results indicate the
importance of 1) always including sensitivity to these variables in the framework, and 2) collecting data to use
with models to quantify the range of possible values.

To calculate the emissions due to changes in VMT, the environmental impacts of fuel combustion in vehicles
during use stage under each design scenario were calculated first. The following assumptions were made for this
purpose.
® The assumed daily traffic (number of vehicles/day) values were taken from SAC-DG for each street
type.
e The environmental impacts of fuel consumption were calculated in two separate stages:

o Gasoline production, which includes all the upstream impacts: crude oil extraction,
transportation to the refinery plant, processes conducted at the refinery, and transportation to the
filling station. These data were collected from the GaBi life cycle assessment software (GaBi
webpage) using the process titled “US: Gasoline mix (regular) at filling station ts.” The sum of
all the upstream contributions is called the “well-to-pump” impact.

o Tailpipe emissions, also called “pump-to-wheel” emissions, are due to combustion of fuel by
the vehicle. The EMFAC2017 Web Database, developed by the California Air Resources
Board, was used for this stage (EMFAC2017 Web Database.) The emission rates of light-duty
autos (LDA, or passenger cars) and light-duty truck type 1 (LDT1, or sports utility vehicles,
SUVs) vehicles in Sacramento county in 2018 were extracted. Results were reported only for
gasoline vehicles. It was assumed that 60 percent of the vehicles are passenger cars and 40
percent are light duty trucks. This assumption does not consider changes in VMT of freight
vehicles and buses and is therefore only a first-order estimate.
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o To calculate well-to-pump impacts, the total amount of fuel used for each vehicle-speed
scenario was needed and, as EMFAC does not report fuel consumption values, US EPA’s
MOtor Vehicle Emission Simulator (MOVES) was run to get fuel consumption rates versus
speed for all the vehicle speed combinations (MOVES webpage.)

o The modeling only considered constant speeds and did not include changes in the drive cycles
because EMFAC does not have detailed drive cycle data. In addition, two design speeds were
considered for complete streets: design speeds for conventional streets and the reduced speeds
recommended by NACTO in their f (NACTO, 2013)

Table 4.7 shows the assumptions made for traffic volume and speed for each street type, and Table 4.8 shows
the well-to-wheel impacts of vehicle fuel consumption during the use stage for the conventional design

scenarios.

Table 4.7. Traffic assumptions made for traffic levels and speeds

Street Type Traffic (\;::\isl‘eys) ConventisopneaeldD(ens‘:)ghr;
32-ft Minor Residential 1,000 25
38-ft Primary Residential 5,000 30
48-ft Collector 10,000 35
60-ft Major Collector 15,000 40
74-ft Arterial 30,000 45
96-ft Thoroughfare 50,000 50

Table 4.8. Well-to-wheel impacts of vehicle fuel combustion during the 30-year analysis period for
conventional design scenarios

Street Type hgcoe) (g0 PM250 UG Rl )
32-ft Minor Residential 3.00E+05 1.00E+01 3.00E+03 4.00E+06 0.00E+00
38-ft Primary Residential 2.00E+06 1.00E+02 2.00E+04 3.00E+07 0.00E+00
48-ft Collector 4.00E+06 2.00E+02 5.00E+04 6.00E+07 0.00E+00
60-ft Major Collector 8.00E+06 4.00E+02 8.00E+04 1.00E+08 0.00E+00
74-ft Arterial 2.00E+07 9.00E+02 2.00E+05 2.00E+08 0.00E+00
96-ft Thoroughfare 4.00E+07 2.00E+03 4.00E+05 5.00E+08 0.00E+00

There is no reliable and widely accepted model for estimating VMT reduction due to implementation of CS
elements for different street types, as was discussed in Chapter Three. While some studies report as much as a
15 percent reduction in VMT (Smart Growth America 2015 Conference webpage) other studies show mixed
results with a high level of variability. For example, Figure 4.5 shows the histogram of percent reduction in
daily traffic in different streets in San Jose after implementing a road diet (Nixon et al., 2017.) The San Jose
study measured VMT changes on the complete street and on adjacent streets, so the changes measured can be
considered to represent the network of parallel alternative routes around the complete street, not just the
complete street itself. It is important to appreciate the importance of this matter as it is reasonable to assume that
a portion of the traffic would use parallel routes to avoid traffic calming measures and dedicated lanes for active
modes of transport in complete streets.
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Figure 4.5: Histogram of changes in daily traffic after implementing road diets on conventional streets in
San Jose (Nixon et al., 2017.)

Therefore, it was decided to select a range of changes in VMT and to run the model for each case to gain a better
understanding of the sensitivity of the results to changes in traffic. The model was run for five cases of VMT
change for each street type, and the assumptions were made based on the San Jose report that these VMT
changes were for the complete street and the streets around it, combined. The change in VMT ranged between -
15 percent to +5 percent. Any changes in congestion were not considered.

Figure 4.6 and figure 4.7 compare the difference in GHG emissions of MAC and well-to-wheel for the CS-
Option versus the Conv-Option for minor residential and thoroughfare streets across the range of changes in
VMT levels. These two street types have the lowest and highest traffic and slowest and fastest traffic speeds,
respectively, and therefore show the range of impacts of VMT and speed change. Defining the total life cycle
impacts as the summation of MAC and well-to-wheel impacts during the life cycle, the figures show that
relatively small changes in VMT can result in major changes in total life cycle GHG emissions. This is because
well-to-wheel impacts are initially one to two orders of magnitude larger than MAC impacts (compare the
values in Table 4.4 and Table 4.8); therefore, any small change in traffic patterns drives the net change in total
impacts. Figure 4.8 and Figure 4.9 show the cumulative GHG emissions with time for the same two street types,
highlighting the payback period for each case of change in VMT. While it takes at least two years to fully offset
the extra MAC impacts of CS-Options with reductions in well-to-wheel impacts for the best-case scenario of 15
percent reduction in VMT, this payback can never be realized if the VMT does not change or increases. For
thoroughfares, the situation is different, as the MAC of the CS-Option is actually lower than the MAC of the
Conv-Option. So, as long there is no increase in VMT, implementation of the CS option results in reduction of
total impacts.
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Figure 4.6: Difference in well-to-wheel and MAC GWP [kg COze] impacts (CS-Conv) during the analysis
period (30 years) for 32-ft minor residential only considering changes in VMT for well-to-wheel.
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period (30 years) for 96-ft thoroughfare only considering changes in VMT for well-to-wheel
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Figure 4.8: Cumulative GHG emissions for 32-ft minor residential assuming only changes in VMT.
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Figure 4.9: Cumulative GHG emissions for 96-ft thoroughfare assuming only changes in VMT.

4.7.2. Changes in Traffic Speed

In addition to reducing VMT and encouraging active modes of transportation, urban designers prefer using
traffic calming designs that reduce traffic speed to increase safety and make active transportation modes more
attractive to the public. In this section, the impact of such measures is quantified by considering the effects of
reduced speed on vehicle fuel consumption using the lower speed limits recommended in the NACTO design
guide (NACTO, 2013.) Table 4.9 shows the conventional design speed limits and the speed limits recommended
by NACTO. Reducing traffic speed can improve safety, and potentially increase mode change from vehicles to
active transportation as discussed in Chapter Three, however, it can have negative impacts on the fuel efficiency
of vehicles. Figure 4.10 shows the changes in vehicle fuel efficiency, expressed as miles per gallon (mpg) or
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miles travelled per gallon of fuel, versus speed for passenger cars and light duty trucks based on data collected
from the MOVES model (MOVES webpage.) Figure 4.11 and Figure 4.12 show similar trends by plotting
tailpipe global warming potential and PM 2.5 emissions based on data collected from the EMFAC model
(EMFAC2017 Web Database.)

The sensitivity analysis for changes in VMT presented in the previous section was repeated for the design
speeds recommended by NACTO and the results are plotted in Figure 4.13 and Figure 4.14 for minor residential
streets and thoroughfares, respectively. As the results in the figures show, reductions in traffic speed can have
significant impacts on the well-to-wheel emissions of the traffic during the use stage. For minor residential
streets, reduction of design speeds from 25 to 20 miles per hour results in an increase in well-to-wheel impacts
for complete street versus conventional options across all values of change in VMT. This is because within the
speed range of residential streets, any speed reduction results in dramatic decreases in fuel efficiency and
increases in tailpipe emissions, and the resulting increased emissions cannot be offset by even a 15 percent
reduction in VMT.

However, the opposite is true for thoroughfares because when design speed is changed from the conventional
value of 50 miles per hour (mph) to the NACTO recommended speed of 45 mph for thoroughfares, the fuel
consumption of passenger cars decreases to its minimum value across all speeds (45 mph is an optimal speed for
fuel consumption according to the model.) Therefore, for the case of the thoroughfare, the speed limit reduction
further intensifies the reduction of well-to-wheel impacts due to VMT reduction. Figure 4.15 which shows well-
to-wheel GHG emissions (kg COse per mile) for a traffic mix of 60 percent passenger cars and 40 percent light-
duty truck type 1 vehicles, can be used to identify the speed range in which a traffic speed reduction results in
lowered GHG emissions and avoids the unintended consequence of increased GHG emissions due to reduced
speed.

Table 4.9. Conventional design speed limits and NACTO recommended values for different street types
Traffic (Vehicles Conventional Design NACTO Design

ELESHIVES per Day) Speed (mph) Speed (mph)
32-ft Minor Residential 1,000 25 20
38-ft Primary Residential 5,000 30 25
48-ft Collector 10,000 35 25
60-ft Major Collector 15,000 40 30
74-ft Arterial 30,000 45 35
96-ft Thoroughfare 50,000 50 45
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Figure 4.10: Changes in MPG with speed based on US EPA’s MOVES data.

1.00
)
'€ 0.75
~
]
o~
@]
O
an
=£ 0.50 —e— Passenger Cars
é —e— Light Duty Trucks Type 1
i (SUVs)
2025
9

0.00

0 20 40 60
Speed (mph)

Figure 4.11: Changes in tailpipe GHG emissions based on EMFAC model.
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Figure 4.12: Changes in tailpipe PM2.5 emissions based on EMFAC.
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Figure 4.13: Difference in well-to-wheel and MAC GWP [kg CO-ze] impacts (CS-Conv) during the analysis
period (30 years) for 32-ft minor residential considering changes in both VMT and traffic speed for well-
to-wheel impacts.
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Figure 4.14: Difference in well-to-wheel and MAC GWP [kg CO-2e] impacts (CS-Conv) during the analysis
period (30 years) for 96-ft thoroughfare considering changes in both VMT and Traffic Speed for well-to-
wheel impacts.
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Figure 4.15: Well-to-Wheel GHG emissions versus speed for a mix of 60% passenger cars and 40% light
duty trucks type 1.

4.8. Summary

A preliminary set of rudimentary assumptions was used to demonstrate the use of LCA to consider the full life
cycle environmental impacts of conversion of several types of conventional streets to complete streets.
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The importance of objective and reliable models for changes in traffic volume and congestion from the
implementation of complete streets and comparison with conventional streets cannot be overstated. The full
system impacts of complete streets on environmental impact indicators, considering materials, construction, and
traffic changes, are driven by changes in reduction in VMT and changes in the operation of the vehicles with
regard to speed and drive cycle changes caused by congestion, if it occurs. To avoid situations where well-
intended efforts might result in greater environmental impacts, utilization of life cycle assessment should be
used as a robust and objective methodology that consider the full life cycle of the alternatives. Each LCA study
should use 1) high-quality data, 2) a correct definition of the system boundary, and 3) include a thorough
investigation, identification, and quantification of possible significant unintended consequences.

The initial results indicate that application of the complete streets networks to streets where there is little
negative impact on vehicle drive cycles from speed change will have the most likelihood of causing overall net
reductions in environmental impacts.

The results also indicate that there is a range of potential VMT changes to which environmental impacts are
more sensitive than they are to the effects of the materials and construction stages, and that changes in vehicle
speed have different effects on environmental impacts depending on the context of their implementation,
including the street type. These results indicate that the effects on environmental impacts due to implementing a
complete street should be analyzed on a project-by-project basis, and that the effects will not always be positive.
This preliminary conclusion leads to recommendations that this type of analysis be performed on a project-by-
project basis, that the analysis include the surrounding network, and that a sensitivity analysis should also be
included.
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CHAPTER 5. Assessment of Different Pathways for Adoption of
Alternative Fuel Vehicles by Caltrans Fleet Services Considering
Changes in GHG Emissions and Life Cycle Costs

5.1. Introduction

The transportation sector is a major source of greenhouse gas (GHG) emissions and is responsible for more than
28 percent of the 6,511 million Metric Tonnes (MMT) of CO»e emissions in the U.S. (EPA webpage on the U.S.
GHG Emissions) and 38.5 percent of the 429 MMT of GHGs emitted in California in 2016 (CARB webpage on
CA GHG Emissions.) Figure 5.1 shows the breakdown of GHG emission in the U.S. and California.
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Figure 5.1:Breakdown of the national and statewide GHG emissions (MMT CO-e) by sector in the U.S.
and California in 2016 (EPA webpage on the U.S. GHG emissions, CARB webpage on CA GHG
emissions.)

There are aggressive reduction targets for GHG emissions in California to mitigate climate change and
global warming. These targets are mandated by landmark legislation such as Assembly Bill 32-
California Global Warming Solutions Act of 2006 (CARB webpage on AB32) Senate Bill 32 (CA
legislature webpage on SB32), and Executive Order EO-B-30-15 (CA State webpage on Climate
Change), which set the 2030 GHG reduction target at 40 percent below 1990 levels, and then mandate
an 80 percent reduction of 1990 levels by 2050. The California 2017 Scoping Plan (CARB webpage on
CA Scoping Plan) is the overarching plan for meeting the state’s ambitious targets in mitigating climate
change.
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Multiple programs are aiming at reducing GHG emissions of the transportation sector in California. These
programs can be divided into three main categories: 1) land use, 2) cleaner fuels, 3) alternative vehicle
technologies.

The land use policies are aimed at reducing vehicle miles traveled (VMT) through various modified land use
planning and urban design philosophies, promotion of active modes of transport, public transit improvement
projects, provision of local shopping and service centers, reduction of urban sprawl and provision of incentives
and benefits for programs such as car-sharing, car-pooling, and more. SB375 is the main regulation for reducing
transportation GHG emissions through land use policies (CARB webpage on SB375.)

The Low Carbon Fuel Standard (LCFS) is the main program for transitioning to cleaner fuels that have lower
carbon footprints (CARB webpage on LCSF.) LCFS was initially approved in 2009 and is a market-based
instrument that sets targets for reductions in carbon intensity (CI) of fuel mix across the whole market. The CI is
calculated by conducting life cycle assessment (LCA) on each fuel pathway available in the market. Application
of LCA allows accounting of all the environmental impacts that occur during the full life cycle of a fuel
pathway, from raw material extraction from the ground to transportation to refinery plants, processes conducted
in the plant, transportation to the gas stations, and combustion in vehicles. CI is expressed in grams of COse
emitted per Megajoule of energy (gCO2e/MJ.)

New vehicles technologies are divided into zero emission vehicles (ZEV) and near-zero emission vehicles
(NZEV.) ZEVs and NZEVs are expected to play a major role in curbing GHG emissions from the transportation
sector by replacing the conventional internal combustion engine vehicles (ICEVs.) California 2016 ZEV Action
Plan (CA State webpage on ZEV Action Plan) mandates 1.5 million ZEVs and NZEVs, such as plug-in hybrid
electric vehicles (PHEVs), battery-electric vehicles (BEVs, also referred to as EVs), and hydrogen fuel cell
vehicles (FCVs), by 2025 and 4.2 million by 2030.

The State of California has begun two initiatives for state agencies to reduce the environmental impacts of their
fleet and buildings (Green CA webpage.) This chapter focuses on adoption of alternative fuel vehicles (AFVs)
for the Caltrans fleet. A brief background of AFVs is presented followed by a model to calculate life cycle costs,
fuel consumption, and GHG emissions of multiple pathways for transitioning Caltrans fleet to reduce GHG
emissions. The results of this chapter can be used to compare different pathways in terms of costs and
environmental impacts, identify the tradeoffs between options, and choose the most suitable approach to meet
the agency’s sustainability goals while controlling life cycle costs.

5.2. Background

The Energy Policy Act (EPAct) of 1992 (AFDC webpage on EPAct) defined alternative fuels and assigned the
United States Department of Energy (U.S. DOE) to develop a regulatory program for selected state fleets! as

! “State and alternative fuel provider fleets are considered covered fleets if they own, operate, lease, or otherwise control
50 or more non-excluded light-duty vehicles (less than or equal to 8,500 pounds) and if at least 20 of those vehicles are
used primarily within a single Metropolitan Statistical Area/Consolidated Metropolitan Statistical Area and are centrally
fueled or capable of being centrally fueled.” hitps://epact.energy.gov/
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launching pads for advanced vehicles using alternative fuels. Energy Policy Act of 1992 considers the
followings as alternative fuels:

e Methanol, ethanol, and other alcohols

e Blends of 85 percent or more of alcohol with gasoline

e Natural gas and liquid fuels domestically produced from natural gas

e Liquefied petroleum gas (propane)

e (Coal-derived liquid fuels

¢ Hydrogen

e Electricity

¢ Fuels (other than alcohol) derived from biological materials, including pure biodiesel (B100)
e P-Series®

5.2.1. Key Federal Statutes

Major federal statutes that established key transportation regulatory activities (DOE webpage on EPAct) are
listed below:

e (lean Air Act Amendments of 1990 which encouraged production and use of AFVs

e Energy Policy Act of 1992

¢ Energy Conservation Reauthorization Act of 1998 which allowed the fleets covered under EPAct to
include biodiesel blend use as credits towards compliance.

e Energy Policy Act of 2005 allowed covered fleets to reduce petroleum consumption instead of acquiring
alternative fuel vehicles.

¢ Energy Independence and Security Act of 2007 added certain electric drive vehicles and investments in
infrastructure, equipment, and emerging technologies to the list of items to gain credit for compliance.

5.2.2. Major Initiatives in California

Senate Bill 522, passed in 2003, adopted the recommendations from the California State Vehicle Fleet Fuel
Efficiency Report and required the collection of statewide fleet data and the publishing of annual public reports
about the fleet composition (CA Legislature webpage on SB522.)

Assembly Bill 236, passed in 2007, required increased use of alternative fuel vehicles to meet the following
targets: a 10 and 20 percent reduction or displacement of conventional vehicles by January 1, 2012, and January
1, 2020, respectively (CA Legislature webpage on AB236.)

Executive Order B-16-12, issued by Governor Brown in 2012, directed state fleets to increase the purchase of
ZEVs through the normal course of fleet replacement, requiring them to have at least 10 percent of light-duty
vehicle purchases from ZEVs by 2015. This target would increase to 25 percent by 2020 (CA State webpage on
EO-B1612)

2 “P-Series is a family of renewable, non-petroleum, liquid fuels that can substitute for gasoline. They are a blend of 25 or so
domestically produced ingredients. About 35 percent of P-Series comes from liquid by-products, known as "C5+" or "pentanes-plus",
which are left over when natural gas is processed for transport and marketing.”
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Senate Bill 1275, Charge Ahead California Initiative, passed in 2014 established a state goal of one million
zero-emission and near-zero-emission vehicles in service by 2020 (CA Legislature webpage on SB1275.)

Executive Order (EO) B-30-15, issued by Governor Brown, directed “that all state agencies with jurisdiction
over sources of greenhouse gas emissions shall implement measures, pursuant to statutory authority, to achieve
reductions of greenhouse gas emissions to meet the 2030 and 2050 reductions targets of 40 percent and 80
percent below 1990 GHG emission levels, respectively.

The California State Administrative Manual set the ZEV purchasing policy for state agencies, which includes
the “ZEV and hybrid vehicle first” policy which requires departments to purchase light-duty following this
priority structure: (1) pure ZEVs, (2) PHEVs, and (3) hybrids. The policy also increased the ZEV purchasing
mandate annually by 5 percent so that it will be 50 percent by 2025 (CA DGS webpage on ZEV Purchasing
Policy.)

Section 3627 of the State Administrative Manual mandates the use of renewable diesel instead of conventional
diesel and biodiesel fuel for bulk transportation fuel purchases (CA DGS webpage on Fuel Purchasing Policy.)
Section 3620.1 of the Manual sets the vehicle fuel efficiency requirements, expressed in miles per gallon (mpg)
of fuel, for light-duty passenger vehicles to 38 and light-duty trucks, vans, and sport utility vehicles (SUVs) to
22.2 (CA DGS webpage on Fuel Efficiency Requirements.)

5.2.3. AFVs Acquired by Fleets Regulated under EPAct at National-Level

This section focuses on AFV acquisitions by covered fleets® after the U.S. Congress passed the Energy Policy
Act in 1992. The goal is to observe adoption trends and popularity of different fuel types among fleet services.
The data were collected from the Alternative Fuel Data Center webpage maintained by the U.S. Department of
Energy (AFDC webpage on EPAct History.) The top graph in Figure 5.2 shows the number of AFVs acquired
by covered fleets between 1992 and 2017 and the bottom graph represents the distribution of AFVs by fuel type
in each year.

Compressed natural gas (CNG) and liquefied petroleum gas (LPG) vehicles were initially the popular choices
among fleet services between 1992 and 2000, as shown in Figure 5.2. However, gasoline mixed with ethanol up
to 85 percent (E85) started gaining traction from the second half of the 1990s, quickly reaching the first rank
among all fuel types. More than 90 percent of all AFVs acquired by covered fleets since 2005 are E85 vehicles.

Electric vehicles (EVs) adoption rates were highest between 1997 and 1999 with growth rates between 56 and
71 percent in the number of EVs acquired each year. During that time interval EVs were comprising 4 to 7.4
percent of all AFVs acquired each year. The two-digit growth rates quickly diminished to 3 to 8 percent range
until 2015 after which EVs have once again become a popular choice with growth rates of 10 to 11 percent in
annual acquisitions, making EVs the second most popular choice among all AFV options, after E85 vehicles.

3 «“State and alternative fuel provider fleets are considered covered fleets if they own, operate, lease, or otherwise control
50 or more non-excluded light-duty vehicles (less than or equal to 8,500 pounds) and if at least 20 of those vehicles are
used primarily within a single Metropolitan Statistical Area/Consolidated Metropolitan Statistical Area and are centrally
fueled or capable of being centrally fueled.” —https://epact.energy.gov
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Figure 5.3 shows two pie charts of acquired AFVs by fuel type. The right section of the figure shows
acquisitions made in 2017, and the left chart shows all the AFVs acquired by covered fleets since 1992. Eighty
percent of more than 304 thousand AFVs acquired between 1992 and 2017 are E85 vehicles, 13 percent are
CNG vehicles followed by four percent LPGs and three percent EVs. However, more than 93 percent of the
20,000 AFVs acquired in 2017 are E85, which is more than 93 percent of all AFVs. Next are EVs with 3.4
percent share of annual acquisitions followed by CNGs with only 2.7 percent.
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Figure 5.2: AFV acquisitions by regulated fleets per year by fuel type (top figure) and distribution of AFV
acquisitions per year by fuel type (bottom figure)

While the total number of AFVs acquired per year has increased by an average of 10 percent per year, EVs have
had the highest growth rates since 2015 with an average of 11 percent year to year growth. The growth rate for
E85 vehicles which used to be as high as 27 percent in 2008, is currently less than 10 percent.
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Figure 5.3: Breakdown of AFV acquired by fleets regulated under EPAct between 1997-2017.

5.2.4. AFVs Acquired by State Agencies’ Fleet Services in California

The California Department of General Services (DGS) maintains a database of vehicles used by state agencies’
fleet services. The 2014 version of this database, available publicly on their webpage, was accessed to study the
trend of AFV acquisition by state agencies in California. Table 5.1 shows the top ten agencies in terms of the
total number of vehicles in their fleet. The California Department of Transportation, Caltrans, had the greatest
number of vehicles with 28 percent of the total 39,471 state-owned vehicles in 2014.

Figure 5.4 shows the breakdown of state-owned vehicles by fuel type. Forty-five percent are gasoline vehicles
followed by diesel vehicles at 18 percent, and E85 vehicles at 13 percent share of the total count.

Table 5.1. Top 10 state agencies in California based on fleet size (out of 64 fleets reporting to DGS in the
year 2014. The total state vehicle count was 39,471)

0,
# Agency Count Tf;t:: Cumulative
1  Transportation, Department of 10,938 28.0% 28.0%
2  Corrections & Rehabilitation, Department of 5,231 13.4% 41.4%
3  Cal State University 3,767 9.6% 51.0%
4  Parks & Recreation, Department of 3,504 9.0% 60.0%
5 Forestry & Fire Protection, Department of 2,808 7.2% 67.2%
6 Fish & Wildlife, Department of 2,735 7.0% 74.2%
7  General Services, Department of 2,576 6.6% 80.9%
8  Water Resources, Department of 1,418 3.6% 84.4%
9  Prison Industry Authority 823 21% 86.5%
10 Food & Agriculture, Department of 682 1.7% 88.3%
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Figure 5.4: Breakdown of state agencies fleet vehicles by fuel type in the year 2014.

5.2.5. AFVs Currently Available in the Market

A literature survey was conducted to identify AFVs options currently available in the market in each vehicle
category. The most reliable and comprehensive database available is the Alternative Fuel Data Center (AFDC)
webpage (maintained by the U.S. DOE.) Figure 5.5 shows the number of AFVs (by make and model) available
for different vehicle categories based on fuel type. Hybrid electric vehicles (HEVs) and PHEVs are the most
common types for automobiles, while E85 vehicles offer the greatest number of alternatives for SUVs, pickups,
and vans. CNG, B20 (diesel with 20 percent bio-based diesel), and LPG are dominant choices for trucks.
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Figure 5.5: Current model offerings for AFVs by vehicle category (AFDC webpage on AFVs.)

Table 5.2 shows the breakdown of AFVs in light-duty vehicles, based on registration data across the whole
country. Flexible fuel vehicles (FFVs, using up to 85 percent ethanol) have the highest market share with 81.6
percent, followed by HEVs, EVs, and PHEVs at 15.5, 1.4, and 1.4 percent, respectively.
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Table 5.2. Alternative fuel light-duty vehicle registration in the U.S. by 2018 (AFDC webpage on AFVs)

AFV Type Acronym Registrations  Market Share
Flexible Fuel Vehicle FFV 21,261,500 81.6%
Hybrid Electric Vehicle HEV 4,041,500 15.5%
Electric Vehicle (100% Battery) EV 366,900 1.4%
Plug-In Electric Vehicle PHEV 354,000 1.4%
Compressed Natural Gas CNG 29,680 0.1%
Hydrogen Fuel Cell HFC 3,430 0.0%
Liquefied Petroleum Gas LPG 240 0.0%
Total 26,057,250 100.0%

5.3. Goal and Scope Definition

The goal of this study is to compare the environmental impacts of multiple scenarios for transitioning Caltrans
fleet to alternative fuel vehicles. The study scope covers the environmental impacts of the complete life cycle of
all the vehicles in the Caltrans fleet which are divided into:

e Vehicle cycle:
o vehicle production stage: which includes all the processes from raw material extraction to
delivery of the vehicle to end user,
o vehicle end-of-life: the vehicle is either recycled, landfilled, or transferred to a third party for
which salvage value is assigned.
e Use stage:
o fuel emissions and costs including:
o all the upstream impacts of fuel production (well-to-pump), and
o fuel consumption in the vehicle (pump-to-wheel),
o maintenance and repairs,

The functional unit for the study is all the vehicles categorized as either automobile, SUV, pickup, van, or truck
in Caltrans fleet. The system boundary of this study includes the complete vehicle cycle and complete fuel cycle

but does not cover the infrastructure of fueling stations.

In addition to environmental life cycle assessment, life cycle cost analysis was also conducted to allow a more
informed comparison between different scenarios.
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Figure 5.6: Alternative fuel vehicles acquired by Caltrans since 2014 (Caltrans, 2018b)
5.4. Assumptions and Modeling Approach

The first step for conducting this study was to develop a framework for how to conduct the analysis based on the
goal and scope definition phase. The framework developed, shown in Figure 5.7, served as the road map for this
study, and the main data sources are identified there. The following sections in this report provide a detailed
description of each step with comprehensive data visualization of collected data to facilitate understanding of
trends and comparison of the alternatives considered.

The model was run under three different scenarios for the replacement schedule of fleet vehicles:

¢ Business as Usual (BAU): which follows the historical vehicle replacement practiced by Caltrans based
on data analysis done on DB2011-14

e Department of General Services (DGS): following the DGS policy for vehicle replacement

e All-at-Once: changing all vehicles to AFVs in the year 2018

e  Worst-Case: AFVs were assigned based on Table 5.4 for all three scenarios mentioned above. However,
an extra scenario was added to calculate the impacts for a worst-case scenario in which Caltrans keeps
the current fleet mix (in terms of vehicle type and fuel combination, following BAU replacement
schedule) throughout the analysis period and only uses regular and HPR diesel. This case is coded as the
“Worst-Case” scenario in the results section.

Table 5.3 shows the replacement schedule for the BAU and DGS cases. The AFV substitute for each vehicle
type was chosen based on information provided in the introduction section regarding 1) AFVs currently
available in the market and 2) the trend of AFV acquisition by state agencies as was presented in Table 5.4. The
range of EVs per charge was assumed to be 150 miles, and for vehicles that had average daily VMTs greater
than 150, PHEVs were assigned instead of EVs. This assumption was made to maintain the original
functionality and level of service in terms of recharging.
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Table 5.3. Two vehicle replacement schedules considered in this study

Based on Historical Trends Based on DGS Policy
Vehicle

Chan?:e:rgs;t; Change Mileage Chan?:e:rgs;t; Change Mileage
Auto-Sub 9.3 125,770 6.0 65,000
Auto-Comp 9.5 130,507 6.0 65,000
Auto-Mid 10.3 142,315 6.0 65,000
Auto-Full 11.1 146,923 6.0 65,000
SUV-LD 12.0 173,957 7.0 85,000
Pickup-LD 10.9 168,599 5.0 65,000
Pickup-MD 8.0 147,583 6.0 70,000
Van-LD 11.4 132,726 8.0 80,000
Van-MD 13.6 110,841 5.0 65,000
Truck-LD 15.8 163,485 6.0 70,000
Truck-MD 16.7 139,099 11.0 115,000
Truck-HD 17.0 161,366 11.0 115,000

AFVs were assigned based on Table 5.4 for all three scenarios mentioned earlier in this section. However, an
extra scenario was added to calculate the impacts for a worst-case scenario in which Caltrans keep the current
fleet mix (in terms of vehicle type and fuel combination, following BAU replacement schedule) throughout the
analysis period and only use regular and B20 diesel. This case is coded as the “Worst-Case Scenario” in the
results section.

Table 5.4. AFVs substitutes chosen for various vehicle types in Caltrans fleet

Vehicle Type AFV . AFV -
Substitute 1 Substitute 2
Auto-Sub ELEC PHEV
Auto-Comp ELEC PHEV
Auto-Mid ELEC PHEV
Auto-Full ELEC PHEV
SUV-LD ELEC PHEV
Pickup-LD ELEC PHEV
Pickup-MD DSL-R100 -
Van-LD E85 -
Van-MD E85 -
Truck-LD E85 -
Truck-MD DSL-R100 -
Truck-HD DSL-R100 -

The model developed in this study is capable of considering possible reductions in vehicle fuel efficiency with
time as a user input for each vehicle type. However, online research showed insignificant changes in fuel
efficiency assuming regular maintenance is conducted. Therefore, no changes in vehicle efficiency were
considered for the results presented in this report.

114



Changes in vehicle miles traveled per year can also be incorporated in the model. Reduction in VMT is a
plausible situation as there are ongoing debates about setting tax rates based on VMT rather than gallons of fuel
purchased by consumers. The debates are mainly due to improvements in vehicle efficiency that has resulted in
shrinking revenues from state fuel taxes. The results presented in this report does not consider any changes in
the annual VMT of vehicles.

A discount rate of 4 percent was considered for life cycle cost calculations which can be modified by the user. It
should be noted that state vehicles are exempt from registration fees and taxes and fleet insurance is typically
handled through in-house insurance programs. However, the model has the capability of calculating these values
to provide an order of magnitude for comparison with other cost items.

The model allows the user to either use average annual vehicle miles traveled (AVMT) values (calculated based
on vehicle type) for all the 9,325 records in the model, or use actual AVMT based on 2017 data collected
through communication with DGS (missing and false data in actual AVMTs were replaced by average AVMT
of data records with similar vehicle type and model year in the data cleaning process.) The results presented in
this report are based on actual AVMT of the Caltrans fleet.

The salvage value for vehicles in service at the end of the analysis period for both vehicle costs and vehicle

cycle GHG emissions were calculated based on remaining useful life of each vehicle (explained in detail in
subsequent sections in this report.)
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Figure 5.7: Flowchart of model development used for this study.
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It was assumed that there would be no new vehicle purchases in the year 2050 and the salvage value, both in
terms of vehicle cost and vehicle cycle GHG emissions, were calculated based on remaining useful life of each
vehicle (explained in detail in subsequent sections in this report.)

5.4.1. Caltrans Fleet Statistics

Data were collected from two sources regarding the Caltrans fleet. One database was the California State Fleet
database which is publicly available on the Department of General Services’ (DGS) webpage (CA DGS
webpage on State Fleet.) The other database was specific to Caltrans fleet and contained data for the year 2017
which was obtained through email correspondence with Caltrans’ staff. The reason for using two separate
databases was that the 2017 database did not include data related to vehicle acquisitions and disposals which
were needed for the cost analysis section of this study.

The database collected from DGS webpage, was a comprehensive database of all state agencies’ fleet data for
reporting years 2011 to 2014. The database contained more than 106 thousand rows of data related to Caltrans
fleet (out of the initial more than the 257 thousand data rows for all state agencies.) Data related to passenger
vehicles, vans, and trucks constituted 79,218 rows of Caltrans data (for four years of reported data.)

The rest of the DB collected from DGS was related to motorcycles, construction equipment, general purpose
equipment, low-speed vehicles, riding lawn mowers, and buses, which were excluded from this study. It should
also be noted that each reporting year includes data about the current fleet and the vehicles that are already
disposed of by Caltrans. Therefore, of more than 27 thousand vehicles reported in year 2014, only 10,392 were
still in the possession of Caltrans. This filtered version of the Caltrans fleet database for reporting years 2011-14
is referred to as DB2011-14 throughout this chapter.

The DB2011-14 consisted of the following major data categories:

e Vehicle information (vehicle identification number (VIN), plate number, model year, make, model,
vehicle type, weight class, fuel type, engine configuration, payload, and wheel type)

e Acquisition (year, price, mileage) and disposal (if yes: date, mileage, sold amount) information

¢  Fuel consumption and miles traveled (with poor data quality and many missing/unrealistic values)

e  Other information such as vehicle application, a justification for purchase, and more.

The second database, which contained 2017 data was acquired through email correspondence with the DGS and
consisted of the most recent data on Caltrans fleet. This database consisted of more than twelve thousand rows
of data, of which 9,325 were selected representing the passenger vehicles, vans, and trucks. This database,
which will be referred to as DB2017 throughout this chapter, consisted of the following information:

e Vehicle information (model year, make, model, vehicle type, weight class, actual weight, and fuel type)
e Vehicle miles traveled per each month and the total number of days used in the year 2017

The reason for using two separate databases was that the 2017 database did not include data related to vehicle
acquisitions and disposals which were needed for the cost analysis section of this study. The main use of
DB2011-14 was to study historical trends in terms of annual expenditure on buying new vehicles, typical
salvage value realized, and typical mileage at which vehicles were disposed of by Caltrans.
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Caltrans fleet vehicles are divided into four major categories and 12 vehicle types, as shown in Table 5.5. There
are 9,325 vehicles in Caltrans fleet as of 2017.

