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DISCLAIMER

The contents of this report reflect the views of the authors, who are responsible for the
facts and the accuracy of the data presented herein. The contents do not necessarily
reflect the official views or policies of the Washington State Department of
Transportation or the Federal Highway Administration. This report does not constitute a

standard, specification, or regulation.



1 INTRODUCTION

Many of the concrete pavement highways in Washington State are nearing the end of
their useful life and will need to be repaired or replaced in the near future. The
Washington State Department of Transportation (WSDOT) expects the design of the next
generation of concrete pavements to last 50 years or longer (Muench et al., 2006). Such a
design is possible with currently available materials and technology, but the

environmental implications should not be overlooked.

There are several project planning and design evaluation tools available to date
that help to maximize efficiency, minimize cost, and minimize environmental impact.
Life-Cycle Cost Assessment (LCCA) is an evaluation technique used to make better
investment decisions by finding the lowest long-term cost that can meet the desired need
(Walls & Smith, 1998). LCCA is now a commonly used tool in civil engineering
applications that has proven its worth to many Departments of Transportation and other
organizations. Growing concerns over the environmental damage caused by
transportation, construction, and any other human activity has resulted in the
implementation of restrictions on vehicular emissions, the success of environmentally
minded programs such as the Leadership in Energy and Environmental Design (LEED)
Green Building Rating System, and a changing mindset of the American public. The
LEED rating system has helped to improve the way buildings are built but little has been
done thus far to improve how roads are constructed (Keoleian & Scheuer, 2002). Life
cycle assessment (LCA) is a technique similar to LCCA that can be used to determine
what would be the best solution over an extended period, but it describes the
environmental consequences of an activity, rather than the cost. This thesis attempts to

1



quantify the environmental impacts of several pavement replacement and rehabilitation

strategies using life cycle assessment.

This report details what LCA is, how it is being used to give insight into best
practices for concrete highway replacement, what uncertainties are associated with the
analysis, and what conclusions or recommendations can be made from the comparisons.
The comparative LCA portion of this report will focus on the replacement of a theoretical
Portland cement concrete (PCC) highway within Washington State. The options that are
compared are the removal and replacement with PCC, the removal and replacement with
hot mix asphalt (HMA) and cracking, seating and overlaying with HMA (CSOL). The
highway that was analyzed was based on portions of I-5 through the northern areas of
Seattle, Washington. This aging highway is currently at the end of its usable life and will
likely be replaced with a pavement section similar to one of the three options presented.
For all assessments only air emissions (common criteria pollutants) and energy usage
were quantified due to data source limitations and study scope. Results are for the
replacement or rehabilitation of 1 lane-mile of highway without any major grading
changes, shoulder work, or changes to the intended use of the highway.
Recommendations have been made as a conclusion to this thesis. They are relevant only
for the assumptions that have been made in this study, but minor changes would likely

not change the overall results.

2  OVERVIEW OF LIFE CYCLE ASSESSMENT

Environmental concerns have increased awareness of different means of preventing

pollution and protecting the environment and have caused some to change behavior



accordingly. One tool that is being used more frequently as a result of this environmental
concern is life cycle assessment (LCA). LCA, or at least its forerunners, has been widely
used for years. Resource And Environmental Profile Analyses (REPAS) were the very
beginning, starting in manufacturing, where many of the first environmental concerns
were concentrated (Curran 1996). Manufacturing provided an obvious point-source of
pollution and for many years grabbed a majority of the attention of environmentalism.
Since then, almost anything with any environmental impact has come under scrutiny. As
a result many regulatory changes have been instituted, such as the installation of catalytic
converters on all cars and the improvement of fuel standards. These concerns finally
worked their way into buildings in 1998 with the first version of the LEED rating system,
which provided guidance on how to build, maintain, and renovate commercial buildings
while minimizing environmental damage (Keoleian and Scheuer 2002). It then seems
logical to enact a similar philosophy for building roads with less of an environmental

impact.

Life cycle assessment is a tool used to summarize the inputs and outputs of a
system or process, usually in an environmental context. It identifies all “cradle to grave”
inputs and outputs of a system that are relevant to the environment. This means that an
LCA includes everything in between the gathering of raw materials to the point at which
those materials are returned to the environment (SAIC 2006). The collection of all
processes from cradle to grave allows LCA to provide a cumulative total of inputs and
outputs for that final product and the environmental impacts associated with those inputs
and outputs. These environmental flows can include, but are not limited to, raw materials

input, energy input, solid waste output, air emissions, water emissions, and any final
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products or co-products. Data for the flows can be acquired from LCA databases,
environmental agencies, previous LCAs, or any reliable source of environmental process
inputs and outputs. The data can then be organized in matrices and the life cycle
inventory (LCI) can be completed as described in Section 4.7. Once an inventory of
these environmental flows is created, they are built upon by assessing the environmental
impacts of the flows. A list of emissions statistics may not be very useful unless one
knows how harmful one item is with respect for another. This is why an impact
assessment is necessary to understand the true impact that a system is having on the
environment. Various impacts can be assessed such as global warming potential and
acidification. For example carbon dioxide and methane both contribute to global
warming but methane contributes 21 times as much, as explained in Section 5.1. Another
useful tool of LCA is the contribution analysis which gives process by process results for
impacts, allowing a user to determine what the largest contributors are. After these steps
conclusions can finally be made and recommendations for improving the system can be
made. When being used as a comparative tool, as it is in this study, LCA can help to

make recommendations of best practices between alternatives.

The goal of this report is to apply the LCA method to several separate highway
reconstruction options that can be compared and improved over time as a guide to better
road building practices. This should also provide information on which specific
segments of construction are the largest contributors to emissions and resource usage.
Beyond the scope of this study, the data and method presented could be expanded for use
as a tool at the scoping-level to determine emissions and energy use, which could help

make scoping decisions early on for road projects.
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2.1 LCA Methodology
The International Organization of Standardization (1SO) has recognized the positive

environmental impact that LCA has had thus far and can have in the future and has come
up with a set of standards to try to improve its effectiveness. The standardization of the
LCA process has helped to make it a more easily understood tool that can be reliable and
productive. 1SO 14040 (2006) and ISO 14044 (2006) are the two main standards utilized
in this report that describe the principles and framework and the requirements and
guidelines, respectively. Figure 1 shows the life cycle assessment framework as

described by the ISO 14040 (2006) standard.

/ Life Cycle Assessment Framewoh

Goal and f \

Scope
Definition

v 1

Inventory
Analysis

v 1

Impact
Asggessment

Interpretation

|

—

. /

Figure 1. Phases of an LCA.

ISO outlines a systematic four phased approach to LCA that consists of goal and scope

definition, inventory analysis, impact assessment, and interpretation.



The scope of the study is defined by the system boundary and the level of detail, both of
which depend on the depth of the LCA which depends on the goal. This first step is
determining the functional unit of the study. The functional unit describes the function
and performance of the subject of the product or process being studied (SAIC 2006). For
example the functional unit of pavement construction should be some measure of length,

width, and performance, as described in Section 3.1.

The second step is to perform an inventory analysis, which results in completing a
life cycle inventory (LCI). An LCI is the collection of all the relevant data required
according to the goal that is within the scope of the study. This is when all environmental
flows are compiled and the results are calculated according to the computational structure
used. Within the LCI the individual processes may have different units and the
relationships between the processes will need to be established to determine the quantity

of each that is required.

The third step, the impact assessment, is the step in which any additional
information is provided to make the LCI results more comprehensible in an
environmental context. The impact assessment can include the aggregating of various
outputs with respect to their impacts on one particular segment of the environment, such
as global warming potential or acidification. This step helps in making comparisons
between LCAs also because different emissions have different impacts that may not be

initially obvious based on the numbers.

The final step is interpretation, which is the formulation of any conclusions or

recommendations that help achieve the goal (ISO 14044 2006). The interpretation should



also include limitations of the study and descriptions of what additionally could be done

to improve or expand the LCA.

3 LIFE CYCLE ASSESSMENT OF PAVEMENTS

This study compares the environmental impact of three different options for replacing an
existing PCC pavement highway that is in poor condition. The first analysis option is to
remove and replace the existing pavement with a new PCC pavement, as described in
Section 3.3.1. The second option is to remove the existing pavement and replace it with
an HMA pavement, as described in Section 3.3.2. The third option is to leave the
existing PCC pavement in place, crack it, seat it, and overlay it with an HMA pavement,
as described in Section 3.3.3. All three of these options, as set up in this paper, assume
that the final new pavement elevation will be higher than the original. All options also
assume that there are no major subgrade problems that would need to be rebuilt or
significantly repaired and that the existing base course (assumed to be crushed aggregate
is in good condition and can be reused. Modifications to the LCA would be required if

these assumptions were not maintained in future usage.

The existing pavement structure was modeled based on portions of 1-5 through
King County, Washington. This corridor was originally paved in the early 1960s, has
received little to no maintenance since, and is now about 66% of it is in need of
rehabilitation or replacement (Hansen et al., 2007). The pavement section varies
throughout this corridor but the typical pavement section consists of a 10 inch thick base

course of crushed aggregate with 9 inch thick PCC slabs on top (based on Washington



State Pavement Management System data). A typical section of the existing pavement is

shown in Figure 2.

Sub-base

-
Figure 2. Cross-section of Existing PCC Highway.

3.1 Goal
To first understand the goal of this study, a functional unit needs to be established, which

is assessed by the LCA. A functional unit is essentially the subject of an LCA, describing
what is assessed. It usually describes a quantity of an item produced or duration of an
activity and is important in comparative LCASs to ensure that comparisons are fair. For
this comparison, the functional unit is one lane-mile of reconstructed highway that is
adequate for I-5 traffic loading and will last for 50 years. This unit allows the different
scenarios to be compared to each other because of the equal time scale and functional
capability. Unfortunately the comparison merely looks at the initially constructed
structures and the larger maintenance procedures required during a 50 year life-span.
This LCA does not account for differences in ride quality, noise, safety, etc. during that

useful life. This does not mean that the conclusions presented are not reliable, but other
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factors outside the scope of this LCA should be considered when using it as a decision
support tool. The overall goal is investigate LCA comparisons as a decision support tool
in making environmentally minded decisions for highway paving or rehabilitation
projects. Hopefully this tool can be expanded in the future to also include more variables

and options as well as completely different paving scenarios.

To be considered a successful reconstruction the work will have to result in a
significant improvement in ride quality, while having the same highway capacity and
capabilities. These specific requirements can vary and have not been quantified in this
study. The proposed maintenance schedule attempts to ensure that the scenarios will
meet these requirements for the 50 year span. Traffic loading is also assumed to be
roughly the same in terms of mix of cars and trucks and number, accounting for some

growth.

3.2 Scope
A LCA needs to define its boundaries for consistency and to make the inventory

collection more manageable. Processes could be added to an assessment endlessly by
adding smaller and smaller contributing processes, but that will not add much to the
assessment as a whole. For example, the production of crushed aggregate requires the
mining of rock, which requires equipment and fuel. The equipment needs to be produced
and requires steel, but the extraction of steel also requires equipment. The production of
the equipment used to produce steel to produce the machine to mine rock for crushed
aggregate is such a minor contributor to the overall highway construction system that it

can be ignored without affecting the validity of the LCI results.



The LCA systems being compared in this study attempt to include the production
of any materials for paving or pavements, the production of any fuels used for production
or construction activities, production and construction activities associated with initial
construction, and production and construction activities associated with maintenance.
Any exceptions are stated in Section 3.3. The goal was to include data for at least 95% of
the mass and energy flows into or out of the system. It is impossible to look at absolutely
everything that can contribute to the environmental impacts. The last 5% of the flows
contribute very little to the system as a whole and would not significantly change the
environmental impacts. Ten different air emissions were examined: CO,, CO, NOy, SOy,
CHg, PM;5, PMyg, SO,, N,O, and VOC. These were used primarily because they are the
emissions offered by the available data sources, but also because they are relevant to the
environmental impacts assessed in Section 5. Solid wastes and water usages and wastes
were not tracked because many of the process data sources lacked information for these
categories. Figure 3 shows the main activities of highway reconstruction that are
included in the LCA. Complete lists of the included processes for each option are

included in Section 3.3.
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Figure 3. Sequence of main activities and scope included in LCA.

3.3 Highway Paving Options
This study focuses on three main options available to reconstruct an old PCC pavement

and withstand at least 50 more years of traffic with regular rehabilitation and

maintenance. The rehabilitation options considered are:
e Remove and replace with PCC
e Remove and replace with HMA
e Crack, seat, and overlay with HMA

For all scenarios it has been assumed that it would be acceptable for the final
pavement to be higher than the original pavement. This is necessary because the existing

base course is being left in place for use under the new thicker pavements in the first two
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cases and because the overlay adds thickness to the section for the third option. If this
was indeed not acceptable, such as to maintain bridge clearances in some locations, the
base course would have to be excavated and lowered to maintain the same elevation.
This could change the results of the LCA and should be changed within the inventory
accordingly for a more accurate analysis.

3.3.1 Remove and Replace with PCC

Presumably, a new PCC pavement would be appropriate and be even stronger due to the
many innovations and lessons learned since the original paving in the 1960s. An
essential part of constructing a strong and reliable PCC pavement is to have a stable base.
For this scenario it was assumed that the existing base course consisting of 10 inches of
crushed aggregate is stable and strong and would remain in place for reuse with the new
pavement. It would however be necessary to properly grade and compact the base once it

is disturbed by demolition.

WSDOT typically constructs new PCC pavements on an HMA base layer
(WSDOQT, 2005, pg. 33). The inclusion of this base layer in the LCA would significantly
increase the environmental impacts of the PCC replacement option. This was not done in
this study so that HMA and PCC could be compared as independent materials and

because the existing base course is still acceptable by WSDOT standards.

The new PCC pavement design used was a 13 inch thick slab, 4 inches thicker
than the existing pavement to ensure adequate strength and to allow for future diamond
grinding. This design thickness is adequate for a design period loading of greater than
50,000,000 equivalent single axle loads (ESALS) at 95% reliability on an unbound

aggregate base. This design is according to the AASHTO Guide for Design of Pavement
12



Structures (1993) as described in the WSDOT Pavement Policy (WSDOT, 2005, pg. 35).
The new slabs will be placed with dowel bars to allow for load transfer between slabs.
Dowel bars are commonly used today as a means of prevent faulting, which has been
observed many places that did not provide their slabs with dowel bars. Figure 4 shows

the cross section for the PCC remove and replace option.

13" PCC

Sub-base

.

Figure 4. Cross-section of PCC replacement option.

The existing pavement will have to be broken apart and then loaded into trucks for
removal. Once removal is complete, the crushed aggregate base layer can be re-graded
and compacted. This may require a minimal amount of base course replacement if some
of removed incidentally with the waste PCC. The new PCC can then paved, finished, and

saw cut. The processes included in this reconstruction option are as follows:
e PCC breaking
e Loading of Broken PCC

e Transport of broken PCC for disposal

13



Grading of base material

Compaction of base material

PCC production, including material acquisition and transport
Steel production for dowel and tie bars

PCC transport to site

PCC placing and spreading

PCC paving

Curing compound application and surface tining
Joint saw cutting

Use of utility excavator for site work
Production of all fuels and electricity

Diamond grinding for rehabilitation

The details of each process are described in Section 4.3.

3.3.2 Remove and Replace, HMA

The second analysis scenario is a complete removal of the existing PCC pavement and
placement of an HMA profile consisting of 5 lifts of HMA totaling 13 inches. This
design is acceptable for 100 to 200 million ESALs during the design period at 95%
reliability: the same design parameters assumed for the PCC replacement scenario. This
design is also from the AASHTO Guide for Design of Pavement Structures (1993) as

described in the WSDOT Pavement Policy (WSDOT, 2005, pg.28). The first 3 lifts of

14



this design will be an HMA base course and the top two lifts will be surfacing courses.

Figure 5 shows the proposed replacement pavement profile for this scenario.

Sub-base
-

Figure 5. Cross-section of HMA replacement option.

As with the PCC replacement option the existing pavement will have to be broken and
then loaded into trucks for removal. Once removed the base layer will be re-graded and
compacted and could require a minimal amount of base course replacement if some was
removed with the waste PCC. The new HMA can then be paved, one lift at a time, with a
layer of tack coat in between each lift. A material transfer vehicle will be needed for all
HMA paving as required by WSDOT General Special Provisions (WSDOT 2004). It has
been assumed that two breakdown rollers and one finish roller will be sufficient for all

HMA paving. The processes included in this reconstruction option are as follows:
e PCC breaking
e Loading of Broken PCC

e Transport of broken PCC for disposal

15



e Grading of base material

e Compaction of base material

e Bitumen production, including crude extraction and refining
e Aggregate production

e HMA production

e HMA transport to site

e Production of emulsifier

e Production of surface tack

e Tack application truck

e Material Transfer

e HMA Paving

e HMA breakdown rolling

e HMA finish rolling

e Street Sweeping

e Use of utility excavator for site work

e Production of all fuels and electricity

Milling for rehabilitation

The details of each process are described in Section 4.4.
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3.3.3 Crack Seat and Overlay
The third scenario, crack seat and overlay, does not require the removal of the original

pavement. A special breaker machine is used to crack the pavement into smaller pieces
to delay/avoid the formation of reflection cracks in the HMA overlay at underlying slab
joints due to stress concentrations there. A heavy roller is then driven over it to set the
pavement pieces and then an overlay paved similar to the HMA replacement option. A
pavement profile composed of a 5 inch overlay in 2 lifts was assumed. Several HMA
overlays have been performed on I-5 already at various thicknesses as described in an 1-5
assessment study (Hansen et al., 2007). 5 inches corresponds to the thickest of those
overlays performed and seems like a good design choice based on the observed
performance of the existing overlays (Hansen et al., 2007, pg. 68). The State of
California has completed a number of these types of projects and usually uses a fabric
layer to prevent crack transmission. This analysis has foregone the fabric layer and it was
assumed that bridge clearances were not an issue. If a bridge clearance would need to be
maintained, the portion of the highway near the bridge would have to be completely
removed and replaced with HMA with a transition on both sides to CSOL. Figure 6

shows the proposed replacement pavement profile for this scenario.
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2" HMA
3" HMA

9" PCC
Cracked and:Seated

Figure 6. Cross-section of CSOL option.

To construct a CSOL pavement the existing pavement would have to be cracked and then
seated with a roller, as described earlier. A layer of tack would then have to be sprayed
and then the HMA overlay could then be paved in two lifts with a layer of tack coat
between the lifts. A material transfer vehicle would be needed, as described in Section
3.3.2. It has been assumed that two breakdown rollers and one finish roller will be
sufficient for all HMA paving. The processes included in this reconstruction option are

as follows:
e PCC cracking
e PCC seating
e Bitumen production, including crude extraction and refining
e Aggregate production
e HMA production

e HMA transport to site
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e Production of emulsifier

e Production of surface tack

e Tack application truck

e Material Transfer

e HMA Paving

e HMA breakdown rolling

e HMA finish rolling

e Street Sweeping

e Use of utility excavator for site work

e Production of all fuels and electricity

Milling for rehabilitation

The details of each process are described in Section 4.5.

3.4 Rehabilitation
In order for each of the options to have the same functional unit, they will be assumed to

have a design-life of 50 years. A proper pavement preservation schedule was created for
each to attain this 50 year life-span given existing WSDOT knowledge and practices. At
the end of the 50 years an additional preservation effort was also performed to make the
pavement surface new at the end of the analyzed period. This means that the pavement
structures have not been truly viewed from cradle to grave, as is usually done in LCA.

This is because with modern pavements, especially high volume highways, there is no
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well defined end-of-life where the pavement would be removed and thrown away.
Considering the life of the current pavement it seems likely that the new pavements will
still have value beyond this basic design life. It has been assumed that the structures will
either remain in place indefinitely and can be repaired well into the future or that they
will remain in place and be used as a base for the new roadway, as is being done in the
CSOL option. The state of the pavement at the end of 50 years is impossible to know but
it is assumed that all three scenarios would have similar value at the end of the analysis
and thus can be reasonably compared. The schedule for pavement preservation for each

option is presented in Table 1.

Table 1. Pavement Preservation Schedule

Scenario Maintenance Year

Diamond Grind 1 20
PCC Replace  |Diamond Grind 2 40
Diamond Grind 3 50

Mill and Fill 1 16
HMA Replace | Mill and Fill 2 32
Mill and Fill 3 48
Mill and Fill 1 16
CSOL Mill and Fill 2 32
Mill and Fill 3 48

The PCC pavement is first being diamond ground at 20 years and then again at
years 40 and 50. It has been estimated that a diamond grind will first be necessary every
20 years because of minor faulting and wheel path wear that has occurred historically in

Washington State (WSDOT 2005). If, on the other hand, the state were to outlaw the use
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of studded tires in the future, the diamond grinding may not need to be performed as
often because studded tires are the main cause of wheel path wear (Cotter 2007). A 16
year life-span for the surface of an HMA pavement has been used with a required mill
and fill at that time. Unpublished calculations by the WSDOT Materials Laboratory

suggest that this is the average life of an HMA surfacing in Western Washington.

The LCA community currently does not associate a time-value with emissions
and energy usage, as there is for money (i.e. discount rate) but perhaps this is a future
development that should be included. Because of this it does not matter when the
rehabilitations are performed but they could in reality have different environmental

impacts depending on when they are performed.

3.5 Other Pavement Preservation Options
As part of this study, two pavement preservation options were also included in the LCA

comparison: diamond grinding and dowel bar retrofitting. Diamond grinding is included
as part of the PCC pavement life cycle and thus, must be quantified. Dowel bar retrofit,
while not included in the PCC pavement life cycle for this study, is nonetheless a
rehabilitation option for undoweled PCC pavement. It is quantified in this study in case
future work wishes to include it in the PCC life cycle. These options are presented only
as life cycle inventories because they do not last 50 years and thus cannot meet the
functional unit requirements of the LCA.

3.5.1 Diamond Grinding

Diamond grinding is a rehabilitation option that extends the life of a concrete pavement

by creating a smooth corduroy like surface after it has become rough from faulting or
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cracking. Itis also used as a way to remedy severe rutting due to studded tire wear
(Cotter 2007). Diamond grinding is the primary PCC rehabilitation for roughness and
rutting. It is a portion of the LCA for the PCC replacement option. Diamond grinding
involves using a gang of diamond saw blades on a cutting head, usually 36-48 inches
wide. For a typical single pass, the final outcome is usually a 4-6mm slab thickness
reduction and a smoother, rut-free surface (FHWA 2006). Figure 7 shows a diamond
grinding machine cutting head and Figure 8 shows what a PCC surface would typically

look like after diamond grinding.

”"'m' ’f".'”_r mlr| i If'II|J I ity |I " quﬁﬂ"l.h

~ photo courtesy of C.L. Monismith
Figure 7. Diamond grinding cutting head.
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Figure 8. Pavement surface after diamond grinding (right side).

3.5.2 Dowel Bar Retrofit
Dowel bar retrofitting (DBR) serves as a way to extend the life of existing concrete

pavements that were originally installed without the use of load transferring dowel bars.
The process adds dowel bars at all transverse joints (3 or 4 per wheel path) and
sometimes at transverse cracks that have formed during the pavement’s lifetime.
Highway PCC pavements are generally no longer constructed without dowel bars, so this
technique may eventually be less common once all of the older pavements are replaced or
retrofitted. A DBR is usually performed in conjunction with diamond grinding to create

a smooth surface that will last approximately 10 to 20 years (Pierce and Muench 2009).

The DBR process starts by using diamond blades to cut three or four dowel bar
slots (three for this analysis) and then breaking and removing the concrete within the slot.

23



The slot then has to be cleaned to remove any debris or saw cutting slurry. Then the joint
within the slot is sealed with a caulking material and the dowel bar assemblies are
inserted. The dowel bar assemblies consist of an epoxy coated dowel bar with end caps,
chairs, and foam core boards at the joint. Once in place the dowel bars are covered with a
concrete patching material, which needs to be properly consolidated with a vibration
device, and allowed to cure (Pierce and Muench 2009). Figure 9 shows a completed

dowel bar retrofit.

Figure 9. Completed DBR (WSDOT photo).
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4 LIFE CYCLE INVENTORY

The inventory analysis of this study is prepared in accordance with Section 5.3 of ISO
14040 (2006) and Section 4.3 of ISO 14044 (2006). The inventory analysis is used to
determine, both qualitatively and quantitatively, the material and energy inputs and the
environmental releases to be associated with each unit process. Data was collected
according to the goal and scope definition for the replacement options that were

compared.

All unit process included in the LCA computation are described below by
rehabilitation or replacement option along with descriptions and any assumptions or
estimations that were made. Some of the unit processes were the same for all options and

are only described once to avoid redundancy.

4.1 Primary Data Sources
The main sources of energy usage and air emissions data were The Greenhouse Gases,

Regulated Emissions, and Energy Use in Transportation (GREET) model and The U.S.
Environmental Protection Agency’s NONROAD2005 model for nonroad engines,
equipment, and vehicles. This section provides descriptions of how each source was used
and how the data from each can be interpreted. Not all emissions that are presented for
each process were used in the overall LCA, they are just presented for reference and
completeness.