Table 5.5. Vehicle categories and
types in Caltrans fleet
Vehicle Category Vehicle Type

Auto-Sub
Auto-Comp

Passenger Car Auto-Mid
Auto-Full
SUV-LD
Pickup-LD
Pickup-MD
Van-LD
Van-MD
Truck-LD
Truck Truck-MD
Truck-HD
* L: Light, M: Medium, H: Heavy, D: Duty

Pickup

Van

Figure 5.8 shows the breakdown of Caltrans fleet by vehicle category and Figure 5.9 shows the fleet statistical
summary by graphing vehicle distribution by fuel type and gross weight category. Pickups constitute more than
43 percent of all Caltrans vehicles, followed by trucks and passenger cars with 36 and 15 percent shares,
respectively. Passenger cars collectively refer to subcompact, compact, midsize, full-size sedans, and SUVs in
this report. SUVs have the highest share of passenger cars followed by compact automobiles, with 37 and 34
percent, respectively.

Gasoline, diesel, and E85 are the top three ranking fuel types with 44.5, 29.8, and 15.6 percent share of all
vehicles, respectively. Most vehicles are in the “6,001-10,000” gross vehicle weight range (GVWR) with 37.4
percent share of the fleet followed by “6,000 and less” and “33,000 and more" category with 18.6 and 13.7
percent share, respectively.

Figure 5.10 shows the age distribution of Caltrans fleet. The average fleet age is 10.5 years (8.5 for passenger
cars, 9.8 for pickups, 11.9 for vans, and 11.8 for trucks.)
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34%
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Figure 5.8: Breakdown of each general category (sedans, vans, and trucks) into asset types in 2017
Caltrans fleet.
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Figure 5.10: Caltrans fleet age distribution.



5.4.2. Annual Vehicle Miles Traveled (AVMT)

Table 5.6 shows the average annual vehicle miles traveled (AVMT) by vehicle category based on DB2017.
Light-duty trucks had the greatest AVMT with 23,172 miles per year, while medium-duty vans had the lowest
AVMT of 7,800. Data for sub-compact automobiles category did not exist in the database. Therefore, it was
assumed that sub-compact sedans have the same AVMT of compact vehicles. Forty-three percent of all vehicles
had 25 to 50 VMT per day which is the dominant VMT/day category across all vehicle types, as shown in
Figure 5.11.

Table 5.6. Average annual vehicle miles traveled by vehicle category (DB2017)

Vehicle Category Average AVMT
Auto-Sub 12,887
Auto-Comp 12,887
Auto-Mid 12,696
Auto-Full 12,899
Pickup-LD 13,247
Pickup-MD 14,436
SUV-LD 15,386
Van-LD 8,959
Van-MD 7,800
Truck-LD 23,172
Truck-MD 12,345
Truck-HD 13,015

B All Vehicles
22 ] | loeas

upto 55-10 10- 25- 50- 100- 250 - 500 - 1000 -
25 50 100 250 500 1000 1500

Figure 5.11: Distribution of vehicles by vehicle miles traveled per day.

5.4.3. Vehicle Fuel Efficiency
5.4.3.1. MPG by Vehicle Technology - Historical Data

National average data for vehicle fuel efficiency data were collected from the EPA (webpage on Fuel Economy
Trends) and the Energy Information Administration (EIA) (webpage on AER2018). The results are shown in
Figure 5.12. The data collected in this section were used to estimate the fuel consumption based on AVMT
assigned to each vehicle currently in Caltrans fleet.
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Figure 5.12: Historical fuel efficiency values by vehicle category (EPA webpage on Fuel Economy
Trends and EIA webpage on AER2018)

5.4.3.2. MPG by Vehicle Technology - Projections

The projection data for vehicle fuel efficiency were taken from EIA’s webpage. EIA had more granular data for
mpg projections, in terms of vehicle type and fuel combinations, compared to historical mpg values collected
from the same resource. The full dataset collected is available in the main model, and a comparison of fuel
efficiency values between 2018 and 2050 for selected vehicle fuel combinations are presented in Figure 5.13.

The left section of Table 5.7 shows average annual growth rates in mpg for different vehicle types between 2018
to 2050. The right section of the same table shows similar projection data averaged by fuel type. Figure 5.14
shows the actual values for each vehicle and fuel combination (it should be noted that the actual data did not
necessarily follow a linear growth trend.)
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Figure 5.13: MPG projections for selected vehicle fuel combinations, PUT: pickup truck, PC: passenger
car.)

Table 5.7. The average annual growth rate for vehicle fuel efficiency (EIA webpage on AER2018)

Truck-MD 1.7% | LPG 1.4%
Van-MD 1.3% | CNG 1.3%
Truck-HD 1.3% | GAS 1.0%
Truck-LD 0.9% | E85 0.9%
Pickup-MD 0.8% | DSL 0.8%
Pickup-LD 0.8% | PHEV 0.7%
Van-LD 0.8% | ELEC 0.4%
Auto-Full 0.6% | HYD 0.4%
Auto-Sub 0.6%
SUV-LD 0.6%
Auto-Mid 0.5%
Auto-Comp 0.5%
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Figure 5.14: Fuel efficiency in miles per gallon equivalent (MPGe) in the year 2018 by fuel and vehicle category (bar charts on top) and the
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5.4.4. Fuel Costs
5.4.4.1. Fuel Prices - Historical Data

Historical prices for alternative fuel were collected from the AFDC webpage on Fuel Prices and are shown in
Figure 5.15. The prices are expressed in units of “dollars per gasoline gallon equivalent (GGE.)” The data in this
section will be later combined with mpg values to calculate the cost of “one mile traveled” for each vehicle fuel
combination. LPG, B100 (100 percent biodiesel), and E85 have been consistently the most expensive fuels
among all alternative fuels since 2013 while electricity has been the cheapest one.
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Figure 5.15: Historical prices of alternative fuels, dollar per gallon gasoline equivalent (GGE) (AFDC
webpage on Fuel Prices.)

Figure 5.16 shows the boxplot of alternative fuel prices for comparison of alternative fuel prices and their
variability within the last 5 years. E85 and B20 had the highest variability while CNG and electricity had the
least volatile prices among all available options. These variabilities are an integral part of risk assessment and
probabilistic analysis if the management decides on conducting such studies (AFDC webpage on Fuel Prices.)
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Figure 5.16: Variation in fuel historical prices 2012-2017 (AFDC webpage on Fuel Prices.)

5.4.4.2. Fuel Prices - Projections

Projections of future fuel prices were also taken from the EIA webpage. EIA only provides price projections for
regular diesel; therefore, historical data were used to calculate the price ratio of B100 and B20 over regular
diesel in the past three years. The calculated price ratios were then applied to EIA’s projections of regular diesel
price to obtain price projections for B20, B100. The results showed that on average B20 was priced at 95
percent of regular diesel since 2016 in the U.S. market while B100 was about 39 percent more expensive. Figure
5.17 shows the final values used in the model.
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Figure 5.17: Projection of future prices of fuels (EIA webpage on AEO2018.)

5.4.4.3. Consideration of Difference in CA Prices versus National Averages

To account for differences in energy prices in California versus national averages, historical data were collected
for gasoline, diesel, electricity, and natural gas; as shown in Figure 5.18, Figure 5.19, Figure 5.20, and Figure
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5.22, respectively. Figure 5.21 shows the variation of electricity price ratios (California over the U.S. average
prices) across various economic sectors.

Annual average gasoline prices in California has consistently been higher, and more variable, compared to
national averages in almost every year since 2004 (with the highest price volatility in 2008.) Diesel prices had a
similar trend as gasoline. Natural gas prices were as high as 60 percent more expensive in California prior to
1998. However, natural gas has consistently been cheaper in California compared to the U.S. average since
1998.

The case for electricity price is interesting because electricity prices in California have consistently been higher
compared to the U.S. averages across all industries except for the transportation sector where California exerted
lower prices. Figure 5.21 shows the boxplot of electricity price ratio variations (CA over U.S. averages) across
different economic sectors.

Considering the average price ratios of 2015 to 2018, the numbers shown in Table 5.8 were used to convert
prices from previous sections to account for differences in regional prices in California versus national averages.

Table 5.8. Price ratio of alternative fuels (California over U.S. averages)
CA/US Price Ratio (2015-18)

ELEC NG DSL GAS
0.934 0913 1.162 1.256
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Figure 5.18: Comparison of gasoline prices between California and the U.S. average.
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Figure 5.19: Comparison of diesel prices between California and the U.S. average (EIA webpage on Price of Petroleum and Other
Liquids.)
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Figure 5.20: Comparison of electricity price in California versus the U.S. average, comparison of
average price of all sectors on top and transportation sector prices in the bottom (EIA webpage on the
Electricity Sector.)
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Figure 5.21: Variation in electricity price ratio (California over the U.S. average) across different
economic sectors (EIA webpage on the Electricity Sector.)
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Figure 5.22: Natural gas price ratio (California over the U.S. average) by year (EIA webpage on Natural
Gas.)

5.4.5. Vehicle Costs
5.4.5.1. Vehicle Purchase Price - Historical Data

The data collected from the DGS webpage for reporting years of 2011-14 provided historical data on vehicle
purchase prices for all state agencies. Only the following data were selected from DB2011-14 and were used for
the analysis conducted in this section:

131



e Data from the reporting year 2014,
e related to vehicles purchased after 2004,
e with purchase prices between $4k to $500K

The selected data were used to conduct linear regression and develop equations for vehicle price versus age for
each of the vehicle types in the model. Average purchasing price by vehicle type is presented in Table 5.9. Table
5.10 shows the number of vehicles acquired and the minimum, average, and maximum purchase prices by fuel

type.

Table 5.9. Average purchase price by
vehicle and fuel type (DB2011-14)

Avg

Vehicle Fuel Purchase
Price

Auto-Comp ELEC $34,143
Auto-Comp GAS $19,276
Auto-Mid E85 $19,619
Auto-Mid GAS $24,386
Auto-Mid PHEV $50,873
Auto-Full E85 $17,461
Pickup-LD GAS $18,179
Pickup-MD DSL $52,214
Pickup-MD E85 $22,604
Pickup-MD GAS $29,943
Pickup-MD LPG $27,726
SUV-LD E85 $31,100
SUV-LD ELEC $52,178
SUV-LD GAS $23,626
Truck-LD E85 $26,806
Truck-MD CNG $129,204
Truck-MD DSL $89,028
Truck-MD GAS $59,910
Truck-HD CNG $210,592
Truck-HD DSL $154,970
Truck-HD GAS $94,140
Van-LD E85 $22,108
Van-LD GAS $27,084
Van-MD E85 $40,916
Van-MD GAS $22,156

Table 5.10. Number of vehicles acquired, minimum,
average, and maximum purchase price by vehicle type

Count of
Vehicle Vehicles Min Avg Max
Acquired
Auto-Sub 3 $28,221 $40,325 $47,250
Auto-Comp 1,024 $4,990 $13,941 $34,143
Auto-Mid 560 $4,853 $17,207 $25,721
Auto-Full 522 $5,400 $17,351 $28,024
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Pickup-LD 1,140 $3,441 $15,647 $43,031
Pickup-MD 6,084 $2,152 $26,680  $285,132
SUV-LD 767 $11,936 $25,188 $52,178
Van-LD 1,279 $2,047 $24,187  $255,237
Van-MD 49 $5,556 $39,767  $187,845
Truck-LD 15 $8,140 $33,350  $114,731
Truck-MD 1,934 $2,274 $55,379  $252,543
Truck-HD 3,276 $2,710  $109,433  $743,095

5.4.5.2. Vehicle Purchase Price — Projections

Price projections for every vehicle fuel combination used in this study were obtained from EIA (webpage on
Vehicle Price Projections in AEO2018.) Figure 5.23 shows the average annual growth rate for vehicle prices
between 2018 and 2050 (it should be noted that actual projections did not necessarily follow a linear pattern.)
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Figure 5.23: Average annual growth rate in vehicle price (EIA webpage on Vehicle Price Projections in
AEO2018.

5.4.6. Fleet Replacement Schedule

There are two alternatives for designing the vehicle replacement schedule: 1) by evaluating the historical trends
using the DB2011-14 data, 2) following the DGS policy. Both methods are discussed in this section.

5.4.6.1. Historical Trends of Vehicle Acquisition and Disposal in Caltrans fleet

Historical trends in acquiring new vehicles and disposal of old vehicles by Caltrans fleet were studied by using
DB2011-14 data and the costs associated with historical acquisitions, and disposals were calculated. Figure 5.24
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shows the number of vehicles purchased and disposed of by Caltrans in each year between 1997 and 2014. The
net count of vehicles added each year to Caltrans fleet is shown in Figure 5.25, with the highest increase in the
fleet size of 1,825 in 2000 and the highest decrease of 1,103 in 2014. The Caltrans fleet size decreased by 110
vehicles between 1997 and 2014.
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Figure 5.24: Count of vehicles Caltrans acquired and disposed each year between 1997 to 2014
(DB2011-14.)
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Figure 5.25: Changes in Caltrans fleet count per year between 1997 to 2014 (DB2011-14.)

Table 5.11 shows the average total miles driven and the average vehicle age when disposed of by Caltrans.
Medium- and heavy-duty trucks had the highest “vehicle age when sold” of 17 years and highest “mileage when
sold” was for medium-duty pickups and light-duty trucks with 173,957 and 163,485 miles, respectively. Figure
5.26 shows the average age of vehicles when sold, by vehicle type.
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Table 5.11. Average age and miles of Caltrans’ disposed vehicles,
by vehicle type (DB2011-14)

Vehicle Count in Avg Miles Avg Total Avg Years

Database per Year Miles in Use
Auto-Comp 1,313 13,972 125,770 9.3
Auto-Mid 861 14,225 130,507 9.5
Auto-Full 561 14,503 142,315 10.3
Pickup-LD 1,169 13,885 146,923 1.4
Pickup-MD 3,808 15,182 173,957 10.5
SUV-LD 552 16,226 168,599 11.1
SUV-MD 6 21,077 147,583 121
Van-LD 883 12,351 132,726 11.5
Van-MD 34 10,352 110,841 14.7
Truck-LD 11 10,778 163,485 15.8
Truck-MD 953 9,020 139,099 16.7
Truck-HD 1,625 10,135 161,366 17.1
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Figure 5.26: The average age of vehicles disposed of by Caltrans, by vehicle type and fuel type (DB2011-
14))

5.4.6.2. Current Policies for Acquiring and Disposal of Fleet Vehicles

DGS published a fleet replacement policy in 2017 for the age and mileage for replacing fleet vehicles based on
vehicle type (whichever reach the threshold earlier.) The DGS policy is presented in Table 5.12.

Table 5.12. Current DGS policy for fleet replacement (CA DGS webpage on Vehicle Replacement Policy)

Vehicle Age of Vehicle Vehicle
(in months) Mileage
GVWR* up to 8,500 Pounds
Law Enforcement Vehicles 60 100,000
Sedans 72 65,000
Mini Vans 96 80,000
Cargo Vans 60 65,000
Pickup Trucks 60 65,000
Sport Utility Vehicles 84 85,000
GVWR of 8,501 — 16,000
Law Enforcement Vehicles 60 100,000
All Trucks, Vans, and SUVs 72 70,000
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Vehicle Age of Vehicle Vehicle
(in months) Mileage

GVWR of 16,001 — 26,000

All Trucks, Vans, and SUVs 132 115,000

5.4.7. Salvage Value

Regardless of the vehicle replacement schedule, there is salvage value in vehicles that are traded before the end
of their useful service life. This salvage value needs to be accounted for, both in terms of monetary value and the
environmental impact of vehicle cycle. It was assumed that a brand-new vehicle loses about 40 percent of its
initial value within the first three years and the depreciation rate after three years was assumed to be linear
through the typical average life of the vehicle.

Average useful lives (in VMT) for light-duty vehicles, pickup, and vans were taken from the GREET model
(ANL webpage on GREET) and the values for trucks were taken from the EPA compliance and fuel economy
data center (EPA webpage on Compliance and Fuel Economy.) These values were converted to average useful
life (in years) by using average annual VMT of each vehicle category based on DB2017 data. The results are
shown in Table 5.13.

Table 5.13. Average service life by vehicle type

Vehicle Useful Life (VMT) ’I\_‘i’fi Tﬁ;‘;
Auto-Sub 173,000 13
Auto-Comp 173,000 13
Auto-Mid 173,000 14
Auto-Full 173,000 13
SUV-LD 186,000 12
Pickup-LD 186,000 14
Pickup-MD 186,000 13
Van-LD 186,000 21
Van-MD 186,000 14
Truck-LD 110,000 9
Truck-MD 185,000 15
Truck-HD 435,000 33

5.4.8. Life Cycle Environmental Impacts
5.4.8.1. Vehicle Production Impacts (Vehicle Cycle Impacts)

Vehicle cycle impacts include all the energy consumption and emission due to vehicle production; from raw
material extraction all the way to delivery of the brand-new vehicle to the end user. The processes at the end of
the vehicle service life (either being dumped in a landfill or transported and recycled in a facility) should be
included in this stage. The other items that are included in the vehicle cycle are fluids, batteries, and tires used
during the vehicle life cycle. Almost all the data used for vehicle cycle impacts in this study were collected from
the GREET model (ANL webpage on GREET), unless stated otherwise.

The vehicle cycle impacts are reported in four main categories: 1) Components, 2) Assembly, disposal, and
recycling (ADR), 3) Batteries, and 4) Fluids.
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The components category consists of the following items:

e Body

e Powertrain

e  Transmission

e  (Chassis

e Traction Motor

e  Generator

¢ Electronic Controller
e Hydrogen Storage

Figure 5.27 shows the GHG emissions of components for passenger cars. The bar chart on the left of the figure
compares total GHG emissions due to components, across different vehicle technologies. Fuel cell vehicle
(FCV) components have the highest GHG emissions, 8419 kg of CO,e, while the other four major technologies,
EVs, HEVs, ICEVs, and PHEVs, all have less than 5,000 kg CO»e emission due to components. The bar chart
on the right side of the same figure shows the breakdown of the GHG emissions between vehicle component
items identified earlier.

The total GHG emissions due to the vehicle cycle are calculated by adding the other vehicle cycle categories:
ADR, batteries, and fluids. FCVs have the highest vehicle cycle GHGs with 9,925 kg of CO2e per vehicle life
cycle, followed by PHEVs, EVs, HEVs, and ICEVs in descending order, all having impacts of less than 7,600
kg of CO2e, as shown in the bar char on the left side of Figure 5.27.

The bar chart in the middle of Figure 5.28 shows the breakdown of vehicle cycle impacts between the four main
categories identified earlier: components, ADR, batteries, and fluids. Batteries have the highest share of total
emissions in EVs with 28 percent, among all vehicle technologies, followed by PHEVs and HEVs, with 16 and
12 percent, respectively.

To account for changes in vehicle weights during the 33-year analysis period of this study, weight projections by
vehicle type were taken from the EIA webpage (EIA webpage on New Vehicle Attributes in AEO2018.) The
bars on the right side of Figure 5.29 show vehicle weights in 2018 and their projected values in 2050 for
different vehicle types. The right side of the figure shows average annual percent change in vehicle weights
(note that weight projections do not necessarily follow a linear trend.)

However, there were two challenges to address: a) Vehicle cycle GHG emissions of trucks were not available in
any major sources. b) EIA does not provide weight projections for different fuel technologies and only has data
based on vehicle type.

The GREET model does not provide vehicle cycle data for trucks, nor does the AFLEET model which is a
payback calculator developed based on GREET with data for extra combinations of light-duty vehicle and fuel
combinations compared to GREET (ANL webpage of AFLEET.) The literature survey and online research did
not yield reliable data sources for trucks. Therefore, a workaround was devised to develop data models for
vehicle cycle impacts of light-, medium-, and heavy-duty trucks:
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First, the weight of light-duty vehicles of different fuel technologies were collected from AutoNomie
webpage which is maintained by Argonne National Laboratory (AutoNomie webpage.) The collected
data were compared to determine the percentage increase in vehicle weight compared to conventional
ICEV for each of the vehicle fuel technologies. The results show that the electric option on average has
a 39 percent increase in vehicle weight compared to the conventional gasoline option. The plug-in
hybrid, hybrid, and diesel options have 26, eight, and four percent increases in vehicle weight compared
to the gasoline option, respectively. Figure 5.30 and Figure 5.31 show the details of the calculations.
Then it was assumed that a similar trend in weight increase exists for trucks with different fuel
technologies.

As CNG option was missing in the light-duty vehicle options, further literature survey was conducted to
determine extra weight needed for CNG tanks that need to be added to the truck. Table 5.14, taken from
a recent study by NHTSA (Reinhart, 2016) compares the weight of diesel and CNG options for the
truck fuel tank at different capacities. Based on the collected data it was assumed that the CNG option
for trucks on average add 6 percent to the truck weight compared to the diesel option (details of the
calculations available in the main model.)

Table 5.14. Weight comparison of trucks fuel tank: diesel vs. CNG (Reinhart, 2016)

Dies.el Gallon Fuel vﬁ:g:x WeiFgl:.,ltl
Equivalent (DGE) Type (Ibs.) (Ibs.)
40 CNG 578 820
40 Diesel 100 386
75 CNG 1,650 2,085
80 Diesel 180 752
116 CNG 2,080 2,750
160 Diesel 360 1,464

The available vehicle-cycle GHG emissions data for light-duty vehicles were divided by vehicle mass to
calculate vehicle cycle GHG intensity (in terms of CO-e per kg of the vehicle), as shown in Table 5.15.
The calculated GHG intensities were used to calculate vehicle cycle GHG emissions of trucks with
various fuel technologies.

Table 5.15. Vehicle cycle GHG emissions by fuel type (kg CO.e per kg of the vehicle)

Vehicle Weight GHG kg CO2e /

(Ibs.) (kg CO2) kg Vehicle
CNG 3,500 6,547 412
DSL 3,308 6,188 412
DSL-B20 3,308 6,188 412
DSL-R100 3,308 6,188 412
E85 3,644 5,979 3.62
ELEC 3,324 7,234 4.80
GAS 3,183 5,996 415
HEV 3,429 6,401 412
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Vehicle Weight GHG kg CO2e /

(Ibs.) (kg CO2) kg Vehicle
HYD 3,644 9,925 6.00
LPG 3,500 6,547 4.12
PHEV 3,756 7,560 4.44

As stated earlier, the EIA does not differentiate between vehicle fuel technologies and only provides weight
projections based on vehicle type. To address this issue and calculate vehicle cycle impacts for all the vehicle
type and fuel combinations in the model, it was assumed that the vehicle weight change rate is the same for all
vehicle technologies under the same category. Projections of the vehicle weight in the future were then
multiplied by vehicle cycle GHG intensity (based on the vehicle technology) to calculate the vehicle cycle
impact projections. It should be noted that this approach does not consider the changes in GHG intensity of
vehicle materials, even though future reduction in vehicle weight is in part due to use of lighter materials that
can have different GHG intensity than the current materials.
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Figure 5.29: Annual percent change in vehicle weight and vehicle weight (Ibs.) in 2018 and 2050 per vehicle type
(EIA webpage on New Vehicle Attributes in AEO 2018.)
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Figure 5.30: Average passenger vehicle weight by fuel type (EIA webpage on New Vehicle Attributes in AEO 2018.)
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Figure 5.31: Percent increase in weight compared to conventional ICE vehicle (EIA webpage on New Vehicle Attributes in AEO 2018.)



5.4.8.2. Fuel Use Impacts [Well-to-Wheel (WTW) Impacts]

The second part of the environmental impacts of using vehicles is due to fuel use, which by itself consists of two
separate stages:

¢ Fuel production stage impacts, which captures the energy consumption and environmental impacts of all
the upstream processes that are conducted for producing the fuel and making it available at the pump,
hence well-to-pump (WTP) impacts. The terminology was coined based on conventional petroleum-
based fuels which originate from crude oil extracted through wells in the ground. However, it is not the
case for all fuel pathways, at least not anymore.

¢ Fuel combustion in vehicles: which refer to the emissions due to fuel combustion during the in vehicles
during the use stage. This stage is referred to as pump-to-wheel (PTW.)

The collective impacts of WTP and PTW are referred to as well-to-wheel (WTW) impacts. WTW impacts are
expressed in grams of CO»e per mile of travel. Figure 5.32 shows the boxplots of WTP, PTW, and WTW
impacts for ICEVs, EVs, and FCVs. While EVs and FCVs have the highest WTP impacts, their zero tailpipe
emissions during the use stage (zero PTW impacts) make them have lower impacts compared to ICEV, HEV,
and PHEV when considering the full WTW impacts. The variability in GHG impacts of each vehicle technology
shown in the boxplots of Figure 5.32 is due to alternative feedstocks/pathways available for each vehicle fuel
technology. The high variabilities that are observed show how drastically WTW emissions of a vehicle fuel
technology can change just by choosing a different feedstock/pathway. The figure does not cover all vehicle fuel
technologies as the GREET database, which was used to create these boxplots, had very few entries for PHEVs
and HEVs resulting in significantly lower variabilities for them compared to ICEV and EVs which would not
make sense since they use similar fuel type.
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Figure 5.32: WTP, PTW, and WTW for different feedstocks of selected vehicle fuel technologies.

5.4.8.3. WTW and Vehicle Cycle Impact

The final data model that was used in the model quantifying vehicle cycle and fuel cycle impacts is presented in
Table 5.16. Figure 5.33 is the graphical presentation of the results for light-duty vehicles as graphs. ICEVs have
the highest total GHG emissions per mile, with 448 grams of CO-e per mile followed by HEVs, FCVs, and
PHEVs with 336, 307, and 268. EVs, running on California electricity, have the best performance with 233
grams of CO.e per mile, a reduction of 48 percent compared to ICEVs. Vehicle operation constitutes the main
portion of total GHGs for ICEVs, HEVs, and PHEVs, with 74.1, 71.5, and 42.4 percent, respectively, while this
number is zero for EVS and FCVs as they have no tailpipe GHG emissions.

Table 5.16. Final dataset used in the model for WTP, WTW, and vehicle cycle GHG impacts
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Vehicle Cycle Vehicle Cycle Vehicle Total GHG

Vehicle Fuel Impacts Fuel WT!’ Impacts Operation Emissions
(kgcoz) (9 COz/mi) (g COze/mi) (g COze/mi) (g COze/mi)

Auto-Comp ELEC 9,100 173 53 0 226
Auto-Comp PHEV 7,643 111 44 114 269
Auto-Comp HEV 6,045 59 35 241 334
Auto-Comp GAS 5,659 81 33 332 446
Auto-Full ELEC 11,285 173 65 0 239




Vehicle Cycle Vehicle Cycle Vehicle Total GHG

Vehicle Fuel Impacts Fuel WT? Impacts Operation Emissions
(kgcoz) (9 COz/mi) (g COze/mi) (g COze/mi) (g COze/mi)

Auto-Full PHEV 9,478 111 55 114 279
Auto-Full E85 6,110 213 35 80 328
Auto-Mid ELEC 9,758 173 56 0 230
Auto-Mid PHEV 8,196 111 47 114 272
Auto-Mid HYD 10,044 250 58 0 308
Auto-Mid E85 5,284 213 31 80 323
Auto-Mid GAS 6,068 81 35 332 449
Auto-Sub ELEC 9,603 173 56 0 229
Auto-Sub PHEV 8,066 111 47 114 271
Pickup-LD ELEC 12,478 206 67 0 274
Pickup-LD PHEV 10,481 155 56 192 403
Pickup-LD E85 6,756 302 36 113 452
Pickup-LD GAS 7,760 129 42 535 706
Pickup-MD DSL-R100 8,831 -304 47 480 224
Pickup-MD DSL-HPR 8,831 33 47 149 229
Pickup-MD E85 7,281 -50 39 479 468
Pickup-MD CNG 9,344 118 50 403 571
Pickup-MD LPG 8,831 97 47 433 577
Pickup-MD DSL-B20 8,831 34 47 497 578
Pickup-MD GAS 8,359 119 45 487 651
Pickup-MD DSL 8,831 110 47 495 653
SUV-LD ELEC 12,936 197 70 0 267
SUV-LD E85 7,004 224 38 84 345
SUV-LD PHEV 10,865 135 58 156 350
SUV-LD GAS 8,044 106 43 432 581
Truck-HD DSL-R100 58,573 -853 135 1,343 625
Truck-HD DSL-HPR 58,573 93 135 416 643
Truck-HD GAS 55,440 250 127 1,016 1,393
Truck-HD DSL-B20 58,573 95 135 1,389 1,619
Truck-HD CNG 61,973 345 142 1,318 1,806
Truck-HD DSL 58,573 310 135 1,386 1,831
Truck-LD E85 19,426 -119 177 1,140 1,198
Truck-LD CNG 24,362 268 221 1,033 1,522
Truck-MD DSL-R100 33,208 -761 180 1,198 617
Truck-MD DSL-HPR 33,208 83 180 371 633
Truck-MD LPG 33,208 196 180 871 1,246
Truck-MD GAS 31,432 241 170 981 1,392
Truck-MD DSL 33,208 276 180 1,236 1,692
Truck-MD CNG 35,136 238 190 805 1,234
Truck-MD DSL-B20 33,208 100 180 1,621 1,900
Van-LD DSL-R100 6,882 -304 37 480 214
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Vehicle Cycle Vehicle Cycle Vehicle Total GHG

Vehicle Fuel Impacts Fuel WT? Impacts Operation Emissions
(kg cOz) (9 COze/mi) (g COze/mi) (g COz/mi) (g COze/mi)

Van-LD DSL-HPR 6,882 33 37 149 219
Van-LD E85 5,806 -50 31 479 460
Van-LD DSL-B20 6,882 34 37 497 567
Van-LD PHEV 9,007 102 48 418 569
Van-LD GAS 6,669 119 36 487 642
Van-LD DSL 6,882 110 37 495 643
Van-MD E85 6,909 -50 37 479 466
Van-MD CNG 8,865 118 48 403 568
Van-MD GAS 7,931 119 43 487 649
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Figure 5.33: WTW and fuel cycle comparison of different light-duty vehicle types.
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5.5. Data Sources and Data Quality

Table 5.17 shows the data sources used for developing the model in this study with quality assessment of each.

Table 5.17. Data sources used in this study and data quality assessment

Data Geograp . Technol Comp- Repro Rep.rese Uncer-
Item Sources h Time o leteness du- ntativen taint
y 9y cibility ess y
General
Caltrans
. Fleet
Caltrans Fleet Mix and
. Database Very
Average Miles Traveled Excellent  Excellent Excellent N Excellent Low
er Year by Vehicle Type 2017@ Good
webpage
HIStchal MPG Values by USEPA Excellent Excellent Excellent Excellent N Excellent Low
Vehicle Type
Projections of MPG by EIA very Excellent Excellent Excellent N  Excellent High
Vehicle Type Good
L DGS + .
Depreciation Rate \ Excellent Excellent Excellent Excellent Y Excellent Medium
Literature
LCA-Related
Vehicle Cycle Impacts for GREET + Very
Light-Duty Vehicles AFLEET Excellent Good Excellent  Excellent Y Excellent Low
Based on
. (GREET
\T/fuh(;ﬁf Cycle Impacts for Excellent \éig’d Good Good Y  Good Medium
AFLEET)
Data
Fuel Impacts (WTP, GREET +
PTW, and WTW) AFLEET Excellent Excellent Excellent Excellent Y Excellent Low
Projections of Vehicle EIA very Excellent Excellent Excellent ~ N Excellent High
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5.6. Study Limitations and Gaps

The analysis presented in this chapter had the following limitations and gaps that need to be evaluated in future
stages of this research:

The study did not include the cost and environmental impacts of building and maintaining fueling
infrastructure for any of the fuel types considered in the analysis.

Maintenance and upkeep of parking spaces for the fleet were not included in the system boundary of the
study.

California is aggressively moving towards decarbonization/minimization of GHG emissions in all its
economic sectors, specifically the electricity sector with measures such the Renewable Portfolio
Standard (CPUC webpage on RPS) which mandates 50 percent renewable electricity in California grid
mix by 2030. Therefore, one fuel pathway which is expected to have major reductions in WTP impacts
is electricity. However, these expected reductions in WTP were not implemented in this study, mainly
due to the limited scope of this initial study. However, the fact that more than 80 percent of the state
fleet consists of medium-duty pickups and trucks for which an EV option is not currently available
reduces the significance of this issue, at least for the immediate future.

Due to current technological limitation for the range of EVs, conversion to EVs was not considered as
an option for vehicles that had AVMT higher than typical current EV ranges. EV ranges are expected to
increase in the future, however, it was not considered in this study due to uncertainty regarding the rate
of range increase.
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5.7. Results and Discussion

The results of the case studies are shown in Table 5.18 to Table 5.22 and Figure 5.34 and Figure 5.35. Figure
5.34 compares LCC across all four cases. Figure 5.35 focuses on GHG emissions at various stages of the vehicle
and fuel cycles. Figure 5.36 compares the total fuel consumption during the analysis for each fuel. Figure 5.37
shows the WTW GHG emissions of the Caltrans fleet fuel consumption across four scenarios between 2018 and
2050.

The data in Table 5.18 show that the total life cycle costs of the BAU case, without considering the registration
fees and insurance cots, have a net present value (NPV) of $2.355 billion compared to $2.512, $2.425, and
$1.996 billion for DGS, All-at-Once, and Worst-Case Scenario, respectively which is equivalent to 7.4 and 3.3
percent increases versus BAU for the DGS and All-at-Once cases, and a 16.9 percent decrease for the Worst-
Case Scenario.

Purchase of new vehicles was the largest portion of total net costs for all four cases, ranging between 59 to 83
percent of final net total costs.

Fuel costs were the second largest expense items for all cases, ranging between 30 to 35 percent of total net
costs. Maintenance and repair on average made up about 24 percent of total net costs.

The salvage value for the DGS case was highest among all four cases, as the policy would require changing
vehicles at far earlier ages compared to historical practice by Caltrans. The salvage value equaled -48 percent of
total net costs for the DGS case because of the large number of vehicles bought in the last years of the analysis
period, while for the other three cases this value was around 30 percent.

Looking at the GHG emissions data in Table 5.19 benchmarking of the fleet GHG emissions in the year 2017
show that WTW impacts are more than 69,000 metric tonnes of CO,e. The total GHG emissions, including
vehicle cycle impacts, could not be calculated as vehicle purchase data for the year 2017 were not available.

Total GHG emissions during the analysis period of 2018 to 2050 are projected to reach close to 1.46 million
metric tonnes of CO,e for the BAU case while the results for the DGS, All-at-Once, and Worst-Case scenarios
were approximately 1.43, 1.32, and 2.25 million metric tonnes, which equate to savings of two and nine percent
in total GHG emissions versus BAU for the DGS and All-at-Once scenarios.

The Worst-Case Scenario results show that consequences of inaction in the adoption of AFVs by Caltrans and
maintaining the current mix of vehicle technology and fuel will result in a 54 percent increase in the GHG
footprint of their fleet between now and the year 2050. The total fuel consumption by fuel type for each case is
presented in Table 5.20.

The negative well-to-pump values over the analysis period shown in Table 5.19 are because of the use of AFVs,
even in the BAU case. These values include the emissions from the production of electricity used in California,
as well as the liquid fuels. The increasing use of bio-based diesel results in net carbon sequestration for WTP.
Table 5.21 shows the breakdown of GHG emissions for cases with negative GWP values for WTP. The fuels in
these cases are either E85 from corn or 100 percent renewable diesel from forest-residue and the negative GWP
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for WTP is only due to the fuel feedstock across all cases, after inclusion of processing and transportation to the
pump. The values for fuel cycle presented in this table are taken directly from the 2018 Excel based model

GREET 1. Use the fuel vehicle combinations in the fourth column of Table 5.21 to access the data by searching
within the GREET 1 Excel file.

The assumptions and calculation details for LCA of each fuel are presented in separate tabs in the GREET main
file. For the specific case of renewable diesel from forest-residue, the main reference used for the input data and

assumptions was Jones et al., (2013.) The background, assumptions, and calculations methods used to calculate
the fuel cycle impacts of all different vehicle fuel combinations provided in GREET and used in this study are
available in Cai et. al (2017), Elgowainy et al., (2016) , Cai et al., (2015), and Elgowainy et al., (2010.)

Table 5.18. Comparison of life cycle cost (in million dollars) across cases

BAU DGS All at Once Worst-Case
Cost Item Value Net Z,o:: Value Net Z‘;:: Value Net Z,o:: Value Net Z,o::
Fuel 1,323 35% 1,299 32% 1,322 34% 949 30%
Purchase of New Vehicle 2,263 59% 3,313 83% 2,400 62% 2,052 64%
Maintenance Repair 920 24% 923 23% 925 24% 827 26%
Salvage Value -1,090 -29% | -1,916 -48% | -1,178 -31% -1,022 -32%
Total Net Cost 3,417 90% 3,618 90% 3,469 90% 2,807 88%
Net Present Value 2,124 56% 2,281 57% 2,195 57% 1,765 55%
Change in NPV vs BAU 0.0 N/A 156.8 N/A 70.8 N/A -358.7 N/A
Percent Change in NPV vs BAU 0.0% N/A 7.4% N/A 3.3% N/A | -16.9% N/A

Table 5.19. Comparison of total GHG emissions between 2018 and 2050 (Tonnes of COze) and
cost of GHG abatement (dollar per Tonne of CO.e abated)

GHGs (Tonne COze) 2017 Emissions BAU DGS Allat Once Worst-Case
WTP 12,679 -1,110,670 -1,185,363 -1,289,950 352,826
PTW 56,885 2,218,095 2,179,817 2,245,951 1,570,324
WTW 69,564 1,107,425 994,454 956,001 1,923,150
Net Vehicle Cycle N/A 384,514 461,520 401,785 353,849
Total GHG Emissions 69,564 1,459,127 1,433,508 1,321,527 2,245,997
Change in GHGs vs BAU N/A 0 -25,619 -137,600 786,870
Percent Change vs BAU N/A 0% 2% -9% 54%
Abatement Cost ($/Tonne CO2) N/A $0.0 $6,119 $514 N/A

Table 5.20. Comparison of total vehicle on-board liquid fuel consumption
(in 1000 of gasoline or diesel gallon equivalent [GGE or DGE]) between 2018-2050 by fuel type across all
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cases

All at Once Worst-Case
Fuel Type BAU DGS (in 2018) Scenario
CNG 306 184 85 2,216
DSL 0 0 0 0
DSL-B20 0 0 0 0
DSL-HPR 23,165 14,293 5,272 132,344
DSL-R100 193,487 201,675 216,699 0
E85 7,395 5,484 4,846 22,629
ELEC 6,247 6,729 6,998 182
GAS 13,893 7,572 2,494 70,794




All at Once Worst-Case
Fuel Type BAU DGS (in 2018) Scenario
HEV 68 45 18 785
HYD 90 44 4 249
LPG 204 204 204 5,814
PHEV 1,950 1,856 1,782 743
Total 246,805 238,085 238,401 235,757
% Change vs BAU 0.0% -3.5% -3.4% -4.5%

Table 5.21. Breakdown of GHG emissions for cases with negative WTP

Fuel Full Title €1 * Vehicle Feeism Fuel WTP PTW WTW
Fuel . Combinations in GREET (g CO2/ (g CO2/ (g CO2/ (g CO2/
in GREET (g CO2/ . . . .
Excel Model-1 . mile) mile) mile) mile)
mile)
Forest CIDI Heavy Heavy-Duty
Residue- Vocational Vehicles:
DSL-R100 2 sed RDII Forest Residue-based -1,263 410 853 1,343 490
100 RDII 100
Forest CIDI Medium Heavy-Duty
Residue- Vocational Vehicles:
DSL-R100 - ced RDII Forest Residue-based 1,126 365 761 1,198 437
100 RDII 100
Forest CIDI Light Heavy-Duty
Residue- Vocational Vehicles:
DSL-R100 2 sed RDII Forest Residue-based 925 300 625 985 360
100 RDII 100
Sl Light Heavy-Duty
E85 E85, Corn Vocational Vehicles: E85, -563 443 -119 1,140 1,021
Corn
S| Medium Heavy-Duty
E85 E85, Corn Vocational Vehicles: E85, -475 375 -101 964 863
Corn
Forest .
Residue- CIDI Heavy-Duty Pick-Up
DSL-R100 Trucks and Vans: Forest -449 146 -304 480 177
based RDII i
100 Residue-based RDII 100
S| Heavy-Duty Pick-Up
E85 E85, Corn Trucks and Vans: E85, -235 185 -50 479 429
Corn

The abatement costs for each tonne of GHG reduced compared to BAU will cost Caltrans around $6,119 for
DGS and $514 for All-at-Once. The reason for high cost of DGS is due to significant decrease in replacement
mileage of vehicles (47 percent reduction on average across all vehicle types, ranging between 17 percent for
medium duty trucks to 61 percent reduction for light duty pickup trucks.) Therefore, even though the all-at-once
scenario replaces the whole fleet in the first year of the analysis, its life cycle cost is lower than implementing
the gradual but more frequent schedule of DGS.

The information regarding the abatement potential calculations presented in this chapter is summarized in Table
5.22 for the 33-year analysis period.
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Table 5.22. Abatement cost and potential for each case

Average Annual over

Case 35 Year Analysis Period 35 Year Analysis Period
COze T.Ime Life Cycle Benefit/Cost COze T.|me Life Cycle
. Adjusted Cost Adjusted Cost
Scenario Change ($/tonne COze Change
(MMT) COze Change Change o] (MMT) CO2e Change Change
(MMT) ($ million) (MMT) ($ million)
BAU 0.000 0.00 0 N/A 0.00E+00 0.00E+00 0.00
DGS -0.026 -0.03 157 $6,120 -7.76E-04 -7.76E-04 4.75
All-at-Once -0.138 -0.14 70 $511 -4.17E-03 -4.17E-03 2.13
Worst-Case 0.787 0.79 -359 No Abatement 2.38E-02 2.38E-02 -10.89
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Figure 5.34: Comparison of life cycle cash flow across four scenarios.
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Figure 5.35: Comparison of GHG emissions across four scenarios: total GHG emissions, vehicle cycle emissions, and emissions due to

various fuel life cycle stages (WTP, PTW, and WTW.)
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Figure 5.37: Comparison of WTW GHG emissions across cases.
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CHAPTER 6. Evaluation of Increased Use of Reclaimed Asphalt
Pavement in Construction Projects Considering Costs and
Environmental Impacts

6.1. Introduction

Hot mix asphalt (HMA) is the surface type for approximately 75 percent of the state highway network and a
widely used structural material in a number of different pavement applications. Rubberized hot mix asphalt
(RHMA), which includes recycled used tires in the binder, is mandated for use for the surface layer of asphalt
pavements. Reclaimed asphalt pavement (RAP) is old HMA that is milled off of existing pavement and can be
used to partially replace virgin asphalt binder and aggregate in new HMA. RAP is not currently allowed in
RHMA because it reduces the cracking resistance of RHMA, which is a key factor in the current approach for
using RHMA as a surface material, and because the RAP binder displaces some of the waste tire rubber recycled
into RHMA. Caltrans must meet a legislative mandate for recycling waste tires in all kinds of hot mix asphalt.
Caltrans is currently developing technical approaches for increasing the percentage of RAP in HMA and
allowing some RAP in RHMA without reducing the performance of these materials. This chapter evaluates the
increased use of RAP in HMA compared with those from typical recent practice, without considering RHMA,
by calculating changes in environmental impacts and costs.

6.2. Background

Caltrans has allowed contractors to use up to 15 percent RAP (by weight) in HMA without any additional
engineering for a number of years (Caltrans, 2018c), which is considered as the baseline for this strategy in this
chapter. Up to 25 percent RAP was allowed in the past several years, however, the specifications called for a
very conservative approach to the engineering of the blended RAP/virgin binder and the use of expensive and
time consuming testing that also required the use of highly regulated solvents, all of which essentially
eliminated the use of more than 15 percent RAP. In 2018, the specifications were changed to allow up to 25
percent RAP without the need for the testing that was considered by industry to be onerous. Caltrans is working
on developing approaches to include approximately 40 percent RAP in HMA in the future, and to begin to use
up to 10 percent coarse RAP in RHMA. Coarse RAP consists of the larger particle sizes in the material and has
low binder content, with the result that this strategy would be to replace virgin aggregate with little or no
replacement of virgin binder. The use of RAP in RHMA was not considered in this study.

An important portion of Caltrans environmental impacts are due to projects awarded each year to contractors for
maintaining nearly 50,000 lane-miles of state highway pavement infrastructure in California. Additional
pavement infrastructure includes ramps, parking lots, turnouts, shoulders, rest areas, gore areas, drainage
facilities, dikes, and curbs. The purpose of this case study was to assess how much Caltrans can reduce the
environmental impacts due to the HMA materials used in these projects, specifically by increasing the amount
of RAP to replace virgin materials.

There are many different types of materials used in pavement projects; however, this chapter only focuses on the
increased use of recycled asphalt concrete in flexible pavements as a starting point. Similar evaluations should
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also be conducted for other transportation infrastructure materials such as portland cement concrete, metals,
plastic polymers, and additives.

As noted, HMA and RHMA are used for the majority of the pavement surfaces in California (Caltrans 2015.)
The use of up to 15 percent RAP in asphalt is a mature and common practice across the nation. Asphalt surface
layers can be milled at the end of their service life and used as RAP in new construction or M and R activities by
blending it with virgin asphalt binder and aggregate to create new HMA, hence reducing virgin materials
(aggregate and binder) in the mix through replacement. The use of RAP provides cost savings to materials
producers. This is particularly true for the RAP binder which is much less expensive than virgin binder. The
replacement of part of the virgin binder in a new mix with aged asphalt binder left on RAP particles can be
allowed and obtain similar performance with a mix that has only virgin binder if the residual binder in RAP is
able to blend with the virgin binder in the new mix, and if the properties of blended binder are similar to those
the 100 percent virgin binder that would have been used otherwise.

RAP binder is stiffer and more brittle the specified virgin binder for a given climate region and application. The
properties of RAP binder vary considerably depending on the original properties it had before it was placed, the
amount of aging, and later processing. RAP piles at asphalt plants also have RAP from multiple locations. Even
if the RAP is milled from one location, it often has a mix of multiple asphalt layers placed over the years. RAP
should be processed to create greater uniformity before being used in new mixes. How to measure and engineer
the resultant properties of the blended binder, and also determine the degree of blending that occurs during
mixing, are the technological challenges to using higher percentages of RAP. Higher percentages of RAP often
require the use of a softer virgin binder for the portion of the total binder not replaced by the RAP binder and the
addition of softening additives, called rejuvenators, to facilitate blending of the aged and the virgin binders. It is
important that the mix containing the RAP have similar performance to a mix with virgin binder with respect to
fatigue and low-temperature cracking and rutting or else any cost and/or environmental benefits are in jeopardy.

6.3. Goal and Scope Definition

The goal of this study is to calculate how much reduction in GHG emissions can be achieved by increasing the
maximum RAP content in HMA mixes, going from 15, 25, 40, and 50 percent binder replacement, and scale
these calculations to the use of HMA on the state network in California. The scope of this study considers all the
impacts from materials extraction to transportation to plants, and all the processes conducted in the plant to
prepare the final mix. This is an example of an LCA with a cradle to gate scope. It was assumed that the
construction process and field performance of the mixes with higher RAP content is the same as the base
scenario. Therefore, the construction stage, use stage, and end-of-life were excluded from the scope of this
study. This assumption is not consistently valid and depends on the ability of the asphalt technology to adjust for
the RAP properties, which is considered in this study, but it is sufficiently valid for this first-order analysis.

The functional unit for this study is defined to be the California highway network. The analysis period

considered for this study is 33 years, from 2018 to 2050. Cost implications of these scenario changes were of
interest so that comparison with other reduction strategies would be possible.
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6.4. Assumptions and Modeling Approach

The framework used for conducting this analysis is shown in Figure 6.1. A major part of the effort in this study
was spent on estimating the amount of materials used each year on the state highway network during the
analysis period. For this purpose, two options were considered:

e  Material quantity estimates projected over the analysis period based on programmed work in the
Caltrans pavement management system (PaveM), or

® Projection of material quantities from historical data of construction projects published annually in the
Construction Cost Data Book.

PaveM is an asset management tool used for project prioritization, timing of future maintenance and
rehabilitation, and budget allocation. User inputs into PaveM include a multitude of decision-making factors
such as available budget, network characteristics (climate, traffic, dimensions), and agency decision trees that
trigger treatment based on current and predicted values of key performance indices such as cracking and surface
roughness for each segment in the network.

The output of PaveM is the type of treatment applied to each network segment, or “do nothing” for each year
during the analysis period within the defined budget limits. It also calculates the cost of each treatment applied.
The treatments for asphalt concrete are defined as thin, medium, and thick overlays, and provide an indication of
the thickness of the asphalt concrete treatment, which can be multiplied by the lane width and length of the
segment to get a volume. The volume can be converted to mass units typically used for asphalt materials, using

a typical density. The PaveM estimates will tend to be lower than the actual total amount of asphalt concrete
used by Caltrans because it only considers the lanes in the travelled way. It does not consider any paving on
shoulders, ramps, parking lots, gore areas, and other places where Caltrans uses this material.

The other approach would be to use the Contract Cost Data Book (Caltrans webpage on CCDB) which is
published annually by Caltrans. All the cost items of projects undertaken during the last fiscal year in Caltrans
projects are listed in the CCDB with the unit cost and the amount purchased across the year of each item,
regardless of where it was used. The CCDB can be used to estimate the amount of each material type used in
Caltrans projects in prior years and then use the historical data to project materials consumption in the future.

A PaveM run was conducted under the current default budgeting scenario which projected an expenditure of 267
million dollars in 2018 for asphalt paving materials. However, the data in the 2018 Construction Cost Data Book
(items 390132, 390135, 390136, 390137, 390401, 390402, 395020, and 395040) shows 545 million dollars in
the same year for the same items (Caltrans webpage on CCDB.) To address this discrepancy and calculate
material consumption in each year during the analysis period, the tonnages of materials from the CCDB 2018
were multiplied in all years after 2018 by the ratio of CCDB purchases in 2018 divided by the PaveM projected
purchases in 2018. This should account for the additional material used outside of the travelled way lanes. App-
Table 25 in Appendix V shows HMA and RHMA use in tonnes/year that was used in this study.
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Total for the Duration of the Analysis Period) for
Each of the Three Scenarios Against the Baseline

Figure 6.1: Flowchart of model development used for this study.

This study assumed that the current projected work plans to 2050 will not change considerably, and that current
costs are representative of future costs. The study also assumes that current recycling strategies will not show
much improvement. All of these assumptions are highly unlikely; however, they are reasonable for at least the
next 5 to 10 years.

It should also be noted that northern California local agencies often follow Caltrans specifications, and any
effects of Caltrans specification changes would be amplified by agencies in the northern counties following
those specifications. Changes in local government practices were not considered in this study.

6.4.1. Material Consumption per Year

Figure 6.2 shows the amount of HMA and RHMA needed each year between 2018 and 2050 in Caltrans
projects. The amount of materials was taken from PaveM. The current run provides data up to 2046. Due to lack
of better alternative to estimate material need in 2046 to 2050, it was assumed that the average masses of HMA
and RHMA used in the 10 years prior will be applied during that time period. Table D-1 in section 1 of
Appendix V includes the details of the amount of HMA and RHMA needed per year per treatment type.
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Figure 6.2: Materials needed per year between 2018-2050 based on PaveM outputs.

6.4.2. Mix Designs

The use of RAP in RHMA is not currently allowed in Caltrans projects. Therefore, four mixes with increasing
maximum RAP content for HMA were considered as shown in Table 5-1. To avoid heating RAP to high
temperatures, which can damage the residual binder in RAP, the heating temperature for RAP was limited to
350°F (177°  while virgin aggregate were heated up to 500°F (260°  to compensate and reach the
required mixing temperature needed for the blended materials. These differences in temperature do not have any
implications for the life cycle inventory of energy use for each mix because setting a fixed final mixing
temperature for all mixes requires the same amount of heat for 1 kg mix of blended RAP and virgin materials,
independent of the mass ratios of the two components. Increasing the RAP content will only result in higher
temperatures needed for virgin aggregate materials to achieve the same mixing temperature for the blend.

Mixes with RAP content above 25 percent require a rejuvenating agent to be added to ensure reliable
performance due to the higher percentage of aged binder recovered from RAP. Three common types of
rejuvenating agents (RA) are aromatic extracts made from petroleum, bio-based RAs from made soy oil, and
bio-based RAs made from tall oil that comes from trees. Another method for handling the issue of aged binder is
to use softer virgin binder, which eliminates the need of rejuvenators, however, this method is only applicable
for RAP contents up to 25 percent.

The models developed for this study are capable of considering the impact of rejuvenators and the user can
modify the amount of rejuvenator in the mix design of each case. However, due to very limited information
available regarding the materials in rejuvenating agents, developing LCA models in GaBi was not an option. It
was eventually decided to use the LCI of a proxy, Aromatic BTX, as a placeholder for aromatic extracts and soy
oil for bio-based RAs. This chapter reports the results for HMA with maximum of up to 25, 40, and 50 percent
RAP with aromatic RA, bio-based RA, and with no RA (only for the scenario of up to 25 percent RAP.)

The actual virgin binder replaced in mixes by RAP binder is usually somewhat less than the specified limit in
practice as contractor’s work to meet a long list of other binder and mix requirements in the specifications. Also,
high RAP mixes are replacing part of the virgin binder with rejuvenator, and future specifications will most
likely consider rejuvenator as part of the RAP binder, and not part of the virgin binder, when allowing the
maximum RAP content.
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Table 6.1.The five scenarios considered for HMA for Caltrans projects across the entire network

Mix Title Max RAP Actual Binder Virgin Binder Virgin Binder Replaced
Content Replacement Replaced by RAP by Rejuvenator

HMA (Max 15% RAP) 15% 11% 11% 0%

HMA (Max 25% RAP) 25% 20% 15% 5%

HMA (Max 25% RAP) 25% 20% 20% 0%

HMA (Max 40% RAP) 40% 35% 28% 7%

HMA (Max 50% RAP) 50% 42% 32% 10%

The baseline mix designs for HMA and RHMA were taken from the UCPRC Case Studies report (Wang et al.,
2012) and are presented in App-Table 26 in Appendix V. It was also assumed that the RAP materials had a
binder content of 5 percent by mass with a 90 percent binder recovery ratio, resulting in an effective RAP binder
content of 4.5 percent. Therefore, the total binder content for HMA baseline is 4.7 percent (0.04 + 0.15 * 0.045
=(0.047.) The RHMA total binder content is 7.5 percent. These data combined with the information in Table D-2
were used to develop the mix designs for new HMA scenarios which are shown in Table 6.2.

Table 6.2. Mix design component quantities by mass of mix for
HMA scenarios and RHMA used in this study

. . Virgin  Virgin Extender Total
Mix RAP  Rejuv Binger Aggg CRM Oil  Binder
HMA (Max 15% RAP) 11.5% 0.00% 418% 84.3% 0.00% 0.00% 4.70%
HMA (Max 25% RAP) 15.7% 0.24% 3.76% 80.3% 0.00% 0.00% 4.70%
HMA (Max 25% RAP, no Rejuvenator) 20.9% 0.00% 3.76% 754% 0.00% 0.00% 4.70%
HMA (Max 40% RAP) 29.2% 0.33% 3.06% 67.4% 0.00% 0.00% 4.70%
HMA (Max 50% RAP) 334% 0.47% 273% 63.4% 0.00% 0.00% 4.70%
RHMA-G 0.0% 0.00% 581% 92.5% 1.50% 0.19% 7.50%

6.4.3. LCA Calculations

The mix designs were then used to calculate the cradle to gate environmental impacts of for each mix using the
LCA methodology. For this purpose, the LCI database created by the UCPRC (Saboori et al., 2020) was used.
All the details of model development, data sources, and the assumptions made can be found in that reference.

Table 6.3 shows the LCI results for the main construction materials used in this study taken from the UCPRC
LCI database. The electricity grid mix used for modeling the material production stage was based on the 2012
grid mix in California (CEC Webpage on Electricity Generation in CA.) Only the following impact categories
and inventory items are reported in this study: Global Warming Potential (GWP), Smog Formation Potential,
Particulate Matter 2.5 (PM 2.5), Primary Energy Demand (PED) which is reported as Total, Non-Renewable
(NR) and Renewable (R.)

Table 6.3. LCI of the items used in this study

tem Unit GWP Smog PM2.5 _':Etz; PED-NR  PED-R

[kg COze]  [kg Ose] [kl ] [MJ] [MJ]
Electricity 1MJ  1.32E-1  4.28E-3 254E-5 3.09E+0 2.92E+0  1.70E-1
Natural Gas (Combusted) 1m3  241E+0  530E-2 1.31E-3 3.84E+1  3.84E+1  0.00E+0
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ltem Unit GWP Smog PM25 551:2; PED-NR PED-R

[kg CO2e] [kg Ose] [kal [MJ] [MJ] [MJ]
Aggregate (Crushed, Virgin) 1kg 3.43E-3 6.53E-4 1.59E-6 6.05E-2 5.24E-2 8.03E-3
Binder (Virgin) 1kg 4.75E-1 8.09E-2 4.10E-4  4.97E+1 4.93E+1 3.40E-1
Crumb Rubber Modifier 1kg 2.13E1 6.90E-3 1.05E-4 4.70E+0  3.60E+0  1.10E+0
Reclaimed Asphalt Pavement 1kg 7.16E-3 1.39E-3 2.70E-6 1.02E-1 1.02E-1 0.00E+0
Rejuvenator 1 kg 6.44E-1 1.57E-4 3.20E-2  4.78E+1 4.76E+1 2.18E-1
Rejuvenator, Bio-based (Soy Oil) 1kg 3.00E-1 2.60E-2 1.73E-4 3.48E+0 3.48E+0 0.00E+0
Rejuvenator, Aromatic BTX 1 kg 6.44E-1 1.57E-4 3.20E-2  4.78E+1 4.76E+1 2.18E-1

Table 6.4 shows the material production impacts for 1 kg of each of the mixes in this study. The GWP for the
mixes, expressed in kg COze, are compared in a bar chart in Figure 6.3 and the breakdown of GWP by
components for each mix is shown in Figure 6.4.

Table 6.4. Environmental impacts of material production stage for 1 kg of each of the mixes

GWP Smo PED- PED-
Mix Title Rejuvenator Type  Unit [kg [kg PM[:';; Total NR PE[a-JR]
CO2e] Ose] [MJ] [MJ]
HMA (Max 15% RAP) N/A 1kg 4.95E-2 4.68E-3 3.25E-5 2.56E+0 2.54E+0 2.23E-2
HMA (Max 25% RAP) Aromatic BTX 1kg 4.91E-2 4.37E-3 1.06E-4 2.46E+0 2.44E+0 2.10E-2
HMA (Max 25% RAP) Bio-Based (Soy Oil) 1kg 4.83E-2 4.43E-3 3.12E-5 2.36E+0 2.34E+0 2.05E-2
HMA (Max 25% RAP) No Rejuvenator 1kg 4.78E-2 4.41E-3 3.09E-5 2.35E+0 2.33E+0 2.01E-2
HMA (Max 40% RAP) Aromatic BTX 1kg 4.69E-2 3.90E-3 1.33E-4 2.16E+0 2.15E+0 1.78E-2
HMA (Max 40% RAP) Bio-Based (Soy Oil) 1kg 4.58E-2 3.99E-3 2.87E-5 2.02E+0 2.00E+0 1.71E-2
HMA (Max 50% RAP) Aromatic BTX 1kg 4.64E-2 3.67E-3 1.77E-4 2.07E+0 2.05E+0 1.67E-2
HMA (Max 50% RAP) Bio-Based (Soy Oil) 1kg 448E-2 3.79E-3 2.76E-5 1.86E+0 1.85E+0 1.57E-2
RHMA-G N/A 1kg 6.00E-2 5.97E-3 1.00E-4 3.50E+0 3.46E+0 4.53E-2
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Figure 6.3: GWP (kg CO-e) of material production stage for 1 kg of each of the mixes.

6.5. Data Sources and Data Quality

Table 6.5 summarizes the data sources for all the data used in this study and presents further details about the

quality of the data used in this study.

6.6. Study Limitations and Gaps

The few limitations identified for this study are:

e This study was conducted assuming that the performance of mixes with higher RAP content are similar

to mixes currently in use in Caltrans project. This assumption is currently being investigated and
verified through research experiments, field studies, and pilot projects. All possible savings in the
material production stage due to higher percentage of RAP use can be offset by possible reduced
performance during the use stage as it results in more frequent maintenance and rehabilitation in the
future.

Recyclability and quality of materials recycled at the EOL of HMA with high RAP content is another
issue that was not part of the scope in this study. Possible losses in quality after multiple rounds of
recycling is an issue to consider in a more detailed study once research results in this area are available.
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Figure 6.4. Breakdown of GWP between components across all mix designs considered in this study
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Table 6.5. Data sources and data quality assessment

Item Data Geography Time Technology Complete-ness Reprodu Represent Uncertainty
Sources cibility  ative-ness
General
HMA Usage per Year PaveM Excellent Excellent Excellent Very Good Y Excellent Low
LCA-Related
Electricity GaBil Good Excellent Excellent Good Y Good Low
Natural Gas (Combusted) GaBi Fair Excellent Good Good Y Good Low
Aggregate (Crushed) GaBillLit. Good Good Good Good Y Good Low
Bitumen GaBilLit. Good Very Good Good Good Y Good Low
Crumb Rubber Modifier GaBilLit. Good Good Good Good Y Good High
Extender Oil GaBi Fair Good Poor Fair N Fair High
RAP GaBilLit Fair Excellent Good Good Y Good Low
Rejuvenator Aromatic BTX GaBi Fair Good Good Good N Good High
Rejuvenator Bio-Based (Soy Oil) GaBi Fair Good Good Good N Good High
Wax GaBi Fair Very Good Good Good N Good Low
Cost-Related
Material Costs Caltrans Excellent Excellent Excellent Very Good Y Excellent Low
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6.7. Results and Discussion

6.7.1. GHG Emissions per Year

The total GHG emissions due to material production stage of HMA and RHMA mixes in Caltrans projects can
be quantified by combining the amount of materials used each year and data in Table 6.3 (LCA results for unit
mass of each mix.) Full results of the analysis are available in App-Table 27 of Appendix V.

The material production impacts of HMA in the entire analysis period of 33 years (2018 to 2050) results in close
to 14.1 Million Metric Tonnes (MMT) of COze for the baseline scenario. RHMA production impacts within the
same time period is about 15.52 MMT COe. RHMA is responsible for about 52 percent of the combined GHG
emissions of HMA and RHMA and since use of RAP is currently not permitted in RHMA mixes, use of RAP in
RHMA is a significant untapped area for cutting emissions if it becomes technically possible to obtain same
performance and not reduce the amount of tire rubber recycled into pavement.

Increasing the RAP content from the original 11.5 percent (for the max 15 percent RAP baseline) by 8.5, 23.5,
and 30.5 percent can result in 96, 729, and 870 thousand metric tonnes of COse savings compared to the
baseline, respectively, during the 33-year analysis period, when using aromatic BTX RAs. These reductions are
equivalent to 0.7, 5.2, 6.2 percent reductions in GHG emissions compared to the baseline. These results are
presented in Table 6.6 as well.

These numbers change to 326, 1,052, and 1,331 thousand metric tonnes of CO,e when bio-based RA is utilized,
which results in 2.3, 7.4, and 9.4 percent reductions compared to the baseline. For the case of RAP with
maximum of 25 percent RAP, not using any RAs and choosing a softer virgin binder, can result in 470 thousand
metric tonnes of CO,e savings compared to the base case, or a 3.3 percent reduction.

Table 6.6. Total changes in GHG emissions compared to the baseline
for the analysis period (2018 to 2050)

Percen

. Total GHGs C_02e Reduc;aiocne i:
Metric Reductions

(Tonne CO2e) (Tonne CO2¢) GI_-IGs Vs

Baseline (%)

Max 15%, no Rejuv 14,125,517 0 0.00%

Max 25% RAP, BTX 14,029,843 -95,674 -0.70%

Max 25% RAP, Soy Oil 13,799,359 -326,158 -2.30%

Max 25% RAP, no Rejuvenator 13,655,723 -469,794 -3.30%

Max 40% RAP, BTX 13,396,501 -729,016 -5.20%

Max 40% RAP, Soy Oil 13,073,824 -1,051,693 -7.40%

Max 50% RAP, BTX 13,255,578 -869,939 -6.20%

Max 50% RAP, Soy Oil 12,794,611 -1,330,906 -9.40%

6.7.2. Cost Considerations

Table 6.7 shows cost per year for each of the treatment types included in this study, assuming that RA is used
for all cases and the price of RA is the same as asphalt binder. The information in this table are taken from
PaveM and the values are corrected as previously described in the Major Assumptions section.

168



Table 6.7. Annual tonnage of material, and costs

Year HMA RHMA Cost NPV

(Tonne) (Tonne) (Billion$)  (Billion $)
2018 2.11 1.91 0.55 0.55
2019 2.19 1.98 0.56 0.54
2020 2.24 2.03 0.58 0.53
2021 5.14 4.66 1.33 1.18
2022 8.69 7.87 2.24 1.92
2023 11.90 10.79 3.07 2.53
2024 11.43 10.36 2.95 2.33
2025 9.59 8.69 248 1.88
2026 9.10 8.25 2.35 1.72
2027 7.26 6.58 1.87 1.32
2028 12.32 11.17 3.18 2.15
2029 11.13 10.09 2.87 1.87
2030 8.13 7.37 2.10 1.31
2031 8.93 8.09 2.31 1.39
2032 8.76 7.94 2.26 1.31
2033 10.37 9.40 2.68 1.49
2034 12.07 10.94 3.12 1.66
2035 9.86 8.94 2.55 1.31
2036 8.1 7.35 2.09 1.03
2037 7.56 6.85 1.95 0.93
2038 8.76 7.94 2.26 1.03
2039 12.64 11.46 3.27 1.43
2040 8.66 7.85 2.24 0.94
2041 11.47 10.40 2.96 1.20
2042 5.99 543 1.55 0.60
2043 6.07 5.50 1.57 0.59
2044 10.49 9.51 2.71 0.98
2045 9.19 8.32 2.37 0.82
2046 8.23 7.46 2.13 0.71
2047 9.30 8.43 2.40 0.77
2048 9.40 8.52 2.43 0.75
2049 9.26 8.39 2.39 0.71
2050 9.16 8.30 2.37 0.67
Total 285.51 258.76 73.75 40.16

6.7.3. RAP Cost Savings

Using RAP will lower the amount of virgin aggregate and binder in the mix, which results in cost savings. Using
the data extracted from Caltrans Construction Procedure Directive (CPD16-8), Attachment 7 (Caltrans 2016),
the data shown in Table 6.8 were selected as the price of virgin aggregate and binder (per ton which was later
converted into metric tonnes, 1 tonne = 1.10231 ton.)

Table 6.8. Cost ($/ton) of virgin binder and aggregate

Item Material Trucking Subtotal Markup 15% Total
Aggregate $7.0 $3.0 $10.0 $15 $115
Virgin Binder $400.0 $18.0 $418.0 $62.7 $480.7
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The cost of rejuvenator was assumed to be similar to the cost of the virgin binder, therefore, to calculate the cost
savings due to increased use of RAP, the amount of virgin binder and virgin aggregate replaced only by RAP
materials were calculated and multiplied by the estimates shown in Table 6.9, per instructions of CPD16-8.
Table 6.9 shows the cost-saving results per tonne of HMA for each of the three scenarios of higher RAP content
versus the baseline.

Table 6.9. Cost savings for each mix ($ per tonne of HMA)

Mix Design Material Savings vs. Cost Savings vs. Baseline HMA

Mix Title Baseline HMA (percent) ($/tonne of HMA)
RAP Binder Virgin Virgin Virgin Virgin Total
Content from RAP Aggregate Binder Aggregate Binder Mix
HMA (Max 15% RAP) 11.5% 0.52% 0.0% 0.0% $0.00 $0.00 $0.00
HMA (Max 25% RAP) 15.7% 0.71% 4.2% 0.2% $0.53 $1.00 $1.53
HMA (Max 25% RAP) 20.9% 0.94% 9.4% 0.4% $1.19 $2.24 $3.43
HMA (Max 40% RAP) 29.2% 1.32% 17.8% 0.8% $2.25 $4.23 $6.48
HMA (Max 50% RAP) 33.4% 1.50% 21.9% 1.0% $2.78 $5.23 $8.01

App-Table 26 in Appendix V shows the cost savings per year across the whole network alongside the GHG
emission savings for each of the scenarios versus the baseline of HMA with up to 15 percent RAP. Using high
percentage of RAP can result in 237 to 1,245-million-dollar savings (NPV) during the 33-year analysis period.
These cost savings correspond to 95.6 thousand to 1.33 million metric tonnes of CO»e reductions which equals
0.7 to 9.4 percent reduction compared to the baseline. Figure 6.5 shows the amount of savings in total GHG
emissions between 2018 and 2050 compared to the baseline for HMAs with higher RAP content, and Figure 6.6
shows the percent change in emissions for each scenario versus the baseline.

-95,674
-326,158
-469,794
-729,016
-869,939
-1,051,693

-1,330,906

Change in Total GWP (Tonne CO2e)
versus the Baseline

Max 25% Max 25% Max 25% Max 40% Max 40% Max 50% Max 50%
RAP, BTX RAP,Soy RAP,no RAP,BTX RAP,Soy RAP,BTX RAP, Soy
Oil Rejuv Qil Qil

Figure 6.5: Change in total GHG emissions between 2018-2050 compared to the baseline
for the three scenarios with higher RAP content.
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Figure 6.6: Percent change in GHG emissions compared to the baseline
for mixes with higher RAP content.

6.7.4. Discussion

Increasing the amount of RAP in HMA mixes used by Caltrans in their projects can result in reductions in GHG
emissions and cost savings. As shown in previous sections, RHMA production is also as significant as HMA
production in terms of environmental impacts (annual RHMA impacts are about 67 percent of HMA impacts.)
However, Caltrans currently does not allow RAP to be used in RHMA which signifies a major untapped area for
further reducing the GHG emissions of material production in Caltrans projects.

There are concerns, however, regarding the performance of HMA with higher RAP content. This study was
conducted assuming similar performance during the use stage across all the scenarios. Decreases in performance
can result in more frequent maintenance and rehabilitation needs in the future. Higher surface roughness due to
poor performance can cause in an increase in vehicle fuel consumption. These issues can result in not only
offsetting the original savings due to use of higher RAP content, but also causing higher environmental impacts
compared to the base scenario.

Therefore, further research is needed for investigating the performance of HMA with higher than 15 percent
RAP content, and also RHMA with RAP. The research findings would allow design guidelines to be developed

and unintended consequences, that can arise from good intentions, to be avoided.

The information regarding the abatement potential calculations presented in this chapter is summarized in Table
6.10 for the 33-year analysis period.
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Table 6.10. Summary of abatement potential for increased RAP use in asphalt pavements in California

coschange | Ayease Al over 2

. Benefit /
COze Life nglsi Cost COze Life Cycle
Mix Change Change ($/tonne Change Cost CITa.nge
(MMT) - COze (MMT) ($ million)

($ million)

reduced)
Max 25% RAP, BTX -0.10 -237 -2,479 -0.003 -7.188
Max 25% RAP, Soy Qil -0.33 -237 -727 -0.010 -7.188
Max 25% RAP, no Rejuv -0.47 -534 -1,136 -0.014 -16.173
Max 40% RAP, BTX -0.73 -1,008 -1,383 -0.022 -30.549
Max 40% RAP, Soy Oil -1.05 -1,008 -959 -0.032 -30.549
Max 50% RAP, BTX -0.87 -1,245 -1,431 -0.026 -37.737
Max 50% RAP, Soy Oil -1.33 -1,245 -936 -0.040 -37.737

6.8. The Issue of Allocation in LCA of Recycled Materials

As discussed earlier in Chapter Two, the issue of allocation is present in many aspects of pavement LCA
studies. ISO 14040 (2006) defines allocation as “partitioning 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.” Systems that produce
co-products, by-products, or recycled materials are areas of concern for allocation. Allocation of recycled
materials has been an area of discussion in all the three international symposiums on pavement LCA (Davis, CA
2010, Nantes, France 2012, and Davis, CA 2014) and three different approaches have been suggested (Harvey et
al., 2010; Van Dam, 2015):

¢  Cut-off method: all impacts of using recycled materials go to the downstream project (pavement 2 is
responsible for R1, all impacts of original production of material to be recycled assigned to pavement 1
with no reductions for reductions in use of virgin material in pavement 2)

¢ 50/50 method: half the impacts to the second pavement and half to the first pavement

e  Substitution method: The first pavement is given the full benefits (the impacts that are avoided by
substituting virgin materials in pavement 2)

Asphalt pavements can be recycled at the end of their service life as RAP and can be used in a new construction
as part of a closed loop system. With the increased popularity of using RAP in flexible pavements, the issue of
allocation has become more important. This section is aimed at providing a better understanding of the impact of
the allocation methodology used in LCA of HMA with RAP in different contexts.