4.1.1 EPA NONROAD

Emissions data for all non-road construction and vehicular equipment was obtained from

the EPA NONROAD model (USEPA 2005). Non-road diesel fuel has recently seen new
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regulation that will decrease the negative impact on the environment by requiring lower
sulfur levels in non-road fuels. In 2007, this fuel was required to have less than 500ppm
of sulfur and starting in 2010 the limit was reduced to 15ppm (USEPA 2003). These
changes are reflected in the GREET fuel data, where an average sulfur content of
163ppm is used. This sulfur content was used as a NONROAD input for consistency.
The default NONROAD value of 8.0 pounds per square inch Reid Vapor Pressure (RVP)
was used. NONROAD only includes fuel usage and air emissions of vehicles. It does
not include the production or maintenance of the machine. Vehicle production is outside

of the scope of this study but could be added as a separate process to expand the scope.

NONROAD provides emissions factors for ranges of horsepower, so for each
piece of construction equipment an estimate of the engine horsepower had to be made.
To do this some typical makes and models were researched to determine the horsepower
that should be assumed for each activity. These typical machines and any other

assumptions that were made are described in the section for the individual processes.

Table 2 through Table 5 shows what equipment was used to approximate a typical
occurrence of each activity, the rated horsepower of that activity, and the NONROAD
category used to approximate that piece of machinery. A brief description of each
equipment process, what estimations were made, and how the usage of each was
calculated are described in the individual process descriptions in Sections 4.3 through
4.6. All data is presented in BTUs per operating hour for energy flows and in grams per

operating hour for material flows.
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Table 2. NONROAD Equipment Estimations for PCC Remove and Replace

Process Typical Equipment Equipment HP NONROAD Category Used
. 315, truck 300 HP Oft-Road Trucks

PLE Cracking 78600 Badger Breaker 140, breaker 175 HP Crushing/Proc. Equipment

Loading of Cracked PCC Cat 330L 268 300 HP Excavators

Sub-base Grading John Deere §70D 180 175 HP Graders

Sub-base Compaction Dynapac CAFOZ 220 300 HP Rollers

Site Lhility Work Cat 330L 265 300 HP Excavators

PCC Paving Terex SF3502C 350 300 HP Pavers

Seal Coat Spraying and Tining | Gomaco T/C 400 50 75 HP Surfacing Equipment

Saw Cutting EDCO 5565 55 75 HP Concretedndustrial Saws

) - . G600, main 600 HP Surfacing Equipment
Diarmond Grinding Diarond Products PC GO00EC 52, aux. 100 HP Surfacing Equipment

Table 3. NONROAD Equipment Estimations for HMA Remove and Replace

NONROAD Category Used
300 HP Off-Road Trucks
175 HF Crushing/Proc. Equipment

Process

PCC Cracking

Typical Equipment
TBE00 Badger Breaker

Equipment HP
315, truck
140, breaker

Loading of Cracked PCC [Cat 330L 268 300 HP Excavators
Sub-base Grading John Deere 8700 180 175 HP Graders
Sub-hase Compaction Dynapac CAZO2 220 300 HP Raollers
Site Utility Work Cat 330L 268 300 HP Excavators

. Elgin Crosswind J 115, aux. .
Street Sweeping Masco Husky LH2000 55, aus. 100 HF Cement & Martar Mixer
. Terex CR 552 260
HMA Paving Foadiec RP10E e 300 HP Pavers
Breakdown Rolling Dynapac CC722 228 300 HP Rollers
Finizh Rolling Dynapac CC322 g2 100 HP Raollers
" Roadtec R¥-800 930 . .
Mill 750 HP Surf: E t
Hng Burnay BM2000/60 590 HriaEing Equipmen

Table 4. NONROAD Equipment Estimations for CSOL

NONROAD Category Used
300 HP Cf-Road Trucks
175 HP Crushing/Froc. Equipment
300 HP Rollers
300 HP Excavators

Process

PCC Cracking

Typical Equipment Equipment HP
315, truck

TG00 Badger Breaker 140, breaker

Diynapac CASDZ 220
Cat 330L 268

Seating by Roller
Site Lhility Wark

. Elgin Crosswind J 115, au. .
Street Sweeping Masco Husky LHD000 55, aux. 100 HP Cerment & Mortar Mixer
) Terex CR 552 260
Hr& Paving Foodios RP155 o 300 HP Pavers
Seal Coat Spraying and Tining  [Gomaco T/C 400 &0 75 HP Surfacing Equipment
Breakdown Ralling Diynapac CCPEY 228 300 HP Rallers
Finish Ralling Diynapac CCEEY g2 100 HF Rallers
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Table 5. NONROAD Equipment Estimations for DBR

Process Typical Equipment Equipment HP NONROAD Category Used
Site Utility WWork Cat 330L 268 300 HP Excavators
. Elgin Crosswind J 115, aux. .
Street Sweeping Masco Husky LH2000 26, aux, 100 HP Cement & Martar Mixer
Dowel Slot Cutting Diamond Products PC 450 ggg {300 HP Surfacing Equipment) x 2
. . . BB0, main B00 HP Surfacing Equipment
Diarnond Grinding Diarnond FProducts PC BOOOEC 97 aux. 100 HP Surfacing Equipment

NONROAD data is processed through a graphical user interface (GUI) allowing the user
to select the equipment to analyze, fuel specifications, weather, geographic location, time
of year, and fuel type. For all cases the data was made specific to Washington State for a

yearlong average and all equipment used nonroad diesel fuel.

NONROAD allows for reports to be presented in many ways but for this study the
data was most easily used when presented in grams per hour for each machinery type by
horsepower ranges. NONROAD uses a mix of engine types to come up with the average
emissions; for this 2008 analysis it assumed 90 percent meeting Tier 3 EPA engine
standards and 10 percent meeting only Tier 1. NONROAD uses brake-specific fuel
consumption (BSFC) to calculate the air emissions that it presents. This BSFC is in units
of pounds per horsepower hour so the BSFC had to be multiplied by the horsepower to
get a fuel usage in pounds per hour.

412 GREET

The Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation
(GREET) model, developed by The United States Department of Energy’s Argonne
National Laboratory and The University of Chicago was developed as a tool for
researchers to analyze the environmental impact of different combinations of vehicles

and fuels (Argonne National Laboratory 1999). GREET also has data for many
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stationary fuel uses and for the production of many common industrial materials. For the
purposes of this study GREET was used as a source of data for fuel and electricity
production, truck transportation, tie and dowel bar production, and natural gas burned in a
tack truck. GREET versions 1.7 and 2.7 were used. GREET1.7 was used for fuel
production, electricity production, and truck transportation. GREET 2.7 was only used
for the production of steel for dowel and tie bars. All relevant GREET assumptions are

discussed by process in the following sections.

4.2 Shared Processes

Several of the processes were common to all of the replacement and rehabilitation
options that were modeled. These were primarily energy production and transportation
related processes. Processes that were not in every scenario or varied from one to another
are described individually within the section for that replacement or rehabilitation option.
4.2.1 Fuel Production

Fuel production is included in the assessment because nearly all of the processes use fuels
and do not include data for the production of those fuels. All nonroad equipment and
transportation processes use fuels, as well as the production of HMA, PCC and emulsions
for tack coat. Data for the production of all fuels was obtained from the GREET model.
The fuels included in this analysis are conventional diesel at fueling station, diesel for
nonroad engines at fueling station, natural gas as a stationary fuel at point of use, natural
gas for electricity generation at point of use, coal to power plant, coal at point of use,
liquefied petroleum gas at point of use, and residual oil at point of use. These data sets

include any processes required from extraction through transportation to the point of use.
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Table 6 shows all data for the production of these fuels that was used in this LCA. The

results are presented in BTUs and grams per million BTUs produced.

Table 6. Inputs and Outputs of Fuel Production

Product
Comventional | Diesel for | Matural Gas | Matural Gas

and LS nonraad asa for electricity Well-to-POL [Well-to-POU [ Well-to-POU

Diesel, at engines, at | Stationary | generation, Coal to Coal LFG Residual il

Input or Output | Substance |fueling station|fueling station|Fuel, at POU)  at POU | Power Plant | Production | Production | Production
Tatal Energy 21MEHIS 1.82E+05] 719E+04| BO97E+D4|  ZMEHD4| 1AVEHD4| 1.23EHIS| SB1EHM
Energy Fossil Fuels 207EHIS 1.79E+05| 7 15E+04| B.93E+04|  ZA0E+D4|  1TU1EH4|  1.21EH05|  9.89E+HM
(BTUmmBTL) Coal 3.74EHI4 JEZEHY|  240EHI3)  229EHI3|  BASEHIZ]  360EHD3)  214E+HD4|  1.65E+04
Matural Gas 7 10EH4 G19E+H)4| BABEHM| BIVEHM| S4EEHIZ) 1.35E+03] 4.25EHM| 3 49E+H04
Petraleurn 9.87EH14 SAGEHI4]  A2OEHI3) 4FVEHII] 139EH4) GBI4EHD3)  S67FEHM| 4 42E+D4
GOy 1.66E+14 1.45E+04| S524E+03| 160E+02| 1.85E+03| SBOE+HDZ| 1.02E+04| B.36E+HIS

co 1.35E+H1 1.26E+01 7BEEHI0|  VESEHID|  2ESEHI0|  1.04E+00|  111E+ 1.05E+01

MO, 4. 55E+H11 4. 29E+1 2.24E+H1 218E+HN 1.47E+1 JZ5EHI0|  F.B4EH 3.95E+H1

S0, 2 2BEHN 2 10E+HN 1.16E+01 1.15E+01 718EHID|  B.E2EHIO|  1.70EHM 1.85E+01

Ajr Emizsions CHa 1.05E+H12 1.03E+02|  1.96E+02| 1.75E+02|  119E+0Z|  118E+H0Z|  9.83E+1 AEZE+H
(g/mrmBTL) Fhiz 5 3.91E+00|  343E+00| A MMEO1|  483E01|  423E401|  420E401| 2.45E400| 2.0BE+00
Phiig 1.00E+11 8.67E+I0 8.61E-01 8.29E-01 170E+02| 1.62E+02| 5.95E+00| 4.87E+00

GHGs 0.00E+10 0.00E+10) 000E+ID| 000E+I0| 000E+00| O0.00E+00| 0.00E+00| 0.00E+00

MO 2.74E-M 24180 3.55E-02 3.32E-02 J21E02 1.06E-02 1.76E-01 1.43E-01

WOC 7.B5E+H10 7EEE+HID]| 57EEHI0| SEEE+HID|  YEEE+D0| Y.0SE+00| Y.GOE+00| G.1GE+D0

4.2.2 Electricity Production
Electricity is used by many of the material production processes to power various pieces

of equipment and for facilities operation. Electricity production data was obtained from

the GREET model but was modified to represent electricity production in Washington

State. The Washington State electricity production mix is one of the best in terms of

environmental impacts (at least the environmental impacts in this LCA) due to the many

dams in the state providing hydroelectric generation. Figure 10 shows the 2006

Washington State electricity fuel mix, which was inputted into the GREET 1.7 model to

obtain the energy usage and air emissions of electricity production per million BTUs of

electricity produced (Washington State Department of Community, Trade & Economic

Development 2007). Electricity transmission and distribution losses were assumed to be
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7.2% based on the U.S. average in 1995 (U.S. Climate Change Technology Program
2003). The GREET results are shown in Table 7. Electricity data for other fuel mixes
could be obtained by changing the values in GREET and could then be substituted into

the LCI to represent a different region.

Biomass, 0.45% Waste 0.38%

Wind, 0.99% - Other, 0.17%
Nuclear, 5.16%

Nat. Gas, 8.37%

Coal, 16.29% —

~Hydro, 68.18%

Figure 10. Washington State electric utility fuel mix, 2006.

Table 7. Inputs and Outputs of Electricity Production in Washington State

Input or Output Substance Value
Residual oil 0.00E+00
Matural Gas 2 25E+05
Energy Coal 5 15E+05
{(BTU/mmBETL) Biomass 1.51E+04
Muclear 5 56E+04
Cther energy sources 7.51E+05
WOC 1.31E+00
CO 1.65E+01
MO, 6.09E+01
Phdig 4 36E+00
Air Emissions Phiy s 7 38E+00
(g/mmBTU) S0, 1 46E+02
CH, 147E+00
M5O 1.03E+00
O, 5.92E+04
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4.2.3 Truck Transportation
All on-road vehicular transport data was obtained from GREET. Medium-heavy and

heavy-heavy diesel trucks were the only categories from GREET used in this LCA. The
LCA could be modified by changing the transportation modes, distances, or assumptions
from GREET. The heavy-heavy truck class can haul up to 20 tons of cargo, while the
medium-heavy truck can haul up to 8 tons of cargo. For both it was assumed that travel
would include a 100% full fronthaul and an empty backhaul. Table 8 presents the data

taken from GREET in BTUs and grams per ton-mile.

Table 8. Inputs and Outputs of Truck Transportation

Transport Mode
Heavy-Heavy Truck- class  |Medium-Heavy Truck- class
Ba or 8b (20 ton cargo), 6 or 7 (B ton cargo),
5. 0mpyg, 100% fronthaul, 7.3rmpg, 100% fronthual,
Input or Output| Substance |empty backhaul empty backhaul
Tatal Energy 2 16E+HI3 3. 70EHIZ
Energy Fogsil Fuels 2. 16EH13 370EH3
(BTUAon-mile) Coal 0.00E-+HI0 0.00E-+H0
Matural Gas 0.00E-+I0 0.00E-+00
Petraoleurm 2 16E+H13 3.70E+H13
el 1.68E+T2 2.88E+02
CHa 3.36E-03 429E-M
Me D 4 32E-03 1.10E+00
GHGs 1.69E+T2 3B4E-02
Air Emissions WO 7 2TEAZ R EFE-O3
{g/ton-mile) co 3.86E-01 2.B9E-02
MO, 7.92E-01 283E-02
Fhia 1.63E-02 0.00E+00
Pz 5 1.50E-02 1.07E-02
a0, 2.13E02 1.19E-M

4.3 PCC Remove and Replace Processes
The removal and replacement with PCC option required data from GREET, NONROAD,

and an LCI of concrete production that was performed for the Portland Cement
Association (Marceau et al. 2007). All processes that were a part of the LCI for this
scenario are described below, including rehabilitation, besides those described in Section
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4.2 that were common to all scenarios. Table 9 shows the fuel usage and air emissions

data from NONROAD for equipment used in PCC removal and replacement.

Table 9. NONROAD Emissions Data for PCC Remove and Replace

- Loading of | Sub-base ub-base | Site Uity Placing /
Process PCC Cracking Loading a !

NONRDAD engine

Energy Input
(BTUop. hour) | Fusl Usage 205E 406 1 1BE 40
TH 182E+0 2 05E+«0
[ 1.T7EHIZ 6.45E+01
NO» 5 03E +02 2 BE 2
co2 7 TIE+04 301 E 04

S02 7 T2E+00 D1E+X
PM25 3.1BE +01 1.4

PMIL 3 JBE 401 1 8BE 4
Vi & ZE+01 21

NMHC 3 75E +01 202E+
NMOG & (2E+01 2 1BE
TOG & DBE+01

P
#

4.3.1 PCC Breaking
There are several ways to remove an existing PCC pavement. For the purposes of this

paper, it has been assumed that a guillotine-type concrete pavement breaker is used to
split the slabs into more manageable sized pieces to be handled by common excavators
for removal. This is the same technique that is used to crack the pavement in the CSOL

option.

The Antigo T8600 Badger Breaker truck driven unit was used as a model of a
typical breaker. The Badger Breaker has two engines, a 315 horsepower truck engine and
a 140 horsepower engine for the breaker unit. This unit carries a 12,000Ib, 8 foot wide
hammer weight that can effectively crack the existing pavement in one pass (Antigo
Construction 2002). Since the breaker is only 8 feet wide and the lane width is 12 feet it
was assumed that two passes were necessary per lane to break the entire lane width. This
assumption helps account for any pass overlap or extra breaker work that is needed. It

was estimated that the breaker would travel at about 3 miles per hour and complete the
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two passes at 90% efficiency. This means that the breaker can complete one lane-mile in

approximately 45 minutes.

The EPA NONROAD model does not have any specific data for pavement
breakers so the two engines were estimated as other equipment that is within
NONROAD. The 315 horsepower truck unit was estimated as a 300 horsepower off-road
truck and the 140 horsepower breaker unit engine was estimated as a 175 horsepower
crushing or processing equipment engine. These inputs and outputs for these two engines
were compiled to give a total for this process. Though these NONROAD categories
aren’t exactly the same as these two engines, the usages and horsepower values are close
enough to give good estimations of the process data. The emissions data and fuel usage

per operating hour are shown in Table 9. Figure 11 shows a typical drop hammer truck.
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Figure 11. Drop hammer truck.

4.3.2 Loading of Broken PCC
Following the breaking of the PCC pavement, a removal crew can follow, loading the

broken pieces into trucks for removal. It has been assumed that this activity would be
carried out by a mid-sized excavator that would load a continuous flow of trucks in an
adjacent lane or shoulder. The truck arrival reliability and issues of freedom of
movement (overpasses, signs, etc.) are the main concerns that could result in a lower
loading rate. A Caterpillar 330L excavator has been used as an example piece of
equipment for this activity. It has a 268 horsepower engine and can load approximately

2.5-3 yd® with a standard bucket (Caterpillar, 2008a). From NONROAD this is most
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accurately represented by a 300 horsepower excavator. The fuel usage and air emissions

data are shown in Table 9.

In the LCA model it has been estimated that the excavator can load 300 tons per
hour but will only work at 75% efficiency, including breaks, slowdowns, and stoppages,
and thus will actually load 225 tons per hour. At this rate it would take about 16 hours
for an excavator to load 1 lane-mile of the broken pavement into trucks. This would
greatly depend on bucket size, truck availability and the true efficiency.

4.3.3 Waste PCC Truck Transport

The broken PCC that is loaded into trucks via an excavator then needs to be transported
to a waste area or a location where it can be processed for other uses. It was assumed that
the distance of this disposal site was 15 miles away from the job site. This may be an
underestimate for many job sites, but would likely be accurate for a site in or near a city
and could be changed within the model to represent a different distance. The density of a
typical PCC pavement is 150 pounds per cubic feet (WSDOT 2008). This means that 1
lane-mile of removed pavement will require the transport of approximately 5,150 tons of
material. The 15 mile travel distance was then multiplied by the mass of material to get a
trucking amount of 77,250 ton-miles. This activity is represented using heavy-heavy
truck data from GREET with emissions and energy data as shown in Table 8.

4.3.4 Utility Excavator

Besides all the other standard machinery work described in the preceding sections, there
is usually other site work necessary during the project duration. This work could include
shoulder grading, materials loading and unloading, unexpected changes, etc. It has been
assumed that this work is performed with a mid-sized excavator (same as section 4.3.2)
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even though this could include the use of loaders, skid steer loaders, or other equipment.
It has been estimated that there would be 4 hours of such work per lane-mile. The actual
usage could be larger or smaller; true values are highly dependent on the project, project
location, and contractor. This does not include import or export of any additional
materials that are not described in any other process. If other material transfer is required
another process would need to be added to the LCA. Emissions data for this activity are
shown in Table 9.

4.3.5 Sub-Base Grading

After the existing pavement has been removed the CSTC base will be exposed but should
still be usable for the new pavement. The use of excavators to pick up the broken pieces
of pavement would disturb the top of the CSTC, leaving it uneven and loose. To remedy
this, a motor grader would need to smooth out the surface and a roller would need to re-
compact the base course. This could also require placing some additional crushed
aggregate if too much CSTC was removed with the crushed PCC. This LCA assumes

that no extra material would be needed or would be insignificant.

A John Deere 870D was used as the example machinery for re-grading the sub-
base. This grader has a 180 horsepower engine and can grade an 8 foot wide area in one
pass (Deere & Company, 2008). From NONROAD a 175 horsepower grader was used to
approximate this machine. The 8 foot wide blade coverage mean that is necessary for the
grader to make two passes to cover 1 lane-mile. It was estimated that the grader will
travel at 2 miles per hour during this activity. The extra overlap of making two 8 foot
passes and the relatively slow speed take into account any extra passes that may be
needed where the sub-base has been made especially rough due to the demolition. An
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additional 90% efficiency modifier has also been added to take into account any breaks or
slow-downs that could occur. These parameters result in an equipment usage of 1.1
hours per lane-mile.

4.3.6 Sub-Base Compaction

Once the base course has been re-graded a roller needs to re-compact it to be ready for
paving. The roller could follow almost immediately behind the grader and compact the
lane in two passes. A Dynapac CA702 single drum soil compaction roller was used as
the example for this process. The CA702 has a 220 horsepower engine and a 7 foot wide
drum (Dynapac, 2007). From NONROAD it was modeled conservatively as a 300
horsepower roller. All variables were modeled the same as for the grading, assuming that
the roller would follow and keep pace for maximum efficiency. The roller may in fact
have to make multiple passes over some areas, but that is reflected in the conservative
horsepower estimate and the 90% efficiency modifier.\

4.3.7 PCC Production

Emissions data and energy usage for PCC production were obtained from a Portland
Cement Association (PCA) life cycle inventory (Marceau et al. 2007). This PCA
document covers the entire Portland cement concrete (PCC) production process including
the production of cement and aggregates and the transport to the plant of all the required
materials. The LCI looks at seven different PCC mixes of different strengths and with
different amounts of fly ash and slag. For mixes including fly ash or slag, the production
of these materials was also included in the LCI. Most of this data was collected via an

anonymous survey of PCA member plants around the United States and from USEPA
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emissions factors. This means that the data is representative of the national averages but

could vary from region to region.

For the purposes of this report a 3,000 psi mix with no fly ash or slag was used for
LCl calculations. Data is presented in Table 10 for this PCC mix as well as a 50% slag
included mix of the same strength. This second mix is only included for reference but
could replace the non-slag mix in the final calculations section if necessary. Any of the

other mixtures from the PCA document could easily be inserted as well.

Table 10. Inputs and Outputs of PCC Production

Product
Jksi, no slag or | Fksi, 50% slag
Input or Output | Substance Unit fly ash content

Total Energy  |ETUfyd® 8.24E+15 5. 31E+5S

Electricity ETUMyd? 1.07 E+05 9.23E404

Coal BT Uiy 3.83E+05 9 48403

Energy Matural Gas EETLJIj,rd3 2.51EH14 5.07E4H4
Gasaline BTUsyd? 1.47E+04 1.45E+04

Residual Oil |BTUsd 5 B5E+03 B.53E403

Other Energy |BTUfyd® 2 B2E+HI5 3.57E405

coy, oy’ 1 B1E+05 8 G2E414

GO aiyd’ 2 DRE+02 1.22E402

MO, gy 4.35E+402 2 47E402

S0% gy 2 B5E-+00 2 55E400

Air Emissions  |CHy gsyd” 5.71E+00 3.65E+00
Ph,. gy 2.81E-02 2 D4E-02

Phyg o/yd® 3.95E+12 3.41E402

50, gy’ 2 J0E+12 1.30E+02

VO gy 1 17 E+01 7 80E+400

4.3.8 PCC Mix Transport
The transport of the ready mix PCC would be performed by heavy-heavy truck, as with

the original PCC disposal. This data is from GREET as presented in Table 8. It has been
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assumed that the PCC will travel 15 miles to the site. This would be dependent on where
the nearest production plant is at and could be changed in the model for a different value.
For a 13 inch thick PCC highway, there will be 2,550 cubic yards required per lane mile,
which is 5,150 tons per lane mile. This will result in a transportation load of 77,220 ton-
miles.

4.3.9 PCC Placing and Spreading

Once trucks arrive, the PCC mix needs to be transferred to the paver screed somehow. At
some sites trucks just dump their load on the base course ahead of the paver, but on large
highway replacement projects, a placing and spreading machine may be used. The PCC
mix is dumped into the front of the machine, transported to the rear of the machine by a
series of conveyor belts and augers, and placed onto the sub-base at a metered rate
uniformly across the lane width (Muench et al. 2003). This machine keeps the amount of

PCC ahead of the paver consistent and minimizes material segregation.

A Gomaco PS-2600 Placer/Spreader was used as a piece of example machinery
for this process. The PS-2600 has a 275 horsepower engine and can easily handle paving
a 12 foot width (Gomaco 2004). From NONROAD this was estimated as a 300
horsepower piece of surfacing equipment. The placer/spreader speed is dictated by the
speed of the paver, staying close to get the best placement. Placer/spreader emissions
data is presented in Table 9.

4.3.10 PCC Dowel and Tie Bar Production

Dowel and tie bars are essential components to a long lasting PCC pavement. Dowel
bars allow load transfer from slab to slab, while still allowing transverse joint shrinkage
and expansion. This reduces stresses and prevents excessive faulting associated with
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sudden stress changes that occur in non-doweled pavements. Tie bars are used to hold
slabs in contact at longitudinal joints. They are not designed to provide load transfer but
are almost always used in new PCC paving (Muench et al. 2003). Dowel and tie bars are
typically made of plain low-carbon steel and have some sort of rust protective coating.
There are many different rust protection materials used, but the most common is the
application of an epoxy coating. There are several different epoxy coating options
available, as well as stainless steel clad bars and even solid stainless steel bars (Muench
et al. 2003). This study does not include the production or application of these coatings.
If data for these processes can be obtained in the future, they could be added to this study

to improve the LCA.