To address the goal of this study a comparison was made of the LCI of RAP and HMA under two allocation
methodologies while assuming a factorial of cases for the major input parameters. The system boundary is
cradle-to-laid (material production, transportation, and construction.) To achieve the goal, a factorial of possible
values for main input parameters affecting RAP and HMA LCI is assumed and the LCI results are compared
under the two allocation methodologies to better understand the impact of allocation method in different
contexts (combination of input parameters.)
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A functional unit of 1 In-km was selected for this comparison with a lane width of 3.7 m, a milling depth of 6
in., and specific gravity of 2.6 for RAP materials. Two allocation methods were considered as follows:

e Cut-off: Milling and hauling impacts are assigned only to RAP and the upstream project is responsible
for all the impacts of virgin material production. No part of the reduction in environmental impacts are
allocated to the upstream project for the material recycling at the pavement EOL.

e 50/50: The total impacts of virgin material production, milling at the EOL, and hauling to the plant are
summed up and divided 50/50 between the upstream and downstream projects. Only the portion of
binder that is recovered is included though and the virgin aggregate that will be replaced (downstream
project does not take 50 percent of the impacts for the unrecovered binder in the original material.)

The following were the major input parameters considered in the factorial of cases defined under this study:

e Mix Design Binder Content

e Average RAP Binder Content

e RAP Binder Recovery

e Binder Replaced by RAP/Rejuvenator (two types: Aromatic and Bio-based)
e RAP Hauling Distance

Table 6.11. Factorial of cases considered for the main input parameters in
evaluating the impact of allocation methodology on RAP LCI

Input Parameter Value
4.5%

. . . 5.0%
Mix Design Binder Content 5 5%
6.0%

11% (0%)

15% (5%)

Binder Replaced by RAP (Rejuvenator)  20% (0%)
28% (7%)
32% (10%)
4.0%

4.5%

5.0%

5.5%

50%

60%

75%

90%

0

25

50

100

Average RAP Binder Content

RAP Binder Recovery

Hauling Distance (mi)

A total of 2,048 cases were run using the factorial of input parameters defined in this section. Details of LCA
modeling of the milling process, virgin material production, and RAP and HMA LCA modeling are provided
earlier in Chapter Three of this document. In this section only changes in the LCI of HMA due to changes in 5
main input parameters and the allocation methodology used are investigated. Table 6.12 shows selected LCI and
LCIA items for the background items needed to conduct this analysis.
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Table 6.12. LCI of background items used

LCI of Background Functional GWP  POCP PM25 . TED PED - Feedstoc
Items Unit [kg CO2e] [kg O3e] Loy eE) (REIRGT; LEEe
[MJ] [MJ] [MJ]
Heavy Truck (24 Tonne) 1000 kg-km 7.8E-2 12E2 25E-5 1.1E+0 11E+0  0.0E+0
Diesel Burned 1 gallon 12E+1  53E+0 94E-3 1.6E+2 1.6E+2  0.0E+0
Aggregate - Crushed 1 kg 3.4E-3 6.5E-4 1.6E-6 6.0E-2 5.2E-2 0.0E+0
Bitumen 1kg 4.8E-1 8.1E-2 4.1E-4 5.0E+1 4.9E+1  4.0E+1
Rejuvenator, Bio 1 kg 3.0E-1 26E-2 1.7E-4 3.5E+0 35E+0  0.0E+0
Rejuvenator, Aromatic 1kg 6.4E-1 1.6E-4 3.2E-2 4.8E+1 4.8E+1 2.2E-1
Milling of RAP 1 In-km 1.3E+3 58E+2 1.0E+0 1.8E+4 1.8E+4 0.0E+0
. 1 In-km of
Transportation of RAP - o o' 16 9.2E+3  15E+3 29E+0 1.3E+5 1.3E+5  0.0E+0
(after milling to plant) .
50 miles
Milling of RAP 1 kg 8.9E-4 3.9E-4 7.0E-7 1.2E-2 12E-2  0.0E+0
Transportation of RAP kg for 50 63E-3  10E-3 20E-6 9.0E-2 9.0E-2  0.0E+0
(after milling to plant) mi

For the HMA, it was assumed that the mix design only includes virgin binder, virgin aggregate, RAP, and
rejuvenator.

The GWP results in this section are presented for 1 kg of HMA with different RAP contents, with the goal of
understanding the impact of the allocation methodology on the GWP and also the sensitivity of the GWP to the
major input parameters identified earlier under each allocation method. The results are presented as boxplots
plotted side by side of the ratio of GWP for HMA with RAP versus HMA with no RAP for each allocation
methodology. This was done to compare the results between allocation methodologies and to also provide an
understanding of how the GWP of HMA changes with changes in major input variables such as RAP content,
RAP binder content and so forth.

Figure 6.7 shows the GWP ratio of 1 kg of HMA using RAP over using only virgin materials. Each set of graphs
has two series of boxplots, blue ones for data using the cut-off method for calculating the impacts of HMA with
RAP, and yellow ones for data calculated using the 50-50 method.

GWP of HMA with RAP using cut-off method is consistently lower compared to GWP HMA with RAP using
the 50-50 method. The trend observed in all the boxplots is consistent between the cut-off and the 50-50 except
for two graphs: the one plotted against mix binder content, and the one plotted against binder replaced by
rejuvenators. The first graph shows similar boxplot for cut-off method regardless of mix binder content, which is
expected as binder content does not play a role in calculating HMA LCI using the cut-off method. The other
graph shows no trend in boxplots of the 50-50 method; this is because the impacts of virgin binder and
rejuvenator are not much different, resulting in similar GWP for HMA using the 50-50 method.

Increased RAP hauling distances results in increased GWP of HMA under both allocation methods compared to
HMA with virgin materials, with a more dramatic increase when the cut-off method is used. For hauling
distances above 50 miles, there are cases where GWP of 1 kg of HMA with RAP will be higher than HMA with
virgin materials, depending on the values of other input parameters. Thirty-six cases with the cut-off method
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resulted in higher GWP for HMA with RAP versus HMA with virgin materials (GWP ratio of higher than one.)
The cases where the use of virgin materials results in less GWP compared to the use of RAP for the cut-off
method all have hauling distance of 100 miles with RAP binder recovery of 50 or 60 percent. The number of
these cases for the 50-50 method is 361 and for them, the following combinations of RAP binder recovery ratios
and hauling distance are observed: 75% + 100, 60% + 100, 50% + 100, 50% + 50, 50% + 25.
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Figure 6.7: Ratio of GWP of 1 kg of HMA (using RAP over using virgin materials, under two allocation methods.)
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CHAPTER 7. Cradle-to-Laid LCA Benchmarking and Comparison of
Currently Available Alternatives for End of Life Treatment for
Flexible Pavements in California

7.1. Introduction

Sustainability is an integral part of the Caltrans mission statement: “Provide a safe, sustainable, integrated, and
efficient transportation system to enhance California’s economy and livability” which has resulted in Caltrans
pursuing innovative materials and construction processes in their projects for many years. As pavements reach
their end-of-life (EOL), there are multiple options available and recycling has become increasingly popular due
to the general perception of recycling as a more sustainable alternative than other alternatives. This has also
been driven by cost considerations for virgin versus reclaimed asphalt binder, and virgin versus recycled
aggregate. Virgin aggregate has become scarcer in California near locations of greatest use which is another
contributing factor to the recent trends observed. It is widely believed that recycling will always lead to
significant environmental benefits, to the point that many pavement engineers exclusively associate the term
sustainability for pavements with recycling. Objective quantification of the environmental impacts of recycling
alternatives throughout their full life cycle is needed to have a better understanding of the performance of
different alternatives in terms of sustainability.

This chapter utilizes LCA methodology for benchmarking and comparison of the environmental impacts of the
current methods in practice for in-place recycling (IPR) or reclamation of flexible pavements at their EOL. The
methods considered in this study for in-place recycling are cold in-place (CIR) and full depth reclamation (FDR)
with different stabilizers and wearing courses on top of the recycled or reclaimed layer, and the primary current
practices of asphalt overlay and mill-and-fill (remove part of the asphalt and then overlay.)

In this chapter background information on in-place recycling methods for flexible pavements is presented
followed by the framework for conducting the “cradle-to-laid” LCA for each treatment. The framework is
described in detail including goal and scope definition, life cycle inventory development, impact assessment
methodology to use, followed by interpretation. The chapter is concluded with a summary of findings and
recommendations for the next stage of this study, which is development of performance models that are needed
for a full life cycle LCA comparison of alterative EOL options. Such an approach is needed for unbiased,
quantified, and objective decision-making which helps transportation planners avoid unintended consequences
and situations in which reducing emissions in construction stage results in such extra impacts during other life
cycle stages that the net result is worse than conventional options.

The main objectives of this chapter and the next are to:

e Develop models to quantify the environmental impacts of EOL alternatives for flexible pavements,
using the practice in California as the case study.

e Develop performance prediction models for sections built using in-place recycling techniques to
understand how their roughness and structural deterioration progress with time. These predictive models
for roughness and cracking are needed in the use stage to estimate fuel consumption in vehicles and
frequency of maintenance and rehabilitation based on cracking performance.
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To achieve the project objectives, the following questions are addressed in this chapter:

e  What are the environmental impacts of the EOL strategies for flexible pavements in California
considering only the material production, construction and EOL stages and without considering the use
stage performance?

e How much does each life cycle stage contribute to the total impacts (without considering the use stage)?

¢ How do current alternative EOL strategies for flexible pavements in California compare with each
other, in terms of cradle-to-laid impacts?

e How much does haul distance of materials contribute to the differences observed? What is the transport
distance for new materials (for FDR, CIR, and overlays) at which the different environmental impacts
are the same?

The following chapter on performance prediction models will address the following questions:

® How do sections built using IPR perform in the field? How quickly do cracks appear on the surface?
How does surface roughness vary with time under traffic?

¢ How do sections built using IPR and conventional strategies compare in terms field performance during
the use stage? Is the difference significant enough to warrant more frequent maintenance and
rehabilitation, resulting in more environmental impacts and costs?

7.2. Overview of In-Place Recycling of Flexible pavements

There are three different options available at the end of a flexible pavement’s service life, which can be applied
to either the entire pavement structure above the subgrade or layers within the structure:
¢ Removal of materials and disposal in landfills,
¢ Continued use (referred to here as reuse) in place as an underlying layer in its state at the end of life of
the pavement, or
e Pavement material recycling or reclamation either in place or at a recycling plant.

Recycling pavement materials (sometimes referred to as reclaiming depending on the technology), either in
place or at a plant from other projects and either full- or partial-depth, will displace use of virgin aggregates and
binders (particularly asphalt but others such as residual hydraulic cement as well) and therefore eliminate the
impacts of producing virgin materials. However, there are still emissions and energy consumption related to
demolition, processing, stabilization, and transportation of the recycled materials to an offsite processing plant
or transportation of stabilizing and additional virgin materials when recycling on site.

7.3. In-Place Recycling Technologies for Flexible Pavements

All in-place recycling technologies require that any drainage problems be addressed for the treatment to be
successful.

CIR is an in-place rehabilitation technique that is typically used when there is surface cracking, particularly top-

down cracking that has not proceeded all the way through the asphalt layers, and oxidation. It is not used for
heavily cracked pavement, pavement with deep moisture damage, or where the extensive cracks extend through
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all asphalt layers. The CIR process includes milling the surface of the pavement, mixing the recycled material
with asphalt emulsion and often a small amount of cement, compacting it, and placing an asphalt overlay or a
chip seal as a wearing surface. The depth of asphalt pavement recycled with CIR is typically not less than 50
mm (2 in) or more than 100 mm (4 in) and there must be additional existing asphalt pavement below this depth
to support the milling machine, making CIR a partial-depth recycling process.

FDR is an in-place rehabilitation technique in which all the HMA layer and at least 0.17 ft (50 mm, 2 in) of the
base/sub-base materials are pulverized and an asphalt overlay, or a chip seal is placed as a wearing surface. FDR
is used where there is extensive cracking of the HMA, and the cracks extend through all the HMA layer. It is
also used where there is extensive delamination of the HMA layers and where there is extensive moisture
damage in the HMA. The pulverized materials are mixed with or without stabilizing agents and are graded,
placed, and compacted back in place providing an improved base layer before placing the wearing HMA overlay
or a surface treatment.

In some states, the term CIR includes all cold in-place recycling, including both partial-depth and full-depth. In
other states, such as California, the term CIR only refers to partial cold in-place recycling and the term CIR is
not applied to any FDR processes. In the remainder of this chapter, the term CIR is used to refer to partial-depth
recycling that is done in-place and leave some existing asphalt. FDR is used to refer to full-depth reclamation.

The benefits of in-place recycling, according to a study conducted by NCHRP in 2011, are as follows (Stroup-
Gardiner, 2011):

e Reduction in use of natural resources

e Elimination of materials generated for disposal or landfilling

e Reduction in fuel consumption primarily due to reduction in transportation of new materials

e Reduction in greenhouse gas

e Reduction in lane closure times

e Safety improvement by increasing friction, widening lanes, and eliminating overlay edge drop-off
e Reduction in costs of preservation, maintenance, and rehabilitation

¢ Improving base support with minimum overlay thickness

This section provides a review of the construction process and the materials used in each of the in-place
recycling techniques which serves as the basis of modeling the construction process in the next chapter for
estimating the environmental impacts.

7.3.1. Construction Processes and Materials for Cold In-Place Recycling

Figure 7.1 shows the construction process and the equipment used for a typical CIR project. The Asphalt
Recycling and Reclaiming Association (ARRA) recommends that the equipment used for CIR should be capable
of the following (ARRA, 2014):

e Milling of the existing roadway

¢ Sizing the resulting RAP

® Mixing the RAP with the stabilizer designated in the mix design, which are typically portland cement
and asphalt emulsion or foamed asphalt
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e Meeting the required gradation and sizing with either the milling process or with additional sizing
equipment

® Producing a homogenous and uniformly coated mixture by mixing RAP and additives in the milling
machine or in an additional mixing chamber

e Placement and compaction according to the specifications

These requirements can be achieved through a set of equipment consisting of (not all the equipment may be
needed for every project):

e  Pavement cold planer (milling machine) with a minimum 3.75 m (12.5 ft) cutter and a means for
controlling the depth of milling and the cross-slope or pulverization machine

¢ Crushing and sizing equipment

® Mixing and proportioning equipment

e Cement and asphalt emulsion or foamed asphalt storage and supply equipment

* Mixing and spreading equipment for dry cement

¢ Mixing and spreading equipment for corrective aggregate

¢ Paving equipment

e  Water truck

e Broom truck

e Compaction equipment

e Fog sealing and sand spreading equipment

The construction process starts with roadway preparation in which the contractor should identify the location of
all utilities within the project site, clean and remove any dirt or obstacle, reference the profile and cross slope,
cold mill along cross walks and gutters to prepare for the final overlay, and correct all areas known to have soft
or yielding subgrades.

CIR construction is recommended to be allowed to proceed only when the RAP temperature is above 50°F
(10°C) and the previous overnight temperature was above 35°F (2°C.) A control strip with a minimum length of
1000 ft (300 m) should be constructed on the first day of the project to show that the construction process meets
the specifications. The optimal rates of stabilizer and the rolling pattern to achieve the optimum field density
should be identified from the control strip.

The existing pavement should be milled to the depth required by the plan or the specifications and the recycled
materials should be crushed and sized to the maximum particle size specified (ARRA, 2014.) The incorporation
of recycling additive or stabilizing agent can be in the form of applying mechanical, chemical, or bituminous
stabilizer or a combination of all. Mineral stabilization is defined as the addition of imported granular materials
to reach the desired characteristics in terms of gradation. Mechanical stabilization consists of compaction to
desired density, which improves stiffness, strength, rutting and fatigue properties, and decreases water
permeability. Chemical stabilization is achieved by adding one or a combination of portland cement, fly ash,
calcium chloride, magnesium chloride, and lime, with portland cement being the most commonly used chemical
stabilizer. These materials only stabilize if they create pozzolonic cementing action. Bituminous stabilization
consists of adding asphalt emulsion or foamed asphalt. Common practice in many states for partial-depth
recycling is to use a combination of bituminous stabilization with emulsions or more recently using foamed
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asphalt and chemical stabilization. Mechanical stabilization in the form of compaction is used for all treatments,
and addition of imported granular materials is used if the existing in-place materials do not provide a
satisfactory gradation (Van Dam et al., 2015.) Cement or lime slurry may be directly added to the mixing
chamber or sprayer over the cutting teeth of the milling machine. If dry cement or corrective aggregate is
needed, it can be spread on the existing surface ahead of the milling operation (ARRA, 2014.) The CIR milling
and mixing process can be accomplished with a single-unit machine or a multi-unit train.

The placement of the recycled materials is conducted either with conventional asphalt pavers or cold mix
pavers, followed by compaction. The time between material placement and start of compaction is determined by
the contractor. Compaction (initial/breakdown, intermediate, and final compaction) is one of the main factors
affecting the future performance of the section. The type and number of compactors depend on many factors
such as the degree of compaction required, material properties of the pulverized mix, support capabilities of the
underlying layers, and the needed productivity. In general, the characteristics of the recycled mix determine the
type of roller needed and the thickness of the layer, and the required compaction dictates the weight, amplitude,
and frequency of the compactors. In any case, the contractor is responsible for determining the compaction plan
that meets the specified densities. The compaction should be monitored using nuclear density testing in
accordance with ASTM D2950, or the owner agency approved method (ARRA, 2014.)

For materials stabilized by chemical and bituminous materials, curing is a critical step and is needed to assure
that adequate strengths have been achieved for opening to traffic, prevent raveling, and facilitate placement of
the final wearing course. The curing rate depends on multiple factors, particularly if traditional asphalt
emulsions are used because the water that makes up 40 to 60 percent of the emulsion must be evaporated. The
factors affecting curing include the nature of the stabilization, temperature, humidity, moisture content of the
mix, compaction level, and drainage characteristics of the section and it is best to keep the traffic off the
pavement until sufficient curing has occurred to achieve adequate opening strengths.

For stabilization with traditional asphalt emulsions the curing period depends on the type and quality of the
agent, moisture content of the pulverized mix, mix level of compaction, aggregate characteristics, stabilizer
(cement or lime), and ambient conditions. The addition of cement along with asphalt emulsion helps provide
faster strength for earlier paving of the overlay and opening to traffic. ARRA (2014) states that for CIR a curing
period of at least 3 days and the moisture content of less than 3 percent should be required before proceeding to
secondary compaction or opening to traffic. ARRA recommends secondary compaction if the recycling agent is
emulsified asphalt with no chemical stabilizers added. If secondary compaction is planned, a separate rolling
pattern should be established during the control strip and the density of the recycled materials after secondary
compaction should be checked to verify compliance. ARRA suggests that secondary compaction be done with
pneumatic and double drum vibratory at temperatures above 80 °F (27 °C.) As materials are better understood
and contractors gain more experience, practice for local governments in many locations with light vehicles
moving at slow speeds is often to open within hours of construction, and to follow with re-compaction and
overlay several days later.

In the final step, a wearing course is usually laid on top. For low traffic roads, a single or double chip seal might
be enough but in sections with higher traffic levels, an HMA overlay is needed. The overlay thickness is
dependent on the specifics of the project, the agency’s policies, anticipated traffic, climate, economics,
stabilizing agent, and structural requirements. For HMA or Warm Mix Asphalt (WMA) overlays, ARRA
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recommends applying a tack coat of either CSS-1h or SS-1h emulsified asphalt at the minimum rate of 0.05
gal/yd2 before applying the wearing course.

7.3.2. Construction Processes and Materials for Full Depth Reclamation

The FDR construction process is like CIR, with the main difference being that the whole thickness of the
existing HMA layer and a predetermined thickness of the underlying layer are pulverized and mixed together,
which requires different equipment than what is used for CIR, as shown in Figure 7.2. The FDR pulverization
equipment uses larger teeth than is used by the CIR milling equipment, and the FDR equipment can operate on
granular materials while CIR milling machines need sufficient HMA material below them to support their
weight. FDR can recycle pavement depths up to 12 in. (300 mm) (Van Dam et al., 2015.)

The FDR process can vary between projects depending on the project specifics, owner/agency needs, and the
requirements of the section after recycling. Common practice for many agencies is to use a combination of
foamed asphalt and chemical stabilization (typically cement) or only chemical stabilization or only asphalt
emulsion stabilization with FDR.

The UCPRC has been conducting extensive research on in-place recycling since 2000. These projects were
mainly focused on comparing various design and construction methods, both in the lab and on the field using
heavy vehicle simulator (HVS) with the objective of developing best practice methods for the state of
California.

In a comprehensive study on FDR with foamed asphalt for Caltrans (Jones et al., 2009), results of extensive
literature survey and a mechanistic sensitivity analysis was used to formulate a work plan for laboratory and
field studies to understand and to address issues specific to recycling thick asphalt pavements. The results
showed that FDR with foamed asphalt combined with a cementitious filler should be considered as a
rehabilitation option on thick, cracked asphalt pavements on highways with an annual average daily traffic
volume not exceeding 20,000 vehicles. The technology is particularly suited to pavements where multiple
overlays have been placed over relatively weak supporting layers, and where cracks reflect through the overlay
in a relatively short time. However, the report emphasized that project selection, mix design, and construction
should be strictly controlled to ensure that optimal performance is obtained from the rehabilitated roadway.

Later UCPRC published comprehensive guidelines for project selection, design, and construction of sections
with FDR and a combination of foamed asphalt and an active filler, typically portland cement or lime. The main
topics covered in the guideline are project selection, mix design, structural design, construction design, and
construction (Jones et al., 2009.)

The research on FDR at UCPRC continued with a study comparing the performance of four different full-depth
pavement reclamation strategies, namely pulverization with no stabilization (FDR-NS), stabilization with
foamed asphalt and portland cement (FDR-FA), stabilization with portland cement only (FDR-PC), and
stabilization with engineered asphalt emulsion (FDR-EE.) The first stage of this study was finished in 2014
focusing on literature review, the test track layout and design, stabilization and asphalt concrete mix designs,
test track construction, and collection and analysis of results of HV'S and laboratory testing (Jones et al., 2014.)
The second stage of the study included accelerated pavement testing, full-scale field testing, and additional
laboratory testing. The results showed that FDR-FA and FDR-PC sections performed very well under both dry
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and wet conditions. The FDR-NS sections tested performed acceptably. Due to problems associated with
construction, no conclusions could be drawn from the test results. Figure 7.3 shows the construction
methodology that was used in this study (Jones et al., 2016.)

7.4. Life Cycle Assessment Framework

This section summarizes the framework used for conducting LCA for each of the cases. First, the goal and scope
of the study is described and then the modeling effort for developing the life cycle inventory database is
explained in detail for each of the three life cycle stages. The models developed under this study and other LCA
efforts at UCPRC have undergone a 3" party critical review according to the requirements of ISO 14040 (2006.)
The summary results for the LCI and LCIA for each stage are presented at the end of each section. The final
phase of LCA, the interpretation, is presented in the next chapter.

7.4.1. Goal and Scope Definition

The goal of this LCA study is to quantify the environmental impacts of the current EOL treatments in use for
flexible pavements through a benchmark study. The intended application is to provide an estimate of how
different alternatives perform in terms of the environmental impacts during material production, transportation,
construction, and the EOL of each section. As this range does not cover the full life cycle of the alternatives,
comparison between the LCA of treatments shall not be used as a basis for selecting between alternatives,
because without the performance models the number of maintenance and rehabilitation treatments needed for
each alternative during the use stage cannot be determined. For this stage of the study, attributional LCA was
conducted on a matrix of possible treatments for EOL of flexible pavements to identify the hot spots within the
cradle-to-laid period of each alternative. Table 7.1 shows the EOL treatments considered in this study.

Table 7.1. The EOL treatments considered in this study
Case# Description
Case1 CIR (10 cm (0.33 ft) Milled + 1.5% FA + 1% PC) w. Chip Seal
Case2 CIR (10 cm (0.33 ft) Milled + 3% FA + 2% PC) w. 2.5 cm (0.08 ft) of HMA OL
Case3 FDR (25 cm (0.82 ft) Milled + Mech. Stab.) w. 6 cm (0.2 ft) RHMA OL
Case4 FDR (25 cm (0.82 ft) Milled + 4% AE + 1% PC) w. 6 cm (0.2 ft) RHMA OL
Case5 FDR (25 cm (0.82 ft) Milled + 3% FA + 1% PC) w. 6 cm (0.2 ft) RHMA OL
)
)

Case6 FDR (25 cm (0.82 ft) Milled + 2% PC) w. 6 cm (0.2 ft) RHMA OL
Case7 FDR (25 cm (0.82 ft) Milled + 4% PC) w. 6 cm (0.2 ft) RHMA OL
Case8 FDR (25 cm (0.82 ft) Milled + 6% PC) w. 6 cm (0.2 ft) RHMA OL
Case9 HMA Overlay (7.5cm (0.25 ft))

Case 10 HMA Mill & Fill (10 cm (0.33 ft))

AE: asphalt emulsion

FA: foamed asphalt

OL: overlay

PC: portland cement

RHMA: rubberized hot mix asphalt
Stab.: stabilization

~ o~ o~ o~

The location of use is limited to the state of California and the functional unit of the study is one In-km of
pavement. The physical boundary only includes the main lanes and not the shoulders. As the system boundary
only includes material production and the construction stage, the analysis period is selected to be one year.
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For the functional unit of one In-km, the LCI of each of the rehabilitation techniques includes the following life
cycle stages without considering the M&R activities during the use stage:

e  Material production

¢ Transportation of the materials to the site

¢ Construction activities

¢ EOL milling and hauling to recycling plants or landfills

The material production stage inventories are cradle-to-gate for all the materials used in the construction. This
means that the LCI includes the energy consumption and emissions of all the processes: raw material acquisition
from the ground, transportation to the plant, and further processing of the raw materials in the plant until they
are ready to be shipped at the gate. The models represent the conditions, technologies, and practices used in
local plants and construction processes in California, but which are generally applicable to much of the world.
For each of the construction materials, models were developed in GaBi, an LCA software, and energy sources in
the model were calibrated to represent the local conditions in terms of electricity grid mix and fuel type used in
plant.

This study follows US EPA’s TRACI 2.1 methodology (Bare, 2012) for impact assessment. Main areas of
concern are primary energy demand (PED) separated into PED used as an energy source and PED for materials
not used as an energy source, global warming potential (GWP), and air quality. Air quality is assessed using two
impact categories: Photochemical Ozone Creation Potential (POCP) which measures smog formation, and
Particulate Matters smaller than 2.5 micrometers (PM 2.5.) Table 7.2 shows the LCI and LCIA items that are
reported in this study. Primary energy is reported as three numbers: total PED, PED non-renewable, and non-
fuel PED (or feedstock energy: the amount of energy left in the material and is not consumed when converting
to useable energy.)

Table 7.2. Impact categories and inventories reported in this study

Impact Category/Inventory Abbreviation Unit

Global Warming Potential GWP kg of CO2z-e
Photochemical Ozone Creation (Smog) Potential POCP kg of O3-e
Particulate Matter less than 2.5 ym PM2.5 Kg

Total Primary Energy Demand from renewable & non-renewable resources,

(net calorific value) PED (Total) MJ

Primary Energy Demand from fuels and energy sources (net calorific value) PED (Fuel) MJ
Primary Energy Demand from materials that are not used as source of PED (Non-

. e MJ
energy but do contain feedstock energy, non-fuel (net calorific value) Fuel)
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Cold In Place Recycling (CIPR)
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Figure 7.1: CIR process: (a) construction (Van Dam et al., 2015); (b) CIR equipment (Wirtgen, 2012)
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(5) (6)
Figure 7.3: FDR+FA construction process in the field (Jones et al., 2016.)
The process consists of: (1) Spreading cement on old asphalt surface; (2) Recycling train; (3) Uniform
mix behind; (4) Padfoot roller compaction on uniform mix; (5) Steel wheel compaction showing tightly
bound surface; (6) Final compaction.
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7.4.2. Life Cycle Inventory and Impact Assessment

In this section, the modeling process for developing the LCI and LCIA is presented. The modeling was
conducted in GaBi software and the electricity grid mix and plant fuels for the material production stage were
calibrated to represent the California grid mix and regulations for plant fuels. The results of the LCI were then
converted to impact indicators using the US EPA impact assessment methodology, TRACI 2.1. (Saboori et al.,
2020.)

7.4.3. Mix Designs for CIR and FDR Alternatives

As shown earlier in Table 7.2, this study is comparing 10 different alternatives for EOL of flexible pavements.
Eight in-place approaches (2 CIR and 6 FDR) and 2 conventional methods (mill-and-fill, overlay.)

For the CIR cases, it was assumed that only milling is conducted (10 cm [0.33 ft]) of milling) without any
stabilizers or additives. The CIR sections are topped with a wearing course that could be a chip seal or a 2.5 cm
(0.08 ft) asphalt overlay. The mix designs of the wearing courses will be discussed shortly in this section.

For the FDR sections, the thicknesses were the same across all 6 cases; 25 cm (0.82 ft) of pulverization with
stabilizers and then a 6 cm (0.2 ft) of rubberized asphalt on top. The type and amount stabilizers were the
variables across all the FDR cases, starting with no stabilizer (mechanical stabilization) to various amount and
combinations of asphalt emulsion and portland cement.

For the conventional methods, two cases were considered. One case was doing a 10 cm (0.33 ft) mill-and-fill
and the other was a 7.5 cm (0.25 ft) HMA overlay.

There are three different wearing courses in the matrix of possible EOL treatments explained above, chip seal,
hot mix asphalt, and rubberized hot mix asphalt. The rest of this section explains the mix design that was used to
develop LCI for each of the wearing courses. The summary table at the end of this section only presents the
impacts of material production for each of the wearing courses and does not include transportation and
construction stages as these will be added later.

7.4.3.1. Chip Seal

It was assumed that the chip seal is constructed with 0.4 gal/sy (1.81 liter/m?) of asphalt emulsion and 0.35 1b/sy
(0.19 kg/m?) of aggregate. The construction process consists of sweeping, application of binder, aggregate
application, rolling with pneumatic and a final round of sweeping. Aggregate are assumed to be angular and
crushed for better interlock.

7.4.3.2. Hot Mix Asphalt

The mix design was taken from UCPRC Case Studies (Wang et al., 2012) which represents a typical mix used
by Caltrans for their rehabilitation projects, Table 7.3 is the mix design considered. The cut-off method was used
as the allocation methodology for RAP. Only the impacts of milling off the old asphalt and transportation to the
plant with a hauling distance of 50 miles (80 km) was assigned to RAP.
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Table 7.3. HMA with RAP mix design

0,
Item We/;g?'%
Aggregate: 81
e Coarse 38
e Fine 57
e Dust 5
Asphalt 4
RAP 15

7.4.3.3. Rubberized HMA (RHMA)

The mix design, presented in Table 7.4, was taken from UCPRC Case Studies report (Wang et al., 2012) which
represents a typical rubberized asphalt used by Caltrans in its rehabilitation projects.

Table 7.4. RHMA mix design

% b
Item W e/?gh{
Aggregate 92.5
e Coarse 68
e Fine 27
e Dust 5
Asphalt Binder 7.5
e Asphalt 77.5
¢ CRM 20
e Extender Oil 25
RAP 0

7.4.3.4. Summary

Table 7.5 shows the LCI and LCIA for the mixes that are used as the wearing course. Section thicknesses and
length were used to calculate the volume of materials which were then converted to mass assuming a density of
2400 kg/m’ for both conventional and rubberized asphalt concrete. Mass of chip seal was calculated based on the
mix which was expressed in terms of kg of material per unit area.

Table 7.5. Summary of LCI and LCIA for the mixes used as the wearing course

PED
. GWP POCP PED PED
Item punctional ypit [kg kg P"["f:] (Total)  (Fuel) (I':"::I)
COze] Oze] [MJ] [MJ]
[MJ]
Chip Seal 20.8 kg/m? 9.8E-01 1.6E-01 7.9E-04 9.3E+01 2.1E+01 7.3E+01
Conventional Asphalt Concrete 1.0 kg 4.8E-02 4.4E-03 3.2E-05 2.5E+00 8.5E-01 1.6E+00
Rubberized Asphalt Concrete 1.0 kg 6.2E-02 6.1E-03 4.1E-05 4.0E+00 1.2E+00 2.8E+00

7.4.4. Transportation of Materials to Site

For all the treatments, an 80 km (50 mi) transportation distance was assumed for the materials to the site. It was
assumed that heavy trucks (24 tonnes) are used for transporting the materials and Table 7.6 shows the LCI and

189



LCIAs used in this study which were taken from GaBi and are based on the well to wheel impacts of the fuel
used by trucks without considering the vehicle cycle.

Table 7.6. LCI and LCIA of transportation

: PED PED PED
Item unctional ngo[;‘-‘i [kg%f:] PN[IE:] (Total) (Fuel) (Non-Fuel)

[MJ] [MJ] [MJ]
Heavy Truck (24 Tonne) 1000 kg-km ~ 7.79E-02  1.24E-02 2.49E-05 1.11E+00  1.11E+00  0.00E+00

7.4.5. Construction Activities

Table 7.7 lists the main EOL treatments that are considered in this study. The impacts of the construction stage
are caused by construction activities which include fuel combusted in the construction equipment plus the
electricity and other energy sources used on site. To capture the energy consumption and emissions of the
construction activities, models were developed for the construction process for each of the in-place recycling
and the conventional rehabilitation methods. Mobilization of workers and equipment to and from the site were
not included.

Figure 7.4 shows the flowchart for developing the construction activity LCI models. Table 7.7 shows the details
of the construction process considered for each of the treatments in this study. This was done to determine the
total fuel consumption for one functional unit of each of the treatments (one In-km of surface rehabilitation.)
The results were multiplied by the emission factor of burning one gallon of fuel,

Table 7.8 taken from GaBi software, shows the impacts of diesel combustion in equipment. The LCI flows
presented in this table are “well to wheel” (includes impacts of fuel extraction from ground, processing,
transportation to pump, and its combustion in cars’ engine. Combining the total fuel combustion for each
treatment and the well-to-wheel impacts of diesel combustion gives the impacts of the construction activities for
1 In-km of each treatment which are shown in Table 7.9..

Determine details of the Total Jfuel
construction process: Cé)nsuf;l:égo};l suife
* Sequence of the equipment during construction Primary energy
e Number of passes .
. Fuel/energy consumption and
® Speed of the equipment . ..
. . consumed by the emissions due to the
e Run time/idle time . .
e Specification of the equipment construction
. LCI of the each of activities
equipment: horsepower and energy sources used
fuel consumption based on on site
speed
Figure 7.4: Flowchart used for developing LCI and LCIA of the construction activities.
Table 7.7. Construction details for each of the EOL treatments for 1 In-km
Time
gl HO:JE: Speed Speed iy # of e .Lc:lteall
Case Equipment/Activity power Use (ft/min) (km/h) 1 Pass Passes Used Used
(hp) over 1 (gal)
(gal/hr) lane-km (gal)
CIRw. — Miling (Recycler & Water 700 200 10 0.8 55 11094 312
Stabilizer  Tanker)
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Time

Engine R (hr) for Fuel UEE]
c . - Fuel Speed Speed # of Fuel
ase Equipment/Activity power U . 1 Pass Used
se (ft/min) (km/h) Passes Used
(hp) (gallhr) over 1 (gal) (gal)
lane-km
& Chip Stabilizer Application (Truck) 350 7.2 25 0.46 2.2 1 15.7
Seal Rolling (Pneumatic) 120 4.9 25 0.46 2.2 3 32.2
Rolling (Vibratory) 150 8.1 25 0.46 22 2 354
Rolling (Static) 150 8.1 25 0.46 22 3 53.1
Emulsion Application (Truck) 350 7.2 25 0.46 2.2 1 15.7
Aggregate Application (Truck) 350 7.2 25 0.46 2.2 1 15.7
Rolling (Pneumatic) 120 4.9 25 0.46 2.2 3 32.2
Sweep (Truck) 80 2.0 100 1.83 0.5 2 2.2
Milling (Recycler & Water 700 200 10 0418 55 1 100.4
Tanker)
Stabilizer Application (Truck) 350 7.2 25 0.46 2.2 1 15.7
CIRw. Rolling (Pneumatic) 120 4.9 25 0.46 2.2 3 32.2
Stabilizers  Rolling (Vibratory) 150 8.1 25 0.46 2.2 2 354 389
& 25 mm Rolling (Static) 150 8.1 25 0.46 2.2 3 53.1
HMA OL Prime Coat Application (Truck) 350 7.2 25 0.46 2.2 1 156.7
HMA Laydown (Paver) 250 10.6 15 0.27 3.6 1 38.6
Rolling (Vibratory) 150 8.1 25 0.46 2.2 2 354
Rolling (Static) 150 8.1 25 0.46 2.2 3 53.1
Milling (Recycler & Water 1000 286 10 0418 55 1 1562
anker)
Rolling (Padfoot) 150 8.1 25 0.46 2.2 2 354
FDR (AE Rolling (Vibratory) 120 4.9 25 0.46 2.2 3 32.2
& Cement  Leveling (Grader) 150 8.1 25 0.46 22 2 354 455
Stab.) w. Rolling (Rubber Tire) 150 8.1 25 0.46 2.2 3 53.1
Overlay Prime Coat Application (Truck) 350 7.2 25 0.46 2.2 1 15.7
HMA Laydown (Paver) 250 10.6 15 0.27 3.6 1 38.6
Rolling (Vibratory) 150 8.1 25 0.46 22 2 354
Rolling (Static) 150 8.1 25 0.46 2.2 3 53.1
Conventio  Milling 700 20.0 10 0.18 5.5 1 109.4
nal Prime Coat Application (Truck) 350 7.2 25 0.46 2.2 1 15.7
Asphalt HMA Laydown (Paver) 250 10.6 15 0.27 3.6 1 38.6 284
Concrete Rolling (Vibratory) 150 8.1 25 0.46 2.2 2 354
(Mill & Rolling (Pneumatic) 120 49 25 0.46 2.2 3 32.2
Fill) Rolling (Static) 150 8.1 25 0.46 2.2 3 53.1
Conventio  Prime Coat Application (Truck) 350 7.2 25 0.46 2.2 1 15.7
nal HMA Laydown (Paver) 250 10.6 15 0.27 3.6 1 38.6
Asphalt Rolling (Vibratory) 150 8.1 25 0.46 2.2 2 35.4 175
Concrete Rolling (Pneumatic) 120 4.9 25 0.46 2.2 3 32.2
(Overlay)  Rolling (Static) 150 8.1 25 0.46 22 3 53.1
Table 7.8. Well-to-wheel impacts of burning 1 gallon of diesel in the equipment
GWP  POCP  PM25 PED PED PED
Item [kg COze] [kg Ose] k] (Total) (Fuel) (Non-Fuel)
9 &b 9% 9 MJ] MJ] MJ]

Diesel Combusted (1 gallon) 1.19E+01 5.27E+00 9.36E-03 1.64E+02 1.64E+02 0.00E+00

Table 7.9. Summary of LCI and LCIA of the construction activities for 1 In-km

PED

tom GWP  POCP  PM25 (ToPt'i'ID) (F':i'lj) (Non-
[kg COze] [kg Oze] [kgl Fuel)

[MJ] [MJ] [MJ]

CIR with Stabilizer and Chip Seal 3.72E+03 1.97E+03 3.50E+00 6.14E+04 6.14E+04 0.00E+00
CIR with Stabilizer and Overlay 4.64E+03 2.05E+03 3.64E+00 6.40E+04 6.40E+04 0.00E+00
FDR with Stabilizer and Overlay 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04  0.00E+00
Hot Mix Asphalt (Mill & Fill) 3.40E+03 1.50E+03 2.67E+00 4.68E+04 4.68E+04  0.00E+00
Hot Mix Asphalt (Overlay) 2.09E+03 9.23E+02 1.64E+00 2.88E+04 2.88E+04  0.00E+00
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7.4.6. End of Life

For this study EOL was handled using available methods without considering repeated recycling and impacts on
quality. As mentioned earlier, questions remain regarding the number of times that aggregate can be recycled,
and the impact of multiple recycling on quality and field performance, these issues will be addressed in the next
stage of this research.

Regarding allocation, there are two common ways for handling it: the cut-off method where the virgin material
production impacts are assigned to the upstream project and the impacts of in-place recycling are applied to the
downstream project. The other method is the 50-50 method in which the total impacts (material production plus
EOL in-place recycling) are divided equally between the upstream and downstream projects. For this study the
cut-off method was selected assigning the impacts of milling the old asphalt, transportation to the plant, and any
further recycling activities to the RAP. It was also assumed that at the EOL of the downstream project, all the
overlay that was initially laid will be milled and then transported to a landfill or a recycling plant at similar
distances assumed for virgin materials. For reporting purposes, the EOL impacts were added to transportation
and construction impacts and were reported as part of them.

7.5. Final Results and Interpretation

In previous sections, environmental impacts of material production, transportation to site, construction, and EOL
were calculated for one application of each of the EOL treatments. In this section, the total impacts for each
treatment are provided and the share of different initial material production, transportation, and construction life
cycle stages in total impacts, excluding the use state, are discussed. Table 7.10 is the breakdown of the total
impacts for each treatment in detail based on life cycle stages included in this study. Table 7.11 shows the
percentage share of each initial material production, transportation, and construction life cycle stage in total
impacts. Bar charts of the results are also presented in Figure 7.5 and Figure 7.6.

The goal of this part of the project was to benchmark the cradle to laid environmental impacts of common EOL
treatments for flexible pavements at their end of service life in California considering only a single EOL. This
study cannot serve as a comparative study between treatments as the system boundary and scope of the study
does not include the use stage.

Considering total initial materials and construction impacts, as shown in Figure 7.5, CIR with 1.5 percent FA
and 1 percent portland cement has the lowest total impacts. All the FDR cases with stabilizer have higher total
impacts compared to the conventional options of mill-and-fill and HMA overlay. The results also show that the
total amount of stabilizer added (which depends on percent stabilizer and the layer thickness) has a significant
impact on the total impacts. The FDR option with highest cement content (6 percent) consistently had the
highest impacts in GWP, PM2.5, and PED (Fuel), while the FDR option with 4 percent asphalt emulsion and 1
percent portland cement had the highest impacts in POCP and PED categories. It must be kept in mind that there
is potential energy kept unused in asphalt that is not lost and can be recovered if need be, that is reported in the
table as PED (non-fuel), although the burning of RAP as an energy source is probably not cost-effective and has
a number of practical challenges.
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Considering the share of each cradle to laid life cycle stage in total impacts calculated in this phase of study, as
shown in Figure 7.6 and Table 7.11, the material production stage is dominant in all impact categories for all
treatments. For all the CIR treatments, transportation has the least contribution to total impacts in all categories.
However, for all FDRs and the conventional overlay case, transportation is the second contributor to total
impacts in GWP and PED (Total and Fuel.) For conventional mill-and-fill, transportation is the second
contributor in all impact categories.

Between the treatments, GWP for 1 In-km of treatment ranged between 2.50E+04 to 1.66E+05 kg of COe, out
of which 75 to 92 percent was caused during the material production stage, two to 19 percent during
transportation, and three to 15 percent during construction. In material production, FDR with six percent
portland cement (Case 8), had the highest percentage of the material production stage to total GWP impacts with
92 percent and case one, CIR with chip seal had the lowest share with 75 percent. In transportation,
conventional mill-and-fill had the highest share in total impacts with 19 percent and CIR with HMA overlay and
CIR with chip seal had the lowest share with two percent. In construction, the highest share in total GWP, 15
percent, was for CIR with chip seal, and the lowest with three percent, was for FDR with six percent Portland
cement.

Photochemical ozone creation potential, an indicator of smog formation, varied between 4.87E+3 to 1.71E+4 kg
of Ose per lane-km of treatment, and the share of material production in total emissions in this category ranged
between 55 and 78 percent.

PM2.5 emissions for all the treatments was mainly due to material production, ranging from 19 to 97.8 kg for 1
In-km of treatment and a range of 81 percent to 93 percent share in the total. For the CIR treatments,
construction activities had the largest share of the total among all treatments.

Total primary energy demand excluding material feedstock energy, PED [Fuel], for all treatments ranged
between 3.89E+5 to 1.97E+6 MJ for 1 In-km of pavement and was mainly due to material production, with

shares of 79 to 90 percent of the total impacts across all treatments.

Table 7.10. Cradle-to-laid impacts by life cycle stage for one application for each of the EOL treatments

for 1 In-km
PED
Life Cycle GWP  pocP  PM25 A2 PED — Non-
Treatment Stage [kg [kg Ose] Ikl (Total) (Fuel) Fuel)
COze] [MJ] [MJ] e
Material 2.07E+04 2.81E+03 153E+01 1.36E+06 3.18E+05 1.04E+06

Case 1. CIR (10cm (0.33 o0t 6.19E+02 9.86E+01 1.98E-01 8.85E+03 B8.85E403 0.00E+00

H 0, o
g)cl\)/lwe(é;; 'ge/;lFA *1% Construction 3.72E+03 1.97E+03 3.50E+00 6.14E+04 6.14E+04 0.00E+00
) Total 2.51E+04 4.87E+03 1.90E+01 1.43E+06 3.89E+05 1.04E+06
Case 2. CIR (10 cm (0.33  Material 4.19E+04 4.92E+03 2.92E+01 2.28E+06 6.09E+05 1.67E+06
ft) Milled + 3% FA + 2% Transport 3.32E+03 5.30E+02 1.06E+00 4.76E+04 4.76E+04 0.00E+00
PC)w. 2.5 cm (0.08 ft) of Construction 4.64E+03 2.05E+03 3.64E+00 6.40E+04 6.40E+04 0.00E+00

HMA OL Total 4.98E+04 7.50E+03 3.39E+01 2.39E+06 7.21E+05 1.67E+06
Case 3. FDR (25 cm Material 3.61E+04 3.72E+03 2.45E+01 2.42E+06 6.96E+05 1.72E+06
(0.82 ft) Milled + No Transport 6.65E+03 1.06E+03 2.12E+00 9.51E+04 9.51E+04 0.00E+00
Stab.) w. 6 cm (0.2 ft) Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04 0.00E+00
RHMA OL Total 4.82E+04 7.18E+03 3.09E+01 2.59E+06 8.66E+05 1.72E+06
Case 4. FDR (25 cm Material 1.00E+05 1.26E+04 7.26E+01 7.07E+06 1.78E+06 5.29E+06

(0.82 ft) Milled + 4% AE Transport 8.03E+03 1.28E+03 2.57E+00 1.15E+05 1.15E+05 0.00E+00

193




PED

. GWP PED PED

Treatment gltf:ggycle [kg [k:;g?:; PIV[IEQ? (Total) (Fuel) (I'::enl)
CO2e] [MJ] [MJ] [MJ]

+1% PC)w. 6 cm (0.2 ft) Construction 5.44E+03 240E+03 4.27E+00 7.49E+04 7.49E+04 0.00E+00
RHMA OL Total 1.14E+05 1.63E+04 7.94E+01 7.26E+06 1.97E+06 5.29E+06
Case 5. FDR (25 cm Material 8.71E+04 1.07E+04 6.28E+01 5.86E+06 1.46E+06 4.40E+06
(0.82 ft) Milled + 3% FA + Transport 7.76E+03 1.24E+03 2.48E+00 1.11E+05 1.11E+05 0.00E+00
1% PC) w. 6 cm (0.2 ft) Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04 0.00E+00
RHMA OL Total 1.00E+05 1.44E+04 6.96E+01 6.05E+06 1.64E+06 4.40E+06
Case 6. FDR (25 cm Material 7.48E+04 6.95E+03 4.66E+01 2.68E+06 9.60E+05 1.72E+06
(0.82 ft) Milled + 2% PC)  Transport 7.20E+03 1.15E+03 2.30E+00 1.03E+05 1.03E+05 0.00E+00
w. 6 cm (0.2 ft) RHMA Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04 0.00E+00
oL Total 8.75E+04 1.05E+04 5.32E+01 2.86E+06 1.14E+06 1.72E+06
Case 7. FDR (25 cm Material 1.14E+05 1.02E+04 6.87E+01 2.95E+06 1.22E+06 1.72E+06
(0.82 ft) Milled + 4% PC)  Transport 7.76E+03 1.24E+03 248E+00 1.11E+05 1.11E+05 0.00E+00
w. 6 cm (0.2 ft) RHMA Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04 0.00E+00
oL Total 1.27E+05 1.38E+04 7.55E+01 3.13E+06 1.41E+06 1.72E+06
Case 8. FDR (25 cm Material 1.52E+05 1.34E+04 9.09E+01 3.21E+06 1.49E+06 1.72E+06
(0.82 ft) Milled + 6% PC)  Transport 8.31E+03 1.32E+03 2.66E+00 1.19E+05 1.19E+05 0.00E+00
w. 6 cm (0.2 ft) RHMA Construction 5.44E+03 2.40E+03 4.27E+00 7.49E+04 7.49E+04 0.00E+00
OL Total 1.66E+05 1.71E+04 9.78E+01 3.41E+06 1.68E+06 1.72E+06
Material 3.51E+04 3.44E+03 2.34E+01 1.94E+06 6.28E+05 1.31E+06

Case 9. HMA Overlay Transport 8.31E+03 1.32E+03 2.66E+00 1.19E+05 1.19E+05 0.00E+00
(7.5 cm (0.25 ft)) Construction 3.40E+03 1.50E+03 2.67E+00 4.68E+04 4.68E+04 0.00E+00
Total 4.68E+04 6.27E+03 2.88E+01 2.10E+06 7.94E+05 1.31E+06

Material 4 58E+04 4.43E+03 3.04E+01 2.48E+06 8.16E+05 1.67E+06

Case 10. HMA Mill & Fill  Transport 1.11E+04 1.77E+03 3.54E+00 1.59E+05 1.59E+05 0.00E+00
(10 cm (0.33 ft)) Construction 2.09E+03 9.23E+02 1.64E+00 2.88E+04 2.88E+04 0.00E+00
Total 5.90E+04 7.12E+03 3.56E+01 2.67E+06 1.00E+06 1.67E+06
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Comparison of Total GWP [kg CO2e] of All the Cases
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Figure 7.5: Comparison of total cradle to laid GHG and PED between all cases.
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Comparison of GHG Emissions (kg of CO2e) of Different Cases in Each Life Cycle
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Case 3 FDR (25 cm (0.82 ft) Milled + Mech. Stab.) w. 6 cm (0.2 ft) RHMA OL Case 8 FDR (25 cm (0.82 ft) Milled + 6% PC) w. 6 cm (0.2 ft) RHMA OL
Case4 FDR (25 cm (0.82 ft) Milled + 4% AE + 1% PC) w. 6 cm (0.2 ft) RHMA OL Case9  HMA Overlay (7.5cm (0.25 ft))
Case 5 FDR (25 cm (0.82 ft) Milled + 3% FA + 1% PC) w. 6 cm (0.2 ft) RHMA OL Case 10 HMA Mill & Fill (10 cm (0.33 ft))
Figure 7.6: Comparison of GWP (kg CO-e) of treatments across cradle to laid life cycle stages
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Table 7.11. Percentage of the total impacts for each of the cradle to laid life cycle stages for each
of the EOL treatments

. PED

Case Treatment ;'tgeggyc'e GWP POCP PM25 (TOPE'IJ) (F';Ee?) (Ir:\ll?‘;)
1 CIR (10 cm (0.33 ft) Milled +  Material 83% 58% 81% 95% 82% 100%
1.5% FA + 1% PC) w. Chip Transport 2% 2% 1% 1% 2% 0%

Seal Construction 15% 40% 18% 4% 16% 0%

2 CIR (10 cm (0.33 ft) Milled +  Material 84% 66% 86% 95% 85% 100%
3% FA +2% PC)w. 2.5 cm Transport 7% 7% 3% 2% 7% 0%

(0.08 ft) of HMA OL Construction 9% 27% 11% 3% 9% 0%

3 FDR (25 cm (0.82 ft) milled +  Material 75% 52% 79% 93% 80% 100%
No Stab.) w. 6 cm (0.2 ft) Transport 14% 15% 7% 4% 11% 0%

RHMA OL Construction 11% 33% 14% 3% 9% 0%

4 FDR (25 cm (0.82 ft) milled +  Material 88% 7% 91% 97% 90% 100%
4% AE + 1% PC) w. 6 cm Transport 7% 8% 3% 2% 6% 0%

(0.2 ft) RHMA OL Construction 5% 15% 5% 1% 4% 0%

5 FDR (25 cm (0.82 ft) milled +  Material 87% 75% 90% 97% 89% 100%
3% FA + 1% PC)w. 6 cm Transport 8% 9% 4% 2% 7% 0%

(0.2 ft) RHMA OL Construction 5% 17% 6% 1% 5% 0%

6 FDR (25 cm (0.82 ft) milled +  Material 86% 66% 88% 94% 84% 100%
2% PC) w. 6 cm (0.2 ft) Transport 8% 11% 4% 4% 9% 0%

RHMA OL Construction 6% 23% 8% 3% 7% 0%

7 FDR (25 cm (0.82 ft) milled +  Material 90% 74% 91% 94% 87% 100%
4% PC) w. 6 cm (0.2 ft) Transport 6% 9% 3% 4% 8% 0%

RHMA OL Construction 4% 17% 6% 2% 5% 0%

8 FDR (25 cm (0.82 ft) milled +  Material 92% 78% 93% 94% 88% 100%
6% PC) w. 6 cm (0.2 ft) Transport 5% 8% 3% 3% 7% 0%

RHMA OL Construction 3% 14% 4% 2% 4% 0%

9 HMA Overlay (7.5 cm (0.25 Material 75% 55% 82% 92% 79% 100%
ft)) Transport 18% 21% 9% 6% 15% 0%
Construction 7% 24% 9% 2% 6% 0%

10 HMA Mill & Fill (10 cm (0.33 Material 78% 62% 85% 93% 81% 100%
ft)) Transport 19% 25% 10% 6% 16% 0%
Construction 4% 13% 5% 1% 3% 0%

7.6. Further Analysis on Transportation Distance

Besides avoiding use of virgin materials, reduction of hauling distance in the construction project is

usually one of the main advantages mentioned for in-place recycling as it results in fuel savings. In this

section, the transportation stage is further investigated. A sensitivity analysis was conducted on travel
distance to see how it affects the final results.

Regarding the sensitivity to transportation distance, the model was run under two scenarios for the two-
way transportation distance: 80 km (50 mi) and 160 km (100 mi.) The percent increase in each impact
category was calculated for all EOL treatments and the results are shown in Table 7.12. As the results
show, the total impacts of conventional treatments are more sensitive to transportation distance than in-

place methods. This was expected because more materials are transported in conventional treatments. The

increase in total impacts with doubled transportation distance can be as high as 25 percent increase in
POCP category for HMA overlays.
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Table 7.12. Increase in total cradle to laid impacts as the two-way transportation distance is
increased from 80 to 160 km

Surface Treatment e o L A2 A2

P CP 2.5 (Total)  (Fuel)
CIR (10 cm (0.33 ft) Milled + 1.5% FA + 1% PC) w. Chip Seal 2% 2% 1% 1% 2%
CIR (10 cm (0.33 ft) Milled + 3% FA + 2% PC) w. 2.5 cm (0.08 ft) of HMA OL 7% 7% 3% 2% 7%
FDR (25 cm (0.82 ft) Milled + Mech. Stab.) w. 6 cm (0.2 ft) RHMA OL 14% 15% 7% 4% 11%
FDR (25 cm (0.82 ft) Milled + 4% AE + 1% PC) w. 6 cm (0.2 ft) RHMA OL 7% 8% 3% 2% 6%
FDR (25 cm (0.82 ft) Milled + 3% FA + 1% PC) w. 6 cm (0.2 ft) RHMA OL 8% 9% 4% 2% 7%
FDR (25 cm (0.82 ft) Milled + 2% PC) w. 6 cm (0.2 ft) RHMA OL 8% 11% 4% 4% 9%
FDR (25 cm (0.82 ft) Milled + 4% PC) w. 6 cm (0.2 ft) RHMA OL 6% 9% 3% 4% 8%
FDR (25 cm (0.82 ft) Milled + 6% PC) w. 6 cm (0.2 ft) RHMA OL 5% 8% 3% 3% 7%
HMA Overlay (7.5cm (0.25 ft)) 18% 21% 9% 6% 15%
HMA Mill & Fill (10 cm (0.33 ft)) 19% 25% 10% 6% 16%

The second issue of interest was the transportation distance for virgin materials below which a
conventional treatment would have less cradle to laid impacts compared to a similar in-place recycling
treatment. For this purpose, the CIR case with stabilizers and overlay was compared to HMA overlay, and
HMA mill-and-fill was compared to three cases of FDR (cases five to eight.) These results should not be
used to choose one treatment over the other because performance life has not been considered but are
intended to provide an indication of the sensitivity of selection to transportation distance. The question is
posed in terms of the distance at which it does not matter, in terms of environmental impacts, which
option is selected.

The results are shown in Table 7.13. As the FDR cases already had higher total impacts compared to
conventional mill-and-fill option, virgin materials should have significantly larger transport distances so
that FDR options have the same impacts as mill-and-fill. The only case worthy of notice is CIR with
stabilizer and HMA overlay for which up to 80 miles two-way transport distance for virgin materials
resulted in conventional overlay having less GWP than CIR. After the 80 miles two-way threshold, CIR
with stabilizers and HMA overlay becomes less impactful.

Table 7.13. Minimum two-way transport distance (miles) for
in-place recycling and conventional treatments to have the same cradle to laid initial treatment
total impacts

Case GWP POCP PM2.5 PED (Fuel)
CIR, Case 2 80 127 212 NA
FDR, Case 4 951 998 2,297 1,158
FDR, Case 5 671 733 1,648 724
FDR, Case 6 417 324 758 171
FDR, Case 7 1,069 683 1,926 476
FDR, Case 8 1,082 1,185 3,561 904

7.7. Conclusions

This study was conducted to benchmark the environmental impacts of several common EOL treatments
used in California for flexible pavements at their end of service life. The system boundary consisted of
material production, transportation to the site and construction activities that together make up the EOL
treatment for the initial application of the treatment and not considering the maintenance and
rehabilitation sequence over a life cycle. The system boundary also did not include other life cycle stages
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such as use stage, and traffic delays during construction activities. Twelve treatments were studied,
consisting of ten in-place recycling alternatives (CIR and FDR with different stabilization methods and
wearing courses on top) and two conventional treatments (HMA overlay and HMA mill-and-fill.) The
conclusions drawn from the results presented in this study are:

e There are large differences between the initial impacts of the treatments in each impact category
but as discussed earlier, due to limited scope of this stage and the fact that the system boundary
does not include all life cycle stages, comparison of the results shall not be used as basis for
decision making and selecting between alternatives.

¢  The material production stage is dominant in all impact categories for all treatments. The results
also show that the total amount of stabilizer added (which depends on percent stabilizer and the
layer thickness) has a significant impact on the total impacts.

e HMA overlay and HMA mill-and-fill have lower impacts compared to all the FDR options with
stabilizers across all impact categories.

e The FDR option with highest cement content (6 percent) consistently had the highest impacts in
GWP, PM2.5, and PED (Fuel), while the FDR option with 4 percent asphalt emulsion and 1
percent portland cement had the highest impacts in POCP and PED (Total and Non-Fuel.)

e Material production share in total impacts ranged between 75 to 92 percent for GWP, 52 to 78
percent for POCP, 79 to 93 for PM 2.5, 92 to 97 percent for PED (Total), and 79 to 90 percent for
PED (Fuel.) Binder and stabilizer production caused more than 90 percent of the total impacts of
the material production across all cases.

e Share of material transportation to site in total impacts ranged between two to 19 percent for
GWP, two to 25 percent for POCP, one to 10 percent for PM 2.5, one to six percent for PED
(Total), and two to 16 percent for PED (Fuel.)

¢ Construction activities impacts caused three to 15 percent of total impacts for GWP, 13 to 40
percent in POCP, four to 18 percent in PM 2.5, one to four percent of PED (Total), and three to
16 percent of PED (Fuel)

¢ Changing transportation distance has the most drastic effect on total impacts of conventional
treatments. This was already expected, as conventional treatments require the largest amount of
materials transported.

¢ Comparing the CIR with stabilizers and HMA overlay with the conventional treatment of an
HMA overlay shows that total GWP of the two options are close (5.0E+4 versus 4.7E+4,
respectively) with the conventional treatment performing slightly better. This remains true up to
transport distance of 80 miles (two-way) for the virgin materials, at which the impacts of both
two options become equal and after that distance the CIR outperforms the conventional treatment.

e Similar comparison of FDRs with conventional mill-and-fill resulted in very long transport
distances for virgin materials at which the impacts of the two treatments become equal. The
transport distances were all above 150 miles.
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CHAPTER 8. Performance Prediction Models for In-Place
Recycling for Quantification of Use Stage Impacts

8.1. Introduction

Environmental impacts of the pavement use stage are due to: 1) excess fuel consumption (EFC) of
vehicles traveling on the section, and 2) maintenance and rehabilitation (M&R) activities, including the
initial in-place recycling or reclamation treatment, that are applied to the pavement to restore structural
capacity and ensure safety and serviceability. This chapter is focused on the development of predictive
models for performance indices (roughness and cracking) that are used to forecast the frequency of future
M&R activities for sections built using in-place recycling methods.

EFC is defined as fuel used beyond what is needed to travel on an “ideal” pavement, defined as being
smooth, having the required macrotexture to provide safe friction, and producing minimal energy
consuming pavement structural response. Surface roughness, measured by the International Roughness
Index (IRI), is the mechanism considered in this study. To be able to estimate excess vehicle fuel
consumption from in-place recycling, or reclamation of asphalt pavements along with an asphalt overlay
as a wearing course, models were developed to predict surface roughness with time and truck traffic.
These models can be used with vehicle-pavement interaction (PVI) models to calculate EFC caused by
pavement roughness.

Agencies normally use decision trees to determine the frequency of future M&R activities based on
comparison of pavement condition indices with threshold values for those indices that trigger M&R
activities. These decision trees are usually based on perception of optimality for cost-effectiveness of the
timing of the treatment and previous experience in managing the network and are implemented subject to
budget availabilities.

To determine M&R frequencies, wheel path cracking (WPC) is a commonly used performance index,
although some agencies also trigger treatment based on IRI. These indices were used to help address
some of the questions needed by decision makers regarding in-place reclamation and recycling such as
the following:

e What are the changes in environmental impacts of pavement reclamation and recycling compared
to conventional methods of mill and fill with respect to roughness progression during the use
stage

e How do sections built using in-place recycling perform compared to sections treated with
conventional treatments in terms of the frequency of future M&R needs during the use stage

Modeling the use stage includes determining the timing of future maintenance and rehabilitation,
estimating service life of each treatment used, and prediction of surface roughness progression with time,
to be able to model vehicle fuel consumption that is using the section. To be able to achieve such goal,
performance prediction models are needed so that level of cracking and surface roughness can be
estimated. At this point, the effect of recycling treatments on performance of pavement sections is not
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fully understood. Figure 8.1 shows how prediction models should be used for conducting a full life cycle
comparative LCA between EOL treatments and the LCA study itself should follow the flowchart
presented in Figure 8.2.

As shown in Figure 8.1, performance prediction models are critical in estimating the impacts of the
transportation infrastructure during the use stage. Currently, there are no performance prediction models
available for sections built using in-place recycling methods. Such predictive models are needed for a fair
comparison between the in-place recycling methods and conventional treatments such as mill-and-fill or
overlays. The goal of this chapter is to develop predictive performance models for sections built using in-
place recycling. Since similar models are available for conventional treatments, the results in this chapter
address this gap in the knowledge and allow conducting a full life cycle comparison between the EOL
alternatives, according to Figure 8.2. However, conducting case studies on the full life cycle comparison
of alternatives is not part of the scope of this chapter.

Model surface

roughness with time Pavement vehicle
based on traffic and interaction Primary energy
climate models to relate EPA consumption and
pavement —» MOVES —» emissions during
Predict traffic level roughness to model The Use Stage to
and mix with time vehicle fuel traffic
during analysis consumption
period
Develop *
performance | Estimate crack
prediction initiation and
models “» propagation with
time based on traffic
and climate To the
| V&R gpeand || Comstmction
Agency’s dc?cmon frequency modeling
tree and trigger flowchart
values for | |
conducting M&R
based on pavement
condition

Figure 8.1: Application of performance models for a full life cycle comparative LCA between
alternatives.
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Use EPA MOVES model to capture
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transportation of materials
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Traffic Delay C(;ncsttil;liltcigon
Estimate the traffic

delay caused by the
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technique and
therefore the extra
fuel consumption in
the vehicles

Develop model to
simulate the actual
construction
activities to capture
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on site due to use of
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Collect primary data from agencies
and contractors regarding specifics
of their in-place recycling
techniques through surveys

Model the in-place construction
process based on available
guidelines and literature

v

Use Stage
Need performance prediction models to:
e Predict future frequency of M&R
e Project surface roughness with time

dits i t hicle fuel
and 1tS impatt ol vehicle tue Decide on allocation methods and
consumption .. .
¢ how to divide the total impacts
between the current project at hand
End of Life with upstream projects and future
Possibility of reuse/recycling ones

Figure 8.2: The framework to be used in the comparative LCA study between EOL treatments.

8.2. Data Collection

8.2.1. Initial Data Analysis and Characterization

The Caltrans’ PMS condition survey database, consisting of data from the visual pavement condition
survey (PCS) used from 1978 to 2014 and from the automated pavement condition survey (APCS) begun
in 2011, provided the performance data for cracking and roughness for this study. The database was used
to obtain data for sections that have had cold in-place (CIR) or full-depth reclamation (FDR) at any point
during their service-life. FDR was initially introduced into California by the UCPRC in 2000, with the
first section built in 2001. CIR has been used as early as the 1980s. The entire process of data collection,
data filtering, and model development was performed twice.
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In the first attempt, approximately 2.7 million observations were obtained for all CIR and FDR sections
using the PCS and 2011 and 2012 APCS data. As the 2015 APCS data became available (there were no
surveys in 2013 and 2014), a second attempt was carried out to examine any improvement of the models
can be realized. The process of data extraction consisted of the following steps:

e Identification of the 32.6 ft (10 m) long data collection segments in the network, identified by
“section IDs”, that had CIR/FDR at any points in their history.
e Extraction of all the observations for those IDs from the database.

This method was used to capture the full-time history of the development of cracking and IRI on the
sections that had CIR and FDR, immediately after the CIR/FDR applications and just before the next
major treatment using the data collected from Caltrans pavement management system (PMS) database.
Table 8.1 shows a general categorization of the collected data.

Table 8.1. General categorization of the data available in Caltrans’ PMS database
General Section Information

Route

Direction

Beginning and ending odometer
Length

Lane

Climate

Unique ID for each sub-section
Traffic levels (ESALs* per year)

Project Contract Information (as-builts)

Expenditure authorization (EA) **
LOC of a project ***

Project award date

Project completion date

Project Construction Activities

Information about the previous layers that were in place

Number and thickness of the removed layers

Type of applied treatments

Number and type of the layers that were added /recycled in place

Condition Survey Data of the Sections

Date of condition survey
IRI'in the left and right wheelpath
Fatigue cracking in the wheelpath (called alligator cracking) classified into three
levels of severity: A (initial unconnected cracks), B (progression to intersecting
cracks), and C (intersecting cracks extending between wheelpaths)
Other performance indices (such as bleeding, patching, rutting, ...) ****
*: Equivalent Single Axle Load
**: EA is the funding source used for conducting the project. Multiple
projects in various locations can have the same EA.
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***. LOC is not an acronym, but the word that is used in PaveM to refer to
a specific treatment (in terms of structural and mix design) and does not
represent the project location. A single LOC could have been
implemented in multiple locations.

***: These indexes were not directly used in this study but helped clarify
the history of sections during data filtering.

Table 8.2 summarizes the database before data filtration. The information in the table is from the second
round of data collection from Caltrans’ PMS database in which separate data frames were extracted for
CIR and FDR. There were two types of FDR in the collected data, FDR with no stabilization (FDR-NA)
and FDR with foamed asphalt (FDR-FA) which means a few sections with foamed asphalt alone and the
majority with both foamed asphalt and a small amount of cement. Table 8.3 presents the number of
observations for each climate region.

Table 8.2. Summary of the databases extracted for CIR and FDR from Caltrans’ PMS

Statistics CIR FDR
e e TS e T
ID 12,367 15,918
LOC 509 1,025
EA 377 777
Climate Regions (out of 9 in state) 7 9

Table 8.3. Distribution of observations across climate regions

Climate (CIR) observatiz:: Climate (FDR) observatilf'!!»r:,;c
Inland Valley 143,181 | Inland Valley 120,393
High Desert 91,712 | Low Mountain 90,229
Desert 70,200 | High Mountain 53,838
High Mountain 60,711 | South Coast 46,761
Low Mountain 35,975 | High Desert 45,367
South Coast 13,796 | Central Coast 26,703
Central Coast 1,377 | Desert 25,991

North Coast 19,965

South Mountain 4,678

8.2.2. Data Cleaning

Figure 8.3 was used as the framework for conducting data cleaning. The third stage of the flowchart
resulted in:

¢ CIR: 120 unique LOCs were identified for IRI and 114 for WPC.
e FDR: 309 unique LOCs for IRI and 278 for WPC.

Figure 8.4 shows a sample of the scatter plots and box plots for the time histories of observations on sub-

segments (section IDs) of roughness and wheelpath cracking developed for each LOC to evaluate the
reasonableness of the data versus the as-built history.
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The last step was to manually review the plot and its supporting data for each LOC and determine
whether the observed trend was reasonable and if the data were useful for developing performance
models. There were cases of unexpected reduction in IRI or cracking while there was no record of any
maintenance or rehabilitation. This might be due to error in recording possible treatment. Additionally,
there were cases where high values of IRI are recorded that are not consistent with the trend before or
after those occurred and there was no record of a treatment. This indicates the possibility of measurement
error in that particular survey. There were cases where the trends of progression of IRI and cracking are
as would be expected but the reduction in IRI and/or cracking did not coincide with treatment
construction date. Again, this could be related to errors in recording project completion dates. Errors in
correctly recording the precise locations where the measurement was made are also a possible source of
unexpected trends. The number of observations in the datasets after data filtration is presented in Table
8.4.

For each LOCi, identify all unique IDs
associated with it, then search the whole
database for those IDs and assign:

A 4

Select “LOC_Corr”s
with more than one
sampling date.

LOC_Corr=LOCi ¢

Identify the LOCs

that have in-place

recycling in their
construction history.

This is done to capture the complete history
of each ID, as multiple LOCs could have been
applied on the same ID.