For this model it was assumed that tie bars were only used between lanes, with
shoulders not being tied. For WSDOT, tie bars are #5 deformed bars (% inch diameter
reinforcing steel) 32 inches long and spaced 36 inches center to center. WSDOT
specified dowel bars are typically 1% inches in diameter and 18 inches long, while being
spaced every 12 inches across a transverse joint. Low-grade steel has a density of 0.283
pounds per cubic inch, which means that there is approximately 36,600 Ib of steel per
lane-mile of PCC paving (WSDOT 2008). It was assumed that the steel will be
transported 50 miles to the site from wherever they are produced via GREET-modeled
heavy-heavy trucks. Since this was the same trucking process in the model as PCC

transport the 915 ton-miles of steel transport was added to the PCC transport.

Dowels are sometimes placed on the base-course in baskets to hold them where
they belong as the paver passes over. For the LCA the additional steel that would be

required for dowel bar baskets was not included. Many slipform pavers have automated
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attachments that insert dowel bars at the appropriate locations and thus don’t require the
use of dowel bar baskets to hold the bars in place. The amount of steel in the dowel
baskets may prove to be significant with respect to the dowel bars if they were indeed
used. Dowel bars are usually coated with a grease or oil as a lubricant to keep them from
bonding to the pavement (Muench et al. 2003). This is also not within the scope of this

study. Data for low-grade steel production from GREET is presented in Table 11.

Table 11. Inputs and Outputs of Dowel and Tie Bar Production

Input or Cutput Substance Value
Total Energy 1.62E+14
e Fossil Fuels 1.55E+H14
(BnTetﬁtYnn-mne) Coal 656403
Matural Gas 8.42EH13
Fetroleumn 5. 22EH12
oy 1.41E+13
CHq 1.81E+01
oA 1.32E+00
GHGS 1.31E+10
Ajr Emissions  |¥OC 2.35EHID
(gfton-mile) co 8.07E-01
MOy 277EHIO
Phlia 0.00E-+10
Phiz 5 1.51E-02
=0, 1.52E-01

4.3.11 PCC Paving
The PCC paving process for highways is usually done with a slipform paver followed by

a texture/curing machine. Ready-mix PCC that is placed and spread in front of the paver
will be smoothed and consolidated by the paver. It was assumed that one lane would be
paved at a time, due to space constrictions associated with keeping an urban highway
open during construction. In the case that more than one lane could be paved at a time

with use of a larger paver it would probably be a more environmentally friendly option
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due to a shorter usage time as long as the paver speed isn’t drastically reduced. EPA

NONROAD data for a larger paver could be substituted into the model for such a change.

A Terex SF3502C slipform paver with a 350 horsepower engine, which can pave
a 12 foot lane in one pass, was used as the example machinery for this activity (Terex
2008). This machine was estimated as a 300 horsepower paver from the NONROAD
database. An I-5 PCC reconstruction job performed in 2005 from Olive to James in
downtown Seattle was used to estimate paving productivity. In that project they were
able to slipform pave at 95 cubic yards per hour (Ozolin & Muench 2007). This was a
very constrain work site and productivity would likely have been much higher in a non-
urban area. This productivity was used in the LCA because the project is also in an urban
area and would likely have a low productivity as well. At that rate the paver would
average about 3.3 feet per minute and complete one lane-mile in 26 hours and 45
minutes. Paver data is shown in Table 9.
4.3.12 Texturing and Seal Coat Spraying
Once the new pavement is in place a separate machine will follow to create a surface
macro-texture and to apply a curing compound to ensure proper hydration. The machine
will usually follow the paver at a great enough distance that the pavement has lost its
original wet sheen (Muench et al. 2003). Current WSDOT practice is to create surface
texture by dragging tines perpendicularly to the centerline, although WSDOT is
considering using longitudinal tining in the future (Muench et al. 2007). The tining helps
create friction between the road and wheel and allows water to drain from the wheel path,

increasing driver safety.
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These finishes could be performed by a Gomaco T/C400 texturing/curing
machine (Gomaco, 2008). This typical example of a texturing/curing machine has a 60
horsepower engine and the capability to cover a 12 foot lane. From NONROAD this
machine has been approximated as a 75 horsepower piece of surfacing equipment. It was
assumed that the machine was able to work at the same speed as the paver and thus will
take approximately 26 hours and 45 minutes to complete one lane-mile. The production
of the actual curing compound, as well as any joint sealant is not included in the scope of
this study. Data for this curing/texturing machine are shown in Table 9. Figure 12 shows

an example of PCC surface tining.

Figure 12. PCC surface tining machine.
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4.3.13 PCC Saw Cutting
Saw cutting will occur centered over each set of dowel bars (every 15 feet), at a depth of

Y410 Y5 of the slab thickness, to ensure that this is where shrinkage cracking occurs.
Cutting usually occurs well after the paver and texturing/curing machine have performed
their tasks because sawing must be done after the pavement has gained enough strength
to hold the saw and to prevent joint raveling. If the joint is sawed too late on the other
hand the stresses in the pavement may become too great, resulting in cracks that may or

may not form at the dowel bars as desired (Muench et al. 2003).

For this operation an EDCO SS-65 self propelled diamond blade concrete saw
was assumed (EDCO 2007). This saw has a 65 horsepower diesel engine, which was
estimated as a 75 horsepower concrete/industrial saw from NONROAD. The preferred
cutting speed for this kind of saw is 10 feet per minute (O’Brien 2002). In Washington
State it is typical for one lane mile of highway to have a saw cut every 15 feet, which
means that there will be 4224 total feet of saw cutting for a 12 foot lane in one lane-mile.
At that rate it would take about 7 hours to perform all this cutting. For a better
representation of the actual construction time a 90% efficiency factor was multiplied,
meaning it will take almost 8 hours to complete one lane-mile of saw cutting. This takes
into account the time it takes to drive the saw from one joint to the next and for any other
stoppages or delays. Environmental data for saw cutting per operating hour is presented
in Table 9.

4.3.14 Diamond Grinding
As described in Section 3.4, diamond grinding will be necessary every 20 years to renew

the surface of the PCC pavement. Studded tire wear creates wheel path ruts that can
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become dangerous causing hydroplaning loss of directional control (WSDOT 2007). A
large machine with saw blades gang mounted on a head shave off as little as possible
while creating a smooth corduroy finish without ruts. This usually results in 4-6
millimeters of slab loss, so after the third rehabilitation the slab will have lost
approximately % of an inch, although depending upon studded tire wear (which should be

entirely removed by the diamond grinding process), this loss could be higher.

A good example of a diamond grinding machine is the Diamond Products PC
6000. This grinder has two engines, a 660 horsepower main engine and a 92 horsepower
auxiliary engine (Safety Grinding and Grooving 2008). The engines were estimated at
600 horsepower and 100 horsepower surfacing equipment, respectively, for NONROAD
emissions data. This data is presented in Table 9. This is a trailer unit grinder and needs
to be hauled by a heavy-heavy truck (data from GREET). The unit weighs 53,000
pounds when the water tank is empty and 75,000 pounds when the water tank is full.
This means that the unit weighs about 32 tons on average. Three passes per lane width
were assumed (three per width, one per depth) so this means that 96 ton-miles of

transport are needed. Figure 13 shows a diamond grinding machine.
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Figure 13. Diamond grinding machine (Scofield 2003).

4.4 HMA Remove and Replace Processes
The second option is to remove the existing PCC pavement and replace it with a full

depth HMA pavement. The pavement would be paved in 5 lifts and would require
maintenance as described in Section 3.4. Data for this option comes from GREET,
NONROAD, EPA AP 42 Volume I, 5" Edition, and a life cycle inventory of asphalt
pavements performed by the IVL Swedish Environmental Institute Ltd and Eurobitume.
The processes of cracking the existing pavement, loading it, trucking it for disposal,
grading the base, compacting the base course, and the utility site work with an excavator
are all the same as in the PCC replacement option and will not be described again in this
section. All other processes are described in this section that were not already described
in Section 4.2 as processes common to all scenarios. Table 12 shows the fuel usage and
emissions from NONROAD for all the equipment used to remove the old PCC pavement

and replace it with and HMA pavement.
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AD Emissions Data for HMA Remove and Replace

Table 12. NONRO

3 q -base Das ¥ n m . 0w r
Process PCC Cracking .:t‘oc:EZ':offq S;E;:mg E‘ii‘:a::.:n S"f.\_.t':l'_m" Streat Sweaping :’:TS"';' HMA, Paving B';‘:Th:g‘r Finish Rolling Milling
I ] e _ 30 HP 50 HP
NONROAD engine :def:L'?f'_ 1;?0:"::':1‘5:‘1'"9 | & FHHE r"“_jHP iI HP | 3OHR 1EJMHF - ;Te'" Sufacing  [300 HP Pavers (300 HP Rallers| 100 HP Rollers | Surfacing
‘0 cks Equpment xcavators Graders ‘ollers Excavators | & Mortar Mixer Equipment S——
Energy Input
(BTWop. hour) |Fuel Usage | 205E406 1.1BE+06 JOSEME | 1195406 | 205E406 | 205E406 | TSIEWS : JOSEME | 205EME 5 12E406
|THE 3 82E+01 2066401 F9EEHT | T | 4.08E+01 E Z67E+01 [ atEE+wD1 | aceE+0l 173E+02
cO 177642 6456401 170E+02 | 1 1 79E 402 1 19E 02 1 76E+02 179E+02 T 43E+03
NOx 5 03IE+02 2BAE+12 5 45E+02 2 | 5BBE+02 249602 GEAE+0Z | 5EREW 251E+0;
[c02 7 7IE+04 3.01E+04 7FEAA_| 5 BEE 04 Z11E+04 | 69E+4 | GeeE+0A SE+0E
502 7 72E+00 301E+00 7 37E+00 6 B5E +00 211E+0 BONE0 | BOSEWD 25E+01
far Emissians 5y 5 318E+01 1.44E+01 3 25E+01 1 | 340E+01 2 12E+01 33EA 3 A0E+01 1 76E+02
(@/op-hou)  [5hAg 3 2601 1 ABE+01 33E+01 1 | 35001 218E=01 | 348E+01 | 3E0E+01 1B1E+02
VOC 4 02E+01 21BE401 L 17E+01 1| 430E401 2B1E401 1 27E+01 0] T E2E+2
[NMFC 375E401 200E41 FEEA] E+1 | 402E401 2 BIEHI | 3®E+0 | 40ee+Di 1 70E +02
NMOG 4 02E+01 216E+T 217E+01_| 2.97E+01 | 4.30E401 282E-01 4 27E+01 4 F0E+01 1 B2E+02
T0G 4 08E+01 220E+01 1 23E+01 1| a37Ew0l 2BEE01 | 55BEW 1 34E+0] 437E] TB5E+02

4.4.1 Bitumen Production
The data used in this LCA is from an LCI by Eurobitume on the production of bitumen

(Eurobitume, 1999). This document uses the European averages of 70% Middle Eastern
and 30% Venezuelan origin for crude oil used in bitumen production. These averages are
reflected in the calculations for fuel usage and emissions of ocean transport to a
hypothetical Western European refinery as well as for crude oil extraction data. The
United States has a slightly different crude oil origin profile. In 2007 the U.S. imported
63% of its crude oil from the Middle East, 11% from Venezuela and 26% from Canada,
Mexico and elsewhere (Energy Information Administration 2008). This difference will
be ignored for the purposes of this study due to the uncertainty involved in many of the
processes in question and due to the lack of better data. The bitumen produced is of
grade B60 or 50/70, the most commonly used bitumen in Europe, by straight-run
distillation (Eurobitume 1999). This bitumen is also a typical grade used in the United
States (Muench et al. 2003). The feedstock energy of the bitumen that is not being
combusted is not being included in the energy usage data. Some life cycle inventories
and analyses count the inherent energy of the bitumen used because it could otherwise be

combusted as a fuel. For this thesis it is being assumed that this is not a use of energy
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because there is no combustion. Some may even consider it a form of carbon
sequestration. Table 13 shows the bitumen production results from the Eurobitume

study.

Table 13. Inputs and Outputs of Bitumen Production

Input or Output Substance Value
Matural Gas 2 7T9E+0G
Energy (BTU/fon) |Qil 9 36E+05
Electricity 1 49E+05
S0, 1.53E+03
MO, 1.86E+03
COs 2.33E+05
Air Emissions CO 1.22E+02
(giton) HC 1.11E+03
Particles 1.77E+02
hetals 3.08E+00
HCI 9.98E-01

4.4.2 Crushed Aggregate Production
The energy usage and emissions data used for crushed aggregate production is based on a

typical production unit in Sweden and was obtained from the IVL Swedish Environmental
Research Institute’s Life Cycle Inventory of Asphalt Pavements (as cited in Stripple 2000).
The process of crushing aggregate begins with explosives blasting to produce large rocks,
which are then transported with a diesel driven loader to the rock crusher. The rock is
then crushed and sieved to the appropriate gradation. This data was from an operation
using standard equipment and truck transport. This data does not include the production
of equipment or blasting materials. This data was used for all aggregate sizes because
there was no distinction in the study based on size. This Swedish data is being adapted to

Washington in this case by changing the electricity source but it is being assumed that the
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rock type and equipment usage are similar in Washington State. Table 14 shows the

energy usage and emissions data for crushed aggregate production.

Table 14. Inputs and Outputs of Aggregate Production

Input or Output Substance Value

Diesel 1.46E+04

Energy (ETfton) .
Electric Power 1.82E+04
S50, 4 25E-M
MO, 1 59E+01
co 8 .60E+00

Air Emmisions Z0, 1.2ME+03

(g/ton) HC 2.22E+00
CH4 1.18E-01
MO §.00E-01
Particles a9 25E-01

4.4.3 Sand Production
Data for the production of sand was also taken from the IVL Swedish Environmental

Research Institute’s Life Cycle Inventory of Asphalt Pavements (as cited in Stripple
2000). This data includes dewatering at the pit, excavation, conveyor transport, screening
and washing, and stockpiling of naturally occurring sand and gravel in the United
Kingdom. This typical data for the U.K. has been assumed to be the same for a similar
activity in the U.S. Table 15 shows the energy usage and emissions data for sand

production.
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Table 15. Inputs and Outputs of Sand Production

Input or Output Substance Value
Energy (BTUton) DIESE! 1.35E+04
Electric FPawer 8 46E+03
S0, 4 01E-01
MO, 1.50E+01
Co 8 09E+00
Air Emmisions [C02 1.13E+03
(gton) HC 2.09E+00
CH,4 1.11E-M
MN,0O 5.B5E-01
Particles a.71E-0

4.4.4 Production of HMA
Emissions data for the production of HMA was acquired from the USEPA Emissions

Factors and AP-42, chapter 11. AP-42 does not include energy usage data so this was
obtained from the IVVL Swedish Environmental Research Institute’s Life Cycle Inventory of
Asphalt Pavements (Stripple 2000). It was assumed that the HMA plant would be of drum
type and would use natural gas fired dryers, hot screens, and mixers. Based on data from
the Department of Energy, it is estimated that between 70% and 90% of U.S. HMA plants
use natural gas in their burners (USEPA 1995). If a different type of plant or different
dryers, hot screens, and mixers were used the emissions factors could be replaced in this
model with the appropriate ones from AP-42, chapter 11. Table 16 shows the energy
usage and air emission data for a counter-flow drum mixer that was used in the LCA.

The mix chosen for the project is a %2 inch Superpave mix with a binder target of 5.4% by
weight. It has been assumed for the sake of material input that no reclaimed asphalt
pavement (RAP) was used in this mix. This means that the aggregates and bitumen make
up 100% of this mix by weight. The AP-42 data is acquired from many plants all over
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the country, some using no RAP and others using up to 52% RAP. Luckily, drum
counter-flow plants can process up to 50% RAP in the mix with little to no observable
changes to the emissions from the plant (USEPA 1995). It is also being assumed that
there are no fillers or admixtures in the mix. The mix was assumed to use entirely
crushed aggregates in the mix because naturally occurring sand is not commonly used in
Superpave mixes in Washington State. The process for sand production is included in the
model even though it is not being used. It could be utilized if a change to the mix

characteristics was made.

Table 16. Inputs and Outputs for HMA Production at Batch Plant

Input or Output | Substance | Value
108 1.84E+00
ML, 1.18E+01
0, 1.80E+04
Co B.0O1E+01

AIrEMMISIONS — Irocrpm | 1 556+01

(giton)
Phiyg 1.04E+01
CH, 5 88E+00
WIDIC 1 45E+01
ToC 2 00E+01

445 HMA Mix Transport
The transport of the HMA mix would be performed by heavy-heavy truck, with data

extracted from GREET. This data is presented in Table 8. It has been assumed that the

HMA will travel 15 miles to the site from the drum plant. The transport distance could
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vary greatly depending on where the nearest production plant is. For the 13 inch thick
HMA profile, there will be 5,210 tons of HMA per lane mile. This will result in a
transportation load of 77,220 ton-miles.

4.4.6 Production of Emulsifier

Tack coat is modeled as an asphalt emulsion that is produced in an emulsion plant. The
bitumen is emulsified in a water phase with an emulsifier, a substance which stabilizes
the emulsion. Tack coat as an adhesion layer typically consists of 50% bitumen and 50%
emulsifier and water (Stripple 2000) although other ratios are used as well. Other
additives in the mix, such as solvents, have been ignored. The data for the production of

the emulsifier is shown in Table 17.

Table 17. Inputs and Outputs of Emulsion Production

Input or Output | Substance Value
+

Ereray @TUton) [T T o
10 1.08E+00

MO, 8.98E+00

_ N CO, 1.63E+03
g;ti:?m's'm ca 1 91E+00
Total P 8.16E-01

M0 2.72E-03

CH4 2. 72E-01

4.4.7 Production of Tack Adhesion Layer
As described in the previous section the tack layer is 50% bitumen and 50% emulsion

and water. This mixture is created in an emulsion plant that has inputs and outputs as
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shown in Table 18. This data was obtained from the LCI of Asphalt Pavements (Stripple

2000).

Table 18. Inputs and Outputs of Tack Production

Input or Output | Substance Value
Energy (BTUfton) E'_E':t”':'t!-’ 1 82E+04
il g8.32E+04
=0 7 30E+00
MO 1 41E+01

Air Emmisions Gl
(gton] CO; §.G5E+03
Co 1 14E+00
Taotal P 0 70E-01

4.4.8 Material Transfer
Once the HMA trucks arrive they may have to sit and wait and often for quite a while, at

other times the paver may be waiting on the trucks to arrive. One of the functions of the
material transfer vehicle (MTV) is to control these surges in volume so the paver can
pave continuously. The MTV has a storage hopper so it can unload waiting trucks and
get them on the road again to get more mix. This hopper also often has a remixing auger,
which can help keep colder chunks of pavement from being paved and being
inadequately compacted (Muench et al. 2003). The MTV also eliminates the occasional
stoppage of the paver that occurs when the truck backs up and bumps the paver when

dumping its load into the hopper.

The Roadtec SB-2500D Shuttle Buggy was used as a representative piece of
equipment to perform this task. The Shuttle Buggy has a 300 horsepower engine and can
store 25 tons of HMA (Roadtec 2006). It has been approximated from NONROAD as a
300 horsepower surfacing equipment. The data is shown in Table 12. The MTV will
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travel at the same speed as the paver and will thus require the same operating hours per
lane miles as the paver for both the initial paving and for the mill and fill maintenance

paving. Figure 14 shows a material transfer vehicle in use.

Figure 14. Roadtec Shuttlebuggy Material transfer vehicle.

4.49 HMA Paving
The use of a Terex CR552 paver was used as the example machine. This paver has a

240hp engine and can pave a 12 foot lane in one pass (Terex Roadbuilding 2005). This
was approximated at a 300 horsepower paver in NONROAD. The emissions data for
paving are presented in Table 12. In order to pave 13 inches of HMA, 3 lifts of 3 inches
and two lifts of 2 inches are required. This means that to complete one lane-mile the
paver will have to pave 5 miles. For the I-5 repaving from Olive to James project an
HMA base course was paved at approximately 100 tons per hour (Ozolin & Muench
2007). This corresponds to a paving speed of about 15 feet per minute at slightly less
than 60% efficiency. This paving rate is low because the project that it was taken from

was confined, but that may be the case on this project as well.
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The HMA paving for the rehabilitation overlays was assumed to have the same
paving rate of 100 tons per hour, but will only have to pave 1 lift during each
rehabilitation period.

4.4.10 Breakdown Rolling of HMA

A Dynapac CC722 vibratory roller with 228 horsepower was used as the example
machinery for this activity (Dynapac 2006). This was estimated as a 300 horsepower
roller from the NONROAD data, which is shown in Table 12. Some paving projects use
only one breakdown roller and one finish roller but for a large project like this it would
be likely that two breakdown rollers would be required, so that has been included in this
LCA. The rollers will be operating for the same amount of time as the paver because
they will follow the paver for the entire operation a finish not too long after the paver
does. The same two rollers and the same speed as the paver were also assumed for the
mill and fill rehabilitation.

4.4.11 Finish Rolling of HMA

A Dynapac CC322 roller with 82 horsepower was assumed for finish rolling (Dynapac,
2008). This was estimated as a 100 horsepower roller from NONROAD. Only one paver
is needed for finish rolling. This roller should also keep the same pace as the paver and
thus have the same activity duration. This was assumed to be the case for both the initial
paving and the mill and fill rehabilitation. Data for the finish roller is shown in Table 12.
4.4.12 Tack Coat Application

Tack coat is applied by a tack truck, which is essentially a small tanker with a lane-width
bar of spray nozzles at its rear. The spray nozzles overlap so that there is theoretically a

good double coverage of every bit of the pavement. The truck portion was approximated
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as a medium-heavy truck from GREET and was assumed to carry 1 lane-mile worth of
tack a distance of 15 miles to the site plus the 5 miles traveled to tack an entire lane-mile
(5 lifts). GREET data for the truck is presented in Table 8. The tack truck has a propane
heater in it that keeps the tack in the truck warm so that it retains its fluidity for better
spraying. The propane heater in this case was estimated as a small natural gas turbine

from GREET. Table 19 shows the emissions data from GREET for the heater.

Table 19. Inputs and Outputs for HMA Tack Truck Heater

Input or Output Substance Value
Energy (BTU/mmBTL! Matural Gas 1.00E+H1E
oy 5.94E+14
co 2 A0EHI1
MOy, 1.13EH)2
CHa 4. 26E+10
Air Emmisions (g/mmBTL Phiys 3 10E+00
PMn J10E+ID
Mz D 1.50E-+10
Lule 1.00E-+0

An application of tack coat is required between each lift in HMA paving to bind each
layer. Tack should be applied at a rate of 0.05 to 0.07 gallons per square yard for new
pavements (Muench et al. 2003). It has been assumed that 0.06 gallons per square yard
will be used in this study.

Tack coat is also applied after milling to create adhesion between the existing
HMA and the new overlay. For post milling applications the tack should be sprayed at
0.10 to 0.13 gallons per square yard (Muench et al. 2003). It was assumed that it would
be sprayed at a rate of 0.115 gallons per square yard for all mill and fills. Figure 15

shows a tack truck and the application of tack coat.
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Figure 15. Tack coat application (WSDOT photo).

4.4.13 Street Sweeping
Street sweeping is performed after the milling but before the tack spraying and overlay

paving occur. An Elgin Crosswind J was used as the example machinery for this process.
This sweeping truck has a 115 horsepower auxiliary engine in addition to the truck unit
(Elgin Sweeper Company 2008). The truck unit has been modeled as a medium-heavy
truck in GREET. It has been assumed that three passes would be necessary to clean the
width of one lane. The tuck would typically weigh about 8 tons and would travel three
miles per lane-mile. The transport required then for the truck is 24 ton-miles per lane-
mile. The GREET truck data is shown in Table 8. The sweeper auxiliary engine has
been modeled as a 100 horsepower cement and mortar mixer because there were no
sweeper options and a mixer would be similar due to the constant rotation compared to a
sweeper brush. It was assumed that the sweeper travels at about 10 miles per hour and
has an efficiency of 75%. This means that the auxiliary engine will run for 0.4 hours per

lane mile. The NONROAD data for this engine is presented in Table 12.
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4.4.14 Milling
As described in Section 3.4 the HMA pavement will have to be resurfaced every 16 years

in the form of a mill and fill. An example of a milling machine for this task would be a
Roadtec RX-700, a 700 horsepower machine that can mill one lane in two passes
(Roadtec, 2004). This milling machine was approximated as a 750 horsepower surfacing
machine from NONROAD. The data is shown in Table 12. The milling depth will be
0.15 feet, which will be repaved with HMA at the same depth (WSDOT 2005). It was
assumed that the milling would take the same amount of time as paving would, due to a
lack of better data. The two machines move at roughly the same speed. That means that
720 tons will be milled per lane-mile that will then have to be trucked for disposal. This
was assumed to be the same as the rest of the waste trucking, traveling 15 miles by

heavy-heavy truck.