Select “LOC_Corr”s
with more than one
sampling date.

v

Examine each plot and identify observations

that are reasonable:

Use the selected
observations for |[€ e
model development.

and cracking plots

e [RI and cracking levels are expected to
drop after a treatment is applied

IRI and cracking values are expected to
increase with time

¢ Fix construction end date where needed

¢ This has to be done separately for the IRI

Highlight the project
award and completion
dates for each of the
actual LOCs as one ID
can have multiple
LOCs (CIR/FDR dates
in red and the restin
blue).

A

y

Figure 8.3: Flowchart for conducting the data cleaning.

Table 8.4. Summary of the data frames after data filtration

Statistics IRI-CIR IRI-FDR WPC-CIR WPC-FDR
Total Observations 29,229 35368 19,311 23,090
ID 8,645 6284 8,073 7,827
LOC 83 206 75 130
EA 126 100 63 143
Climate Region 6 9 7 9
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Figure 8.4: Sample of the scatterplots and boxplots for time versus distress developed for each LOC to evaluate reasonableness of roughness

and cracking time histories (blue line indicating the application of a new treatment, red line indicating an FDR or CIR treatment.)
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8.3. Performance Modeling

Two performance variables were selected for this project: IRl and WPC. The performance variable for
IRI was defined as the IRI values measure for each of the section IDs. Each ID has a length of 0.1 mi and
the average value of IRI reading on that section is reported as the IRI for that ID.

As defined by the Caltrans APCS manual (2011), there are two wheelpaths in each lane, defined as

the left wheelpath (LWP) and the right wheelpath (RWP.) The width of each wheelpath is 3 ft (0.9 m) and
the edge of the wheelpath is located at a distance of 1.5 ft (0.45 m) from the lane centerline. WPC is
quantified by the “wheelpath crack length ratio” (Rwpc), which is the ratio of total length of all cracks in
each wheelpath to the length of the data segment. There are three types of WPC defined by Caltrans:
Alligator A, B, and C. Alligator A is defined as the initial longitudinal cracking that appears in the
wheelpath. It was reported that these cracks connect in the wheelpath forming polygons defining the
“alligator skin” pattern when at a threshold of Rwcr = 1.6, at which point the severity is defined as
Alligator B (Caltrans, 2011.) Alligator C is the final form of fatigue cracking when the fatigue cracks
between right and left wheelpaths connect. The performance variable for WPC was defined as percent of
the wheelpath with alligator B cracking.

The modeling processes for IRI and WPC are empirical-mechanistic, meaning that the variables included
in the model and the equation form of the model are predetermined based on the behavior expected from
mechanistic analysis, but they are empirical because no mechanics calculations are performed. Other
variables are treated as category variables and separate equations with time as the explanatory variable are
developed for each permutation of the other explanatory variables. The other explanatory variables
included in these models were regional climate, truck traffic expressed in equivalent single axle loads
(ESAL) per year, and the type and thickness of any hot mix asphalt (HMA) overlay placed on top of the
CIR or FDR. The result is a performance model tree in which each branch represents a unique
combination of the main variables: traffic, overlay thickness, and climate. The performance models for
conventional treatments, such as mill-and-fill and overlays, are shown in continuous form in Table 8.5.

To use climate as a categorical variable and have enough observations in each climate category, it was
assumed that climate regions can be categorized either as severe or mild. Table 8.6 and Table 8.7 present
the categories considered for the traffic level and the overlay thickness, respectively. The same HMA
thickness overlay categories were used for the surfaces placed on CIR and FDR treatments and for HMA
overlays without CIR and FDR. Figure 8.6 is a representation of one of the performance tree branches.
Each branch has its own performance model coefficients (where data availability and data quality permit.)
Models for HMA overlay without CIR or FDR used in this project were those developed previously for
the Caltrans PMS (Tseng, 2012.)

Table 8.5. Performance equations used for HMA models without CIR or FDR (Tseng, 2012)

Performance Pavement Condition Index Performance Equation
. Intended Purpose

Variable Used Form

International . -
IRl is an indicator of surface

Roughness IRI y = a + bx¢
roughness.

Index
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WPC is caused by aging and traffic Percent of wheelpath with

load. Is used as an indicator of the crack length ratio greater
Wheelpath . x\b
Crackin structural capacity of pavement than 1.6 (when cracks are y =100 = (1 — e_(E)
9 sections and therefore a metric for specified as Alligator B by
triggering rehabilitation. Caltrans)

Table 8.6. Traffic categories considered for the performance tree

Low (A) Less than 100,000
Medium (B) 100,000 to 500,000
High (C) More than 500,000

Table 8.7. HMA Surface thickness categories considered for the performance tree

Thin Less than 0.2 ft (6 m)
Medium 0.2t0 0.5 ft (6 to 15 cm)
Thick More than 0.5 ft (15 cm)
Thin Overlay
Low Traffic
Mild Climate Thick Overlay
CIR
Severe .
Climate High Traffic
FDR

Figure 8.5: Representation of one of the performance model tree branches.

8.3.1. Cracking Models

The modeling of WPC is different from IRI as cracking is often a latent variable, which means that even
though it is developing, it is not observed until it reaches the surface late in the crack development
process. Structural deterioration of the pavement starts right after construction and is continuous under
traffic load and climate impacts. As the pavement deteriorates, cracks start to form at the bottom of the
HMA layer, however, these cracks will not appear on the pavement surface for a considerable amount of
time. Even when cracking begins at the top of the HMA layer, it takes some time for the cracks to become
wide enough to be measurable. On the other hand, surface roughness can be measured immediately after
construction and a singular continuous model could be used for predicting future IRI values. Therefore,
the WPC models developed under this study consist of two separate stages: models for determining the
time to crack initiation (first cracks appearing on the surface) and models for predicting the propagation
of additional cracks with time.
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The method adopted for performance modeling was implemented in earlier efforts for developing WPC
models for conventional treatments such as HMA overlays and seal coats (Madanat et al., 2005; Nakat et
al., 2006; Farshidi and Harvey, 2008; and Tseng, 2012.) The collected data in this study for the sections
built using in-place recycling represent time series observations of separate pavement sections, referred to
as “panel data”. These sections have different traffic levels, climate conditions, and overlay thicknesses.
To develop models that takes into account the variability that exist in the parameters, mixed effect models
were used in developing WPC models. Mixed effect models consider model parameters as random
variables compared to fixed effects models in which parameters are fixed or non-random. Stata™
software was used for running the analysis in this section (Stata webpage.)

WPC is measured separately for the right and left wheelpath by Caltrans and is quantified in terms of
wheelpath crack length ratio, R p¢, which is the ratio of total length of all wheelpath cracks to the length
of data segment (Caltrans, 2011.) The dataset from Caltrans’ PMS database report cracking in terms of
percent of each section with Alligator A cracking and the percent of each section with Alligator B.
Average values of Alligator B WPC for the right and left wheelpath were used for this study.

The WPC model consists of two parts, explained later: crack initiation and crack progression. Using a
performance tree was deemed beneficial to facilitate combining these two models into one continuous
form to be implemented in the final tool delivered by this project.

Crack initiation time was defined as the soonest of these two times after initial construction: 1) time when
five percent or more of the section has alligator A cracking, or 2) time when alligator B cracking is
greater than zero on the section. Survival analysis was used for estimating crack initiation time. It was
assumed that crack initiation occurs at the time of median (50 percent of the sample have reached
initiation) survival probability. The survival curves for CIR and FDR at different traffic levels are
presented in Figure 8.6 and Figure 8.7 and the results of survival analysis are presented in Table 8.8 and
Table 8.9. The survival curves in Figure 8.6 show that sections with higher traffic levels are expected to
fail sooner than the other two categories of traffic, which was expected. This is due to lack of data for this
section of analysis as CIR was not used for high traffic sections and this can be seen in the results
presented in Table 8.8.
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Figure 8.6: Survival curve for CIR sections (the legend refers to traffic levels) averaged across
overlay thickness and climate regions.

Table 8.8. Survival analysis results for CIR sections (days to crack initiation)

Incidence no. of Survival Survival Survival

ESALs Time at risk e SnlEss time (days): time (days): time (days):
25% 50% 75%

High 78,926,208 0.0000148 57,441 - - -
Low 432,091,198 0.0001554 291,514 2,330 3,595 4,697
Med 49,575,317 0.0001791 36,738 2,658 2,791 4,359
Total 560,592,723 0.0001377 385,693 2,585 3,595 4,697
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Figure 8.7: Survival curve for FDR sections (the legend refers to traffic level) , averaged across
overlay thickness and climate regions.

Table 8.9. Survival analysis results for FDR sections (days to crack initiation)

no. of Survival Survival Survival

ESALs Time at risk Incidence rate Tl time (days): time (days): time (days):
25% 50% 75%

High 26,189,705 0.0000240 16,185 1,734 2,860 3,421
Low 2,783,149,174 0.0001449 1,357,876 2,378 3,580 5,926
Med 500,862,801 0.0002010 281,799 2,185 2,791 3,766
Total 3,310,201,680 0.0001541 1,655,860 2,378 3,400 4,862

As stated earlier, WPC cracking is a latent variable. Therefore, possible data censorship, due to not
knowing the value of WPC in places where it has not reached the surface yet need to be accounted for. To
do this an incidental truncation term, lambda A, was added to the crack progression stage. This correction
term was added to address the possibility of the latent variable, WPC, being positive without being
observed or measured. A represents the possibility of crack initiation. To estimate A, an ordered probit
model was used assuming WPC to have three possible conditions: no cracking, alligator A, and alligator
B. As explained earlier, details of statistical assumptions and theories for selection of modeling
approaches are presented elsewhere (Madanat et al., 2005; Nakat et al., 2006; Farshidi and Harvey, 2008;
and Tseng, 2012.)

Mixed effect logit models were used for crack progression. The Logit model was selected because the
cracking index falls into three different categories as the section ages, and the mixed effects model was
selected to accommodate the variability in the model parameters. The initial equation form and the
transformations which were applied to change the equation into a linear form are presented in Equation
8.1. The transformation allowed use of linear regression on the data. Various combinations of possible
explanatory variables were tested to determine the best possible model. The best possible model was a
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model that resulted in the highest accuracy (prediction of observed outcome based on input variables) and
follow the expected trends (such as positive coefficient for the age variable.) Explanatory variables
included A, climate (a categorical variable represented by 1 for severe and 0 for mild), overlay thickness
(in mm), traffic level (in ESALSs), and previous alligator B extent before treatment.

x

b
Assuming y = 100 * (1 - e_(a) ),Whe're yis WPC (%) and x is time (days)

b
-(3) = m(1-159)
b +1In (E) =In (— In (1 — %)) ,therefore:

bxInx —b*lna = ln(—ln(l—lyﬁ)

Equation 8.1: Transformation applied to the original equation for WPCs.

The right-hand expression in the final equation (Equation 8.1) was considered as parameter z which is
defined as linear combination of In(age.) Mixed-effect linear regression models were tested on z versus
In(age.) To account for other explanatory variables, such as traffic and surface thickness, different
combination of all the explanatory variables needed to be considered in each iteration. To develop a
model with age as the only explanatory variable, other variables were included in combination with

In(age.)

Assuming a crack initiation time of to, crack initiation and progression can be combined as presented in
Equation 8.2. Table 8.10 presents the final model that was selected for the CIR sections. As the results
show, age, 4, traffic level, and total added overlay thickness are the significant factors affecting the
performance of CIR sections. Previous alligator B level and climate region were not significant. Table
8.11 shows the best model for FDR sections. Traffic level, previous alligator B cracking, and climate
condition were not significant factors in the final model, however, A was a significant factor.
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= 100 (1 - _(%)b) (-
y=100+(1-e “1fG-21,1,0)
where:
y = % Alligator B cracking in the section
t = time indays
t, = crack initiation time in days where initiation,

defined by 5 percent Alligator A or any measurable Alligator B

Equation 8.2: Combination of crack initiation and progression models.

To combine crack initiation and progression, the progression curves begin at the point on the horizontal
axis (age) at which crack initiation is predicted. Figure 8.8 and Figure 8.9 show the performance curves
for CIR and FDR. The model does not identify whether cracking is through the entire CIR or FDR layer
as well as the overlay, or in the overlay alone. Regarding crack initiation, CIR performs quite similarly as
FDR, however, CIR sections deteriorate quite rapidly after crack initiation while FDR sections show
slower crack propagation. As would be expected, results show that sections with higher traffic levels have
a higher rate of deterioration. Similarly, for the same level of traffic, thicker overlays result in lower rates
of cracking with time. WPC performance curves for conventional options: thin, medium, and thick
asphalt overlays are also provided here as Figure 8.10, Figure 8.11, and Figure 8.12, using models from
Tseng (2012.)

The only cases that do not follow the expected trends for CIR are: 1) traffic level B with medium overlay
which performs worse than traffic level B and thick overlay, and 2) thick overlay with traffic level B
which performs worse than thick overlays with traffic level C. FDR curves also follow the expected
trends except for two cases: 1) traffic level B with thin overlay performs better than traffic level B with
medium overlay and 2) traffic level A for thin overlays shows worse performance compared to medium
and thick overlays. Such cases are due to limitations in the number of observation records for such cases
and in some situations were due to the low quality of collected data as there were unreasonable trends
observed such as improvement of performance indexes with time without any surface treatments, likely
due to unrecorded maintenance, or there was significant variability in the available data. As future APCS
are conducted and more reliable data become available, these models can be improved.

Table 8.10. Descriptive statistics of final WPC model for CIR, with the confidence intervals (Cl) and
significance level of the parameters

95% ClI 95% ClI

z Coef. Std. Err. z P>|x| lower higher

limit limit
“Inage” 1.797321 0.062065 28.96 0 1.67574 1.91896
“lambdalnage” 0.573032 0.024017 23.95 0 0.52823 0.62237
“Inesalsinage” 0.078876 0.005549 14.21 0 0.06799 0.08975
“total_added_thicknessinage” -0.002343 0.000289 -8.08 0 -0.0029 -0.0018
cons -21.08975 0.400718 -52.63 0 -21.875 -20.304
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95% CI 95% CI
z Coef. Std. Err. z P>|x| lower higher
limit limit
95% CI 95% CI
Random-effects Parameters Estimate Std. Err. lower higher
limit limit
sd (cons) 1.42266 0.05548 1.31797 1.53566
sd (Residuals) 0.78187 0.00203 0.77801 0.78851

Table 8.11. Descriptive statistics of final WPC model for FDR, with the confidence intervals (Cl)

and significance level of the parameters

95% ClI 95% ClI
z Coef. Std. Err. z P>|x| lower higher
limit limit
“Inage” 1.159264  0.0070786 163.77 0 1.14539 1.17314
“lambdalnage” 0.6306005  0.0034349 183.59 0 0.62387 0.63733
“total_added_thicknesslnage” -0.0003864  0.0000434 -8.89 0 -0.0005 -0.0003
cons -13.08842 0.052407 -249.75 0 -13.191 -12.986
95% ClI 95% ClI
Random-effects Parameters Estimate Std. Err. lower higher
limit limit
sd(cons) 1.51566 0.01775 1.48126 1.55087
sd(Residuals) 0.702703 0.0007 0.70132 0.70408
100 [
0 -A, Thin
1
<) 8-A, Med
w 80
2 <=-A, Thick
g 60 =B, Thin
E B, Med
g
g 40 ~B, Thick
§ <C, Thin
20
S +C, Med
X .
Y § ~-C, Thick
0 5 10 15 20 25 30
Age (years)

Figure 8.8: Crack initiation and progression models combined for CIR sections (A, B, C refer to
low, medium, and high traffic levels; Thin, Med, and Thick refer to surface thickness category.)
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Figure 8.9: Crack initiation and progression models combined for FDR sections (A, B, C refer to
low, medium, and high traffic levels.)
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Figure 8.10: Crack initiation and progression models combined for conventional “Thin Overlay”
sections (A, B, C refer to low, medium, and high traffic levels.)
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Figure 8.11: Crack initiation and progression models combined for conventional “Medium
Overlay” sections (A, B, C refer to low, medium, and high traffic levels.)
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Figure 8.12: Crack initiation and progression models combined for conventional “Thick Overlay”
sections (A, B, C refer to low, medium, and high traffic levels.)

8.3.2. Roughness Models

The filtered data frames were used for derivation of IRI models for CIR and FDR. As the analysis
consists of cross-sectional data of pavement network across time (panel data), mixed effect linear
regression was selected, and Stata software was used for model development.
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The first step in the model development was to check if there is a significant difference in IRIs before and
after treatment and if yes, how much is the reduction. This would allow determining the initial IRI after
construction which combined with the IRI progression model would provide a complete picture of the use
stage performance of the section. Student’s unpaired t-test was conducted for this purpose which showed
that CIR treatments significantly reduced IRI, with an average IRI reduction of 78 in/mi. The same
procedure was adopted for FDR sections and the results showed that FDR result in an average reduction
of 91 in/mi in average.

Determining the initial IRI after the end of construction requires two parameters: the average reduction in
IRI due to surface treatment, and the IRI value prior to the construction. However, to accommodate cases
where the IRI prior to construction is unknown, average values of initial IRI were calculated using the
collected data. Average IRI after construction for CIR section was 90 in/mi, for FDR with no stabilization
was 92 in/mi, and for FDR with foamed asphalt stabilization was 72.5 with standard deviations of 3.7,
3.3, and 5.7, respectively.

Various combinations of explanatory variables (age, thickness, traffic levels, climate; both in logarithmic
and regular formats for numerical values) were tested in Stata to select the most appropriate model based
on significance of explanatory variables in the model and the model accuracy in minimizing errors. For
both CIR and FDR, average IRI (iri_avg) was regressed as the dependent variable versus multiple
combinations of age, ESAL/lane/year, previous IRI, and climate as independent (explanatory) variables,
and natural logarithm transforms of the explanatory variables were also tested to identify the best model.
The analysis was weighted based on the length of subsections. Table 8.12 through Table 8.14 show the
results for CIR, FDR with no stabilization and FDR with foamed asphalt. The models for each are shown
in Equation 8.3, Equation 8.4, and Equation 8.5. The data are also summarized in Table 8.15.

Table 8.12. IRI performance model for CIR

0,
Exp.lanatory Coefficient Standard 2 P>(x| 95@ le
Variable Error lower limit
age -0.003304 0.000212 -15.6 0 -0.00372
agelnesals 0.008695 0.000018 49.91 0 0.00086
agesevere 0.004013 0.000091 44.08 0 0.00383
agethick -3.52E-06 7.00E-07 -5.21 0 -4.85E-06
_cons 90.447512 3.707305 24.4 0 83.18133
Random-effects , Standard 95% CI 95% CI
Estimate .. . .
Parameters Error lower limit  higher limit
sd(cons) 38.16008 2.63411 33.33132 43.6884
sd(Residuals) 18.42575 0.02048 18.38564 18.46595
Log Likelihood -1,753,438
Number of observations 404,588
Number of groups 106
Obs. per group: min 12
Obs. per group: avg 3816.9
Obs. per group: max 23,926
Wald chi2(4) 39,329.58
prob>chi2 = 0
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IRI (ﬂ), ESALs (per lane per year), thickness (mm),age (days)

mi
severe = 1 if climate condition is severe

IRI = by + by * In(ESALSs) = age + b, * severe * age + b * thickness = age + b, * age

Equation 8.3: Performance model for IRl progression of CIR sections.

Table 8.13. IRI performance model for FDR with no stabilization
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Explanato . . Standard 95% CI 95% CI
Va:')iable ” eeeticiSat Error z P>Ix| lower limit higher limit
age 0.001398 0.00065 2.13 0.033 0.00011 0.00268
agelnesals 0.00062 0.00006 10.53 0 0.0005 0.00074
_cons 92.49978 3.349089 27.62 0 85.93568 99.06387
Random-effects 95% CI 95% CI
Parameters Estimate Std. Err. lower I?mit higher I?mit
sd(cons) 32.19054 2.37182 27.86192 37.19166
sd(Residuals) 24.46876 0.06486 24.34196 24.59622

Log likelihood -329,186.7

Number of observations 7,1246

Number of groups 93

Obs. per group: min 51

Obs. per group: avg 765.7

Obs. per group: max 7

Wald chi2(4) 3,201

prob>chi2 = 0

IRI = by + by * In(ESALs) * age + b, * age
Equation 8.4: Performance model for IRI progression of FDR-NS sections.
Table 8.14. IRl performance model for FDR with foamed asphalt stabilization
0, 0,

iri_avg Coef. Std. Err. z P>|x| Iow:f If,m(:: highzf If,m(::

age 0.00804 0.00046 17.49 0 0.00714 0.00894
_cons 72.5212  5.75562 12.6 0 61.2404 83.802

Random-effects . 95% CI 95% CI

Parameters Estimate  Std. Err. lower limit  higher limit

sd(cons) 20.5861  4.06797 13.9756 30.3234

sd(Residuals) 21.328 0.27379 20.798 21.8714

Log likelihood -13679.9

Number of observation 3,047

Number of groups 13

Obs. per group: min 37

Obs. per group: avg 234.4

Obs. per group: max 546

Wald chi2(4) 305.98

prob>chi2 = 0




IRI = by + b, * age

Equation 8.5: Performance model for IRI progression of FDR-FA sections.

Table 8.15. Summary of IRl models for CIR and FDR sections

Type bo b1 b2 bs b4
CIR 9.04E+01 8.97E-04 4.10E-03 -3.50E-06 -3.30E-03
FDR-NS 9.25E+01 6.20E-04 1.40E-03 - -
FDR-FA 7.25E+01 8.04E-03 -- -- -

8.4. Conclusions

In this chapter, performance prediction models for IRI and WPC of in-place recycling were developed.
These models are needed to quantify the environmental impacts of the use stage, which consists of two
parts, vehicle fuel consumption, and frequency of future maintenance and rehabilitation of the pavement
during its service life.

Roughness which is measured in IRI directly affects vehicle fuel economy and crack progression with
time determines the frequency of future M&R. To develop these models, SQL queries were conducted on
the California pavement management system, PaveM, and data related to sections that had in-place
recycling were collected. After extensive data cleaning, empirical-mechanistic models were fit to the data.
IRI progression equations were determined by multivariate regression analysis. The crack progression
model consisted of two parts, crack initiation and crack progression. To determine the time to crack
initiation, survival models were used, and for crack progression, random effect mixed models were
utilized.

In terms of time until crack initiation, the results show that sections with CIR have a similar time to crack
initiation as the sections with FDR. However, in crack progression, CIR sections deteriorate at a much
faster rate compared to FDR sections after cracks appear on top. Therefore, all CIR savings in GHG
emissions and energy consumption during the construction stage compared to FDR may be offset by more
frequent M&R in the future. Similar crack progression models exist for conventional EOL alternatives.

Roughness models for FDR and CIR sections were also developed. FDR sections with no stabilization
had the worst performance and highest rate of increase in roughness with time, while FDR sections
stabilized with foamed asphalt performed better than the CIR sections and consistently maintained lower
IRI values with time.

The development of crack progression and roughness models for CIR and FDR sections in this chapter,
which did not exist up to this point, allows quantitative comparison of EOL alternatives for flexible
pavements therefore the means necessary for quantifying the use stage impacts in LCA. As always, there
is no solution that fits all cases, and the optimal decision is context sensitive. The selection of one
treatment among all available alternatives depends on circumstances (traffic levels, climate, and structural
design), agency goals (only considering costs or both costs and environmental impacts), scope and
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analysis period considered for the project (initial costs and impacts versus full life cycle), and potential
limitations (in terms of budget, available technologies, and more.)
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CHAPTER 9. Summary, Conclusions, and Recommended Future
Work

9.1. Introduction

The main goal of this dissertation was to develop frameworks, quantitative models, and databases needed
to support data-driven, informed, and integrated decision-making in managing the vast transportation

infrastructure in California. Such a management system was envisioned to consider both costs and
environmental impacts of management decisions, based on full life cycles of the infrastructure, and using
reliable, high quality data that well represent local conditions in terms of materials and energy sources,
production technologies, design methods, construction practices, and other critical parameters.

Various approaches were used in the studies included in this dissertation to be able to overcome
uncertainty in assumptions, parameters, and challenges in data (availability, quality, variability.)

9.2. Knowledge Gaps and Research Objectives

The major gaps in the knowledge identified at the beginning of this effort were:

Integration of environmental impacts into the infrastructure management system requires a
reliable and representative life cycle inventories of different materials, surface treatments, and
construction activities used in the state of California. The available datasets generally did not
include a comprehensive list of all available options, were outdated, and were not representative
of the local conditions in terms of processes, mix designs, and energy sources.

Frameworks and models needed by state and local governments quantify the life cycle costs and
environmental impacts of their decisions in transportation infrastructure management did not
cover some important areas of their operations. Without such frameworks and data models, state
and local governments could not properly evaluate all their strategies.

There were limited and unreliable data for quantifying the environmental impacts of end-of-life
strategies for flexible pavements. Such models were needed to select among conventional and
novel approaches that are believed to more beneficial in terms of costs and environmental
impacts.

There were no reliable performance prediction models for pavements built from recycled
materials. Therefore, it was unclear whether such sections perform better, equally, or worse
compared to conventional strategies. If the performance of recycled sections is worse, compared
to conventional methods, the potential savings in environmental impacts due to recycling may be
offset by the need for more frequent maintenance and rehabilitation in the future compared to
conventional strategies.

A similar argument can be made regarding the surface roughness and how it would change with
time because roughness directly affects vehicle fuel consumption during the use stage. Roughness
performance models for sections built using in-place recycling were also not available.

There was no consensus on how to allocate the environmental impacts and benefits of recycling
between the upstream and the downstream projects.
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Therefore, the main objectives of this research were defined according to the gaps identified above, to
develop frameworks, models, and datasets needed to fill each gap.

9.3. UCPRC LCI Database

Through one of the research projects in this dissertation, the most comprehensive and up to date, as of
2019, life cycle inventory database, the UCPRC LCI Database, was developed for accurate quantification
of transportation infrastructure management projects in the state of California. This database includes an
extensive list of all the energy sources, materials, mixes, transportation modes, and construction processes
used in the projects at state and local government levels.

The electricity grid mix and other energy sources used in various life cycle stages are modified to
represent the state’s local conditions. Mix designs are defined based on specifications enforced by
Caltrans and also cover designs used by local governments. Construction practices are closely simulated
based on data collected from local contractors and experts in addition to the collection of primary data
collection from a few field projects. The LCI database developed and presented in this chapter has been
verified by a third party according to ISO recommendations.

The UCPRC LCI Database needs to be continually reviewed and periodically updated because of the
continuous improvements in material production technologies, construction practices, and energy sources
used for generating electricity and running the material plants, as well as improvements in data collection.
The revision and update process for the UCPRC LCI Database should be repeated every few years using
the latest available information. However, the most critical measure that can be taken to improve the
quality of the data is to collect primary data from local material production plants and contractors.

9.4. Complete Streets

This project demonstrated the use of LCA to consider the full life cycle environmental impacts of
conversion of several types of conventional streets to complete streets. The full system impacts of
complete streets on environmental impact indicators, considering materials, construction, and traffic
changes, are driven by changes in reduction in VMT and changes in the operation of the vehicles with
regard to speed and drive cycle changes caused by congestion, if it occurs. Therefore, the importance of
objective and reliable models for changes in traffic volume and congestion from the implementation of
complete streets and comparison with conventional streets cannot be overstated.

To avoid situations where well-intended efforts might result in greater environmental impacts, utilization
of life cycle assessment should be used as a robust and objective methodology that consider the full life
cycle of the alternatives. Each LCA study should use 1) high-quality data, 2) a correct definition of the
system boundary, and 3) include a thorough investigation, identification, and quantification of possible
significant unintended consequences.
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The initial results indicate that application of the complete streets networks to streets where there is little
negative impact on vehicle drive cycles from speed change will have the most likelihood of causing
overall net reductions in environmental impacts.

The results also indicate that there is a range of potential VMT changes to which environmental impacts
are more sensitive than they are to the effects of the materials and construction stages, and that changes in
vehicle speed have different effects on environmental impacts depending on the context of their
implementation, including the street type.

The effects on environmental impacts due to implementing a complete street should be analyzed on a
project-by-project basis, and that the effects will not always be positive. This preliminary conclusion
leads to recommendations that this type of analysis be performed on a project-by-project basis, that the
analysis include the surrounding network, and that a sensitivity analysis should also be included.

The main limitation of this study was the lack of a reliable model for predicting changes in VMT and
traffic speed. Another issue that was not within the scope of this study was the consequential changes in
areas outsides the physical system boundary. Energy consumption for lighting and maintaining the
landscapes during the use stage was also not included in the study. Future works should focus on the
limitations identified above, specifically the lack of reliable models for changes in VMT and traffic speed.

9.5. Alternative Fuel Vehicles

This study was focused on comparing multiple pathways (scenarios) for Caltrans to transition their fleet
from vehicles with internal combustion engines burning fossil fuels to alternative fleet vehicles (AFVs.)
Four scenarios were considered based on AFV adoption rate including business as usual (BAU), all-at-
once, based on the Department of General Services (DGS) recommendations, and a worst-case scenario
(do nothing, keep the current mix.) The project compared the life cycle greenhouse gas (GHG) emissions,
fuel consumption, and costs of vehicle purchase and maintenance between 2018 to 2050.

The results showed a total life cycle costs of 2.4 billion dollars for the BAU case with 7.4 and 3.3 percent
increases versus BAU for the DGS and All-at-Once cases, and a 16.9 percent decrease for the Worst-Case
Scenario. Purchase of new vehicles was the largest portion of total net costs for all four cases, ranging
between 59 to 83 percent of final net total costs. Fuel costs were the second largest expense items for all
cases, ranging between 30 to 35 percent of total net costs. Maintenance and repair on average made up
about 24 percent of total net costs.

Total GHG emissions during the analysis period of 2018 to 2050 reached close to 1.46 million metric
tonnes of CO,e for the BAU case while the results for the DGS, All-at-Once show savings of 2 and 9
percent in total GHG emissions versus BAU for the DGS and All-at-Once scenarios. The Worst-Case
Scenario results show that consequences of inaction in the adopting AFVs by Caltrans and maintaining
the current mix of vehicle technology and fuel will result in 54 percent increase in the GHG footprint of
their fleet between now and the year 2050.
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The study did not include the cost and environmental impacts of building and maintaining fueling
infrastructure for any of the fuel types considered in the analysis. Maintenance and upkeep of parking
spaces for the fleet were also not included in the system boundary of the study.

California is aggressively moving towards decarbonization/minimization of GHG emissions in all its
economic sectors, specifically the electricity sector with measures such the Renewable Portfolio Standard
(CPUC webpage on RPS) which mandates 50 percent renewable electricity in California grid mix by
2030. Therefore, one fuel pathway which is expected to have major reductions in WTP impacts is
electricity. However, these expected reductions in WTP were not implemented in this study, mainly due
to the limited scope of this initial study. However, the fact that more than 80 percent of the state fleet
consists of medium-duty pickups and trucks for which an EV option is not currently available reduces the
significance of this issue, at least for the immediate future.

Due to current technological limitation for the range of EVs, conversion to EVs was not considered as an
option for vehicles that had AVMT higher than typical current EV ranges. However, EV ranges are
expected to increase in the future but due to uncertainty regarding the rate of range increase, it was not
considered in this study.

Future work should consider more diverse portfolio of AFVs for different vehicle categories and also
include cleaner electricity grid that will power the electric vehicles.

9.6. Increased Use of RAP in Construction Projects

This chapter focused on quantifying savings in greenhouse gases (GHG), energy, material consumption,
and costs that might be possible through increased use of recycled asphalt pavements (RAP) in
construction projects in California. The material production impacts of hot mix asphalt (HMA) in
Caltrans construction projects throughout the state during the entire analysis period of 33 years (2018 to
2050) results in close to 11.5 Million Metric Tonnes (MMT) of COse for the baseline scenario. RHMA
production impacts within the same time period is about 15.2 MMT CO,e. RHMA is responsible for
about 44 percent of the combined GHG emissions of HMA and RHMA.

The use of RAP is currently not permitted in RHMA mixes, use of RAP in RHMA is a significant
untapped area for cutting emissions if it becomes technically possible to obtain same performance.

Increasing the RAP content in HMA from the baseline of the 11.5 percent can result in up to a 6 percent
of GHG savings with 30.5 percent RAP content during the 33-year analysis period, when using aromatic
BTX rejuvenating agents (RAs.) These reductions are equivalent to 0.7, 5.2, 6.2 percent reductions in
GHG emissions compared to the baseline. The potential saving can be as high as 9 percent when bio-
based RA is used.

Increasing RAP content in HMA can also result in cost savings of up to 9 percent reduction compared to
the baseline.
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There are existing concerns, however, regarding the performance of HMA with higher RAP content. This
study was conducted assuming similar performance during the use stage across all the scenarios.
Decreases in performance can result in more frequent maintenance and rehabilitation needs in the future.
Higher surface roughness due to poor performance can cause in an increase in vehicle fuel consumption.
These issues can result in not only offsetting the original savings due to use of higher RAP content, but
also causing higher environmental impacts compared to the base scenario.

Therefore, further research is needed for investigating the performance of HMA with higher than 15
percent RAP content, and also RHMA with RAP. The research findings would allow design guidelines to
be developed and unintended consequences, that can arise from good intentions, to be avoided.

Allocating the environmental impacts of recycled materials between the upstream (which used the virgin
material and is the source of current recycled materials) and the downstream project (which uses the
recycled materials) is a pending challenge. There is currently no consensus on how to handle the issue of
allocation and tow common methodology currently in use are the 50-50 and the cut-off methods. In the
cut-off method, the impacts of virgin material production are assigned to the upstream project and the
downstream project is responsible for the recycling process impacts. In the 50-50 method, the total
impacts (virgin material production, the recycling process at the end of service life and possible hauling to
the treatment plant) are divided equally between the upstream and downstream project. To understand the
impact of the allocation methodology on the impacts of material production assigned to HMA with RAP,
the LCA of material production for the cases defined in the first part of this chapter was calculated using
both the 50-50 and the cut-off methods and the results were compared. The sensitivity of the results to the
hauling distances considered for the RAP materials was also investigated.

The results show that GWP of HMA with RAP using the cut-off method is consistently lower compared
to GWP HMA with RAP using the 50-50 method. Increased RAP hauling distances results in increased
GWP of HMA under both allocation methods compared to HMA with virgin materials, with a more
dramatic increase when the cut-off method is used. For hauling distances above 50 miles, there are cases
where GWP of 1 kg of HMA with RAP will be higher than HMA with virgin materials (depending on the
values of other input parameters.) The cases where the use of virgin materials results in less GWP
compared to the use of RAP for the cut-off method all have hauling distance of 100 miles with RAP
binder recovery of 50 or 60 percent. Binder recovery is the portion of the binder in the RAP that blends
with the virgin binder in the mix to create the final binder content. Binder recovery is increased for longer
and hotter mixing and silo storage times, and for RAP binders that are less aged. For the 50-50 method,
binder recovery ratios of 60 percent and above, with hauling distances of over 100 miles, resulted in
lower GWP for HMA with virgin materials compared to HMA with RAP. The binder recovery ratio
threshold that results in lower GWP for HMA with virgin materials compared to HMA with RAP
decreases with shorter hauling distances.

This section of the study was limited to comparison of allocation methodologies for EOL treatments. Due
to these limitations, no recommendation is made in terms of what allocation methodology should be
implemented in similar studies. Future studies should cover a more comprehensive system boundary and
consider more allocation methodologies.
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9.7. LCA Benchmarking of EOL Alternatives

This study was conducted to benchmark the environmental impacts of several EOL treatments used in
California for flexible pavements at their end of service life. The system boundary consisted of material
production, transportation to the site and construction activities that together make up the EOL treatment.
The system boundary did not include other life cycle stages such as use stage, future maintenance and
rehabilitation, and traffic delays during construction activities. Ten treatments were studied, consisting of
eight in-place recycling alternatives (CIR and FDR with different stabilization methods and wearing
courses on top) and two conventional treatments (HMA overlay and HMA mill-and-fill.)