4.5 CSOL Processes

The third scenario being considered for a 50 year life span is to crack, seat and overlay
the existing PCC pavement. The cracking process will be exactly the same as described
in the other two options except then the pavement will not be removed. Many of the
processes for CSOL are the same as processes that were described in Section 4.4 for the
HMA replacement option, such as HMA production and tack production. Processes that
are identical are not described again in this section. If there are differences, they are

described in this section.

The maintenance schedule as described in Section 3.4 is milling and filling every
16 years, as with the HMA replacement option. This means that all of the processes are

the same for the mill and fill of the CSOL as for the HMA replacement. Table 20 shows
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the fuel usage and emissions from NONROAD for all the equipment used to perform the

CSOL.
Table 20. NONROAD Emissions Data for CSOL
Process PEC Cracking '-'*;i:"i":f .ur\-‘-\r'n'::"* Street Swaeping | Material Transfer F'H:: “';:‘;I:jr"':‘l“" I:'r:l‘l'l‘l“lé Milling
NONROAD engine 300 HP Of 175 HP Crushing /| 300 HP 300 HFE [ 100 HP Camant {300 HP Surfacing [ 300 HP 300 HP 100 HP 780 HP Surfacing
Road Trucks | Proc, Equipment | Rollers | Excavators | & Mortar Mixer | Equipment Pavers Rollers Rollers Equipment
'En‘.'lgy Input
(BTWop _hour) |Fuel Usage 2 O5E+06 1 16E+06 2 DSE+06 2 O5E+06 7 S1EHIS 2.05E+06 JO5EHIE | 2OSEHS | 7 SBEHIS 5 12E406
THC JEEH 2.06E+01 4 (HE+0 J96E+01 2ETEH 5. 22E+01 ADSE+01 | 4 DBE+ 2 B3IEH 1. 7AE+12
co 1.77E+02 B 45E +01 1. 79E+012 1.70E+02 1. 19E+02 2 BEE+02 176E+02 | 1 79E+02 | 203E+12 1 43E+03
MNOx 5 DIE 402 2 B4E+02 5 BHEHIL | 5 46E 402 2 42E )2 5 BEE 402 5G4E402 | SBAE4D2 | 251E+02 2 B1E+03
co2 7 TIE+HD4 S.01E+04 6 BEE+04 7 38E+04 2 T1E+4 7 3GE+04 699E+04 | BEGE4D4 | 297E+04 2 25E4H15
Air Emission S02 7.T2E+00 3.01E+00 6 BSE-+00 7 ATE+ID 2 T1E+0 7 36E+00 6 O8E400 | 6 BSE400 [ 297E+00 2 25E+401
{g/op. hour) P2 5 1 18E 401 | 44E +01 1 A0E 401 1 29E 401 2 12E+01 4, 3BE+01 1 J0E 01 1 A0E 401 2 BAE+01 1 7RE+02
P10 3 28E+01 1 4BE+01 3 S0E+0 3 3E+ 2 18E401 4. 52E+401 JA8E401 | 3 E0E+D1 293E+01 1BIE+HI2
VoL 4 02E+01 21BE+01 4 JE+N 4 17E+0 2B1E+H 5.49E+01 A 27TEHN | 4 S0EH 2.77E+ 1 E2EHI2
MMHC 3 75E+01 2.02E+01 4 RE+01 3 BIE 401 2 BAE I 5 13E+01 3 S9E+01 4 O2E+01 2 S9E+01 1 JOE+012
NMOG 4 02E401 2. 1BE+01 4 30E401 | 417E+01 2 B2E401 5. 50E+01 427E401 | A F0EHDT | 277E00 1.B2E+02
T0G 4 DEE+1 2. 20E+01 4 STE+HN 4 23EH01 2 BEEH]1 5.58E+01 4 34E+401 | 4 STEH 2.82E+1 1 BSE+HI2

45.1 Seating of Cracked PCC
PCC seating was assumed to be performed by the same kind of roller that was being used

to compact the base course for the other scenarios. The same speed and efficiency was
also used so that the same emissions and energy data was used. The NONROAD data is
in Table 20.

45.2 Street Sweeping

For CSOL, street sweeping needs to be performed after the cracked pavement has been
seated. This is because a tack coat layer will be sprayed and a clean surface is needed to
get a good bond between layers. The same speed and efficiency were assumed as for the
mill and fill options in Section 4.4.13.

45.3 Tack Coat Application

Three different tack coat applications are necessary for this option. The first tack coat
application will be after the PCC has been seated and the street sweeper has cleaned the
surface. Tack coat application on PCC should be from 0.07 to 0.10 gallons per square

yard (Muench et al. 2003). An application rate of 0.085 gallons per square yard was used
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for the analysis. Once the first lift of HMA was down the tack between the next two
layers were applied at a rate of 0.06 gallons per square yard as with the HMA
replacement option. Then when maintenance is due the tack truck will apply tack at a
rate of 0.115 gallons per square yard. The emissions data for the tack truck was obtained
in the same way as it was for the HMA paving.

454  HMA Paving

The CSOL paving requires 2 lifts for a total of 5 inches to be paved. The same paving
rate of 100 tons per hour has been assumed, for both the initial overlay and the
maintenance overlays, as described in Section 4.4.9. The MTV and rollers will keep the

same pace as the paver. The NONROAD data for all of this equipment is in Table 20.

4.6 DBR Processes
Dowel bar retrofitting is only performed as a one-time activity and does not meet the

functional unit requirement of lasting 50 years. The LCI results presented are just for
standalone uses. The DBR LCI also includes diamond grinding because the roadway is
usually ground after a DBR. The results for just the diamond grinding are also presented.
Many of the processes included in a DBR are the same as described in the previous
sections and will not be described again unless there are process differences. Dowel bar
retrofits are expected to extend the life of a PCC pavement by about 15 years (WSDOT
2005). Table 21 shows the NONROAD data for all equipment used in a dowel bar

retrofit.
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Table 21. NONROAD Emissions Data for DBR

Process D%“Lrl?tlir?gllm Slgieh;r?tﬁgal Diamaond Grinding
NONROAD engine {300 HF' Surfacing| 100 HP Skid | 600 HF'lSurfac:ing 100 HF'lSurfac:ing
Equipment) x 2 Steer Loaders Equipment Equipment
Energy Input
IBTUfap. hour)  [Fuel Usage 4 059E-+J5 §.86E+H15 4 089E+HIG 7 S58E+HIS
THC 1.04E+H2 JA1E+01 1. 24EHT2 J.01E+H
co 5 10E+JZ 1.54E+H12 8.93E+12 2 13E+H12
MOy 1.38E+03 1. 28E+12 1.73E+H13 2 553E+12
co2 1 A7E+HIS 1.22E+H4 1.66E+H15 2.84E+4
Air Emissions S02 1 A7E+H1 1.22E+00 1.66E+H11 2.83E+00
(g/op. hour) Phi2.5 8. 76E+01 2. 34E+01 1. 18E+H12 3. 16E+01
' P10 9.03E+01 2 41E+01 1 22EHT2 3. 26E+01
VOO 1. 10E+H12 J.58E+H01 1.31EHTZ 3. 17EH
NWHC 1.03E+H1Z 3.36E+01 1.22EHT2 2.86E+01
NWMOG 1.10E+H2 3.60E+01 1.31E+HI2 317EHD
TOG 1.12E+H2 3.B5E+01 1.33EHI2 3. 22E+H01

4.6.1 Dowel Bar Production
The same size and type of dowel bar were chosen as in Section 4.3.10. Rather than

placing dowel bars across the entire width of the pavement, 12 inches center to center, 3
dowel bars will be placed in each wheel path at that same spacing (WSDOT 2005). This
would result in 19,000 pounds of dowel bars being placed. The data from GREET does
not include the shaping of the bars or the production or application of any corrosion
resistant coating. GREET data is shown in Table 11 for dowel bar production. These
bars are also assumed to come from 50 miles from the site. This 475 ton-miles of
transport was added onto the transport of the mortar process.

4.6.2 Dowel Slot Cutting

Dowel bar slots are cut using a special sawing machine. The machine uses a cutting head
with pairs of mounted diamond blades spaced at the desired slot width and dowel
spacing. Dowel slots should be cut 2.5 inches wide, 5.75 inches deep (for a 9 inch PCC
pavement) and approximately 24 inches long (Pierce et al. 2003). It has been assumed

that the transverse joint spacing of the original pavement is 15 feet. The Diamond
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Products PC490 Dowel Slot Cutter was used to represent a typical dowel slot cutter for
this project. The PC490 has two 258 horsepower engines, one for each cutting head and
wheel path (Diamond Products, 2008). These two engines were approximated as 300
horsepower surfacing equipment from NONROAD. Data for this process is in Table 21.

Figure 16 shows a dowel bar slot cutter set up to cut three slots per wheel path.

gure 16

S :';: '_.',.-;._-_
. Dowel bar slot cutter (source unknown).

4.6.3 Slot Material Clean Up
After the slots are cuts, the PCC material between the two saw cuts will be broken out.

The waste material then needs to be loaded up into trucks for disposal. This would likely
be performed by a skid steer loader, such as the Caterpillar 256C. The 256C has an 82
horsepower engine and will be approximated from NONROAD as a 100 horsepower skid
steer loader (Caterpillar, 2007b). NONROAD data for this process is in Table 21. Once

this is complete slots can be properly cleaned, the existing joint or crack should be sealed
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with a caulking material, and the bars should be inserted with the proper caps, foam core
boards, and chairs (Pierce et al. 2003). These steps are not included in this LCI.

4.6.4 Waste Transport

After the waste PCC is loaded into trucks by the skid steer loader, the material needs to
be trucked to a disposal site. The disposal site has been assumed to be 15 miles from the
rehabilitation project and the trucking done by heavy-heavy trucks. GREET data for
heavy-heavy truck transport is in Table 8.

4.6.5 Slot Patching

Once the slots are properly cleaned and dowel bars inserted, the slots can be filled with
the mortar patching material. Patching material has been assumed to be the same as the 3
ksi 100% cement content PCC mix from the remove and replace with PCC option. This
material could have a greater cement to aggregate ratio and would likely have smaller
aggregates but should be very similar to common PCC for the purposes of this analysis.
Data for patching material production is in Table 10. The patching is done by putting the
material into the slot and then consolidating the material by using a vibration device.
Extra patching material is left on the surface to ensure enough material remains after
shrinkage. The extra material will later be removed during the diamond grinding. After
placing the patching material a curing compound should be applied to ensure proper
hydration. Curing compound is not included in this study. The patching material will
also have to be transported to the site. The same trucking as the really PCC mix was
assumed, using a heavy-heavy truck, and traveling a distance of 15 miles. Data for the

trucking of this material is located in Table 8.
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4.6.6 Diamond Grinding
Within 10 days of being patched, the DBR should be diamond ground (Pierce et al.

2003). The exact same diamond grinding process was used as the one described in

section 4.3.14 and NONROAD data for the equipment is in Table 21.

4.7 Computational Structure and Results
The inventory analyses and all calculations associated with them were performed

according to the methods in The Computational Structure of Life Cycle Assessment
(Heijungs and Suh 2002). All of the data presented within Sections 4.2-4.6 were
arranged in matrices, two for each of the four rehabilitations and replacements. The two
matrices are the technology matrix (A) and the intervention matrix (B). The technology
matrix consists of the economic flows for each of the processes, while the intervention
matrix, B, consists of the environmental flows for each of the processes (Heijungs and
Suh 2002). The A matrix is where the quantity relationships between the processes are
contained, such as how much fuel is used by a process. The B matrix is where the

emissions and energy usage data for each process is located.

The functional unit is described in vector form as the demand vector (f). The
demand vector describes the quantity for each economic flow that is necessary to meet
the goal of the study. So in this case the demand vector will call for 1 lane-mile worth of
each initial construction process and for the required amount of rehabilitations to meet
the 50 year life-span. Once A, B, and f are defined, the scaling vector (s) can be

determined. The scaling vector is an intermediate step in finding the final inventory. The
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scaling vector is calculated by multiplying the inverse of the technology matrix by the

demand vector, or:
s=A'f
The scaling vector tells how much of each process is necessary to meet the functional

unit. The final inventory vector (g) can then be calculated by multiplying the

intervention matrix by the scaling vector, or:
g=Bs

The inventory vector is the final result of an LCI, representing the aggregated

environmental flows of the total system (Heijungs and Suh 2002).

These life cycle inventories have been collected and computed in Microsoft Excel
using the linear algebraic formulas presented above. The results of the 50 year pavement
life LCAs are presented in Table 22 with the largest value for each input or output in red

text.

Table 22. Life Cycle Inventory Results of New Highway Options

Input or Output| Units |PCC Replace|HMA Replace CSOL

Total Eneripy BTU -3 .B4E+04 -5 HOE+04 -3 2BE+08
Fossil Fuels BTU -2 BAE+04 -5 ZRE+04 -2 HIZE+0H
Coal BTU -1 A2E+04 -2 A0E+08 -1.34E+08
Matural Gas BTU -5 09E+08 -3 10E+049 -1.75E+08
Petroleurm BTU -7.18E+08 -1 H2E+04 -1.03E+08
O, | 5 25E+08 343E+08 1. 81E+08
CO o] 1 3E+0R T H1E+05 4 47E+05
MO, a 141E+0B 1.55E+08 8. BEE+D5
S50, | 1.20E+05 1.26E+05 6 HBE+04
CH, o] 3.31E+05 T H5E+05 4 45E+05
P, 5 | §02E+04 T .30E+04 4 13E+04
Pty | 1.32E+06 2. 26E+05 1.28E+05
50, o] 5 B2E+05 B 43E+05 3.BEE+05
MO | 1.88E+03 B 13E+03 3.389E+03
VOO q 6.73E+04 1 74E+05 HT71E+04
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From this table it appears that in no case does CSOL give the highest fuel use of
emissions. HMA and PCC are the largest contributors in several categories. It cannot yet
be determined though which of the options are best or worst for the various impact

categories. Table 23 shows the LCI results for the pavement rehabilitation options.

Table 23. Life Cycle Inventory Results of Rehabilitation Options

Input or Output | Units DBR Diamond Grind | Mill and Fill

Total Energy BTU -4 GYE+08 -4 B4E+07 -5.07E+08
Fossil Fuels BTU -4 4BE+08 -4 §3E+07 -5 44E+08
Coal BTU -1.35E+08 -1.35E+08 -243E+07
Matural Gas BTU -1.68E+08 -2 59E+06 -3.07E+08
Petroleum BTU -1 42E+08 -4 53E+07 -2.13E+08
0, g 3.54E+07 2. 20E+08 3.83E+07
Z0 g 3. B9E+05 1.01E+04 3.43E+04
MG, g 7.83E+04 1.89E+04 1.65E+05
50, g 2. 78E+04 8.78E+02 1.29E+04
CHa g 5 B3E+04 4 31E+03 A.06E+04
Ph; 5 g 1.90E+04 1 43E+03 7 91E+03
FPiyg g §.39E+04 1.B9E+03 2 3E+04
S0, g 3. 70E+03 1.58E+02 B.42E+04
HFe] g 3.22E+02 1.05E+01 B.17E+02
WOC g 7 GAE+03 1. 72E+03 1 81E+04

This table shows that a mill and fill uses more energy and produces the most of many of
the emissions. This is an indication that the material production is a big contributor to the
negative impacts, since DBR and diamond grinding don’t use a lot of materials. The full

matrices and vectors used for the computations are included in Appendices A through D.

3) IMPACT ASSESSMENT

The resultant data presented in the inventory analysis show what individual emissions
and energy usage result from each replacement and rehabilitation option, but do not give

a clear idea of what the environmental impact will be. 1t is also difficult to compare the
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different options based on individual emissions flows. The use of impact categories gives
the ability to compare the environmental impacts of the different options.
Characterization factors, or equivalency factors, describe the relative impact of the
different environmental flows (1ISO 2006). A larger characterization factor means a
larger impact for that flow. Characterization factors are multiplied by each of the
environmental flows to convert all them into an equivalent amount of the category
indicator. The category indicator is the flow that is usually associated with that particular

impact category (CO, for global warming, for example)

5.1 Classification
The Tool for the Reduction and Assessment of Chemical and Other Environmental

Impacts (TRACI) was used to determine all equivalency factors (USEPA 2008a). Table

24 shows all of the TRACI equivalency factors that were used for the purposes of this

study.
Table 24. TRACI Equivalency Factors

Global Warming Acidification HH Criteria Eutrophication| Photochemical

Inventory Flow (CO:z-2 / Kg) (H+ moles-e / kg) | (milli-DALYs / kg) (N-e / kg) Smog (g NO,-&)
C0O; 1.0000 0.0000 0.0000 0.0000 0.0000
o 0.0000 0.0000 0.0000 0.0000 0.0134
M, 0.0000 40.0400 0.0022 0.0443 1.0000
g 50, 0.0000 50.7900 0.0000 0.0000 0.0000
E CHy 21.0000 0.0000 0.0000 0.0000 0.0030
5 |Ps 0.0000 0.0000 0.1391 0.0000 0.0000
Z |PMug 0.0000 0.0000 0.0834 0.0000 0.0000
S50 0.0000 50.7900 0.0139 0.0000 0.0000
MO 310.0000 0.0000 0.0000 0.0000 0.0000
WO 0.0000 0.0000 0.0000 0.0000 0.7806
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The following impact categories were assessed:

Global Warming: Global warming is the gradual increase of the earth’s average
temperature, which in turn causes a change in climate. Sea level rise, plant and
animal extinctions, and changing weather patterns are a few of the expected long
term effects of global warming. The greenhouse gas effect is the primary cause of
global warming, a result of increased amounts of carbon dioxide, methane, and
other gases being emitted into the atmosphere that trap solar radiation in our
atmosphere (USEPA 2008c). For this assessment, CO,, CH,4, and N,O are
included as contributors to global warming. The category indicator unit is

kilograms of CO, equivalency.

Acidification: Acidification is the lowering of the pH of air, soil, or water by
emissions or wastes that supply H+ ions to the environment. Sulfur and nitrogen
oxides are significant contributors to this phenomenon, which is believed to cause
damage to coral reefs, forests, and even automotive paint coatings (USEPA,
2008b). NOy, SOy, and SO, are the environmental flows included in this study
that contribute to acidification. The TRACI equivalency factor converts

acidification to H+ moles equivalent.

HH Criteria Air: Human health criteria air pollutants are measured in daily-
adjusted life years (DALYS). This is a measure of changes in mortality rates and
morbidity factors which give an overall idea of human impacts. “*“Criteria
pollutants” is a term used in U.S. environmental regulation to describe those

regulated air pollutants for which the U.S. EPA uses health-based criteria to set
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permissible levels” (Bare et al. 2003, p. 75). The indicator unit is equivalent

milli-DALYS, with NOy, PM, s, PMy, and SO, contributing to this impact.

e Eutrophication: Eutrophication occurs when bodies of water receive excess
nutrients that stimulate plant growth, adversely affecting the natural ecosystem
(USGS 2008). This usually occurs from fertilizer runoff or nitrogen deposition
from the atmosphere. The TRACI equivalency factor is in kg of Nitrogen. NOy s
the only environmental flow included in this study that contributes to

eutrophication.

e Photochemical Smog: Photochemical smog occurs because of a chemical
reaction between sunlight, nitrogen oxides, and volatile organic compounds
(VOCs) in the atmosphere (Pidwirny, ed. 2002). These emissions are primarily
emitted by the combustion of fossil fuels. The TRACI equivalency for smog is
grams of NOy. CO, NOy, CH,4, and VOC are the environmental flows that

contribute to photochemical smog in this LCA.

There are several LCI results that factor into more than one impact category.
NOXx actually is a part of four of the categories. These are serial mechanisms, or in other

words they can contribute to all of these impacts simultaneously.

5.2 Characterization
The indicator results for the impact categories were calculated by multiplying the

characterization factors by their respective LCI results and then aggregating the results
once in equivalent units. The equivalency values and total energy are summarized in

Table 25. The values in red are the greatest values for each impact category.
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Table 25. Impact Category Results

Environmental Impact Cateqory | Equivalence Unit] PCC Replace | HMA Replace CSOL
Tatal Energy Usage BTU 3.84E+09 5 A0E+09 3.28E+09
Global Warming Potential kg CO5 5.32E+05 3E1E+05 2ME+05
Acidification males H+ 9.12E+04 1.01E+05 5 65E+04
HH Criteria Air milli - DALY = 1.33E+02 4 13E+M 2.534E+1
Eutrophication kg M E.26E+01 E.S4E+01 3.84E+01
Photochemical Smog o MOy 1.48E+03 1.69E+03 949E+02

The environmental flows that were assessed in this LCA do not represent the whole of

the data. Other emissions outside of the scope of this study could contribute to these

environmental impacts as well. It was attempted to capture as many of the flows as

possible, but these impact categories could still be missing an important emission that

was not included in the data sources. Fugitive dust emissions from the construction site

are not represented by this data for example and could have a greater influence from one

option to another. Ozone, CFCs and other emissions are not quantified as well that could

contribute.

Figure 17 through Figure 22 show the graphical results of the impact analysis for

each impact category.
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Figure 17. Total energy inventory.
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Figure 18. Global warming potential impact.
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Figure 19. Acidification impact.
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Figure 20. Human health criteria air impact.
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Figure 21. Eutrophication impact.
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Figure 22. Photochemical smog impact.
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These impact categories indicated that the CSOL option is the best all-around for the
environment and that HMA and PCC might be equally impactful, with different
environmental consequences for each. The HMA replacement options uses more energy
but the PCC replacement option contributes much more to global warming. An agreed-
upon regional or agency list of priorities may be necessary to make an actual decision

between PCC and HMA.

5.3 Normalization

Even after using equivalency factors to get environmental impact indices, the numbers
may seem large and not mean much without something familiar to compare. A reference
point needs to be determined to help understand these numbers, such as consumption or
emission of something that people use every day. For example, the total energy usage in
one lane mile of pavement reconstruction or rehabilitation can be compared to the

electricity usage of one house hold for an entire year.

In 2004 the average Washington state energy consumption per person was 323.1
million BTU, a total of 2004.8 trillion BTU (EIA 2006). A PCC remove and replace
option for one lane mile uses 3,840,000,000 BTU or almost 12 times the energy as a
person uses in a year. An HMA remove and replace project for one lane-mile uses more
than 18 times the energy as one Washingtonian in a year. A one lane-mile CSOL project

uses just over 10 times as much energy as a person does in a year.

6 INTERPRETATION

The interpretation is important for determining the quality of a study while identifying

any major issues within the goal and scope analysis, inventory analysis, and impact
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assessment. This can include checking for completeness, sensitivity checks, or
consistency checks (1ISO 2006). The interpretation should also include conclusions,

limitations, and recommendations.

6.1 Data Quality
Evaluating the data in an LCA is important so that it is obvious for any future uses of the

study to know which data can be trusted, which data can be modified for different
purposes and which data should be replaced. Data quality categories and a scoring
system have been created for this LCA. The data categories and guidelines for the

scoring are shown in Table 26.

Table 26. Data Quality Scoring Guidelines

Data Quality Category Best (5) Worst (1)
Time related coverage Less than 2 years old Mare than 20 vears old
Diata from lacation with
Geographic coverage Site specific differentconditions
Precision, completeness and All emissions, all assumptions Missing data, incarrect
representitiveness of the data correct assumptions, iInaccuracies
Consistency and reproducibility of| Data from accepted test methods, Data acquisition methods
methods used steps understood, reproducible unknown, difficulta to reproduce

Data quality scores were given to each of the sources based on the score guidelines
outlined in Table 28, with a higher score being a better source. Overall scores are just an

average of the individual scores. The results are presented in Table 27.
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Table 27. Data Quality Scores

Data Source Category Score Overall Score
Time

Zeography

Frecision, completeness
Consistency and reproducibility
Time

Zeography

Frecision, completeness
Consistency and reproducibility
Time

LCI of Asphalt Pavements, |Geography

Eurobitume Precision, completeness
Consistency and reproducibility
Time

Zeography

Frecision, completeness
Consistency and reproducibility
Time

Zeography

Frecision, completeness
Consistency and reproducibility

NONROAD

GREET

3.25

2.75

LCI of PCC

EFA AR-42 25

[l K R N R Al s Al B R e o R e e s B s =

The EPA NONROAD model is kept up to date with the EPA emissions requirements
factored into the model. NONROAD is also very geographically accurate because it can
be modeled down to the county level, while modifying the weather, fuel, and time
parameters. It is somewhat lacking in the completeness score because it lacked some
common emissions that were offered by other sources, such as CH, and SOy. This
prevents an accurate representation of the overall system production of these pollutants
and could skew the impacts that are assessed. The NONROAD data was better for some
processes than others because some of the equipment estimations were approximations of
machines that weren’t exactly that similar, such as the street sweeper being estimated as a
cement mixer. The difference is probably minimal but if data was located specifically for

a street sweeper it would probably be a good idea to replace the data.
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The GREET models for this assessment are from 1999, so it received a lower
score for time, but the data is very complete, providing all the desired emissions. The
data is however specific just to the United States, besides electricity generation, in which
the user can change the energy mix based on location. This data is usually a very close
approximation of the process modeled. For energy and transportation GREET is very
good but for dowel bar production it is very lacking. The basic steel production process
does not include the forming, cutting and coating involved in dowel bar production. This

process could be improved by finding a better data source.

The data from the LCI of asphalt pavements and Eurobitume paper were very
transparent in that the sources were clearly noted, but some of the data was older and it
was all from Europe. The crude oil mix being different, as mentioned before, could make
a significant difference, due to the importance of bitumen in the overall LCA. The
biggest downfall of these papers is the European focus. The data was fairly easy to
manipulate, by inputting production of U.S. fuels and electricity production from
GREET, but the remaining European sources could be replaced with more local sources

to improve the data.

The AP-42 emissions data for HMA drum plant mixing is data from a source that
is clearly explained. It was updated in 2004, so it fairly recent, but most of the actual
data was collected for the original 1995 edition. It is also only specific to the U.S. The
methodology is thoroughly explained, but it did not include any energy usage data. The

energy usage had to be obtained from a different source.
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The last piece of data was obtained from the LCI of PCC. This document came
from the Portland Cement Association and is recent. It has emissions data for almost all
of the pollutants included in this study and has several different mixes available which
could be useful. This data is specific for the U.S. and also offers many different
technology choices. This document appears to be very appropriate for this study, and can

be used in many modifications as well.

6.2 Contribution Analysis
The contribution analysis looks at each input and output as well as the impacts that were

summarized in the impact assessment to find out which process is causing the greatest
portion of that flow or impact. This calculation is done by multiplying the scaling vector
(s) by the environmental flows for each process. The result of that is the amount of that
specific flow or impact that is caused by that process. That number can then be divided
by the total environmental flow or impact to get a percentage. Tables 28 through 30
show the largest contributor of each environmental flow and impact with a percentage for

each paving option.
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Table 28. Largest Contributions for PCC Remove and Replace

PCC Remove and Replace |Largest Contributer Percentage
Total Energy BTU PCC Production 54 5%
Fossil Fuels BTU PCC Production 43.7%
Coal BTU PCC Production T 4%
Matural Gas BT Steel Production E0.5%
Petroleum BTU PCC Truck Transport 233%
[elo g PCC Production T8.2%
[els] q Steel Production S0.5%
MO, g PCC Production T8.3%
S0, q Steel Production 40.1%
CH, g Coal Production 36.2%
[ g Coal Production A7 1%
P g g PCC Production T6.2%
S0, g PCC Production 99.8%
%] g Steel Production 34 5%
WOT g PCC Production 44 0%
Global Warming Potertial o 02 PCC Production 77 2%
Acidification moles He dg |PCC Production 20.2%
HH Criteria Air milli - DALY =iy |PCC Production 70.5%
Evtrophication gh PCC Production T8.3%
Photochemical Smog o W% PCC Production 76 5%

Table 29. Largest Contributions for HMA Remove and Replace

HMA Remove and Replace Largest Contributer |Percentage
Total Energy BTU HiA Production 29.7%
Fozsil Fuels BTLI HiA Production 30.3%
Coal BTU Electricity Production 74.5%
Matural Gas BT HiA Production 51 4%
Petroleum BTU Biturnen Production 19.9%
O, g HilA Production 32.2%
o q HMA Production S6.1%
MO, g Bitumen Production 49.0%
S0, q Electricity Production 40.2%
CH, g Matural Gas Production 57.5%
Phila q HMA Production 50.9%
Pl g g HiA Production 341%
S0, o Biturnen Production a7 3%
Es g Aggregate Production 55.2%
WOIC g HilA Production 51.5%
Global Warming Potertial 00 HilA Production 30.5%
A cidification males H+Jg  |Biturmen Production 51.5%
HH Criteria Air milli - DALY =iy |Bitumen Production 39.7%
Evtrophication ohl Biturmen Production 49.0%
Phaotochermical Smog g Mo, Biturnen Production 44.7%
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Table 30. Largest Contributions for CSOL

CSOL Largest Contributer |Percentage
Tital Energy BTU HiA FProduction 30.2%
Fossil Fuels BTl HMA Production 30.5%
Cosl BTU Electricity Production 75.5%
Matural Gas BTU HMA Production 51.4%
Petroleum BTl Bitumen Production 21 1%
0 o HMA Production 327%
[ale] o HMA Production 56 0%
MO, g Bitumen Froduction 49 8%
0, o Electricity Production 4 A%
H, o Matural Gas Production 55.3%
PM. o HMA Production 50.8%
PM 4o g HiA Froduction 34 1%
S0, o Biturmen Froduction 97 3%
M0 o Aggregate Production £9.9%
el o HMA Production 52 3%
Global Warming Patentis| g Co2 HWA Production 3.3%
Acidification moles He fy | Bitumen Production 52 2%
HH Criteria &ir milli - DALY=fy | Bitumen Production 39.9%
Evtrophication gk Biturmen Production 49 5%
Phatochemical Smog o M Biturnan Production 45 4%

The contribution analysis suggests that the largest contributors to most of the
environmental flows and impacts were the paving materials production. This could mean
that efforts to reduce environmental impact should be focused on the materials
production. Unfortunately it could also mean that the production of materials is more
completely modeled and there are holes in other portions of the LCA. The data quality
section suggests that this is hopefully not the case though because some of the biggest
data holes were in the materials production area (steel production, lack of dowel bar
coating, curing compound, etc. production). Complete tables of contribution analysis for
all processes and percentages for all processes are located in Appendices A-E. Figure 23
and Figure 24 show total energy and global warming potential contributions by activity
for all three paving options, respectively. The options are broken into 6 construction
activities. PCC removal or crack and seat includes the breaking of the pavement for all

options and then includes the loading of the waste material for the HMA and PCC
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options, but it instead includes the roller seating for CSOL. Materials production
includes all construction material production. Construction includes all construction
equipment that is used for the main paving activity. Transportation includes all
construction truck transportation (not including transportation for materials production).
Fuel and Electricity production includes production of all fuels, on-road, nonroad, and
stationary, as well as electricity. The Rehabilitation includes all equipment required to

mill and fill or diamond grind.
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Figure 23. Total energy contribution analysis.
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Figure 24. Global warming potential contribution analysis.

7 RECOMMENDATIONS

Overall it appears that CSOL uses the least amount of energy and contributes the least to
the environmental impacts studied in this LCA. This is the case because it requires the
least amount of paving material and because the existing pavement does not have to be
removed. The contribution analysis showed that the largest contributors to all of the
environmental impacts were the production of the paving materials (bitumen, HMA,
PCC). That being said, CSOL will not necessarily always be the best option for a
situation like this. The existing pavement has to still be on a solid base and the pavement
surface has to be raised by the thickness of the overlay, which could create extra work at
bridge overpasses and with shoulder work. CSOL used 44% less energy than the HMA
option and 15% less energy than the PCC option and contributed 62% less than PCC to
global warming and 44% less than HMA to global warming. Not only this, but the CSOL

would likely be the least expensive option as well because it requires the least amount of
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labor and materials. A big assumption that was made in this study was that the CSOL
pavement would have the same structural integrity and useful life as the other two
options. This is still unknown because this practice is relatively recent having been done
extensively in only the last 20 years or so. The best recommendation for WSDOT or

another agency may be to investigate the legitimacy of CSOL as a long-life pavement.

It is more difficult to make an environmentally friendly decision when deciding
between the remaining two new pavement options. The PCC replacement option was a
greater contributor to global warming potential and human health criteria air pollutants,
whereas the HMA replacement option was the largest contributor to acidification,
eutrophication, and photochemical smog, as well as the largest consumer of energy.
These differences seem driven by PCC’s larger contribution to CO; and particulate
emissions and by HMA’s larger contribution to nitrogen and sulfur oxides. It is up to the
decision-making authority to decide which of these impacts are more important. It may
be that the environmental impacts attributed to each pavement type may not be
differentiated enough to warrant one choice over another. The contribution analysis did
show however, for all three options, that the largest contributor to each of the impacts
was the production of materials. WSDOT or other agencies may want to focus their
attention on reducing the impact of material production processes in order to reduce

environmental impact.

7.1 Further Research
There were many small processes or parts of processes that had to be scoped out of this

LCA due to lack of data or inadequate data. If additional data sources could be located

the LCA could be expanded and improved. Possible future expansions of this study:
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Add data for the production, transport, and application of dowel and tie bar

corrosion resistant material.
Add production of PCC curing compound and joint sealants.

Use of different types of dowel bars (stainless, stainless clad, other epoxy

coatings) could be compared.
Include fugitive dust emissions

Look into biodiesel, ultra low sulfur diesel, or better filtration systems for

machinery and trucks.

Use of fly ash or slag in PCC and use of recycled asphalt pavement (RAP) in

HMA.

Incorporate user delay from congestion of lane closures.

Include lane striping, restriping, pothole maintenance and crack sealing

maintenance

Added data for emissions to water, solid waste, etc. This will require many new

data sources unfortunately, that do not currently exist.
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APPENDIXA. PCC CALCULATIONS

Technology Matrix

A
Source NONROAD __ NONROAD GREET NONROAD NONROAD NONROAD LCl of PCC NONROAD NONROAD NONROAD GREET GREET NONROAD GREET GREET GREET GREET GREET GREET GREET GREET GREET NONROAD NONROAD
PCC cracking Transport by Heavy- Diamond

1 lane-mile of (300 HP off-  Loading of crushed  Transport by Heavy- Ready-mix Heavy Truck- class 8a Grinding Diamond

finished road truck and concrete, subbase, Heavy Truck- class 8a or Use of utility excavator  concrete PCC placer / Saw Cutting or8b(20toncargo),  PCC seal coat Electricity at Machine (main ~ Grinding machine

remove and 175 HP and soil by 8b (20 ton cargo), Grading of sub-base  Heavy roller for ~for site work and production, spreader, 300 PCC paving: joints into 5.0mpg, 100% sprayer and tining ~ Conventional and Natural Gas as a Natural Gas for Well-to-POU POU,  engine, 600hp  (aux engine,

replace with  crushing excavator, 300 HP 5.0mpg, 100% fronthaul, material before paving, ~precompaction, miscellaneous work, 300 100% cement ~ HP Surfacing  paver new Average Steel fronthaul, empty machine, 75 HP LS Diesel, at  Diesel for nonroad ~ Stationary Fuel, at electricity generation, at Coal to Power Well-to-POU Coal  LPG Residual Oil, Washington surfacing 100hp surfacing  Diamond Grinding
Process. Units PCC equip) Excavator empty backhaul 175 HP Grader 300 HP Roller _HP Excavator content, 3ksi emissions __pavement backhaul Surfacing ) _fueling station engines POU POU Plant Production Production ___at POU State ) process
1 lane-mile of highway Lane-miles 100E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Concrete crushed Operating hours | -7.41E-01 | 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Loaded waste material Operating hours | -1.58E+01  0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Waste truck transport ton-miles -5.35E404  0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Sub-base grading Operating hours | -1.11E+00  0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Heavy roller precompaction Operating hours | -9.00E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Utility excavator work Operating hours | -4.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
PCC production yd3 -254E+03  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
PCC placing/spreading Operating hours | -2.67E+01  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 100E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
PCC paving Operating hours | -2.67E+01  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 1.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Joint sawcutting Operating hours | -7.82E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 | 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Tie and dowel bar production Ibs -3.66E+04  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
PCC truck transport ton-miles 7.81E+04  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 -9.60E+01
PCC seal coat and tining Operating hours | -2.67E+01  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Conventional and LS Diesel, at fueling station BTU 0.00E+00 0.00E+00 0.00E+00 -2.16E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 -2.16E+03 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Diesel for nonroad engines BTU 0.00E+00  -3.23E+06 -2.05E+06 0.00E+00 -1.19E+06 -2.05E+06 -2.05E+06 0.00E+00 2.056+06  -2.05E+06 -5.60E+05  0.00E+00 0.00E+00 -5.69E+05 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 -4.09E+06 -7.58E+05 0.00E+00
Natural gas as a stationary fuel BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.51E+04 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Natural gas for electricity generation BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.25E+05 0.00E+00 0.00E+00 0.00E+00
Coal to power plant BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00  0.00E+00  -5.15E+05 0.00E+00 0.00E+00 0.00E+00
Well to POU, Coal Production BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.98E+05 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
LPG Production BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.15E+02 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Residual il production BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -6.85E+03 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 1.00E+06  0.00E+00 0.00E+00 0.00E+00 0.00E+00
Electricity at POU , Washington BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.07E+05 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 | 1.00E+06 0.00E+00 0.00E+00 0.00E+00
Diamond Grinding Main engine Operating hours | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 1.00E+00 0.00E+00 -8.57E+00
Diamond Grinding aux engine Operating hours | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 1.00E+00 -8.57E+00
Diamond grinding process Lane-miles 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00 1.00E+00

Intervention Matrix
B

Total Energy BTU 0.00E+00  -3.23E+06 -2.05E+06 -2.16E+03 -1.19E+06 -2.05E+06 -2.05E+06 -8.24E+05 2.05E+06  -2.05E+06 -5.69E+05  -162E+04 -2.16E+03 -5.69E+05 -2.11E+05 -1.82E+05 -7.19E+04 -6.97E+04 -2.11E+04. 1.17E+04 -1.23E+05  -9.81E+04 -4.09E+06 -7.58E+05 0.00E+00
Fossil Fuels BTU 0.00E+00  -3.23E+06 -2.05E+06 -2.16E+03 -1.19E+06 -2.05E+06 -2.05E+06 -4.55E+05 2.056+06  -2.05E+06 -5.69E+05  -155E+04 -2.16E+03 -5.60E+05 -2.07E+05 -1.79E+05 -7.15E+04 -6.93E+04 -2.10E+04 11E+04 -L21E+05  -9.59E+04 A0E+05  -4.09E+06 -7.58E+05 0.00E+00
Coal BTU 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.98E+05 0.00E+00  0.00E+00 0.00E+00  -6.55E+03 0.00E+00 0.00E+00 -3.74E+04 -3.22E+04 -2.40E+03 -2.20E+03 -6.19E+03 -3.60E+03 2.14E+04  -1.68E+04  -5.15E+05 0.00E+00 0.00E+00 0.00E+00
Natural Gas BTU 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.51E+04 0.00E+00  0.00E+00 0.00E+00  -8.42E+03 0.00E+00 0.00E+00 -7.10E+04 -6.19E+04. -6.48E+04 -6.27E+04 -8.46E+02 -1.38E+03 -4.28E+04  -349E+04  -2.25E+05 0.00E+00 0.00E+00 0.00E+00
Petroleum BTU 0.00E+00  -3.23E+06 -2.05E+06 -2.16E+03 -1.19E+06 -2.05E+06 -2.05E+06 -2.16E+04 2.05E+06  -2.05E+06 -5.69E+05  -5.22E+02 -2.16E+03 -5.69E+05 -9.87E+04 -8.46E+04. -4.29E+03 -4.2TE+03 -1.39E+04 -6.14E+03 5.67E+04  -4.42E+04  0.00E+00 -4.09E+06 -7.58E+05 0.00E+00
co, g 0.00E+00 107E+05 7.38E+04 1.68E+02 4.45E+04 6.86E+04 7.38E+04 1.61E+05 7.36E+04  6.99E+04  2.03E+04 1.41E+03 1.68E+02 1.93E+04 1.66E+04 1.45E+04 5.24E+03 5.16E+03 1.85E+03 9.60E+02 102E+04  B.36E+03  6.92E+04 1.56E+05 2.84E+04 0.00E+00
co 9 0.00E+00 2.41E+02 1.70E+02 3.86E-01 1.25E+02 1.79E+02 1.70E+02 2.08E+02 2556402 176E+02  147E+02 1.81E+01 3.86E-01 1.41E+02 1.35E+01 1.26E+01 7.86E+00 7.63E+00 2.63E+00 1.04E+00 111E+01  106E+01  1.65E+01 8.98E+02 2.13E+02 0.00E+00
NO, 9 0.00E+00 7.88E+02 5.46E+02 7.92E-01 3.61E+02 5.68E+02 5.46E+02 4.35E+02 6.88E+02  5.64E+02  182E+02 1.32E+00 7.92E01 1.75E+02 4.55E+01 4.20E+01 2.24E+01 2.18E+01 1.47E+01 3.25E+00 3.94E+01  3.95E+01  6.09E+01 1.73E+03 2.58E+02 0.00E+00
SO, g 0.00E+00  0.00E+00 0.00E+00 2.13E-02 0.00E+00 0.00E+00 0.00E+00 2.55E+00 0.00E+00  0.00E+00  0.00E+00 1.31E+00 2.13E-02 0.00E+00 2.26E+01 2.10E+01 1.16E+01 1.15E+01 7.18E+00 6.82E+00 170E+01  185E+01  1.46E+02 0.00E+00 0.00E+00 0.00E+00
CH, g 0.00E+00  0.00E+00 0.00E+00 3.36E-03 0.00E+00 0.00E+00 0.00E+00 6.71E+00 0.00E+00  0.00E+00  0.00E+00 2.35E+00 3.36E-03 0.00E+00 1.05E+02 1.03E+02 1.96E+02 1.75E+02 1.19E+02 1.18E+02 9.83E+01  9.62E+01  1.47E+00 0.00E+00 0.00E+00 0.00E+00
PM, 5 g 0.00E+00  4.62E+01 3.20E+01 150E-02 2,57E+01 3.40E+01 3.20E+01 2.81E-02 438E+01  338E+01  215E+01 8.07E-01 150E-02 2.09E+01 3.91E+00 3.43E+00 5.11E-01 4.93E-01 4.23E+01 4.20E+01 2456400  2.06E+00  2.38E+00 1.18E+02 3.16E+01 0.00E+00
PMyo 9 0.00E+00  4.76E+01 3.39E+01 1.63E-02 2.65E+01 3.50E+01 3.39E+01 3.95E+02 452E+01  348E+01  2.20E+01 2.77E+00 1.63E-02 2.15E+01 1.00E+01 8.67E+00 8.61E-01 8.20E-01 1.70E+02 1.69E+02 5.95E+00  4.87E+00  4.36E+00 1.22E+02 3.26E+01 0.00E+00
S0, 9 0.00E+00 1.07E+01 7.37E+00 0.00E+00 4.45E+00 6.85E+00 7.37E+00 2.20E+02 7.36E+00  6.98E+00  2.03E+00 0.00E+00 0.00E+00 1.92E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 1.55E+01 2.83E+00 0.00E+00
N0 g 0.00E+00  0.00E+00 0.00E+00 4.32E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 1.51E-02 4.326-03 0.00E+00 2.74E-01 2.41E-01 8.55E-02 8.32E-02 3.21E-02 1.56E-02 176E01  148E01  1.03E+00 0.00E+00 0.00E+00 0.00E+00
voc g 0.00E+00 6.18E+01 4.17E+01 7.27E-02 2.96E+01 4.30E+01 4.17E+01 1.17E+01 5.49E+01  4.27E+01  2.22E+01 1.52E-01 7.27E-02 2.15E+01 7.85E+00 7.66E+00 5.76E+00 5.66E+00 7.66E+00 7.08E+00 7.60E+00  6.16E+00  1.31E+00 1.31E+02 3.17E+01 0.00E+00