The results show that the material production stage is dominant in all impact categories for all treatments.
The results also show that the total amount of stabilizer added (which depends on percent stabilizer and
the layer thickness) has a significant impact on the total impacts. HMA overlay and HMA mill-and-fill,
have lower impacts compared to all the FDR options with stabilizers across all impact categories. Binder
and stabilizer production caused more than 90 percent of the total impacts of the material production
across all cases.

The study also examined the sensitivity of the results to the transportation distance of the virgin materials.
The results showed that changing the transportation distance has an important effect on total impacts of
conventional treatments. This was already expected, as conventional treatments require the largest amount
of materials transported.

Comparing the CIR with stabilizers and HMA overlay with the conventional treatment of an HMA
overlay shows that total GWP of the two options are close with the conventional treatment performing
slightly better. This remains true up to transport distance of 80 miles (two-way) for the virgin materials, at
which point the impacts of the two options become equal. For longer hauling distances the CIR
outperforms the conventional treatment.

Similar comparison of FDRs with conventional mill-and-fill resulted in very long transport distances for
virgin materials at which the impacts of the two treatments become equal. The transport distances were all
above 150 miles. At shorter hauling distances, conventional treatments had lower impacts.

There are large differences between the initial impacts of the treatments in each impact category but due
to limited scope of this stage and the fact that the system boundary does not include all life cycle stages,
comparison of the results shall not be used as basis for decision making and selecting between
alternatives. Such decision making requires a study that include the full life cycle of all the alternatives
considering the results of this chapter combined with the use stage impacts of each alternative when
calculated through models discussed in the next chapter. There are unsolved questions regarding the use
stage that need to be addressed:

e  How does pavement surface roughness, which directly affects vehicle fuel consumption, change
with time under each treatment?
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e  What is the extension of life in terms of cracking, that determines future maintenance and
rehabilitation frequency and the section service life, differ between alternatives?

9.8. Performance Prediction Models

In this chapter, performance prediction models for IRI and WPC of in-place recycling were developed.
These models are needed to quantify the environmental impacts of the use stage, which consists of two
parts, vehicle fuel consumption, and frequency of future maintenance and rehabilitation of the pavement
during its service life.

Roughness which is measured in IRI directly affect vehicle mpg and crack progression with time
determines the frequency of future M&R. To develop these models, SQL queries were conducted on the
California pavement management system, PaveM, and data related to sections that had in-place recycling
were collected. After extensive data cleaning, mechanistic-empirical models were fit to the data. IRI
progression equations were determined by multivariate regression analysis. The crack progression model
consisted of two parts, crack initiation and crack progression. To determine the time to crack initiation,
survival models were used, and for crack progression, random effect mixed models were utilized.

In terms of time until crack initiation, the results show that sections with CIR have a similar time to crack
initiation as the sections with FDR. However, in crack progression, CIR sections deteriorate at a much
higher rate compared to FDR sections after cracks appear on top. Therefore, all CIR savings in GHG
emissions and energy consumption during the construction stage compared to FDR may be offset by more
frequent M&R in the future. Similar crack progression models exist for conventional EOL alternatives.

Roughness models for FDR and CIR sections were also developed. FDR sections with no stabilization
had the worst performance and highest rate of increase in roughness with time, while FDR sections
stabilized with foamed asphalt performed better than the CIR sections and consistently maintained lower
IRI values with time.

The development of crack progression and roughness models for CIR and FDR sections in this chapter,
which did not exist up to this point, allows a fair comparison of EOL alternatives for flexible pavements
by providing the means necessary for quantifying the use stage impacts and including them in the
analysis. As always, there is no solution that fits all cases, and the optimal decision is context sensitive.
The selection of one treatment among all available alternatives depends on circumstances (traffic levels,
climate, and structural design), agency goals (only considering costs or both costs and environmental
impacts), scope and analysis period considered for the project (initial costs and impacts versus full life
cycle), and potential limitations (in terms of budget, available technologies, and more.)

Some other thoughts, that are currently not included in the scope of this project but can be investigated
through lab/field tests and scenarios analysis, are:

e  What is the damage level of the recycled layer when the surface layer fails?
e How many times can the surface be replaced before the underlying recycled layer needs to be
treated?
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Is there a difference in recyclability of a new pavement at its EOL versus a section that is built
using any of the conventional rehabilitation techniques?

How many times can a recycling strategy be repeated on the same section? and do the
construction activities change with subsequent recycling?

If the material quality changes with each subsequent recycling, how should the impacts be
allocated between the current and future recycling processes?

Does consequent recycling have a detrimental impact on the pavement performance? Is the same
performance model applicable to a section recycled once and a section that that has been recycled
multiple times?

Should the LCA consider repeated use of the same treatment or are there paths in the analysis
period in which different alternative should be considered?
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APPENDIX 1. Review of Pavement LCA
Models, Databases, and EOL Studies

App-Table 1. Summary of inventory data sources (FHWA, 2014)

Inventory Data Source Nu_mber of Studies Date of Last Update of Data
Using Data Source Source

Literature/new models 31 Varying

econinvent 15 Varying (updated periodically)

Stripple 11 2001

Athena 10 2006

Field Investigation/Surveys 9 Varying

PCA (Portland Cement Association) 7 Multiple LCls (latest 2007)

GaBi 7 Varying (updated periodically)

USLCI (US Life Cycle Inventory) 4 Varying (updated periodically)

GREET (Greenhouse gases, Regulated 3 2013

Emissions, and Energy use in Transportation)

ELCD (European Life Cycle Database) 3 2012

UPC (Union of Lime Producers — French) 3 2010

Eurobitume 2 2012

eCalc (emission Calculator) 2 2009

EPA AP-42 (Pollutants emission factors) 2 1995

TRI (Toxic Release Inventory) 1 2013

According to Caltrans highway design manual (Caltrans, 2015), there are five major types of pavement
projects in California:

e New construction
¢  Widening: addition of a new lane to an existing pavement
e Pavement preservation:

o Preventive maintenance: to preserve the pavement in good condition such as removal and
replacement of a non-structural wearing course, or adding a thin non-structural overlay,
seal costs, slurry seals, and more.

o Capital preventive maintenance (CAPM): the key element of this program is to improve
ride quality and preservation of serviceability. The main purpose is to repair sections with
minor surface distress and/or IRI values greater than 170 inches/mile. Some of the
examples of CAPM projects are surface overlays less than or equal to 0.2 ft. or surface
in-place recycling (overlay not to exceed 0.2 ft..) Caltrans considers surface overlays
greater than 0.25 ft. as rehabilitation.
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Rehabilitation: major, non-routine work intended to return the roadway that exhibits major
structural distress to a good condition. Examples of roadway rehabilitation projects

include:

@)
@)
@)
@)

Overlay

Removal and replacement of the surface course

Crack, seat, and overlay of rigid pavements regardless of overlay thickness
Lane/shoulder replacements.

Reconstruction: the replacement of the entire pavement section with a new structure.
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App-Table 2. Pavement LCA models used frequently in pavement LCA studies, adapted from Wang (2013)

Developed Life Cycle . Main Function of the TP
Model and Year Stages Included Main LCI Sources Outputs Model Limitations
Fuel consumption, water Outdated dataset;
Material (1) Economic Input consumption, GHG, Estimate the EIO-LCA is not as
. . . Output table; (2) U.S. NOx, PM10, SO2, CO, environmental and accurate as process-
PaLATE University of production, , e . )
. EPA's emission factors Hg, Pb, and hazardous economic burdens based LCA;
(PaLATE Berkeley, Construction, ) - ; . . .
. from AP-42; (3) waste generation, global  associated with different incomplete set of
webpage) 2003 Maintenance, OFFROAD model f . tential (i t desi o ¢
End-of-life model from  warming potential (in pavement designs surface trea ment
CARB CO2-e), and human (material and thickness) and construction
toxicity potential. materials
(1) Evaluate the
Global warming potential ~ environmental impacts of
(1) Stripple's LCl study  (in CO2-e), two alternatives: using
for conventional photochemical ozone virgin materials and Outdated dataset:
Materi material; (2) formation (in C2H4-e), residues from MSWI; (2) 7
aterial . . ; . not representative of
. . Laboratory nutrient enrichment (in Compare two disposal
Technical production, . e o . processes and
ROAD-RES - : o experiments for NO3-e), acidification (in methods for waste : - . .
T University of Construction; L . . L . . . designs in California,
(Birgisdattir, . . municipal solid waste S0O2-e), stratospheric incineration residues: L .
Denmark, Maintenance; L . ) . . - - limited options for
2005) . incineration (MSWI); ozone depletion (in CFC- landfilling and use in road
2005 Use (leachate); 3) A Finnish model 11 h toxiCity i tructi 1 pavement treatment
End-of-life (3) Innish mode . -€), uman toxicity in construction. ( ). _— and construction
(MELI) for roads with air/water/soil, ecotoxicity  Infiltration, (2) Distribution materials
residue material other  in water/soil, and stored of heavy metals in the
than MSWI residues. ecotoxicity in water/soil environment after
(for long-term leaching.) leaching from the material
(3) Transport distance.
(1) LCI database from
software such as
SimaPro or equivalent .
LCI studies fgr raw Perform life cycle
Material . o Energy consumption, assessment and life cycle
Pavement . material LCls; (2) U.S. - ) -
production; f - GHG emissions, global cost analysis of pavement  Limited set of
LCA model S EPA's on-road vehicle . S .
. . Construction; e warming potential (in overlay or bridge deck pavement treatments
from University of ; emission model . . .
. . L Use (rolling CO2-e), resource designed with and construction
University of Michigan, - g MOBILE®6.2, for on- . . . . . o
. resistance); . depletion potential, air conventional material materials; dataset not
Michigan 2008 . road vehicle . .
Maintenance and N pollutant emissions, and  (HMA and concrete) and representative of the
(Kendall et SN emissions; (3) U.S. . f "
Rehabilitation; , water pollutant an alternative material, local conditions
al., 2008) . EPA's off-road . . "
End-of-life . - emissions. engineered cementitious
equipment emission .
model, NONROAD, for composites (ECC.)
construction
equipment emissions.
PE-2 (Project s Material (1) Stripple's LCI . . Evaluate the carbon Only global warming
Emission !\I'/lé%?r?c?lg ical production; study; (2) Athena E&rI]oCb?)I;i/:)r ming potential footprints of typical HMA potential; outdated
Estimator) 9 Construction; Institute's LCI study (3) and PCC pavements for data;
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Developed

Life Cycle

Main Function of the

Model and Year Stages Included Main LCI Sources Outputs Model Limitations
(PE-2 University, Maintenance and National Renewable both reconstruction and unrepresentative of
webpage) 2011 Rehabilitation Energy Laboratory rehabilitation projects. the local practice
(NREL) LCIs
App-Table 3. Summary of the recent LCA studies on EOL alternatives of pavements as of 2016
Functional Life Cycle Main
Author Year Goal of the Study Location Unit Stages Dataset Results Study Limitations
Considered Used
Comparison of CIR o L
(100 mm of milling, in- 627 reduction in - PaLATE dataset is out of
place recycling with cggsu?n tion. 52% date and also EIO-LCA is
foamed asphalt with 40 re ductiog in 602 ° not as accurate as process-
mm of HMA on top) emissions. 54% based LCA.
with conventional reduction i’n NOox * Does not consider the use
rehabilitation technique . o o stage impacts and future
. . . 1 In-km Material emissions, and 61% :
Alkins of mill-and-fill (100 mm  Ontario, . . o maintenance and
2009 . . (width of 7.5  production and PaLATE reduction in sulfur o .
etal., of milling with 130 mm Canada . S o rehabilitation frequencies.
- m) construction dioxide emissions. .
of HMA on top) in Better IRl and PCI * The progression models
terms of: *Aggregate (pavement condition for IRI are not discussed
consumption, *Energy ir?dex) roqression and it is not explained based
use, *GHG emissions, with tin?e f?)r the CIR on what data and
*NOx and SO2 sections compared methodology the models
emissions, *Future ride . P were developed.
quality to mill and fill
E;Tvgzgag; Lrgifl‘-an d- » Material production  » PaLATE dataset is out of
! L has the highest date and also EIO-LCA is
fill, and overlay in
. share of energy not as accurate as process-
terms of the 12 impact . o
categories of the consump.tlop and based.LCA for quantification
PaLATE software GHG emissions for of the impacts.
. . . 1 centerline-  Material all treatments. * Does not consider the use
* CIPR with 4 in. mill N ile of a 2 . IR has 120 .
Cross and 1.5 in HMA overlay ew mile of a 2- productlon,_ - C as 12% and stage impacts and future
ot al 2011 (CIR-4) York, lane 24-ft- transportation, = PaLATE 9% lower energy maintenance and
” « Mill and fill with 3 in USA wide and consumption and rehabilitation frequencies.
) roadway construction 14% and 3% lower * No consideration of use

mill and 3 in. HMA
overlay (MF-3)

» Two-course overlay
(TCO, 2 equal
thickness of 3-in HMA
overlays)

GHG emissions
compared to MF-3
and TCO

* Trans. reduction is
the highest for CIR

stage and future M&R.

* No discussion of allocation
of impacts between
upstream and downstream
projects.
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Functional Life Cycle Main
Author Year Goal of the Study Location Unit Stages Dataset Results Study Limitations
Considered Used
Comparison of CIR * Even though performance
versus two of the CIR is compared with
conventional methods the conventional methods
of rehabilitation in through lab testing and
terms of GHG * The software recommendations have
emissions, energy developed well been made for proper
consumption, and presents the local project selection and
virgin aggregates practice and mix construction checkpoints,
consumption designs for the the use stage is not
construction considered in the
70mm milling with activities and, comparison leaving out the
50mm of semi-coarse therefore, increases impacts that each of the
HMA layer topped by a Material GAIAse the reliability of the rehabilitation methods have
Eckman 25mm of surface mix production, software results. on the vehicle fuel
2012 compared vs 70mm France N/A transportation,  developed * CIR has ~30% consumption during use
etal., - .
milling and CIR with and by lower energy stage due to the surface
foamed asphalt and construction EUROVIA consumption, ~30% roughness and the also the
cement topped with 40 lower GHG frequency of future
mm of HMA overlay emissions, and maintenance and
~50% lower virgin rehabilitation activities
60 mm milling with aggregate needed for each case.
60mm of semi-coarse consumption * Allocation of the reduction
HMA layer topped by compared to the two  in environmental impacts,
40 mm of surface mix conventional due to the use of recycled
compared vs 70 mm methods. materials and substituting
CIR with foamed virgin aggregate, between
asphalt and lime the upstream project and
covered with 50 mm downstream project is not
HMA layer discussed.
.
. A reduction of 16 system boundary; does not
following three - X
alternatives for waste and 9 kg of COze per consider the recyc!lng
management at the ton of HMA recycled  processes to acquire the
. . 1 ton of Material NREL as new HMA and as recycled materials from the
Levis et end-of-life of .
2012 . USA recycled production and  database new aggregate old pavement, and no
al., pavements: HMA transportati ; ) .
. portation (USLCI) respectively when consideration of use stage.
* Recycling as new d to the * No discussion of allocation
aggregate compared to

* Recycling as new
HMA
* Disposal in a land fill

CO2e emissions of
landfilling.

of the benefits between the
upstream and downstream
projects.

244



Functional Life Cycle Main
Author Year Goal of the Study Location Unit Stages Dataset Results Study Limitations
Considered Used
* Adjusted for
different structural
capacity of the HMA | i .
vs foamed treated EIO-LCA is not as
base by assigning accurate as process-based
081t FTB vs 1 for LCA, and the 1997 dataset
1 ton of H.MA used in this study is very
Comparison of the HMA Material « Mill-and-fill of outdated.
Liu et GHG emissions mill- compared production, EIO-LCA conventional HMA) * No discussion of allocation
al 2014 and-fill with CIR and USA with 1 ton of  transportation, and EPA causes 115 of the reductions in
v cold central plant foam treated and NONROAD kaCO2e/MT of HMA environmental impacts due
recycling (CCPR.) base (CIR construction ?aceg on site while to recycling between
and CPPR) EIR and CCPR upstream and downstream
result in 13.2 and projects.
77.2 kgCO26/MT * No consideration of the
reductions in GHG use stage.
emissions
respectively.
Comparison of GHG *» Use stage is the .
and energy dominant in total LCl data!bases collected
4 . from the literature are
consumption of three GHG emissions and outdated in some cases and
rehab alternatives for energy consumption enerally are not
an interstate section for all three ?e reser¥tative of local
(AADT of 25,000, traffic alternatives (at least rgctices
growth rate of 3%, and two order of ?Assume;d the sections are
an analysis period of magnitude larger oina to remain in olace and
50 years): than the other life going « ’p .
! . LCI adopted a “cut-off” allocation
* Recycling based: CIR . cycle stages) . .
. 3.66 mi. datasets . method in which
to 7 in. on the left lane . * Putting the use . .
Santos ; N long, 2 lane All life cycle from . . environmental impacts were
2014 and FDR to 22 in. on Virginia . stage impacts aside, .
et al. . asphalt stages literature, o assigned to the EOL stage
the right lane followed . for GHG emissions, o
by HMA on both lanes section EPA recycling-based of al M‘.&R scenarios in
’ NONROAD comparison in the

* Traditional
reconstruction: mill and
fill to 7 in. with HMA on
the left lane and total
removal of right lane
with cement treating
the base followed by
HMA overlay on top of
both lanes.

practices result in
75% reduction in
material production,
62% reduction in
construction and
M&R, and 81%
reduction in
transportation
compared to

current pavement system.

* No consideration of low-
volume roads where the use
stage impacts may not be
as large as it is in this study
(two orders of magnitude
larger than other life cycle
stages)
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Functional Life Cycle Main
Author Year Goal of the Study Location Unit Stages Dataset Results Study Limitations
Considered Used
* Corrective traditional
maintenance: both reconstruction.
lanes receive 5% full
depth patching
followed by 4 in. mill
and overlay.
App-Table 4. Cost comparison of conventional rehabilitation methods for flexible pavements with in-place recycling
Author Year Location AGEIREE ST D e Assumptions Main Findings S_tuc.:iy .
Study Limitations
* Up to 55% savings in construction costs for
CIR and up to 67% for FDR compared to
conventional rehabilitation methods
CIR and FDR versus . . -
Survey of . N Just the » Substantial savings in user cost due to
conventional rehabilitation . . . X ) . » Outdated data
Kandhal et contractors construction stage, reduced interruptions in traffic flow when in- .
1997 . methods such as S S * Not a full life
al. and agencies reconstruction or mill-and- considering the place recycling is conducted cvele cost stud
in the USA fill traffic changes * In-place recycling provides the opportunity to Y y
maintain the highway geometry
* Cost savings in the hauling of the new
materials and avoided landfill tipping fees.
Comparison Conventional method « Study includes
of the costs ; . . *» CIR will perform better as it does not require only the initial
consists of an interlayer Conventional . . .
of the - . the interlayer and recycling the cracked surface  construction and
. . with 10 cm of base and 5 overlay consists of . . . : .
Pereira and construction . - will prevent reflection cracking. no consideration
2006 cm of overlay while the CIR  stress absorbing s . o )
Santos stage for ) » CIR initial construction costs are 40% lower of the other life
. consist of 15 cm of membrane . .
conventional . . . than the conventional overlay with the cycle costs of
recycling and 5 cm of interlayer with .
HMA overlay overla interlayer. the two
with CIR Y alternatives
Comparison of the 20-year {analys:’s « Outdated costs
. period with a 4%
conventional method of 2- ) . . * Performance of
) . PP discount rate. CIR with a double chip seal surface treatment
in. plant-mixed bituminous L . , the suggested
. . Service lives of the can cut the life cycle cost of NDOT’s ;
Bemanian surface overlay and chip h treatment is
2006  Nevada . . ; treatments were conventional treatment by half and save an
et al, seal with a matrix of in- dependent on

place recycling with
different milling and overlay
thicknesses

based on empirical
data of the
agency's previous
experiences

average of $100,000 per centerline mile in life
cycle costs.

the local climate
and traffic and
may not be the
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Methods Compared in the

Study

Author Year Location Study Assumptions Main Findings Limitations
best option
everywhere
* Service life of
CIRis

Analysis period of estimated, and
Conventional: milling the 50 years not enough
surface to 100 mm and 5% discount rate 42% reduction in initial construction costs and empirical data

Alkins et 2009 Ontario, paving 130 mm of HMA on 15 year service life 35% r o exist for the

% reduction in life cycle costs for CIR .
al., Canada top compared to 100 mm of for CIR and 18 compared to the conventional method location of the
CIR with foamed asphalt years for study, might be
and 50 mm of HMA on top.  conventional too optimistic
method *No
consideration of
the user cost
» Comparison of initial
construction costs and life .
cycle cost of mill-and-fill 40-year analysis S
and pferlod with 2.7% * Service lives
Survey of CIR glsst?ra:?etsr?‘:)er‘ Savings between 11% to 52% in initial ;or:(;rc‘:a:st.;zicésre
Robi * For sections with high and Lo construction costs and between 6% to 46% for
obinette 2010 selected low traffic . service life for . ; . collected based
. s and different . the life cycle cost (in both cases the highest
and Epps states in the each alternative on average of

USA

initial conditions (good, fair,
poor)

* Thicknesses of fill and
overlay dependent on the
initial condition of the
section)

was taken based
on empirical data
collected through
literature survey

savings occurred when comparison was for a
section in poor condition)

data collected
from multiple
regions
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APPENDIXII. Complete Streets LCA

App 1II-Section 1. Design Guidelines

ROOT BARRIERS (TYP.) —p % LIFE 2 CURS MINOR & PRIMARY RESIDENTIAL WITH TYPE 2 cURD 7 TWUT BARRIERS (TYP-)
., & GUTTER SEPARATED SIDEWALK (32 & 38 FOOT STREET) SEE wote

SEE MOTE &- -SEE MOTE &

SEE NOTE 3 / \
13 MINGR , ) | . .
T RESIDEN I1AL_"'I"'_ RESIDEMTIAL — v = =3 "|" B B

<1 mr - - . LANDSCAFE  SIDEWALK
18" PRIMARY © 18" PRIMARY BUFFER  (SEE NOTE 2)

..... 7t 5| |
SIDEWALK  LANDSCAPE
(SEE MOTE 2) BUFFER

RESIDENTIAL RESIDENTIAL ‘
T — ._|_. b 320 RIGHT OF WAY MINOR RESIDENTIAL . -
| EASEMENT FOR PUBLIC UTILITIES & N 38" RIGHT OF WAY PRIMARY RESIDEMTIAL | EASEMENT FOR PUBLC UTILITIES &|
PUBLIC FACILITES (SEE NOTE 2) R/W R/ pUBLIC FACILTIES (SEE NOTE 2)
TYPE 14—,

CURE & GUTIER

' MINOR_& PRIMARY RESIDENTIAL WITH
SEE NOTE § —, MONOLITHIC SIDEWALK {32 & 38 FOOT STREET)

13 . MINCR 13" MINOI y
: TaDEWALK RESIDEMTIAL iy RESIDEN TIAL I °IDE?#ALK
. h . 16" PRIMARY H 168" PRIMARY =
(SEE NOTE 2) RESIDENTIAL RESIDENTIAL (SEE NOTE 2)
- __|__ 32' RIGHT OF WAY MINCR RESIDENTIAL __f_
I 18" EASEMENT FOR FUBLIC | 38 RIGHT OF WAY PRIMARY RESIDENTIAL | 18" EASEMENT FOR PUBLIC
UTILITIES & PUBLIC FACILTIES  R/W R/W  UTIUTIES & PUBLIC FACILTIES
{SEE NOTE 2) (SEE NOTE 2)

MINCYE RESIDENTIAL & PRIMARY RESIGENTIAL STREETE THE STANDARD INSTALLATION INCLUDES ATTACHED (WMONGLITHIC)
AHALK. AT THE DEVELGPER'S OFTION, SEPARATED SIEFALK, AS SHOKN ASOVE, MAY BE LSED.

2 SINERALK WIDTH SHALL BE 8' AND PUSLIC EASEMENT SHALL B 21 AT SCHOOLS, HOSAITALS, AMD FEDESTRIAN DISTRICTS AS

SET FORTH IN SECTON #—23 OF THE MPROVEMENT STANDARDS. COUNTY OF SACRAMENTO
3 247 ROOT BARRIERS SHALL BE FLACED CONTINUGUSLY ON ALL SIDES OF LANDSGAFED SUFFERS. MUNICIPAL SERVICES AGENCY
4 LANDSCAPED SUFFER AREAS ARE FOR LANDSCARING AND JRRIGATION FACILITIES OTHER THAN TYPICAL SECTIONS
FIRE HYDRANTS, COLNTY ROAD SIGNS, STREET LIGHTS, AND PERPENDICULAR CROSSINGS RESIDENTI EETS
(SicH Ao SERUICE LATERALS] NO UTILTY. FACIITIES (NG COMMERGIAL SIGNS) SHALL BE S TIAL STR
INSTALLED I LANDSCARED CLASS A
5 ABOVE GROUND FACILITY (CABINET, HYORANT, FOLE, SICN, ETC.) SHALL BE
"NS TALLED W SIDEWALK AREAS, e SCALE:  MWOME
& LSE ROOT BARRIER ALOWG BACK OF SIDERALK FOR A LEMETH OF THENTY FEET WHERE — DATE: 0©5,/29,/09 4-1
TREE TRUNK 15 WITMIN FIVE FEET OF BACK OF SIDEWALK CHIEF, DEPT. OF TRANSPORTATION § ORAWN BY: B.R. & TRU P.

App-Figure 1: Cross section of Minor and Primary Residential (Sacramento County, 2009.)

248



ARTERIAL WITH MEDIAN (74 FOOT STREET)

ROOT BARRERS (TYP.) —~_  TYPE 2 GURH —
NOTE 3 RN & GUTTER |/ MEDIAN TREATMENT VARIES

-~ /o (SEE MOTE 2)
i

_ —TYPE 4 OR § +— TYPE 2 CURB -
—RDOT BARRIERS (TYP.) CURE (TYP.} \\ & GUTTER -~
/ OTE g \

2%

ROOT BARRIERS (TYP.)
SEE MOTE 3

P a 7] I NP 2B ——ee g e
SIDEWALK  LAMDSCAFE |_ . R U ! 34, LANDSCAPE  SIDEWALK
[SEE MOTE 1) BUFFER BUFFER (SEE MOTE 1}
20 74' RICHT OF WAY P e 20
EASEMENT FOR PUBLC UTILITIES & R sy Ry EASEMENT FOR PUBLIC UTILITIES
PUBLIC FACILITIES (SEE MGTE 1) T 2 ol - PUBLIC FACILITIES (SEE NOTE 1)
et NorE & 'S &UiER © MAJOR COLLECTOR (60 FOOT STREET) 4 cureh . | = ot &

2!

T 5'-
SIDEWALK  LANDSCARE LANDSCAPE  SIDEWALK
[SEE NDTL 1) BUFFER BUFFER  (SEE NOTE 1)
e BU RIGHT OF WAY 3
A"'VENT FOR F'UEIUC UTI ITIE: 8: o A EASEMENT FOR PUBLIC UTILITIES &
PUBLIC FACIUTIES {SEE MO ‘.) W R/ pUBLIC FACILTES (SEE NOTE 1)

STE NOTE B4y COLLECTOR {48 FOOT STREET) TYPE 2 —

FEEE NOTE 6
4

\
2% . 45 CURB & GUTTER 2%
7 1 5" - 8" 21" - 21 —|~3»—.—- — 8 |—-—5 —— 7
SIDEWALK  LANDSCAPE | LANDSCAPE SIDEWALK
(SEE NOTE 1) BUFFER | BUFFER (SEE NOTE 1)

——— 20’ ———— 48" RIGHT OF WaY 20 |
EASEMENT FOR FUBLIC UTIUTIES & g :.,\, /W EASEMENT FOR PLBLIC UTILITIES &
PUBLIC FACILITIES (SEE MOTE 1} PUBLIC FACILITIES (SEE MNOTE 1)

NATES:
i SVDEW.‘L".' WIDTH SHALL BE § AND PUBLIC FASEMENT SHALL BE 237 AT ZCHORS, HOSFITALS, AND FPEDESTRIAN DISTRICTS AS SET

{ SECTION 4—2F OF THE IWPROVEMENT STANOARDS
z MEE‘MN u»xo CABING, IFRIGATION, AND FLATWORK SHALL MEET THE REQUIREMENTS OF THE DEPARTMENT OF TRANSPORTATION. COUNTY QF SACRAMENTO
USE OF CENTER TWO-WAY LEFT TURN LANE MAY BE USED N LEY GF RAISED LANDSGAPE MEDUAN WITH WRITTEN PERMISSION
FIROM THE CWRECTOR OF THE DEPARTMENT OF TRANSPORTATION, ) MUNICIPAL SERVICES AGENCY
3 24" ROOT BARRIERS SHALL BE PLACED CONTINUGUSLY ON ALL SIDES OF LANDSCAPED BUFFERS. TYPICAL SECTIONS
4 LAMDSCAPED BUFFER AREAS ARE FOR LANDSCAPING AND IRFIGATION FACILITES. OTHER THAN FIRE HYDRANTS, COUNTY
ROAD SIGNS, STREET LIGHT, ,J.HEI PERF'ENE?#GJfAR OROSSINGS (SUCH AS :ER‘VF{,E LATERALS) WO UTILITY FAGILITIES (NOR ARTERIAL & COLLECTOR
COMMERGIAL SIGNS) SHALL GE INSTALLED IN LANDSCAPING BUFFER AREA. STREETS, CLASS A
=3 WO ABOVE GROUND FACILITY (CABINET, HYDRANT, POLE SIGN, ETC) SHALL J€
INETALLED N SIDEWALE AREA, SCALE: MNOME o
& USE ROGT GARRICR ALONG BACK OF SIOEWALK FOR A LENGTH OF TWENTY FEET ! DATE: 08/08,09 -
BT TOEE. e (5 W FIVE FEET OF BACK OF SIDEWALK ' CHIEF, DEPT. OF TRANSPORTATICN DRAWN BT H.RE._& TRU P

App-Figure 2: Cross Section of Collector, Major Collector, and Arterial Streets (Sacramento
County 2009

S INSTALL TYPE 3 OR TYPE 4 CURE IF ABUTTING PARKING AREA OR LANDSCAPING
/ (EXCEPT LAWN AREA), SEE DWG. 4-33.
USE ROOT BARRIER ALONG BACK OF SIDEWALK FOR A LENGTH OF TWEMTY FEET

SCORE MARK AT ,-"’ WHERE TREE TRUNK IS WITHIN FIVE FEET OF SIDEWALK.
BACK OF CURB 10 4
2 S S / FTPE2CURA & | LANDSCAPEGUFER . o
VARIES B TO 8

| GUTIER; SEE

* T
175/3 ] | GELow. 1.5% (1.0% T0 2.0% ALLOWABLE) T
I I —
! 777777
1 -
I “N_z4" ROQT GARRIER—| |
B WM. AGG. BASE (95% COMPACTION) zﬁf‘_’z/_,;?&z/,/////,,,/ 7 AL B Lan = B MIN, AGG, BASE (95% COMPACTION)
TYPE 1A CURB & GUTTER Rl oS |
WITH ATTACHED SIDEWALK BUFFERS,
BIFURCATED SIDEWALK WITH
] 36" ' e YPE 2 CURB & GUTTER
2 . ~ #4 BARS x 307 @ 127 0.6,
3 — R=1 & 2" [N P
= (A
= Loy - 2-3 /4" + . Ry
' E R S— i~ PAVEMENT E - - PAVEMENT
kS ~ SURFACE j Al ! RFACE
L L e - . 71’—
///f”’///”’f”/?f" i : /% / //’//”//ﬁ ///” - pa st #4 x 18" DOWELS
/ / /
= /////////”//j’//////’;//’f/ #+ BARS Z A gt; J‘?N g%"_‘ELS CENTERFD @ & MM 0.C.
6" MIN. AGG. BASE B 14" 0.0 OR EPOXY AND EPOHY
(95% COMPACTION) —
JIYPE 2 TYPE 2 REINFORCED TYPE JIYPE 4 TYPE 4A
@ NOTES:
E )
= . SEE SECTION 27-3.01 OF 5T TRANSFORTATION
* STANDARD CONSTRUCTION CHIEF, DEFT oF TRANSPORTATICH
SPECIFICA TIONS FOR
REQUIREMENT FOR EXPANSION COUNTY OF SACRAMENTO
JOINTS, WEAKENED PLANE JonTs FMUNICIPAL SERVICES AGENCY
AND SCORE MARKS, 1,27 RADIS
ON EXPOSED EDGES UNLESS
NOTED OTHERWISE, SIDEWALK
2" MIN. CLEAR — P e i . CURB & GUTTER
wpar — = 2 SEE DRAWNG 4—31 FOR SECTIONS
CENTERED W1 CURE o ADDITIONAL MEDIAN CURE
#4 % 187 DOWELS m & — DETALS. SCALE: N(}Nt}( 4.30
MIN O.C. OR EPOXY DATE:  07/20,/09 -
= TYPE 6
TYRE 3 DRAWN BY: B.R. & TRU F.

App-Figure 3: Cross section of Sidewalk, Curb, and Gutter (Sacramento County 2009)
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1.2 | Shared lane markings and Curbside parking

B R T »
.............
P L 2L

------

App-Figure 5: NACTO Recommendation for Minor Residential Street (From Urban Street Design
Guide, by NACTO, pp. 17)
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1.2 Shared lane markings and Curbside parking

App-Figure 7: NACTO Recommendation for Primary Residential Streets (From(From Urban Street
Design Guide, by NACTO, pp. 16.)
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1.1 | Bicycle lane and Curbside parking

Interim Redesign

App-Figure 9: NACTO Recommendation for Collector Street (From Urban Street Design Guide, by
NACTO, pp. 11.)
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3.1 b. Cycle track with out parking

Tillm

Es s 2 1m 10° 10' 1m 2 ¢ INSHEE

l 86’ |

App-Figure 10: LA-DG Recommendation for Major Collector Street (City of LA 2014)

(_C“g_‘_ﬁ_:t.‘_‘m
WL

il

Reconstruction

App-Figure 11. NACTO recommendation for Major Collector Street (From Urban Street Design
Guide, by NACTO, pp. 15.)

253




3 Transit Enhanced (TEN)

3.1 Full-time or peak period transit lane (curbside) +

3.1 I@’]\ a. Cycle track (two way example)
Transit & Z ] T

Transit

3 n 10 10 10 1 3 6 IS
r'l

LN 19
[ 100'(92") ]

App-Figure 13: NACTO Recommendation for Major Arterial Street (From Urban Street Design
Guide, by NACTO, pp. 13.)
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App III-Section II. LCA Results for Materials, Surface Treatments, and Complete Street Elements

App-Table 6. LCl and PED Values Used for the Materials Used in this Study

o Ez::l GWP POCP  PM2.5 PED (Total) (No':'i?uel)
Unit [kg CO2¢e] [kg Ose] [kgl [MJ] [MJ]
Aggregate, Crushed 1 kg 3.43E-03 6.53E-04 1.59E-06 6.05E-02 0.00E+00
Aggregate, Natural 1kg 2.36E-03 4.04E-04 9.54E-07 4.31E-02 0.00E+00
Bitumen 1kg 4.75E-01 8.09E-02 4.10E-04  4.97E+01 4.02E+01
Bitumen Emulsion (Residual Bitumen) 1kg 5.07E-01  8.23E-02 4.17E-04  5.09E+01 4.02E+01
Blast Furnace Slag (Ground) 1kg 1.03E-01 1.13E-02 1.16E-04 1.97E+00 0.00E+00
Crumb Rubber Modifier (CRM) 1kg 2.13E-01 6.90E-03 1.05E-04  3.47E+01 3.02E+01
Diesel Burned in Equipment 1 gal. 1.19E+01 5.27E+00 9.37E-03 1.65E+02 0.00E+00
Dowel & Tie Bar each 3.69E+00 1.30E-01 1.39E-03  4.87E+01 0.00E+00
Electricity 1MJ 1.32E-01 4.28E-03 2.54E-05 2.92E+00 0.00E+00
Limestone 1kg 4.44E-03 2.11E-04 8.24E-08 7.84E-02 0.00E+00
Natural Gas Combusted 1m3 2.41E+00 5.30E-02 1.31E-03  3.84E+01 0.00E+00
Paint (GaBi) 1kg 1.04E-02 1.28E-01 9.51E-07 1.68E-02 0.00E+00
Paraffin (Wax) 1kg 1.37E+00 7.57E-02 4.70E-04  5.46E+01 0.00E+00
Polypropylene Fibers 1kg 2.33E+00 8.65E-02 5.53E-04  8.39E+01 0.00E+00
PCA*, Accelerator 1kg 1.26E+00 5.71E-02 1.88E-04  2.28E+01 0.00E+00
PCA*, Air Enterainer 1 kg 2.66E+00 8.68E+00 2.55E-03  2.10E+00 0.00E+00
PCA*, Plasticizer 1kg 2.30E-01 1.34E-02 5.57E-05 4.60E+00 0.00E+00
PCA*, Retarder 1 kg 2.31E-01 4.23E-02 9.81E-05 1.57E+01 0.00E+00
PCA*, Superplasticizer 1kg 7.70E-01  4.55E-02 2.33E-04  1.83E+01 0.00E+00
PCA*, Waterproofing 1kg 1.32E-01 4.00E-02 6.74E-05 5.60E+00 0.00E+00
Portland Cement, Regular 1 kg 8.72E-01  7.28E-02 4.99E-04  5.94E+00 0.00E+00
Portland Cement, with 19% Slag 1kg 7.04E-01 2.60E-02 1.78E-04  3.40E+00 0.00E+00
Portland Cement, with 50% Slag 1kg 445E-01 1.76E-02 1.23E-04  2.75E+00 0.00E+00
Quicklime 1kg 1.40E+00 3.52E-02 7.11E-04  7.88E+00 0.00E+00
Reclaimed Asphalt Pavement (RAP) 1kg 7.16E-03  1.39E-03 2.70E-06 1.02E-01 0.00E+00
RC*, BPA 1 kg 3.73E+00 1.61E-01 9.92E-04  9.08E+01 0.00E+00
RC*, Polyester Styrene 1kg 4 40E+00 2.08E-01 5.10E-03  9.17E+01 0.00E+00
RC*, Polyurethane 1kg 2.34E+00 1.02E-01 9.24E-04  5.15E+01 0.00E+00
RC*, Styrene Acrylate 1kg 1.56E+00 6.34E-02 4.92E-04  3.66E+01 0.00E+00
Styrene Butadiene Rubber (SBR) 1kg 413E+00 1.29E-01 4.48E-04  1.03E+02 0.00E+00

* PCA: Portland Cement Admixture, RC: Reflective Coating
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App-Table 7. LCIA and PED Values for 1 In-km of Various Surface Treatments Applied in

Construction of Urban Streets, with Typical Service Lives and Thicknesses

GWP POCP PM2.5 PED PED Funct-
Item [kg COze] [kg Ose] kg] (Total) (Non-Fuel) Item ional
[MJ] [MJ] Unit
Aggregate, Crushed 1.44E+04 2.55E+03  5.49E+00 2.22E+05 0.00E+00 15 15
BCOA* 2.04E+05  2.11E+04 1.13E+02 1.60E+06 0.00E+00 15 10
BCOA (High SCM*) 8.40E+04 1.16E+04  4.78E+01 7.88E+05 0.00E+00 15 10
BCOA (Low SCM) 1.31E+05 1.32E+04  7.09E+01 1.10E+06 0.00E+00 15 10
Cape Seal 7.17E+03 1.58E+03  5.40E+00 1.35E+05 3.75E+05 6 NA
Chip Seal 4 93E+03 1.03E+03  3.70E+00 9.41E+04 2.69E+05 6 NA
Curb Type 5 2.54E+04 2.35E+03 1.39E+01 1.96E+05 0.00E+00 15 NA
Fog Seal 1.29E+03 2.69E+02 1.05E+00 2.56E+04 8.42E+04 3 NA
HMA (mill and fill) 3.81E+04 5.34E+03  2.35E+01 4 48E+05 1.22E+06 10 7.5
HMA (overlay) 3.35E+04  4.23E+03  2.14E+01 3.82E+05 1.22E+06 10 7.5
Paint (area) 6.36E-03 7.82E-02 5.81E-07 1.03E-02 0.00E+00 3 NA
Paint (linear) 4.84E-04 5.96E-03 4.43E-08 7.82E-04 0.00E+00 3 NA
Pavers 9.74E+04 1.17E+04 1.17E+02 9.77E+05 0.00E+00 15 NA
PCC 2.65E+05  2.46E+04 1.45E+02 2.05E+06 0.00E+00 20 17.5
PCC (High SCM) 1.16E+05 1.59E+04  6.57E+01 1.08E+06 0.00E+00 20 17.5
PCC (Low SCM) 1.88E+05 1.94E+04 1.02E+02 1.49E+06 0.00E+00 20 17.5
Permeable HMA 8.42E+04 1.16E+04  4.93E+01 1.40E+06 2.25E+06 10 27
Permeable PCC 2.51E+05  2.46E+04 1.36E+02 2.01E+06 0.00E+00 15 30
Permeable RHMA 8.96E+04 1.25E+04  5.40E+01 1.51E+06 2.70E+06 10 27
Planting (GaBi) 1.08E+02 2.24E+01 1.37E-01 1.61E+03 0.00E+00 5 NA
RC*, Bisphenol A (BPA) 1.06E+04 5.38E+02  2.91E+00 2.55E+05 0.00E+00 2 NA
RC, Polyester Styrene 1.24E+04 6.68E+02 1.43E+01 2.58E+05 0.00E+00 2 NA
RC, Polyurethane 8.88E+03  4.71E+02  3.58E+00 1.94E+05 0.00E+00 2 NA
RC, Styrene Acrylate 5.98E+03 3.27E+02 1.99E+00 1.39E+05 0.00E+00 2 NA
RHMA (mill and fill) 3.65E+04 5.08E+03  2.28E+01 3.78E+05 1.31E+06 10 5
RHMA Concrete (overlay) 3.25E+04  4.06E+03  2.09E+01 3.21E+05 1.31E+06 10 5
Sand Seal 2.67E+03 6.57E+02 1.98E+00 4. 84E+04 1.18E+05 6 NA
Slurry Seal 2.24E+03 5.52E+02 1.71E+00 4 11E+04 1.06E+05 6 NA

* BCOA: Bonded Concrete Overlay on Asphalt, SCM: Supplementary Cementitious Materials, RC: reflective coating
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App-Table 8. LCI and PED of MAC of Each of the CS Elements Used in This Study

Quantity PED
Serv. . L* W' Area Thick. Vol (kghm3) °W*  pocP  PM25 oD (Non-
CS Element Life  Material Used [kg (Total)

G (m) (m) (m2) (cm) (m3) (kg/m2) COse] [kg Ose] [kal MJ] Fuel)

(kg/m) [MJ]
Buffered Cycle Track 3 Paint (area) 1.00 1.00 1.00 NA NA 0.61 1.72E-06 2.11E-05 1.57E-10 2.78E-06 0.00E+00
Coloring Lanes 3 Paint (area) 1.00 1.00 1.00 NA NA 0.61 1.72E-06 2.11E-05 1.57E-10 2.78E-06 0.00E+00
Curb Extension 15 PCC on AB 1.00 1.00 1.00 NA NA 602 4.17E+01 4.19E+00 2.22E-02 3.53E+02 0.00E+00
Curb Type 5 15 PCC 1.00 NA NA NA NA 149 2.54E+01 2.35E+00 1.39E-02 1.96E+02 0.00E+00
Island 15 PCC on AB 1.00 1.00 1.00 NA NA 602 417E+01 4.19E+00 2.22E-02 3.53E+02 0.00E+00
Planted Furniture Zone 5 Planting 1.00 1.00 1.00 NA NA 1300 1.08E-02 2.24E-03 1.37E-05 1.61E-01 0.00E+00
Raised Bicycle Buffer 10 HMA (overlay) 1.00 NA NA NA NA 9 467E-01 5.90E-02 2.99E-04 5.33E+00 1.70E+01
Raised Cycle Track 10 HMA (overlay) 1.00 1.00 1.00 NA NA 122 6.13E+00 7.75E-01 3.93E-03 7.00E+01 2.23E+02
Raised Middle Lane 10 HMA (overlay) 1.00 1.00 1.00 NA NA 122 6.13E+00 7.75E-01 3.93E-03 7.00E+01 2.23E+02
Raising the Intersection* 10 HMA (overlay) 1.00 1.00 1.00 NA NA 244 1.23E+01 1.55E+00 7.85E-03 1.40E+02 4.45E+02
Shelter/Transit station 15 PCC on AB 1.00 1.00 1.00 NA NA 602 4.17E+01 4.19E+00 2.22E-02 3.53E+02 0.00E+00
Striping 3 Paint (linear) 1.00 NA NA NA NA 0.05 4.84E-07 5.96E-06 4.43E-11 7.82E-07 0.00E+00
Pervious Pavement 10 Permeable HMA 1.00 1.00 1.00 100.0 1.00 2400 8.43E+01 1.16E+01 4.94E-02 1.40E+03 2.25E+03
Widening Sidewalk 15 PCC on AB 1.00 1.00 1.00 NA NA 602 4.17E+01 4.19E+00 2.22E-02 3.53E+02 0.00E+00

* L: Length, W: Width, Raising the Intersection to Sidewalk Grade

257



App III-Section III. LCA Results for Conventional Streets

In all the tables below:

e #of App: Number of treatment application during the analysis period

e SL: Service Life

e SV: Salvage value at the end of analysis period (expressed as percent of service life)

e T: Thickness

e W: Width

App-Table 9. Itemized Impacts of The Conv. Option During the Analysis Period for a Minor Residential 1 Block)
0,
Total GWP POCP PM2.5 PED (Total) (No:sl?uel) SL* T # of SV* w* # per Note 'I'/Z;fl
[kg COze]  [kg Ose] [kal (MJ] MJ] (yrs.) (cm) App (m)  Block GWP

HMA (overlay) 9.18E+03 1.16E+03 5.88E+00 1.05E+05  3.34E+05 10.0 7.6 3 0% 3.70 1 Street Top Layer 19.1%
Aggregate, Crushed 4.39E+03 7.77E+02 1.67E+00 6.77E+04 0.00E+00 15.0 254 2 0% 3.70 1 Street AB 9.1%
PCC 1.54E+04 1.43E+03 8.44E+00 1.19E+05 0.00E+00 20.0 15.2 2 50% 0.91 2 Curb & Gutter Surface 32.1%
Aggregate, Crushed  1.30E+03 2.30E+02  4.96E-01 2.01E+04 0.00E+00 15.0 15.2 2 0% 091 2 Curb & Gutter AB 2.7%
Planting 2.13E+01  1.20E+01  7.31E-02 8.59E+02 0.00E+00 5.0 NA 6 0% 1.83 2 Landscape 0.0%
PCC 1.55E+04 1.44E+03 8.50E+00 1.20E+05 0.00E+00 20.0 9.2 2 50% 1.52 2 Sidewalk Surface 32.3%
Aggregate, Crushed  2.17E+03 3.84E+02 827E-01  3.34E+04  0.00E+00 150 152 2 0% 1.52 2 Sidewalk AB 4.5%
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App-Table 10. Itemized Impacts of the Conv. Option During the Analysis Period for A Primary Residential 1 Block)

0,

. GWP POCP PM2.5  PED (Total) (No':f"_?uel) SL* T # of* sy W #per T/;t‘;fl

[kg COze]  [kg Ose] [kg]l [MJ] MJ] (yrs.) (cm) App (m)  Block GWP
HMA (overlay) 3.76E+04 4.76E+03 2.41E+01  4.30E+05  1.37E+06  10.0 7.6 3 0% 3.70 3 Street Top Layer 34.5%
Aggregate, Crushed  1.80E+04 3.19E+03 6.86E+00 2.77E+05  0.00E+00 150  25.4 2 0% 3.70 3 Street AB 16.5%
PCC 2.40E+04 2.22E+03 1.31E+01  1.85E+05  0.00E+00  20.0  15.2 2 50% 0.91 2 Curb & Gutter Surface  22.0%
Aggregate, Crushed  2.02E+03 3.59E+02 7.72E-01  3.12E+04  0.00E+00 150  15.2 2 0%  0.91 2 Curb & Gutter AB 1.9%
Planting 3.31E+01 1.86E+01 1.14E-01  1.34E+03  0.00E+00 5.0 NA 6 0% 1.83 2 Landscape 0.0%
PCC 242E+04 2.24E+03 1.32E+01  1.87E+05  0.00E+00  20.0 9.2 2 50% 1.52 2 Sidewalk Surface 22.1%
Aggregate, Crushed  3.37E+03 5.98E+02 1.29E+00  5.20E+04  0.00E+00 150 152 2 0% 1.52 2 Sidewalk AB 3.1%

App-Table 11. Itemized Impacts of the Conv. Option During the Analysis Period for a Collector (1 Block)

o,
. GWP POCP PM2.5  PED (Total) (Noﬁfml) SL* T #of . W' #per | 'r/;;fl
[kg COse]  [kg Ose] [ka] MJ] MJ] (yrs.) (cm)  App* (m)  Block GWP

HMA (overlay) 6.79E+04 8.59E+03 4.35E+01 7.76E+05 2.47E+06 10.0 8.9 3 0% 3.70 3 Street Top Layer 40.6%
Aggregate, Crushed  3.62E+04 6.41E+03 1.38E+01 5.58E+05 0.00E+00 15.0 33.0 2 0% 3.70 3 Street AB 21.6%
PCC 2.83E+04 2.62E+03 1.55E+01 2.18E+05 0.00E+00 20.0 15.2 2 50% 0.91 2 Curb & Gutter Surface 16.9%




0,
Total GWP POCP PM2.5  PED (Total) (NOF:EEUGI) SL* T #of o Wo o #per T/;;fl
[kg COze] [kg Ose] [kg] [MJ] MJ] (yrs.) (cm) App (m)  Block GWP
Aggregate, Crushed 2.39E+03 4.23E+02 9.10E-01  3.68E+04  0.00E+00 150 15.2 2 0% 0.91 2 Curb & Gutter AB 1.4%
Planting 3.91E+01 2.19E+01 1.34E-01  1.58E+03  0.00E+00 5.0 NA 6 0% 1.83 2 Landscape 0.0%
PCC 2.85E+04 2.63E+03 1.56E+01  2.20E+05  0.00E+00  20.0 9.2 2 50% 1.52 2 Sidewalk Surface 17.0%
Aggregate, Crushed ~ 3.98E+03  7.04E+02 1.52E+00  6.13E+04  0.00E+00 150  15.2 2 0% 152 2 Sidewalk AB 2.4%

App-Table 12. Itemized Impacts of the Conv. Option During the Analysis Period for a Major Collector (1 Block)

[

o GWP POCP PM2.5  PED (Total) (No':E'?uel) SL* T #of e WY #per T/;t:fl
= *
[kg COze]  [kg Ose] [kg] [MJ] MJ] (yrs.) (cm) App (m)  Block GWP
HMA (overlay) 124E+05 1.57E+04 7.95E+01 1.42E+06  4.51E+06  10.0  10.2 3 0% 3.70 4 Street Top Layer 46.8%
Aggregate, Crushed  6.23E+04  1.10E+04 2.37E+01  9.60E+05  0.00E+00 150  35.6 2 0% 3.70 4 Street AB 23.5%
PCC 3.51E+04 3.25E+03 1.92E+01  2.71E+05  0.00E+00  20.0  15.2 2 50% 0.91 2 Curb & Gutter Surface ~ 13.3%
Aggregate, Crushed 2.96E+03  5.25E+02 1.13E+00  4.57E+04  0.00E+00 150  15.2 2 0% 0.91 2 Curb & Gutter AB 1.1%
Planting 4.85E+01 2.73E+01 1.66E-01  1.96E+03  0.00E+00 5.0 NA 6 0% 183 2 Landscape 0.0%
PCC 3.54E+04 3.27E+03 1.94E+01  2.73E+05  0.00E+00  20.0 9.2 2 50% 1.52 2 Sidewalk Surface 13.4%
Aggregate, Crushed 4.94E+03 8.75E+02 1.88E+00  7.62E+04  0.00E+00 150 152 2 0% 152 2 Sidewalk AB 1.9%
App-Table 13. ltemized Impacts of the Conv. Option During the Analysis Period for an Arterial (1 Block)

0,
Total GWP POCP PM2.5  PED (Total) (NoF:fl?uel) SL* T #of o WO #per T/;t‘:l
[kg COze] [kg Ose] [kg] [MJ] MJ] (yrs.) (cm) App (m)  Block GWP
HMA (overlay) 2.20E+05 2.78E+04 1.41E+02 2.51E+06  7.99E+06  10.0  14.0 3 0% 3.70 5 Street Top Layer 47.7%
Aggregate, Crushed  1.18E+05 2.08E+04 4.48E+01  1.81E+06  0.00E+00 150  52.1 2 0% 3.70 5 Street AB 25.5%
Planting 1.21E+02 6.78E+01 4.14E-01  4.87E+03  0.00E+00 5.0 NA 6 0% 3.66 2 Landscape 0.0%
Curb Type 5 2.63E+04 2.43E+03 1.44E+01  2.03E+05  0.00E+00  15.0 NA 2 0% 3.66 1 Curb around Median 5.7%
PCC 4.37E+04 4.04E+03 2.39E+01  3.38E+05  0.00E+00  20.0 152 2 50% 0.91 2 Curb & Gutter Surface  9.5%
Aggregate, Crushed  3.69E+03 6.53E+02 1.41E+00 5.69E+04  0.00E+00 150  15.2 2 0% 0.91 2 Curb & Gutter AB 0.8%
Planting 6.04E+01 3.39E+01 2.07E-01  2.44E+03  0.00E+00 5.0 NA 6 0% 1.83 2 Landscape 0.0%
PCC 4.40E+04 4.07E+03 2.41E+01  3.40E+05  0.00E+00  20.0 9.2 2 50% 1.52 2 Sidewalk Surface 9.5%
Aggregate, Crushed  6.15E+03  1.09E+03 2.34E+00  9.48E+04  0.00E+00 150  15.2 2 0% 1.52 2 Sidewalk AB 1.3%

App-Table 14. ltemized Impacts of the Conv. Option During the Analysis Period for a Thoroughfare (1 Block)

0,

T GWP POCP PM2.5  PED (Total) (No':E'?uel) SL* T #of . W #per 'I'/:):;fl
= *

[kg COze]  [kg Ose] [kg]l [MJ] MJ] (yrs) (cm) App (m)  Block GWP
HMA (overlay) 447E+05 5.65E+04 2.86E+02 5.11E+06  1.62E+07  10.0  16.8 3 0% 3.70 6 Street Top Layer 61.1%
Aggregate, Crushed  2.23E+05 3.96E+04 8.52E+01  3.44E+06  0.00E+00 150  58.4 2 0% 3.70 6 Street AB 30.6%
Planting 1.47E+02 8.24E+01 503E-01 5.92E+03  0.00E+00 50  100.0 6 0% 3.66 2 Landscape 0.0%
Curb Type 5 3.18E+04 2.95E+03 1.74E+01  246E+05  0.00E+00  15.0 NA 2 0% 3.66 1 Curb around Median 4.4%
PCC 5.31E+04 4.91E+03 2.91E+01  4.10E+05  0.00E+00 200  15.2 2 50% 0.91 2 Curb & Gutter Surface ~ 7.3%
Aggregate, Crushed ~ 4.48E+03  7.94E+02 1.71E+00 6.91E+04  0.00E+00 150  15.2 2 0% 0.91 2 Curb & Gutter AB 0.6%
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0,
Total GWP POCP PM2.5 PED (Total) (NoF:fI?uel) SL* T # of SV* w* # per Note 'I'/:)tc;fl
[kg COze]  [kg Ose] [ka] [MJ] MJ] (yrs.)  (cm)  App (m)  Block GWP
Planting 7.34E+01  4.12E+01  2.52E-01 2.96E+03 0.00E+00 5.0 NA 6 0% 1.83 2 Landscape 0.0%
PCC 5.35E+04 4.95E+03 2.93E+01 4.13E+05 0.00E+00 20.0 9.2 2 50% 1.52 2 Sidewalk Surface 7.3%
Aggregate, Crushed  7.47E+03 1.32E+03 2.85E+00  1.15E+05 0.00E+00 15.0 15.2 2 0% 1.52 2 Sidewalk AB 1.0%

* SL: Service Life

T: Thickness

# of App.: Number of treatment application during the analysis period

W: Width

SV: Salvage value at the end of analysis period (expressed as % of service life)
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App III-Section I'V. LCA Results for Complete Streets

In all the table below:

e #of App: Number of treatment application during the analysis period

e percentConv rep. by CS* Percent of surface area normally covered by Conv. options that is now covered by CS elements
o L. Length

e Mat: Material

e SL: Service Life

e SV: Salvage value at the end of analysis period (expressed as percent of service life)

e T: Thickness

e W: Width

App-Table 15. Itemized Impacts of the CS Element During the Analysis Period for a Minor Residential (1 Block)

PED
GWP PED
SL* . # per L* W*  Area %Conv ™ v* # of " POCP PM2.5 (Non-
CS Element (yrs.) Mat Block* (m) (m) (m2) rep.byCS* (cm) (m3) Total App* sV kg [kg Ose] [kal (Total) Fuel)
COze] MJ] ]
Coloring Lanes 3 Paint (area) 1 90 213 192 0% NA NA 192 10 0% 3.30E-03 4.06E-02 3.02E-07 5.33E-03  0.00E+00
Curb Extension 15 PCC on AB 2 8 244 20 100% NA NA 39 2 0% 3.25E+03 3.27E+02 1.73E+00 2.75E+04  0.00E+00
App-Table 16. ltemized Impacts of the CS Element During the Analysis Period for a Primary Residential (1 Block)
PED
GWP PED
SL* . # per L* W' Area %Conv T™ v* # of . POCP PM2.5 (Non-
CS Element (yrs.) Mat Block* (m) (m) (m2) rep.byCS* (cm) (m3) Total App* sV ko [kg Ose] [kg]l (Total) Fuel)
COze] [MJ] MJ]
Coloring Lanes 3 Paint (area) 1 140 213 299 0% NA NA 299 10 0% 5.13E-03 6.32E-02 4.69E-07 8.29E-03  0.00E+00
Curb Extension 15 PCC on AB 3 8 244 20 100% NA NA 59 2 0% 4.88E+03 4.91E+02 259E+00 4.13E+04  0.00E+00
App-Table 17. Itemized Impacts of the CS Element During the Analysis Period for a Collector (1 Block)
PED
0
¢S Eloment SL' o #per L* W' Area r/;c°:" T VO o FOf sy Gr’P POCP PM2.5 (:ft:n (Non-
(yrs.) Block* (m) (m) (m2) p. oY (cm)  (m3) App* lkg [kg Osze] [kal Fuel)
cs* COze] [MJ] MJ]
Coloring Lanes 3 Paint (area) 2 165 213 352 0% NA NA 704 10 0% 121E-02 149E-01 1.11E-06 195E-02 0.00E+00
Shelter/Transit station 15 PCC on AB 1 15 300 45 100% NA NA 45 2 0% 3.75E+03 3.77E+02 1.99E+00 3.17E+04  0.00E+00
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App-Table 18. ltemized Impacts of the CS Element During the Analysis Period for a Major Collector (1 Block)

. PED

CS Eloment SL' ot #per L* W Area r/;?;;’ v R c’;:\;P POCP PM2.5 (:ft:n (Non-

(yrs.) Block* (m) (m) (m2) . (cm) (m3) App* [kg Ose] [kal Fuel)
Coloring Lanes 3 Paint (area) 2 205 1.68 344 0% NA  NA 687 10 0% 1.18E-02 145E-01 1.08E-06 1.91E-02  0.00E+00
Curb Extension 15 PCConAB 4 8 244 20 100% NA NA 78 2 0% 6.51E+03 6.54E+02 3.46E+00 5.50E+04  0.00E+00
Planted Fumiture Zone 5 Planting 1 185 091 169  100% NA  NA 169 6 0% 1.09E+01 228E+00 1.39E-02 1.63E+02  0.00E+00
Curb Type 5 15 PCC 1 372 NA NA 0% NA NA 372 2 0% 1.89E+04 1.75E+03 1.03E+01 1.46E+05 0.00E+00
Coloring Lanes 3 Paint (area) 2 205 335 687 0% NA NA 1375 10 0% 236E-02 291E-01 216E-06 3.81E-02  0.00E+00
Raised Bicycle Buffer 10 HMA (overlay) 2 205 NA NA 0% NA NA 410 3 0% 5.74E+02 7.26E+01 3.68E-01 6.56E+03 2.09E+04

App-Table 19. Itemized Impacts of the CS Element During the Analysis Period for an Arterial (1 Block)

. PED

CS Element SL"  Matr fiper L' W' Area r/;?:; oV ot FOf g G[K:,P pocp PM2.5 (:ftgl) (Non-

(yrs.) Block* (m) (m) (m2) " (cm) (m3) App* [kg Oze] [kg] Fuel)

cs COze] [MJ] M)
Coloring Lanes 3 Paint (area) 2 255 168 427 0% NA NA 855 10 0% 147E-02 1.81E-01 1.34E-06 2.37E-02  0.00E+00
Raised Bicycle Buffer 10 HMA (overlay) 2 255 NA  NA 0% NA NA 510 3 0% 7.14E+02 9.03E+01 4.58E-01 8.16E+03  2.59E+04
Coloring Lanes 3 Paint (area) 2 255 335 855 0% NA NA 1710 10 0% 294E-02 3.62E-01 269E-06 4.75E-02  0.00E+00
Shelter/Transit staton 15 PCC on AB 1 8 300 24 100% NA NA 24 2 0% 200E+03 2.01E+02 1.06E+00 1.69E+04  0.00E+00
Island 15 PCCon AB 1 4 100 4 100% NA  NA 4 2 0% 3.34E+02 3.35E+01 1.77E-01 2.82E+03  0.00E+00

App-Table 20. Itemized Impacts of the CS Element During the Analysis Period for a Thoroughfare (1 Block)

. PED

CS Element SL*  Mat- #per  L° W' Area r/;(;o:; oV totar FOf g G[‘.ff pocP PM2.5 (TP;Z) (Non-

(yrs.) Block* (m) (m) (m2) " (cm) (m3) App* [kg Oze] [kg]l Fuel)

cs COze] [MJ] ]
Coloring Lanes 3 Paint (area) 2 310 168 520 0% NA  NA 1039 10 0% 1.79E02 2.20E-01 1.63E-06 288E-02 0.00E+00
Raised Bicycle Buffer 10 HMA (overlay) 5 310 NA  NA 0% NA  NA 1550 3 0% 2A17E+03 275E+02 1.39E+00 2.48E+04  7.89E+04
Coloring Lanes 3 Paint (area) 2 310 396 1228 0% NA NA 2457 10 0% 4.22E-02 519E-01 3.86E-06 6.82E-02  0.00E+00
Shelter/Transit staton 15 PCC on AB 1 310 305 945  100% NA NA 945 2 0% 7.88E+04 7.92E+03 4.19E+01 6.66E+05  0.00E+00
Island 15 PCCon AB 2 3 100 3 100% NA  NA 6 2 0% 500E+02 5.03E+01 266E-01 4.23E+03  0.00E+00
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APPENDIX III. Increased Use of RAP

App-Table 25. Amount of HMA and RHMA in MMT (Million Metric Tonnes) predicted to be used in
Caltrans’s statewide pavement projects between 2017 and 2050
RHMA

Year HMA RHMA / HMA Total
2017 3.28 1.72 0.52 5.00
2018 0.31 0.16 0.52 0.48

2019 0.32 0.17 0.52 0.49
2020 0.33 0.17 0.52 0.51
2021 0.76 0.40 0.52 1.16
2022 1.29 0.67 0.52 1.96
2023 1.77 0.92 0.52 2.69
2024 1.70 0.89 0.52 2.58
2025 1.42 0.75 0.52 2.17
2026 1.35 0.71 0.52 2.06
2027 1.08 0.56 0.52 1.64
2028 1.83 0.96 0.52 2.78
2029 1.65 0.86 0.52 2.52
2030 1.21 0.63 0.52 1.84
2031 1.32 0.69 0.52 2.02
2032 1.30 0.68 0.52 1.98
2033 1.54 0.81 0.52 2.34
2034 1.79 0.94 0.52 2.73
2035 1.46 0.77 0.52 2.23
2036 1.20 0.63 0.52 1.83
2037 1.12 0.59 0.52 1.71
2038 1.30 0.68 0.52 1.98
2039 1.88 0.98 0.52 2.86
2040 1.28 0.67 0.52 1.96
2041 1.70 0.89 0.52 2.59
2042 0.89 0.46 0.52 1.35
2043 0.90 0.47 0.52 1.37
2044 1.56 0.81 0.52 2.37
2045 1.36 0.71 0.52 2.08
2046 1.22 0.64 0.52 1.86
2047 1.40 0.74 0.52 2.14
2048 1.40 0.74 0.52 2.14
2049 1.40 0.74 0.52 2.14
2050 1.40 0.74 0.52 2.14
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App-Table 26. Baseline mix designs (mass-based) for HMA and RHMA to be used in Caltrans’

pavement projects

Item HMA RHMA
Aggregate 81.0% 92.5%
Bitumen 4.0% 5.8%
Crumb Rubber Modifier 0.0% 1.5%
Extender Oil 0.0% 0.2%
RAP 15.0% 0.0%

App-Table 27. GHG emissions (Tonnes CO.e per year)
due to HMA and RHMA material production stage in all Caltrans’ statewide pavement projects
during the analysis period of 2018-2050

HMA (Max  HMA (Max ';2’!,2 g:;’f HMA (Max ':m,: gﬂx HMA (Max ';3’!,2 gﬂx HMA (Max
Year iy rap) 25%RAP, Bio. 25%RAP, Bio, 40% RAP, Bio, 50%RAP,  RHMAG
no Rejuv) paaen) Aromatic) ] Aromatic) e Aromatic)
2018 104,409 100,936 101,998 103,702 96,635 99,020 94,571 97,979 114,701
2019 108,165 104,567 105667 107,432 100,111 102,582 97,973 101,503 118,827
2020 110,755 107,072 108,198 110,005 102,509 105,039 100,320 103,934 121,673
2021 254,304 245846 248432 252,581 235370 241,179 230,343 238642 279,373
2022 429757 415464 419,834 426,846 397,760 407,577 389,265 403290 472,122
2023 588,943 569,356 575344 584,954 545004 558548 533,453 552,672 647,000
2024 565516 546,708 552,458 561,686 523412 536,330 512,233 530,688 621,264
2025 474,580 458,797 463,622 471,366 439,246 450,087 429,865 445353 521,364
2026 450,378 435399 439,979 447,327 416,846 427,134 407,943 422,641 494,775
2027 359,021 347,080 350,731 356,589 332,291 340,492 325194 336,910 394,413
2028 609,494 589,223 595421 605366 564,115 578,038 552,067 571,957 669,577
2029 550,561 532,250 537,848 546,832 509,570 522,146 498,687 516,654 604,834
2030 402,144 388,769 392,859 399420 372,203 381,390 364,254 377,378 441,787
2031 441,822 427,128 431,620 438,830 408,927 419,020 400,194 414612 485376
2032 433,480 419,063 423471 430,544 401,206 411,108 392,638 406,784 476,212
2033 512,934 495875 501,091 509,460 474745 486462 464,606 481,345 563,499
2034 597,174 577,313 583,385 593,129 552,712 566,354 540,908 560,396 656,042
2035 488,037 471,806 476,768 484,731 451,701 462,849 442,054 457,981 536,147
2036 401,039 387,701 391,779 398323 371,180 380,341 363,253 376,330 440,573
2037 374,194 361,749 365554 371,659 346,334 354,882 338,937 351149 411,081
2038 433,536 419,117 423,525 430,599 401,257 411,161 392,688 406,836 476,273
2039 625507 604,704 611,064 621270 578936 593225 566,572 586,984 687,169
2040 428,491 414240 418597 425589 396,588 406,377 388,119 402,102 470,731
2041 567,653 548,774 554,546 563,808 525389 538357 514,169 532,693 623,611
2042 296,170 286,320 289,332 294,164 274119 280,885 268,265 277,930 325,366
2043 300,215 290,230 293,283 298,182 277,863 284,721 271,929 281,726 329,810
2044 519,113 501,848 507,127 515597 480,464 492,322 470,202 487,143 570,287
2045 454,448 439,334 443955 451,370 420,613 430,994 411,630 426,461 499,247
2046 407,142 393,601 397,741 404,385 376,829 386,130 368,781 382,068 447,278
2047 460,100 444,806 449,485 456,992 425852 436,363 416,757 431,772 505,466
2048 465163 449,693 454,423 462,013 430,530 441,156 421,335 436,515 511,018
2049 457,947 442,716 447373 454845 423851 434,312 414799 429743 503,090
2050 453,316 438239 442,849 450246 419565 429,920 410,605 425398 498,003
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Year 25% RAP, .’ 25%RAP, . ' 40% RAP, . ' 50% RAP, RHMA-G
TR RA1F) no Rejuv) Bio- Aromatic) Bio- Aromatic) Bio- Aromatic)
based) based) based)
Tota  14,12551 13,655,72 13,799,35 14,029,84 13,073,82 13,396,50 12,794,61  13,255,57 15,517,98
1 7 3 9 3 4 1 1 8 8

App-Table 28. Cost savings per year across the whole network for each HMA scenario

Total HMA Cost Savings vs Baseline (Million $)

Year  Treated (Tonne)  HMA (Max  HMA (Max  HMA (Max

(In-mi) 25% RAP)  40% RAP) 50% RAP)
2018 704 3.1E+5 0.48 2.03 2.51
2019 729 3.2E+5 0.49 210 2.60
2020 747 3.3E+5 0.51 2.15 2.66
2021 1,714 7.6E+5 1.16 4.94 6.11
2022 2,897 1.3E+6 1.97 8.36 10.32
2023 3,970 1.8E+6 2.69 11.45 14.15
2024 3,812 1.7E+6 2.59 11.00 13.58
2025 3,199 1.4E+6 217 9.23 11.40
2026 3,036 1.4E+6 2.06 8.76 10.82
2027 2,420 1.1E+6 1.64 6.98 8.62
2028 4,108 1.8E+6 2.79 11.85 14.64
2029 3,711 1.7E+6 2.52 10.70 13.22
2030 2,711 1.2E+6 1.84 7.82 9.66
2031 2,978 1.3E+6 2.02 8.59 10.61
2032 2,922 1.3E+6 1.98 8.43 10.41
2033 3,457 1.5E+6 2.35 9.97 12.32
2034 4,025 1.8E+6 2.73 11.61 14.34
2035 3,290 1.5E+6 2.23 9.49 11.72
2036 2,703 1.2E+6 1.83 7.80 9.63
2037 2,522 1.1E+6 1.71 7.28 8.99
2038 2,922 1.3E+6 1.98 8.43 10.41
2039 4,216 1.9E+6 2.86 12.16 15.02
2040 2,888 1.3E+6 1.96 8.33 10.29
2041 3,826 1.7E+6 2.60 11.04 13.63
2042 1,996 8.9E+5 1.35 5.76 7.1
2043 2,024 9.0E+5 1.37 5.84 7.21
2044 3,499 1.6E+6 2.37 10.09 12.47
2045 3,063 1.4E+6 2.08 8.84 10.92
2046 2,744 1.2E+6 1.86 7.92 9.78
2047 3,158 1.4E+6 2.14 9.1 11.25
2048 3,158 1.4E+6 2.14 9.1 11.25
2049 3,158 1.4E+6 2.14 9.1 11.25
2050 3,158 1.4E+6 2.14 9.1 11.25
Total 95,463 4.2E+7 64.8 275.4 340.2
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