90



Demand and Scaling Vector
f

Inventory Vector

S 9
Scaling
Process Units Demand vector  vector Result Unit
1 lane-mile of highway Lane-miles 1.00E+00 1.00E+00 -3.830E+09 Total Energy BTU
Concrete crushed Operating hours 0.00E+00 7.41E-01 -2.647E+09 Fossil Fuels  BTU
Loaded waste material Operating hours 0.00E+00 1.58E+01 -1.417E+09 Coal BTU
Waste truck transport ton-miles 0.00E+00 5.356+04 BRI Natural Gas  BTU
Sub-base grading Operating hours 0.00E+00 1.11E+00 2 05EE05) BetoleU M)
Heavy roller precompaction Operating hours 0.00E+00 9.00E-01 5.251E+08 ey 9
Utility excavator work Operating hours 0.00E+00 4.00E+00 1.305E+06 co g
PCC production yd3 0.00E+00 2.54E+03 1.414E+06 NO, 9
1.196E+05 SO, g
PCC placing/spreading Operating hours 0.00E+00 2.67E+01
i N 3.314E+05 CH, g
P(?C paving Operalfng hours 0.00E+00 2.67E+01 0.026E+04 PMys M
Joint sawcutting Operating hours 0.00E+00 7.82E+00 AT Phyy s
Tie and dowel bar production Ibs 0.00E+00 3.66E+04 5.615E+05 so, g
HMA truck transport ton-miles 0.00E+00 7.84E+04 1.586E+03 N,O g
PCC seal coat and tining Operating hours 0.00E+00 2.67E+01 6.737E+04 voc 3
Conventional and LS Diesel, at fuelin BTU 0.00E+00 2.85E+02
Diesel for nonroad engines BTU 0.00E+00 3.00E+02
Natural gas as a stationary fuel BTU 0.00E+00 8.92E+01
Natural gas for electricity generation BTU 0.00E+00 6.12E+01
Coal to power plant BTU 0.00E+00 1.40E+02
Well to POU, Coal Production BTU 0.00E+00 1.01E+03
LPG Production BTU 0.00E+00 2.92E-01
Residual oil production BTU 0.00E+00 1.74E+01
Electricity at POU , Washington BTU 0.00E+00 2.72E+02
Diamond Grinding Main engine Operating hours 0.00E+00 2.57E+01
Diamond Grinding aux engine Operating hours 0.00E+00 2.57E+01
Diamond grinding process Lane-miles 3.00E+00 3.00E+00
Contribution Analysis
Electricity at
Natural Gas as a Natural Gas for Well-to-POU . Diamond
1 lane-mile of Loading of crushed Base course pPCC Saw cutting Dowel and tie bar Convential disel at Diesel for nonroad ~ Stationary Fuel, at electricity generation, at Coal to Power Well-to-POU Coal LPG Residual Oil, Washington Grinding (main  Diamond grinding Diamond Grinding
new PCC PCC cracking  concrete Waste trucking Base course grading compaction  Site utility excavator work PCC Production Placer/Spreader PCC Paving joints porduction New PCC Trucking ~ Seal coat and tining the pimp engines POU Plant Production Production at POU State  engine) (aux engine) process
Total Energy BTU 0.00E+00 -2.39E+06 -3.24E+07 -1.15E+08 -1.33E+06 -1.84E+06 -8.19E+06 -2.09E+09 -5.47E+07 -5.47E+07  -4.45E+06 -5.93E+08 -1.69E+08 -1.52E+07 -5.99E+07 -5.46E+07 -6.42E+06 -4.27E+06 -2.96E+06 -1.18E+07 -3.61E+04 -1.71E+06 -4.25E+08 -1.05E+08 -1.95E+07 0.00E+00
Fossil Fuels BTU 0.00E+00 -2.39E+06 -3.24E+07 -1.15E+08 -1.33E+06 -1.84E+06 -8.19E+06 -1.16E+09 -5.47E+07 -5.47E+07  -4.45E+06 -5.67E+08 -1.69E+08 -1.62E+07 -5.89E+07 -5.36E+07 -6.38E+06 -2.94E+06 -1.13E+07 -3.54E+04 -1.67E+06 -2.01E+08 -1.05E+08 -1.95E+07 0.00E+00
Coal BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.01E+09 0.00E+00 0.00E+00  0.00E+00 -2.40E+08 0.00E+00 0.00E+00 -1.06E+07 -9.66E+06 . 14E+05 -8.67E+05 -3.64E+06 -6.25E+03 -2.93E+05 -1.40E+08 0.00E+00 0.00E+00 0.00E+00
Natural Gas BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -8.92E+07 0.00E+00 0.00E+00  0.00E+00 -3.08E+08 0.00E+00 0.00E+00 -2.02E+07 -1.86E+07 -5.78E+06 -3.84E+06 -1.18E+05 -1.40E+06 -1.25E+04 -6.08E+05 -6.12E+07 0.00E+00 0.00E+00 0.00E+00
Petroleum BTU 0.00E+00 -2.39E+06 -3.24E+07 -1.15E+08 -1.33E+06 -1.84E+06 -8.19E+06 -5.48E+07 -5.47E+07 -5.47E+07  -4.45E+06 -1.91E+07 -1.69E+08 -1.52E+07 -2.81E+07 -2.54E+07 -3.83E+05 -2.61E+05 -1.95E+06 -6.21E+06 -1.66E+04 -7.70E+05 0.00E+00 -1.05E+08 -1.95E+07 0.00E+00
CO, g 0.00E+00 7.96E+04 1.17E+06 8.98E+06 4.95E+04 6.17E+04 2.95E+05 4.11E+08 1.97E+06 1.87E+06  1.59E+05 5.15E+07 1.32E+07 5.15E+05 4.73E+06 4.36E+06 4.68E+05 3.16E+05 2.59E+05 9.71E+05 2.98E+03 1.46E+05 1.88E+07 4.00E+06 7.29E+05 0.00E+00
co ] 0.00E+00 1.79E+02 2.69E+03 2.06E+04 1.39E+02 1.61E+02 6.80E+02 5.28E+05 6.82E+03 4.71E+03  1.15E+03 6.63E+05 3.02E+04 3.78E+03 3.84E+03 3.79E+03 7.01E+02 4.67E+02 3.68E+02 1.06E+03 3.24E+00 1.84E+02 4.50E+03 2.31E+04 5.47E+03 0.00E+00
NO, g 0.00E+00 5.83E+02 8.65E+03 4.24E+04 4.01E+02 5.11E+02 2.18E+03 1.11E+06 1.84E+04 151E+04  1.42E+03 4.83E+04 6.21E+04 4.67E+03 1.29E+04 1.29E+04 2.00E+03 1.34E+03 2.06E+03 3.29E+03 1.15E+01 6.87E+02 1.66E+04 4.45E+04 6.62E+03 0.00E+00
SO, g 0.00E+00 0.00E+00 0.00E+00 1.14E+03 0.00E+00 0.00E+00 0.00E+00 6.48E+03 0.00E+00 0.00E+00  0.00E+00 4.80E+04 1.67E+03 0.00E+00 6.42E+03 6.29E+03 1.03E+03 7.03E+02 1.01E+03 6.90E+03 4.97E+00 3.22E+02 3.97E+04 0.00E+00 0.00E+00 0.00E+00
CH, ] 0.00E+00 0.00E+00 0.00E+00 1.80E+02 0.00E+00 0.00E+00 0.00E+00 1.71E+04 0.00E+00 0.00E+00  0.00E+00 8.61E+04 2.64E+02 0.00E+00 3.00E+04 3.09E+04 1.75E+04 1.07E+04 1.67E+04 1.20E+05 2.87E+01 1.68E+03 4.00E+02 0.00E+00 0.00E+00 0.00E+00
PM, 5 g 0.00E+00 3.42E+01 5.21E+02 8.00E+02 2.85E+01 3.06E+01 1.31E+02 7.15E+01 1.17E+03 9.03E+02  1.69E+02 2.95E+04 1.17E+03 5.59E+02 1.11E+03 1.03E+03 4.56E+01 3.02E+01 5.93E+03 4.25E+04 7.17E-01 3.59E+01 6.48E+02 3.04E+03 8.12E+02 0.00E+00
PMyo g 0.00E+00 3.53E+01 5.37E+02 8.70E+02 2.94E+01 3.15E+01 1.36E+02 1.00E+06 1.21E+03 9.31E+02  1.74E+02 1.01E+05 1.28E+03 5.76E+02 2.84E+03 2.60E+03 7.68E+01 5.07E+01 2.38E+04 1.71E+05 1.74E+00 8.49E+01 1.19E+03 3.14E+03 8.37E+02 0.00E+00
SO, g 0.00E+00 7.95E+00 117E+02 0.00E+00 4.94E+00 6.17E+00 2.95E+01 5.60E+05 1.97E+02 1.87E+02  1.58E+01 0.00E+00 0.00E+00 5.15E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 4.00E+02 7.28E+01 0.00E+00
N,O g 0.00E+00 0.00E+00 0.00E+00 2.31E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 5.561E+02 3.39E+02 0.00E+00 7.79E+01 7.24E+01 7.63E+00 5.09E+00 4.50E+00 1.58E+01 5.15E-02 2.57E+00 2.80E+02 0.00E+00 0.00E+00 0.00E+00
VOC g 0.00E+00 4.58E+01 6.60E+02 3.88E+03 3.29E+01 3.87E+01 1.67E+02 2.96E+04 1.47E+03 1.14E+03  1.73E+02 5.58E+03 5.70E+03 5.75E+02 2.23E+03 2.30E+03 5.14E+02 3.46E+02 1.07E+03 7.16E+03 2.20E+00  1.07E+02  3.56E+02 3.37E+03 8.16E+02 0.00E+00
Global Warming Potential g CO; 0.00E+00 7.96E+01 1.17E+03 9.05E+03 4.95E+01 6.17E+01 2.95E+02 4.11E+05 1.97E+03 1.87E+03  1.59E+02 5.34E+04 1.33E+04 5.15E+02 5.39E+03 5.03E+03 8.38E+02 5.42E+02 6.11E+02 3.49E+03 3.60E+00 1.82E+02 1.89E+04 4.00E+03 7.29E+02 0.00E+00
Acidification moles H+ /g 0.00E+00 2.38E+01 3.562E+02 1.75E+03 1.63E+01 2.08E+01 8.89E+01 7.31E+04 7.47E+02 6.14E+02  5.78E+01 4.37E+03 2.57E+03 1.90E+02 8.45E+02 8.35E+02 1.32E+02 8.92E+01 1.33E+02 4.82E+02 7.13E-01 4.39E+01 2.68E+03 1.80E+03 2.69E+02 0.00E+00
HH Criteria Air milli - DALYs/g 0.00E+00 9.10E-03 1.38E-01 2.78E-01 7.37E-03 8.10E-03 3.48E-02 9.41E+01 3.07E-01 2.39E-01 4.13E-02 1.27E+01 4.07E-01 1.37E-01 4.21E-01 3.89E-01 1.72E-02 1.14E-02 2.82E+00 2.02E+01 2.70E-04 1.36E-02 2.26E-01 7.89E-01 1.99€-01 0.00E+00
Eutrophication gN 0.00E+00 2.58E-02 3.83E-01 1.88E+00 1.78E-02 2.26E-02 9.67E-02 4.90E+01 8.15E-01 6.68E-01  6.31E-02 2.14E+00 2.75E+00 2.07E-01 5.74E-01 5.71E-01 8.87E-02 5.91E-02 9.12E-02 1.46E-01 5.10E-04  3.04E-02 7.34E-01 1.97E+00 2.93E-01 0.00E+00
Photochemical Smog g NO, 0.00E+00 6.22E-01 9.20E+00 4.57E+01 4.29E-01 5.43E-01 2.32E+00 1.14E+03 1.96E+01 1.60E+01  1.57E+00 6.18E+01 6.70E+01 5.17E+00 1.48E+01 1.48E+01 2.46E+00 1.64E+00 2.95E+00 9.25E+00 1.34E-02 7.79E-01 1.69E+01 4.75E+01 7.33E+00 0.00E+00
PCC cracking Transport by Heavy- Diamond
1 lane-mile of (300 HP off-  Loading of crushed Transport by Heavy- Ready-mix Heavy Truck- class 8a Grinding Diamond
finished road truck and concrete, subbase, Heavy Truck- class 8a or Use of utility excavator  concrete PCC placer / Saw Cutting or 8b (20 ton cargo), PCC seal coat Electricity at Machine (main ~ Grinding machine
removeand 175 HP and soil by 8b (20 ton cargo), Grading of sub-base  Heavy roller for for site work and production, spreader, 300 PCC paving: joints into 5.0mpg, 100% sprayer and tining ~ Conventional and Natural Gas as a Natural Gas for Well-to-POU POU,  engine, 600hp  (aux engine,
replace with ~ crushing excavator, 300 HP  5.0mpg, 100% fronthaul, material before paving, ~precompaction, miscellaneous work, 300 100% cement  HP Surfacing  paver new Average Steel fronthaul, empty machine, 75 HP LS Diesel, at  Diesel for nonroad ~ Stationary Fuel, at electricity generation, at Coal to Power Well-to-POU Coal LPG Residual Oil, Washington surfacing 100hp surfacing  Diamond Grinding
PCC equip) Excavator empty backhaul 175 HP Grader 300 HP Roller HP Excavator content, 3ksi  Equipment emissions  pavement production backhaul Surfacing Equipment)  fueling station engines POU POU Plant Production Production at POU State  equipment) equipment) process
Total Energy BTU 0.0% 0.1% 0.8% 3.0% 0.0% 0.0% 0.2% 54.6% 1.4% 1.4% 0.1% 4.4% 0.4% 1.6% 1.4% 0.2% 0.1% 0.1% 0.3% 0.0% 0.0% 2.7% 0.5% 0.0%
Fossil Fuels BTU 0.0% 0.1% 1.2% 4.4% 0.1% 0.1% 0.3% 43.7% 2.1% 2.1% 0.2% 6.4% 0.6% 2.2% 2.0% 0.2% 0.2% 0.1% 0.4% 0.0% 0.1% 7.6% 4.0% 0.7% 0.0%
Coal BTU 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 71.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.8% 0.7% 0.0% 0.0% 0.1% 0.3% 0.0% 0.0% 9.9% 0.0% 0.0% 0.0%
Natural Gas BTU 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 60.5% 0.0% 0.0% 4.0% 3.6% 1.1% 0.8% 0.0% 0.3% 0.0% 0.1% 0.0% 0.0% 0.0%
Petroleum BTU 0.0% 0.3% 4.5% 0.2% 0.3% 1.1% 7.6% 7.6% 7.6% 0.6% 2.6% 2.1% 3.9% 3.5% 0.1% 0.0% 0.3% 0.9% 0.0% 0.1% 0.0% 2.7% 0.0%
CO, g 0.0% 0.0% 0.2% 1.7% 0.0% 0.0% 0.1% 78.2% 0.4% 0.4% 0.0% 9.8% 2.5% 0.1% 0.9% 0.8% 0.1% 0.1% 0.0% 0.2% 0.0% 0.0% 3.6% 0.8% 0.1% 0.0%
CO g 0.0% 0.0% 0.2% 1.6% 0.0% 0.0% 0.1% 40.5% 0.5% 0.4% 0.1% 50.8% 2.3% 0.3% 0.3% 0.3% 0.1% 0.0% 0.0% 0.1% 0.0% 0.0% 0.3% 1.8% 0.4% 0.0%
INO, g 0.0% 0.0% 0.6% 3.0% 0.0% 0.0% 0.2% 78.2% 13% 11% 0.1% 3.4% 4.4% 0.3% 0.9% 0.9% 0.1% 0.1% 0.1% 0.2% 0.0% 0.0% 1.2% 3.2% 0.5% 0.0%
SO, ‘] 0.0% 0.0% 0.0% 1.0% 0.0% 0.0% 0.0% 5.4% 0.0% 0.0% 0.0% 40.1% 1.4% 0.0% 5.4% 5.3% 0.9% 0.6% 0.8% 5.8% 0.0% 0.3% 33.2% 0.0% 0.0% 0.0%
CH, g 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 5.1% 0.0% 0.0% 0.0% 0.1% 0.0% 9.1% 9.3% 5.3% 3.2% 5.0% 36.2% 0.0% 0.5% 0.1% 0.0% 0.0% 0.0%
PMz s g 0.0% 0.0% 0.6% 0.9% 0.0% 0.0% 0.1% 0.1% 1.3% 1.0% 0.2% 32.7% 1.3% 0.6% 1.2% 1.1% 0.1% 0.0% 6.6% 47.1% 0.0% 0.0% 0.7% 3.4% 0.9% 0.0%
PMyo g 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 76.2% 0.1% 0.1% 0.0% 7.7% 0.1% 0.0% 0.2% 0.2% 0.0% 0.0% 1.8% 0.0% 0.0% 0.1% 0.2% 0.1% 0.0%
SO, 9 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 99.8% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0%
N,O g 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 34.7% 0.0% 4.9% 4.6% 0.5% 0.3% 0.3% 1.0% 0.0% 0.2% 0.0% 0.0% 0.0%
\voc g 0.0% 0.1% 1.0% 5.8% 0.0% 0.1% 0.2% 44.0% 2.2% 1.7% 0.3% 8.3% 8.50 0.9% 3.3% 3.4% 0.8% 0.5% 1.6% 0.0% 0.2% 0.5% 5.0% 1.2% 0.0%
Global Warming Potential gCco2 0.0% 0.0% 0.2% 1.7% 0.0% 0.0% 0.1% 77.2% 0.4% 0.4% 0.0% 2.5% 0.1% 1.0% 0.9% 0.2% 0.1% 0.1% 0.7% 0.0% 0.0% 3.6% 0.8% 0.1% 0.0%
moles H+ /g 0.0% 0.0% 0.4% 1.9% 0.0% 0.0% 0.1% 80.1% 0.8% 0.7% 0.1% 4.8% 2.8% 0.2% 0.9% 0.9% 0.1% 0.1% 0.1% 0.5% 0.0% 0.0% 2.9% 2.0% 0.3% 0.0%
HH Criteria Air milli - DALYs/g 0.0% 0.0% 0.1% 0.2% 0.0% 0.0% 0.0% 70.5% 0.2% 0.2% 0.0% 9.5% 0.3% 0.1% 0.3% 0.3% 0.0% 0.0% 2.1% 0.0% 0.0% 0.2% 0.6% 0.1% 0.0%
Eutrophication gN 0.0% 0.0% 0.6% 3.0% 0.0% 0.0% 0.2% 78.2% 1.3% 1.1% 0.1% 3.4% 4.4% 0.3% 0.9% 0.9% 0.1% 0.1% 0.1% 0.2% 0.0% 0.0% 1.2% 3.2% 0.5% 0.0%
Photochemical Smog g NOx 0.0% 0.0% 0.6% 3.1% 0.0% 0.0% 0.2% 76.5% 1.3% 1.1% 0.1% 4.2% 4.5% 0.3% 1.0% 1.0% 0.2% 0.1% 0.2% 0.6% 0.0% 0.1% 1.1% 3.2% 0.5% 0.0%
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A
Source NONROAD  NONROAD _GREET NONROAD _NONROAD NONROAD GREET NONROAD Eurobitume __Eurobitume __ Eurobitume _ EPA AP-42 Eurobitume Eurobitume GREET GREET GREET NONROAD NONROAD _ NONROAD NONROAD _GREET GREET GREET GREET GREET GREET GREET NONROAD
PCC cracking Loading of  Transport by Heavy- Street sweeping truck HMA Tack truck Transport Transport by Heavy-
(300 HP off-  crushed Heavy Truck- class 8a  Grading of Useof utilty ~ Transport by Medium-  Street Sweeping Production, at by Medium-Heavy Heavy Truck- class 8a Material
1lane-mile of  road truck and concrete, or 8b (20 ton cargo),  sub-base excavator for  Heavy Truck- class 6  Auxilary engine. Drum plant with Production of  Truck- class 6 or 7 (8 Tack truck Natural or 8b (20 ton cargo), Transfer Conventional Natural Gas Natural Gas for Electricity at
finished remove 175 HP. subbase, 5.0mpg, 100% material Heavy roller for  site work and or 7 (8 ton cargo), Estimated as cement Nat. gas fired bitumen ton cargo), 7.3mpg,  Gas burned in a 5.0mpg, 100% HMA Paving, Vehicle, 300  Breakdown  Finish and LS Diesel for asa electricity POU,
and replace with crushing and soil by fronthaul, empty before  precompaction, miscellaneous  7.3mpg, 100% load,  and mortar mixer, 100 Bitumen Aggregate sand hot screens and Production of ~ emulsion for ~ 100% load, empty ~ Small Turbine, at fronthaul, empty  Paver HP Surfacing  Rolling, Rolling, Diesel, at nonroad  Stationary  generation, at Residual Oil,  Coalto  Washington 1 lane-mile
Process Units HMA equip) excavator backhaul paving work empty backhaul HP dryers emulsifier adhesion layer backhaul POU backhaul Emissions  Equipment  300HP 100HP fueling station  engines  Fuel, at POU POU atPOU  PowerPlant  State  of mill and fill Surface Milling
1 lane-mile of highway Lane-miles 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Concrete crushed Operating hours -7.41E-01 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Loaded waste material Operating hours -1.58E+01 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Waste truck transport ton-miles -5.35E+04 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.08E+04 0.00E+00
Sub-base grading Operating hours | -1.11E+00 0.00E+00  0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00 ~ 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00
Heavy roller precompaction Operating hours | -9.00E-01 0.00E+00  0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00
Utility excavator work Operating hours -4,00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Street Sweeping truck ton-miles 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  -2.40E+01 0.00E+00
Street Sweeping aux. engine Operating hours 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -4,00E-01 0.00E+00
Bitumen Production ton 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 -5.40E-02 0.00E+00 -5.00E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Aggregate Production ton 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 -9.46E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00
Sand Production ton 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00
HMA production ton -5.21E+03 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  -7.22E+02 0.00E+00
Production of emulsifier ton 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.00E-01 -5.00E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00
Production of bitumen emulsion fo ton -8.80E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  -3.37E+00 0.00E+00
Tack Truck transport and spraying ton-miles -1.76E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  -5.40E+01 0.00E+00
Natural gas burned in small turbine BTU -2.75E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  -5.49E+04 0.00E+00
HMA truck transport ton-miles -7.82E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -5.00E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  -1.08E+04 0.00E+00
Paving Operating hours -5.33E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  -7.33E+00 0.00E+00
HMA Transfer Operating hours -5.33E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  -7.33E+00 0.00E+00
Breakdown rolling Operating hours -1.07E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  -1.47E+01 0.00E+00
Finish Rolling Operating hours -5.33E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -7.33E+00 0.00E+00
Conventional and LS Diesel, at fue BTU 0.00E+00 0.00E+00  0.00E+00 -2.16E+03 0.00E+00 0.00E+00 0.00E+00 -3.70E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.70E+03 0.00E+00 -2.16E+03 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.00E+06 = 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00
Diesel for nonroad engines BTU 0.00E+00 -3.23E406  -2.05E+06 0.00E+00 -1.19E+06 -2.05E+06 -2.05E+06 0.00E+00 -7.51E+05 0.00E+00 -L46E+04  -1.38E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.05E+06  -2.05E+06  -2.05E+06 -7.58E+05  0.00E+00 | 1.00E+06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -5.12E+06
Natural gas as a stationary fuel BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.79E+06 0.00E+00 0.00E+00 -2.16E+05 0.00E+00 0.00E+00 0.00E+00 -1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Natural gas for electricity generatic BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00  -2.25E+05  0.00E+00 0.00E+00
Residual Oil, at POU BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -9.36E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -8.32E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 1.00E+06 = 0.00E+00  0.00E+00  0.00E+00 0.00E+00
Coal to power plant BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06  -5.15E+05  0.00E+00 0.00E+00
Electricity at POU , Washington BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.49E+05 -1.82E+04 -9.46E+03 -2.15E+04 -5.76E+03 -1.82E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00
1 lane-mile of mill and fill Lane-miles 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00
Milling Operating hours 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  -5.87E+00 1.00E+00
Intervention Matrix
B
Total Energy BTU 0.00E+00 -3.23E+06  -2.05E+06 -2.16E+03 -1.19E+06 -2.05E+06 -3.70E+03 -7.51E+05 -3.88E+06 -3.28E+04 -2.32E+04 -2.37E+05 -1.52E+05 -1.01E+05 -3.70E+03 -1.00E+06 -2.16E+03 -2.05E+06 -2.05E+06 -2.05E+06  -7.58E+05  -2.11E+05  -1.82E+05 -7.19E+04 -6.97E+04 -9.81E+04 -1.56E+06  0.00E+00 -5.12E+06
Fossil Fuels BTU 0.00E+00 .23E+06  -2.05E+06 -2.16E+03 -1.19E+06 -2.05E+06 -3.70E+03 -7.51E+05 -3.73E+06 -1.46E+04 -1.38E+04 -2.16E+05 -1.52E+05 -1.01E+05 -3.70E+03 -1.00E+06 -2.16E+03 -2.05E+06 -2.05E+06 -2.05E+06  -7.58E+05  -2.07E+05  -1.79E+05  -7.15E+04 -6.93E+04 -9.59E+04 -7.40E+05  0.00E+00 -5.12E+06
Coal BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.74E+04  -3.22E+04  -2.40E+03 -2.29E+03 -1.68E+04 -5.15E+05  0.00E+00 0.00E+00
Natural Gas BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.79E+06 0.00E+00 0.00E+00 -2.16E+05 0.00E+00 0.00E+00 0.00E+00 -1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -7.10E+04  -6.19E+04  -6.48E+04 -6.27E+04 -3.49E+04 -2.25E+05  0.00E+00 0.00E+00
Petroleum BTU 0.00E+00 -3.23E+06 -2.05E+06 -2.16E+03 -1.19E+06 -2.05E+06 -2.05E+06 -3.70E+03 -7.51E+05 -9.36E+05 -1.46E+04 -1.38E+04 0.00E+00 0.00E+00 -8.32E+04 -3.70E+03 0.00E+00 -2.16E+03 -2.05E+06 -2.05E+06 -2.05E+06  -7.58E+05  -9.87E+04  -8.46E+04  -4.29E+03 -4.27E+03 -4.42E+04 0.00E+00 0.00E+00 -5.12E+06
Co, ] 0.00E+00 1.07E+05 7.38E+04 1.68E+02 4.45E+04 6.86E+04 7.38E+04 2.88E+02 2.11E+04 2.33E+05 1.21E+03 1.13E+03 1.50E+04 1.63E+03 6.85E+03 2.88E+02 5.94E+04 1.68E+02 6.99E+04 7.36E+04 6.86E+04 2.97E+04 1.66E+04 1.45E+04 5.24E+03 5.16E+03 8.36E+03 6.92E+04 0.00E+00 2.25E+05
co ] 0.00E+00 2.41E+02 1.70E+02 3.86E-01 1.25+02 1.79e+02 1.70E+02 4.29E-01 1.19E+02 1.22E+02 8.60E+00 8.09E+00 6.01E+01 1.91E+00 1.14E+00 4.29E-01 2.40E+01 3.86E-01 1.76E+02 2.55E+02 1.79E+02 2.03E+02 1.35E+01 1.26E+01 7.86E+00 7.63E+00 1.06E+01 1.65E+01 0.00E+00 1.43E+03
NO, ] 0.00E+00 7.88E+02 5.46E+02 7.92E-01 3.61E+02 5.68E+02 5.46E+02 1.10E+00 2.42E+02 1.86E+03 1.59+01 1.50E+01 1.18E+01 8.98E+00 1.41E+01 1.10E+00 1.13E+02 7.92E-01 5.64E+02 6.88E+02 5.68E+02 2.51E+02 4.55E+01 4.29E+01 2.24E+01 2.18E+01 3.95E+01 6.09E+01 0.00E+00 2.51E+03
SO ] 0.00E+00 0.00E+00 0.00E+00 2.13E-02 0.00E+00 0.00E+00 0.00E+00 3.64E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.64E-02 0.00E+00 2.13€-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.26E+01 2.10E+01 1.16E+01 1.15E+01 1.85E+01 1.46E+02 0.00E+00 0.00E+00
CH, ] 0.00E+00 0.00E+00 0.00E+00 3.36E-03 0.00E+00 0.00E+00 0.00E+00 5.67E-03 0.00E+00 0.00E+00 1.18E-01 1.11E-01 5.58E+00 2.72E-01 0.00E+00 5.67E-03 4.26E+00 3.36E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.05E+02 1.03E+02 1.96E+02 1.75E+02 9.62E+01 1.47E+00 0.00E+00 0.00E+00
PM;5 ] 0.00E+00 4.62E+01 3.29E+01 1.50E-02 2.57E+01 3.40E+01 3.29E+01 2.69E-02 2.12E+01 0.00E+00 0.00E+00 0.00E+00 5.04E+00 0.00E+00 0.00E+00 2.69E-02 3.10E+00 1.50E-02 3.38E+01 4.38E+01 3.40E+01 2.84E+01 3.91E+00 3.43E+00 5.11E-01 4.93E-01 2.06E+00 2.38E+00 0.00E+00 1.76E+02
PMyo ] 0.00E+00 4.76E+01 3.39E+01 1.63E-02 2.65E+01 3.50E+01 3.39E+01 2.93E-02 2.18E+01 1.77e+02 9.25E-01 8.71E-01 1.04E+01 8.16E-01 8.78E-01 2.93E-02 3.10E+00 1.63E-02 3.48E+01 4.52E+01 3.50E+01 2.93E+01 1.00E+01 8.67E+00 8.61E-01 8.29E-01 4.87E+00 4.36E+00 0.00E+00 1.81E+02
SO, ] 0.00E+00 1.07E+01 7.37E+00 0.00E+00 4.45E+00 6.85E+00 7.37E+00 0.00E+00 2.11E+00 1.53E+03 4.25E-01 4.01E-01 1.54E+00 1.09E+00 4.39+00 0.00E+00 0.00E+00 0.00E+00 6.98E+00 7.36E+00 6.85E+00 2.97E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.25E+01
N0 g 0.00E+00 0.00E+00  0.00E+00 4.326-03 0.00E+00 0.00E+00 0.00E+00 1.07E-02 0.00E+00 0.00E+00 6.00E-01 5.65E-01 0.00E+00 2.72E-03 0.00E+00 1.07E-02 1.50E+00 4.32E-03 0.00E+00  0.00E+00  0.00E+00  0.00E+00  2.74E-01  241E-01  8.55E-02 8.32E-02 1.48E-01 1.03E+00  0.00E+00 0.00E+00
voc g 0.00E+00 6.18E+01  4.17E+01 7.27E-02 2.96E+01 4.30E+01 4.17E+01 1.19E-01 2.81E+01 0.00E+00 0.00E+00 0.00E+00 1.45E+01 0.00E+00 0.00E+00 1.19E-01 1.00E+00 7.27E-02 427E+01  5.49E+01  4.30E+01  277E+01  7.85E+00  7.66E+00  5.76E+00  5.66E+00  6.16E+00  7.66E+00  1.31E+00  0.00E+00 1.82E+02
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S
Scaling
Process Units Demand vector vector
1 lane-mile of highway Lane-miles 1.00E+00 1.00E+00 9
Concrete crushed Operating hours 0.00E+00 7.41E-01 )
Loaded waste material Operating hours 0.00E+00 158E+01 Result Unit
Waste truck transport ton-miles 0.00E+00 8.50E+04 -5.897E+09 Total Energy  BTU
Sub-base grading Operating hours 0.00E+00 1.11E+00 -5.259E+09 Fossil Fuels BTU
Heavy roller precompaction  Operating hours 0.00E+00 9.00E-01 -2.398E+08 Coal BTU
Uiilty excavator work Operating hours 0.00E+00 4.00E+00 -3.095E+09 Natural Gas ~ BTU
s e | o e
reet Sweeping aux. engine . 00E+ 20E+
Bitumen Production ton 0.00E+00 4.08E+02 RIS co. g
Aggregate Production ton 0.00E400 6.98E+403 B @0 9
Sand Production ton 0.00E+00 0.00E+00 1.545E+06 NO, g
HMA production ton 0.00E+00 7.38E+03 1.258E+05 SO, g
Production of emulsifier ton 0.00E+00 1.89E+01 7.951E+05 CH, g
Production of bitumen emulsiol ton 0.00E+00 1.89E+01 7.296E+04 PMys g
Tack Truck transport and spray  ton-miles 0.00E+00 3.38E+02 2.255E+05 Py 9
Natural gas burned in small tur BTU 0.00E+00 4.39E-01 e so, q
HMA truck transport ton-miles 0.00E+00 131E+05 61332403 ¥ .
Paving Operating hours 0.00E+00 7.53E+01
HMA Transfer Operating hours 0.00E+00 7.53E+01 1:740E:+05 voc 9
Breakdown rolling Operating hours 0.00E+00 1516402
Finish Rolling Operating hours 0.00E+00 7.53E+01
Conventional and LS Diesel, ai BTU 0.00E+00 4.69E+02
Diesel for nonroad engines BTU 0.00E+00 9.136+02
Natural gas as a stationary fue BTU 0.00E+00 2.73E+03
Natural gas for electricity gene! BTU 0.00E+00 7.80E+01
Residual Oil, at POU BTU 0.00E+00 3.83E+02
Coal to power plant BTU 0.00E+00 1798402
Electricity at POU , Washingtol BTU 0.00E+00 3.47E+02
1 lane-mile of mill and fill Lane-miles 3.00E+00 3.00E+00
Milling Operating hours 0.00E+00 1.76E+01
Contribution Analysis
PCC cracking Loading of  Transport by Heavy- Street sweeping truck HMA Tack truck Transport Transport by Heavy-
(300 HP off-  crushed ~ Heavy Truck- class 8a  Grading of Useofutilty ~ Transport by Medium-  Street Sweeping Production, at by Medium-Heavy Heavy Truck- class 8a
1lane-mile of  road truck and concrete,  or 8b (20 ton cargo),  sub-base excavator for  Heavy Truck- class 6 Auxilary engine. Drum plant with Production of  Truck- class 6 or 7 (8 Tack truck Natural  or 8 (20 ton cargo), Conventional Natural Gas  Natural Gas for Electicity at
finished remove 175 HP subbase, 5.0mpg, 100% material  Heavy roller for siteworkand  or 7 (8toncargo),  Estimated as cement Nat. gas fired bitumen ton cargo), 7.3mpy,  Gas burned in a 5.0mpg, 100%  HMA Paving, Material Breakdown  Finish andLS  Diesel for asa electricity POU,
and replace with crushing andsoilby  fronthaul, empty before  precompaction, miscellaneous  7.3mpg, 100% load,  and mortar mixer, 100 Bitumen Aggregate  Sand hot screens and Production of ~ emulsionfor  100% load, empty  Small Turbine, at fronthaul, empty  Paver Transfer Rolling, Rolling, Dieselat  nonroad  Stationary ~generation, at Residual Oil, ~ Coalto  Washington 1 lane-mile
HMA equip) excavator backhaul paving 0 work empty backhaul HP dryers emulsifier adhesion layer ~ backhaul POU backhaul Emissions  Vehicle 300HP 100HP fueling station ~engines  Fuel, at POU atPOU  PowerPlant  State  of mill and fill Surface Miling
Total Energy BTU 000E+00  -230E+06  -3.24E+07 -1.85E+08 133E+06  -LB4E+06 8.19E+06 -2.66E-01 “9.01E+05 158E+09  -2.29E+08  0.00E+00 “1.75E+09 2.87E+06 1.92E+06 1.25E+06 “4.39E+05 2.83E+08 154E+08  -154E+0B  3.08E+08  5.71E+07  -9.89E+07  -L66E+08 -107E+08  5.44E+06  -3.76E+07 -3.77E+06 -542E+08  0.00E+00 ~9.00E+07
Fossil Fuels BTU 000E+00  -230E+06  -3.24E+07 -1.85E+08 L33E+06  -LBAE+06 -8.19E+06 -2.66E-01 -0.01E+05 L52E+09  -LO2E+08  0.00E+00 -1.59E+09 2.87E+06 -1.92E+06 1256406 -4.39E405 -2.83E+08 L54E+08  -L54E+08  -3.08E+08 571E+07  -9.72E+07  -163E+08 -195E+08  -5.40E+06  -3.68E+07 -3.75E+06 -257E+08  0.00E+00 -9.00E+07
Coal BTU 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  000E+00  O000E+00  -L76E+07  -294E+07 -656E+06  -179E+05  -6.45E+06 -L11E+06 -L79E+08  0.00E+00 0.00E+00
Natural Gas BTU 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -L14E+09  0.00E+00 0.00E+00 -1.59E+09 0.00E+00 0.00E+00 0.00E+00 -4.39E+05 0.00E+00 0.00E+00  0.00E+00  000E+00  O0.00E+00  -3.33E+07  -5.65E+407 -177E+08  -4.89E+06  -1.34E+07 -L5IE+05 -7.80E+07  0.00E+00 0.00E+00
Petroleum BTU 000E+00  -2.39E406  -3.24E+07 -1.85E+08 L33E406  -1.84E+06 -8.19E+06 -2.66E-01 -9.01E+05 -381E+08  -LO2E+08  0.00E+00 0.00E+00 0.00E+00 -157E+06 -1.25E+06 0.00E+00 -2.83E+08 L5AE+08  -L54E+08  -3.08E+08 -5.71E+07  -4.63E+07  -7.72E407 -117E+07  -3.33E+05  -L69E+07 -2.49E+06  0.00E+00  0.00E+00 -9.00E+07
co, q 0.00E+00 7.96E404  1.17E+06 1.44E+07 4.95E+04 6.17E+04 2.95E405 2.07E-02 2536404 9.48E+07 8.42E+06 0.00E+00 110E+08 3.00E+04 1.30E405 9.73E+04 2.61E+04 2.20E+07 527E+06  5.55E+06  103E+07  224E+06  7.81E+06  133E+07  143E+07  4.03E+05  3.20E+06  3.31E+05  240E+07  0.00E+00 3.97E+06
co g 0.00E+00 179E+02  2.69E+03 3.31E+04 1.39E+02 161E+02 6.80E+02 3.09E-05 1436402 4.96E+04 6.00E+04  0.00E+00 4.43E+05 3.60E+01 2.16E+01 1.45E+02 1.05E+01 5.05E+04 133E+04  192E+04  269E+04  153E+04  6.33E+03  11SE+04  2.15E+04  5.95E+02  4.04E+03  470E+02  5.73E+03  0.00E+00 251E+04
NO, g 0.00E+00 5.83E402  8.65E+03 6.81E+04 4.01E+02 5.11E+02 2.18E+03 7.89E-05 2.90E+02 7.57E+05 111E+05 0.00E+00 8.70E404 170402 2.66E+02 3708402 4.96E+01 1.04E+05 425E+404  518E+04  B55E+04  1.89E+04  214E+04 3926404  6.13E+04  L170E+03  L51E+04  263E+03  211E+04  0.00E+00 4.41E+04
so, g 0.00E+00 0.00E+00  0.00E+00 1.83E+03 0.00E+00 0.00E+00 0.00E+00 2.62E-06 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 1238401 0.00E+00 2.79E+03 000E+00  0.00E+00  0.00E+00  0.00E+00  106E+04  191E+04  3.16E+04  B.O7E+02  7.09E+03  128E+03  5.06E+04  0.00E+00 0.00E+00
CH, q 0.00E+00 0.00E+00  0.00E+00 2.89E+02 0.00E+00 0.00E+00 0.00E+00 4.08E-07 0.00E+00 0.00E+00 8.23E+02 0.00E+00 4.126+04 5156400 0.00E+00 1.92E+00 187E+00 4.40E+02 0.00E+00  0.00E+00  000E+00  O0.00E+00  4.95E+04  Q41E+04  536E+05  137E+04  3.68E+04  213E+04  510E+02  0.00E+00 0.00E+00
PM,5 9 0.00E+00 342E+01  5.21E+02 1.20E+03 2.85E+01 3.06E+01 131E+02 1.94E-06 2.54E+01 0.00E+00 0.00E+00  0.00E+00 3.726+04 0.00E+00 0.00E+00 9.10E+00 1.36E+00 1.96E+03 254E+03  3.30E+03  5.12E+03  214E+03  184E+03  3.13E+03  140E+03  3.85E+01  7.90E+02  7.56E+03  B.26E+02  0.00E+00 3.09E+03
PMy q 0.00E+00 353401 5.37E+02 1.40E+03 2.94E+01 3156401 1.36E402 2.11E-06 2626401 7.23E+04 6.46E+03 0.00E+00 7.70E404 1548401 1.66E+01 9.89E+00 1.36E+00 2138403 2626403  3.40E+03  528E+03  221E+03  4.69E+03  7.92E+403  2.35E+03  647E+01  LB7E+03  3.04E+04  151E+03  0.00E+00 3.19E+03
so, g 0.00E+00 7.95E+00  L17E+02 0.00E+00 4.94E+00 6.17E+00 2.95E+01 0.00E+00 2.53E+00 6.26E+05 2.97E+03 0.00E+00 1.14E+04 2.06E+01 8.31E+01 0.00E+00 0.00E+00 0.00E+00 526E+02  5.54E+02  1.03E+03  224E+02  0.00E+00  000E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 3.96E+02
N,O q 0.00E+00 0.00E+00  0.00E+00 371E+02 0.00E+00 0.00E+00 0.00E+00 7.71E-07 0.00E+00 0.00E+00 4186403 0.00E+00 0.00E+00 5.15E-02 0.00E+00 3.62E+00 6.50E-01 5.66E+02 0.00E+00  0.00E+00  000E+00  O0.00E+00  120E+02  220E+02  234E+02  6.49E+00  5.65E+01  5.73E+00  357E+02  0.00E+00 0.00E+00
vOC g 0.00E+00 458E+01L _ 6.60E+02 6.24E+03 3.20E+01 3.87E+01 1676402 8.54E-06 3:38E+01 0.00E+00 0.00E+00 ___0.00E+00 1.07E+05 0.00E+00 0.00E+00 4,01E+01 4.30E-01 9.526+03 3206403 414E+03  648E+03 200E+03  368E+03  699E+03  LS7E+04  441E+02  236E+03  137E+03  454E+02  0.00E:00 3.21E+03
Global Warming Potential gco, 0.00E+00 796E+01  1.17E+03 1.46E+04 4.95E+01 6.17E+01 2.95E+02 2.10E-05 2.53E+01 9.48E+04 9.73E+03 0.00E+00 111E+05 3.10E+01 1.30E+02 9.85E+01 2.63E+01 2.22E+04 527E+03  5.55E+03  103E+04  2.24E+03  B.89E+03  153E+04  257E+04  6.92E+02  3.99E+03  7.79E+02  241E+04  0.00E+00 3.97E+03
Acidification moles H+ Ig 0.00E+00 238E+01  3.52E+02 2826403 1.63E+01 2.08E+01 8.89E+01 3.29E-06 1.18E+01 6.21E+04 450E+03 0.00E+00 4.06E+03 7.85E+00 1.49E+01 1.54E+01 1.99E+00 4.30E+03 1736403 2.10E+03  348E+03  7.67E+02  139E+03  254E+03  406E+03  114E+02  O.65E+02  L70E+02  341E+03  0.00E+00 1.79E+03
HH Criteria Air milli- DALYs/g [ 0.00E+00 910E-03  138E-01 4.46E-01 7.37E-03 8.10E-03 3.48E-02 6.20E-10 6.40E-03 1.64E+01 8.25E-01 0.00E+00 119E+01 1.95€-03 3.136-03 2.91E-03 4.136-04 6.80E-01 674E01  B65E-01  136E+00 527601  694E-01  118E+00  5.26E-01  145E-02  299E-01  350E+00  288E-01  0.00E+00 7.99E-01
Eutrophication gN 0.00E+00 258E-02  3.83E-01 3.02E+00 1.78E-02 2.26E-02 9.67E-02 3.49E-09 1.20E-02 3.35E+01 491E+00  0.00E+00 3.85E+00 7.536-03 118602 1.64E-02 2.20E-03 4.60E+00 188E+00  220E+00  3.79E+00  8.36E-01  O46E-01  174E+00  271E+00  7.54E-02  6.70E-0L  116E-01  9.36E-01  0.00E+00 1.95E400
Photochemical Smog gNO, 0.00E+00 6.22E01  9.20E+00 7.34E+01 4.29E-01 5.43E-01 2.326+00 8.60E-08 319601 7.57E+02 112E+02 0.00E+00 1776402 1.70E-01 2.66E-01 4.03E-01 5.01E-02 1.12E+02 452E+01  553E+01  9.00E+01  207E+01  245E+01  451E+01  7.54E+01  210E+00  171E+01  3.76E+00  2.16E+01  0.00E+00 4.69E+01
PCC cracking Loading of  Transport by Heavy- Street sweeping truck HMA Tack truck Transport Transport by Heavy-
(300 HP off-  crushed ~ Heavy Truck- class 8a  Grading of Useofutilty ~ Transport by Medium-  Street Sweeping Production, at by Medium-Heavy Heavy Truck- class 8a
1lane-mile of  road truck and concrete,  or 8b (20 ton cargo),  sub-base excavator for  Heavy Truck- class 6 Auxilary engine. Drum plant with Production of  Truck- class 6 or 7 (8 Tack truck Natural  or 8 (20 ton cargo), Conventional Natural Gas Natural Gas for Electicity at
finished remove 175 HP subbase, 5.0mpg, 100% material  Heavy roller for siteworkand  or 7 (8toncargo),  Estimated as cement Nat. gas fired bitumen ton cargo), 7.3mpg,  Gas burned in a 5.0mpg, 100%  HMA Paving, Breakdown  Finish andLS  Diesel for asa electricity POU,
and replace with crushing andsoilby fronthaul, empty before  precompaction, miscellaneous ~ 7.3mpg, 100% load,  and mortar mixer, 100 Bitumen Aggregate  Sand hot screens and Production of  emulsionfor ~ 100% load, empty  Small Turbine, at fronthaul, empty  Paver Rolling, Rolling, Dieselat  nonroad  Stationary generation, at Residual Oil, ~ Coalto  Washington 1 lane-mile
HMA equip) excavator backhaul paving 0 work empty backhaul HP i dryers emulsifier adhesion layer ~ backhaul POU backhaul Emissions 300HP 100HP fueling station ~ engines ~ Fuel,atPOU  POU atPOU  PowerPlant  State  of mill and fill Surface Miling
[Total Energy BTU 0.0% 0.0% 0.5% 3.1% 0.0% 0.0% 0.1% 0.0% 0.0% 3.9% 0.0% 0.0% 0.0% 0.0% 0.0% 4.8% 2.6% 2.6% 5.2% 1.0% 1.7% 2.8% 3.3% 0.1% 0.6% 0.1% 9.2% 0.0% 1.5%
Fossil Fuels BTU 0.0% 0.0% 0.6% 3.5% 0.0% 0.0% 02% 0.0% 0.0% 1.9% 0.0% 303% 0.1% 0.0% 0.0% 0.0% 5.4% 2.9% 2.9% 5.9% 11% 1.8% 31% 3.7% 01% 0.7% 0.1% 4.9% 0.0% 1.7%
Coal BTU 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 7.3% 2.7% 0.1% 2.7% 0.5% 74.5% 0.0% 0.0%
Natural Gas BTU 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 36.8% 0.0% 0.0% 51.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 1.1% 18% 5.7% 0.2% 0.4% 0.0% 2.5% 0.0% 0.0%
Petroleum BTU 0.0% 0.1% 1.7% 9.7% 0.1% 0.1% 0.4% 0.0% 0.0% 5.3% 0.0% 0.0% 0.0% 0.1% 01% 0.0% 8.0% 8.0% 3.0% 2.4% 4.0% 0.6% 0.0% 0.9% 0.1% 0.0% 0.0% 4.7%
co, 9 0.0% 0.0% 03% 4.2% 0.0% 0.0% 0.1% 0.0% 0.0% 2.5% 0.0% 32.2% 0.0% 0.0% 0.0% 0.0% 6.4% 1.5% 1.6% 3.0% 07% 2.3% 3.9% 4.2% 0.1% 0.9% 0.1% 7.0% 0.0% 1.2%
co 9 0.0% 0.0% 03% 42% 0.0% 0.0% 0.1% 0.0% 0.0% 6.3% 7.6% 0.0% 56.1% 0.0% 0.0% 0.0% 0.0% 6.4% 1.7% 2.4% 3.4% 1.9% 0.8% 15% 2.7% 0.1% 0.5% 0.1% 0.7% 0.0% 3.2%
NO, 9 0.0% 0.0% 0.6% 4.4% 0.0% 0.0% 0.1% 0.0% 0.0% 49.0% 7.2% 0.0% 5.6% 0.0% 0.0% 0.0% 0.0% 6.7% 2.8% 3.4% 5.5% 1.2% 1.4% 2.5% 4.0% 0.1% 1.0% 0.2% 1.4% 0.0% 2.9%
so, 9 0.0% 0.0% 0.0% 1.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 2.2% 0.0% 0.0% 0.0% 0.0% 8.4% 0.7% 5.6% 1.0% 40.2% 0.0% 0.0%
cH, 9 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 5.2% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 6.2% 67.5% 1.7% 4.6% 2.7% 0.1% 0.0% 0.0%
PM,.o 9 0.0% 0.0% 0.7% 1.8% 0.0% 0.0% 0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 50.9% 0.0% 0.0% 0.0% 0.0% 2.7% 3.5% 4.5% 7.0% 2.9% 2.5% 4.3% 1.9% 0.1% 11% 11% 0.0% 4.2%
PM, P 0.0% 0.0% 0.2% 0.6% 0.0% 0.0% 0.1% 0.0% 0.0% 32.1% 2.9% 0.0% 34.1% 0.0% 0.0% 0.0% 0.0% 0.9% 1.2% 1.5% 2.3% 1.0% 2.1% 3.5% 1.0% 0.0% 0.8% 0.7% 0.0% 1.4%
so, 9 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 97.3% 05% 0.0% 1.8% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 01% 0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1%
N0 9 0.0% 0.0% 0.0% 6.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 68.2% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 9.2% 0.0% 0.0% 0.0% 0.0% 2.1% 3.6% 3.8% 0.1% 0.9% 0.1% 5.8% 0.0% 0.0%
voc 9 0.0% 0.0% 0.4% 3.6% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 61.5% 0.0% 0.0% 0.0% 0.0% 5.50% 18% 2.4% 3.7% 1.2% 2.1% 4.0% 9.0% 0.3% 1.4% 0.8% 0.3% 0.0% 18%
[Global Warming Potential gCo, 0.0% 0.0% 03% 4.0% 0.0% 0.0% 0.1% 0.0% 0.0% 2.7% 0.0% 30.8% 0.0% 0.0% 0.0% 0.0% 6.1% 1.5% 15% 2.9% 0.6% 2.5% 4.2% 7.1% 02% 11% 0.2% 6.7% 0.0% 11%
[Acidification moles H+ /g 0.0% 0.0% 03% 2.8% 0.0% 0.0% 0.1% 0.0% 0.0% 1.5% 4.5% 0.0% 4.0% 0.0% 0.0% 0.0% 0.0% 4.3% 1.7% 21% 3.4% 0.8% 1.4% 2.5% 4.0% 0.1% 1.0% 0.2% 3.4% 0.0% 1.8%
HH Criteria Air milli - DALYs/g 0.0% 0.0% 03% 1.1% 0.0% 0.0% 0.1% 0.0% 0.0% 30.7% 2.0% 0.0% 0.0% 0.0% 0.0% 0.0% 1.6% 1.6% 21% 3.3% 1.3% 1.7% 2.9% 1.3% 0.0% 0.7% 8.7% 0.7% 0.0% 1.9%
Eutrophication gN 0.0% 0.0% 0.6% 4.4% 0.0% 0.0% 0.1% 0.0% 0.0% 49.0% 7.2% 0.0% 5.6% 0.0% 0.0% 0.0% 0.0% 6.7% 2.8% 3.4% 5.5% 1.2% 1.4% 2.5% 2.0% 0.1% 1.0% 0.2% 1.4% 0.0% 2.9%
Photochemical Smog g NO, 0.0% 0.0% 0.5% 4.3% 0.0% 0.0% 0.1% 0.0% 0.0% 44.7% 6.6% 0.0% 0.0% 0.0% 0.0% 0.0% 6.6% 2.7% 3.3% 5.4% 1.2% 1.4% 2.7% 4.5% 0.1% 1.0% 0.2% 1.3% 0.0% 2.8%
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Mill and Fill Demand and Scaling Vectors

f S
Demand Scaling

Process Units vector vector

1 lane-mile of highway Lane-miles 0.00E+00 0.00E+00
Concrete crushed Operating hours | 0.00E+00 -4.62E-15
Loaded waste material Operating hours | 0.00E+00 0.00E+00
Waste truck transport ton-miles 0.00E+00 1.08E+04
Sub-base grading Operating hours | 0.00E+00 0.00E+00
Heavy roller precompaction Operating hours | 0.00E+00 -2.78E-17
Utility excavator work Operating hours | 0.00E+00 0.00E+00
Street Sweeping truck ton-miles 0.00E+00 2.40E-05
Street Sweeping aux. engine Operating hours | 0.00E+00  4.00E-01
Bitumen Production ton 0.00E+00 4.07E+01
Aggregate Production ton 0.00E+00 6.83E+02
Sand Production ton 0.00E+00 0.00E+00
HMA production ton 0.00E+00 7.22E+02
Production of emulsifier ton 0.00E+00 3.37E+00
Production of bitumen emulsion for adhesion layer ton 0.00E+00 3.37E+00
Tack Truck transport and spraying ton-miles 0.00E+00 5.40E+01
Natural gas burned in small turbine (tack truck) BTU 0.00E+00 5.49E-02
HMA truck transport ton-miles 0.00E+00 1.29E+04
Paving Operating hours | 0.00E+00 7.33E+00
HMA Transfer Operating hours | 0.00E+00 7.33E+00
Breakdown rolling Operating hours | 0.00E+00 1.47E+01
Finish Rolling Operating hours | 0.00E+00 7.33E+00
Conventional and LS Diesel, at fueling station BTU 0.00E+00 5.13E+01
Diesel for nonroad engines BTU 0.00E+00 1.06E+02
Natural gas as a stationary fuel BTU 0.00E+00 2.69E+02
Natural gas for electricity generation BTU 0.00E+00 7.67E+00
Residual Oil, at POU BTU 0.00E+00 3.83E+01
Coal to power plant BTU 0.00E+00 1.75E+01
Electricity at POU , Washington BTU 0.00E+00 3.41E+01
1 lane-mile of mill and fill Lane-miles 1.00E+00 1.00E+00
Milling Operating hours | 0.00E+00 5.87E+00
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Mill and Fill Inventory Vector

g

Result
-6.068E+08
-5.440E+08
-2.429E+07
-3.065E+08
-2.126E+08
3.527E+07
8.427E+04
1.648E+05
1.289E+04
8.058E+04
7.914E+03
2.313E+04
6.416E+04
6.168E+02
1.805E+04

Total Energy
Fossil Fuels
Coal
Natural Gas
Petroleum
CO,

CcoO

NO,

SO,

CH,

PM; 5

PM;o

SO,

N,O

vVOoC

Unit
BTU
BTU
BTU
BTU
BTU

Q QQ @ @ @ © @ @ @ Q@
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APPENDIX C. CSOL CALCULATIONS

Technology Matrix

A
Source NONROAD _ NONROAD GREET NONROAD GREET NONROAD i i EPA AP-42 i GREET GREET GREET NONROAD _NONROAD _ NONROAD _NONROAD _ GREET GREET GREET GREET GREET GREET GREET NONROAD
PCC cracking Transport by Heavy- Street sweeping truck HMA Tack truck Transport Transport by Heavy-
(300 HP off- Heavy Truck- class Use of utiity ~ Transport by Medium- Street Sweeping Production, at by Medium-Heavy Heavy Truck- class 8a Material

1 lane-mile  road truck and 8aor8b(20ton  excavatorfor  Heavy Truck-class 6 Auxilary engine. Drum plant with Production of  Truck- class 6 or 7 (8 Tack truck Natural or 8b (20 ton cargo), Transfer Conventional Natural Gas  Natural Gas for Electricity at

Cracked 175 HP. Heavy roller for  cargo), 5.0mpg, ~ siteworkand  or 7 (8 ton cargo), Estimated as cement Nat. gas fired bitumen ton cargo), 7.3mpg,  Gas burned in a 5.0mpg, 100%  HMA Paving, Vehicle, 300  Breakdown Finish and LS Diesel,  Diesel for asa electricity P

Seated and  crushing precompaction,  100% fronthaul,  miscellaneous ~ 7.3mpg, 100% load,  and mortar mixer, 100 Bitumen Aggregate sand hot screens and  Production of  emulsion for ~ 100% load, empty ~ Small Turbine, at fronthaul, empty ~ Paver HP Surfacing  Rolling, Rolling, atfueling nonroad  Stationary ~ generation, at Residual Oil,  Coalto  Washington 1 lane-mile of mill
Process Units HMA overlay equip) 300HP empty backhaul _ work empty backhaul HP dryers emulsifier adhesion layer _backhaul POU backhaul Emissions ___Equipment 300HP. 100HP. station engines __Fuel, at POU POU atPOU__ PowerPlant __State and fill Surface Milling
1 lane-mile of highway Lane-miles 1.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00
PCC Cracking Operating hours | -7.41E-01 | 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00
Heavy roller precompaction Operating hours | -9.00E-01  0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00
Waste truck transport ton-miles 0.00E+00  0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -1.08E+04 0.00E+00
Utility excavator work Operating hours | -4.00E+00  0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00
Street Sweeping truck ton-miles 240E+01  0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -2.40E+01 0.00E+00
Street Sweeping aux. engine Operating hours | -4.00E-01  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -4.00E-01 0.00E+00
Bitumen Production ton 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 -5.40E-02 0.00E+00 -5.00E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00
Aggregate Production ton 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 -9.46E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00
Sand Production ton 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00
HMA production ton -2.00E403  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -7.22E402 0.00E+00
Production of emulsifier ton 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.00E-01 -5.00E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00
Production of bitumen emulsion for ac ton -4.25E400  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -3.37E+00 0.00E+00
Tack Truck transport and spraying ton-miles -7.23E401  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -5.40E+01 0.00E+00
Natural gas burned in small turbine (te BTU -1.10E+05  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -5.49E+04 0.00E+00
HMA truck transport ton-miles -3.01E+04  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -5.00E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -1.08E+04 0.00E+00
Paving Operating hours | -2.39E+01  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00  0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -7.33E+00 0.00E+00
HMA Transfer Operating hours | -2.39E+01  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -7.33E+00 0.00E+00
Breakdown rolling Operating hours | -1.20E+01  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 100E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -L47E+01 0.00E+00
Finish Rolling Operating hours | -2.39E+01  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 1.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -7.33E+00 0.00E+00
Conventional and LS Diesel, at fuelin BTU 0.00E+00 0.00E+00 0.00E+00 -2.16E+03 0.00E+00 -3.70E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.70E+03 0.00E+00 -2.16E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Diesel for nonroad engines BTU 0.00E+00  -3.23E+06 -2.05E+06 0.00E+00 -2.05E+06 0.00E+00 -7.51E+05 0.00E+00 -146E+04  -1.38E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.05E+06  -2.05E+06  -2.05E+06  -7.58E+05  0.00E+00 | 1.00E+06  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 -5.12E+06
Natural gas as a stationary fuel BTU 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.79E+06 0.00E+00 0.00E+00 -2.16E+05 0.00E+00 0.00E+00 0.00E+00 -1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.00E+06  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 0.00E+00
Natural gas for electricity generation BTU 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.00E+06  0.00E+00  0.00E+00  -2.25E+05 0.00E+00 0.00E+00
Residual Oil, at POU BTU 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -9.36E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -8.32E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 1.00E+06 = 0.00E+00  0.00E+00 0.00E+00 0.00E+00
Coal to power plant BTU 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 | 1.00E+06  -5.15E+05 0.00E+00 0.00E+00
Electricity at POU , Washington BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.49E+05 -1.82E+04 -9.46E+03 -2.15E+04 -5.76E+03 -1.82E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00  1.00E+06 0.00E+00 0.00E+00
1 lane-mile of mill and fill Lane-miles 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 1.00E+00 0.00E+00
Milling Operating hours | 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 -5.87E+00 1.00E+00

Intervention Matrix
B

Total Energy BTU 0.00E+00  -3.23E+06 -2.05E+06 -2.05E+06 -3.70E+03 -3.88E+06 -3.28E+04  -2.32E+04 -2.37E+05 -1.52E+05 -1.01E+05 -3.70E+03 0.00E+00 -2.16E+03 2.05E+06  -2.05E+06  -205E+06 -7.58E+05  -211E+05  -182E+05  -7.19E+04 -9.81E+04  -211E+04  -1.56E+06 0.00E+00 -5.12E+06
Fossil Fuels BTU 0.00E+00  -3.23E+06 -2.05E+06 -2.05E+06 -3.70E+03 -3.73E+06 -146E+04  -1.38E+04 -2.16E+05 -1.52E+05 -1.01E+05 -3.70E+03 0.00E+00 -2.16E+03 205E+06  -2.05E+06  -2.05E+06  -7.58E+05  -2.07E+05  -1.79E+05  -7.15E+04 .93E+04  -9.59E+04. 10E+04  -7.40E+05 0.00E+00 -5.12E+06
Coal BTU 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  -3.74E+04  -322E+04 -240E+03  -2.29E+03  -1.68E+04 -6.19E+03  -5.15E+05 0.00E+00 0.00E+00
Natural Gas BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.79E+06 0.00E+00 0.00E+00 -2.16E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -7.10E+04 -6.19E+04  -6.48E+04 -6.27E+04 -3.49E+04  -8.46E+02  -2.25E+05 0.00E+00 0.00E+00
Petroleum BTU 0.00E+00  -3.23E+06 -2.05E+06 -2.16E+03 -2.05E+06 -3.70E+03 -7.51E+05 -9.36E+05 -146E+04  -1.38E+04 0.00E+00 0.00E+00 -8.32E+04 -3.70E+03 0.00E+00 -2.16E+03 2.05E+06  -2.05E406  -205E+06  -7.58E+05  -9.87E+04  -B.A6E+04  -4.29E+03  -4.27E+03  -4.42E+04  -1.39E+04  0.00E+00 0.00E+00 -5.12E+06
co, g 0.00E+00  1.07E+05 6.86E+04 1.68E+02 7.38E+04 2.88E+02 2.11E+04 2.33E+05 1.21E+03 1.13E+03 1.50E+04 1.63E+03 6.85E+03 2.88E+02 5.94E+04 1.68E+02 6.99E+04 7.36E+04 6.86E+04  297E+04  166E+04  145E+04  524E+03  5.16E+03  8.36E+03  1.85E+03  6.92E+04 0.00E+00 2.25E+05
co g 0.00E+00  2.41E+02 1.79E+02 3.86E-01 1.70E+02 4.20E-01 1.19E+02 1.22E+02 8.60E+00 8.09E+00 6.01E+01 1.91E+00 1.14E+00 4.20E-01 2.40E+01 3.86E-01 1.76E+02 2.55E+02 179E+02  2.03E+02  135E+01  1.26E+01  7.86E+00  7.63E+00 106E+01  2.63E+00  1.65E+01 0.00E+00 1.43E+03
NO, g 0.00E+00  7.88E+02 5.68E+02 7.92E-01 5.46E+02 1.10E+00 2.42E+02 1.86E+03 1.50E+01 1.50E+01 1.18E+01 8.98E+00 1.41E+01 1.10E+00 1.13E+02 7.92E-01 5.64E+02 6.88E+02 568E+02  251E+02  455E+01  4.29E+01  2.24E401  2.18E+01  3.95E+01  147E+01  6.09E+01 0.00E+00 251E+03
S0, g 0.00E+00  0.00E+00 0.00E+00 2.13E-02 0.00E+00 3.64E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.64E-02 0.00E+00 2.13E-02 0.00E+00 0.00E+00  0.00E+00  0.00E+00  2.26E+01  210E+01  1.16E+01 1.15E+01 1.85E401  7.18E+00  L1.46E+02 0.00E+00 0.00E+00
CH, g 0.00E+00  0.00E+00 0.00E+00 3.36E-03 0.00E+00 5.67E-03 0.00E+00 0.00E+00 1.18E-01 1.11E-01 5.58E+00 2.72E-01 0.00E+00 5.67E-03 4.26E+00 3.36E-03 0.00E+00 0.00E+00  0.00E+00  0.00E+00  105E+02  103E+02  1.96E+02 1756402 9.62E+01  119E+02  147E+00 0.00E+00 0.00E+00
PM;5 g 0.00E+00  4.62E+01 3.40E+01 1.50E-02 3.29E+01 2.69E-02 2.12E+01 0.00E+00 0.00E+00 0.00E+00 5.04E+00 0.00E+00 0.00E+00 2.69E-02 3.10E+00 1.50E-02 3.38E+01 4.38E+01 3.40E+01  2.84E+01  3.91E+00  3.43E+00  5.11E-01 4.93E-01 206E+00  4.23E+01  2.38E+00 0.00E+00 1.76E+02
PMyo g 0.00E+00  4.76E+01 3.50E+01 1.63E-02 3.39E+01 2.93E-02 2.18E+01 1.77E+02 9.25E-01 8.71E-01 1.04E+01 8.16E-01 8.78E-01 2.93E-02 3.10E+00 1.63E-02 348E+01  452E+01  350E+01  293E+01  L100E+01  B.67E+00  B.61E-01 8.29E-01 487E+00  170E+02  4.36E+00 0.00E+00 1.81E+02
SO, g 0.00E+00  1.07E+01 6.85E+00 0.00E+00 7.37E+00 0.00E+00 2.11E+00 1.53E+03 4.25E-01 4.01E-01 1.54E+00 1.09E+00 4.39E+00 0.00E+00 0.00E+00 0.00E+00 6.98E+00 7.36E+00 6.85E+00  2.97E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 2.25E+01
N,O g 0.00E+00  0.00E+00 0.00E+00 4.32E-03 0.00E+00 1.07E-02 0.00E+00 0.00E+00 6.00E-01 5.65E-01 0.00E+00 2.72E-03 0.00E+00 1.07E-02 1.50E+00 4.32E-03 0.00E+00 0.00E+00  0.00E+00  0.00E+00  2.74E-01 241E01  8.55E-02 8.32E-02 1.48E-01  321E-02  1.03E+00 0.00E+00 0.00E+00
voc g 0.00E+00  6.18E+01 4.30E+01 7.27E-02 4.17E+01 1.19E-01 2.81E+01 0.00E+00 0.00E+00 0.00E+00 1.45E+01 0.00E+00 0.00E+00 1.19E-01 1.00E+00 7.27E-02 4.27E+01 5.49E+01 430E401  2.77E+01  7.85E400  7.66E+00  5.76E+00  5.66E+00  6.16E+00  7.66E+00  1.31E+00 0.00E+00 1.82E+02
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f s g
Process Units Demand vector Scaling vector Result Unit
1 lane-mile of highway Lane-miles 1.00E+00 1.00E+00 3.280E+00 TotalEnergy BTU
PCC Cracking Operating hours 0.00E+00 7.41E-01 2.910E409 Fossil Fusls  BTU
Heavy roller precompaction Operating hours 0.00E+00 9.00E-01 -1.330E408 Coal BTU
Waste truck transport ton-miles 0.00E+00 3.25E+04 _1.751E+09 Natural Gas ~ BTU
Utility excavator work Operating hours 0.00E+00 4.00E+00 .
Street Sweeping truck ton-miles 0.00E+00 9.60E-05 -1.031E+09 Petroleum BTU
Street Sweeping aux. engine Operating hours 0.00E+00 1.60E+00 1.906E+08 CO, g
Bitumen Production ton 0.00E+00 2.32E+02 4.473E+05 co g
Aggregate Production ton 0.00E+00 3.94E+03 8.663E+05 NO, ¢}
Sand Production ton 0.00E+00 0.00E+00 6.975E+04 SO, g
HMA production ton 0.00E+00 4.17E+03 4.452E+05 CH, g
Production of emulsifier ton 0.00E+00 1.44E+01 4.133E+04 PM, 5 g
Production of bitumen emulsion for adhesion layel ton 0.00E+00 1.44E+01 1.276E+05 PMyo g
Tack Truck transport and spraying ton-miles 0.00E+00 2.34E+02 3.663E+05 so, g
Natural gas burned in small turbine (tack truck) BTU 0.00E+00 2.75E-01 3.386E+03 N,0 g
HMA truck transport ton-miles 0.00E+00 7.42E+04 0.714E+04 voc -
Paving Operating hours 0.00E+00 4.50E+01
HMA Transfer Operating hours 0.00E+00 4.59E+01
Breakdown rolling Operating hours 0.00E+00 5.60E+01
Finish Rolling Operating hours 0.00E+00 4.50E+01
Conventional and LS Diesel, at fueling station BTU 0.00E+00 2.31E+02
Diesel for nonroad engines BTU 0.00E+00 4.99E+02
Natural gas as a stationary fuel BTU 0.00E+00 1.55E+03
Natural gas for electricity generation BTU 0.00E+00 4.42E+01
Residual Oil, at POU BTU 0.00E+00 2.19E+02
Coal to power plant BTU 0.00E+00 1.01E+02
Electricity at POU , Washington BTU 0.00E+00 1.96E+02
1 lane-mile of mill and fill Lane-miles 3.00E+00 3.00E+00
Milling Operating hours 0.00E+00 1.76E+01
Contribution Analysis
PCC cracking Transport by Heavy- Street sweeping truck HMA Tack truck Transport Transport by Heavy-
(300 HP off- Heavy Truck- class Use of utility Transport by Medium-  Street Sweeping Production, at by Medium-Heavy Heavy Truck- class 8a Material
1lane-mile  road truck and 8aor8b(20ton  excavatorfor  Heavy Truck- class 6 Auxilary engine. Drum plant with Production of  Truck- class 6 or 7 (8 Tack truck Natural or 8b (20 ton cargo), Transfer Conventional Natural Gas  Natural Gas for Electricity at
Cracked 175 HP Heavy roller for ~ cargo), 5.0mpg, ~ siteworkand  or 7 (8 ton cargo), Estimated as cement Nat. gas fired bitumen ton cargo), 7.3mpg,  Gas burned in a 5.0mpg, 100% HMA Paving, Vehicle, 300  Breakdown  Finish and LS Diesel,  Diesel for asa electricity POU,
Seatedand  crushing precompaction,  100% fronthaul,  miscellaneous  7.3mpg, 100% load,  and mortar mixer, 100 Bitumen Aggregate sand hot screens and Production of  emulsion for  100% load, empty  Small Turbine, at fronthaul, empty  Paver HP Surfacing ~ Rolling, Rolling, at fueling nonroad  Stationary  generation, at Residual Oil, ~ Coalto  Washington 1 lane-mile of mill
HMA overlay equip) 300HP empty backhaul  work empty backhaul HP dryers emulsifier adhesion layer  backhaul POU backhaul Emissions  Equipment  300HP 100HP station engines  Fuel, at POU POU atPOU  PowerPlant  State and fill Surface Milling
Total Energy BTU 0.00E+00  -2.39E+06 -1.84E+06 -7.01E+07 -8.19E+06 -3.55E-01 -1.20E+06 -9.01E+08 -1.30E+08 0.00E+00 -9.89E+08 -2.18E+06 -1.46E+06 -8.66E+05 0.00E+00 -1.60E+08 -9.40E+07  -9.40E+07 -1.15E+08  -3.48E+07  -4.86E+07  -9.07E+07  -111E+08  -3.08E+06  -2.14E+07  -2.13E+06  -3.07E+08 0.00E+00 -9.00E+07
Fossil Fuels BTU 0.00E+00  -2.39E+06 -1.84E+06 -7.01E+07 -8.19E+06 -1.20E+06 -8.67E+08 T7E+07 0.00E+00 -9.00E+08 -2.18E+06 -8.66E+05 0.00E+00 -1.60E+08 9.40E+07  -9.40E+07  -1.15E+08  -3.48E+07  -4.78E+07  -8.91E+07 11E+08  -3.06E+06  -2.10E+07  -2.12E+06  -L4SE+08 0.00E+00 -9.00E+07
Coal BTU 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E+00  -8.64E+06  -161E+07 -372E+06  -1OIE+05  -368E+06  -6.26E+05  -LOLE+08 0.00E+00 0.00E+00
Natural Gas BTU 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -6.49E+08 0.00E+00 0.00E+00 -9.00E+08 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.0E+00  000E+00  0.00E+00  -1.64E+07  -3.09E+07 -LOOE+08  -2.77E+06  -7.63E+06  -8.55E+04  -4.42E+07 0.00E+00 0.00E+00
Petroleum BTU 0.00E+00  -2.39E+06 -1.B4E+06 -7.01E+07 -8.19E+06 -1.20E+06 -2.17E+08 5.77E+07 0.00E+00 0.00E+00 0.00E+00 -1.20E+06 -8.66E+05 0.00E+00 -1.60E+08 -9.40E+07  -9.40E+07  -LISE+08  -3.48E+07  -2.28E407  -4.22E+07 -6.65E+06  -L89E+05  -9.66E+06  -L41E+06  0.00E+00 0.00E+00 -9.00E+07
CO; ] 0.00E+00 7.96E+04 6.17E+04 5.45E+06 2.95E+05 3.38E+04 5.40E+07 4.76E+06 0.00E+00 6.24E+07 2.35E+04 9.84E+04 6.74E+04 1.63E+04 1.25E+07 3.21E+06 3.38E+06 3.84E+06 1.37E+06 3.84E+06 7.24E+06 8.12E+06 2.28E+05 1.83E+06 1.87E+05 1.36E+07 0.00E+00 3.97E+06
co g 0.00E+00  1.79E+02 1.61E+02 1.25E+04 6.80E+02 1.91E+02 2.83E+04 3.39E+04 0.00E+00 2.51E+05 2.74E+01 1.64E+01 1.00E+02 6.59E+00 2.86E+04 809E+03  117E+04  100E+04  9.31E+03  3.12E+03  6.30E+03  122E+04  3.37E+02  231E+03  2.66E+02  3.25E+03 0.00E+00 251E+04
NOy g 0.00E+00  5.83E+02 5.11E+02 257E+04 2.18E+03 3.87E+02 4.31E+05 6.26E+04 0.00E+00 4.92E+04 1.29E+02 2.02E+02 257E+02 3.10E+01 5.88E+04 259E+04  316E+04  3.18E+04  115E+04  1OSE+04  214E+04  3.48E+04  9.64E+02  8.63E+03  L49E+03  1.20E+04 0.00E+00 4.41E+04
SO, g 0.00E+00  0.00E+00 0.00E+00 6.91E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.54E+00 0.00E+00 1.58E+03 0.00E+00  0.00E+00  0.00E+00  0.00E+00  521E+03  1.05E+04  179E+04  508E+02  4.04E+03  7.26E+02  2.86E+04 0.00E+00 0.00E+00
CH; g 0.00E+00  0.00E+00 0.00E+00 1.09E+02 0.00E+00 0.00E+00 0.00E+00 4.65E+02 0.00E+00 2.33E+04 3.91E+00 0.00E+00 1.33E+00 1.17E+00 2.49E+02 0.00E+00  0.00E+00  O0.00E+00  0.00E+00  2.44E+04  5.14E+04  304E+05  7.74E+03  210E+04  121E+04  2.89E+02 0.00E+00 0.00E+00
PM, 5 9 0.00E+00  3.42E+01 3.06E+01 4.86E+02 1.31E+02 3.39E+01 0.00E+00 0.00E+00 0.00E+00 2.10E+04 0.00E+00 0.00E+00 6.31E+00 8.51E-01 1.11E+03 155E403  2.01E+03 190E+03  131E+03  9.04E+02  171E+03  7.91E+02  2.18E+01  451E+02  4.28E+03  4.68E+02 0.00E+00 3.09E+03
PMyo g 0.00E+00  3.53E+01 3.15E+01 5.28E+02 1.36E+02 3.49E+01 4.12E+04 3.65E+03 0.00E+00 4.35E+04 1.17E+01 1.26E+01 6.86E+00 8.51E-01 1.21E+03 160E+03  2.07E+03 196E+03  1.35E+03  2.31E+03  4.33E+03  133E+03  3.66E+01  107E+03  172E+04  B.56E+02 0.00E+00 3.19E+03
S0, 9 0.00E+00  7.95E+00 6.17E+00 0.00E+00 2.95E+01 3.37E+00 3.57E+05 1.68E+03 0.00E+00 6.43E+03 1.56E+01 6.31E+01 0.00E+00 0.00E+00 0.00E+00 321E+02  3.38E+02 384E+02  136E+02  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0.00E+00 3.96E+02
N,O g 0.00E+00  0.00E+00 0.00E+00 1.40E+02 0.00E+00 0.00E+00 0.00E+00 2.37E+03 0.00E+00 0.00E+00 3.91E-02 0.00E+00 2.51E+00 4.12E-01 3.20E+02 0.00E+00  0.00E+00  0.00E+00  0.00E+00  6.33E+01  1.20E+02  1.32E+02  367E+00  3.23E+01  3.25E+00  2.02E+02 0.00E+00 0.00E+00
VOC g 0.00E+00 4.58E+01 3.87E+01 2.36E+03 1.67E+02 4.50E+01 0.00E+00 0.00E+00 0.00E+00 6.05E+04 0.00E+00 0.00E+00 2.78E+01 2.75E-01 5.39E+03 1.96E+03 2.52E+03 2.41E+03 1.27E+03 1.81E+03 3.82E+03 8.92E+03 2.50E+02 1.35E+03 7.74E+02 2.57E+02 0.00E+00 3.21E+03
Global Warming Potential g CO, 0.00E+00 7.96E+01 6.17E+01 5.50E+03 2.95E+02 2.80E-05 3.38E+01 5.40E+04 5.50E+03 0.00E+00 6.29E+04 2.36E+01 9.84E+01 6.82E+01 1.64E+01 1.26E+04 3.21E+03 3.38E+03 3.84E+03 1.37E+03 4.37E+03 8.36E+03 1.46E+04 3.92E+02 2.28E+03 4.41E+02 1.37E+04 0.00E+00 3.97E+03
Acidification moles H+ /g 0.00E+00  2.38E+01 2.08E+01 1.07E+03 8.89E+01 4.39E-06 157E+01 3.54E+04 2.50E+03 0.00E+00 2.30E+03 5.96E+00 1.13E+01 1.07E+01 1.24E+00 2.43E+03 105E+03  1.28E+03 129E+03  4.68E+02  6.85E+02  1.30E+03  230E+03  6.44E+01  551E+02  9.64E+01  1.93E+03 0.00E+00 1.79E+03
HH Criteria Air milli - DALYs/g | 0.00E+00  9.10E-03 8.10E-03 1.69E-01 3.48€-02 8.27E-10 8.53E-03 9.35E+00 4.66E-01 0.00E+00 6.75E+00 1.48€-03 2.38E-03 2.02E-03 2.58E-04 3.85E-01 4.11E-01 5.28E-01 5.04E-01  3.21E-01 3.42E-01 6.46E-01  2.98E-01 8.22E-03 17101  203E+00  1.63E-01 0.00E+00 7.99E-01
Eutrophication gN 0.00E+00  2.58E-02 2.26E-02 1.14E+00 9.67E-02 4.66E-09 1.72E-02 1.91E+01 2.77E+00 0.00E+00 2.18E+00 5.72E-03 8.95E-03 1.14E-02 1.37E-03 2.60E+00 115E+00  1.40E+00  141E+00  5.10E-01 4.65E-01 9.48E-01  154E+00 4.27E-02 382E-01  6.50E-02  5.30E-01 0.00E+00 1.95E+00
Photochemical Smog gNO, 0.00E+00  6.22E-01 5.43E-01 2.77E+01 2.326+00 1.15E-07 4.25E-01 431E+02 6.31E+01 0.00E+00 9.98E+01 1.29E-01 2.02E-01 2.80E-01 3.13€-02 6.33E+01 276E+01  3.37E+01 338E+01  126E+01  120E+01  2.46E+01  4.28E+01  110E+00  O.77E+00  2.13E+00  1.22E+01 0.00E+00 4.69E+01
PCC cracking Transport by Heavy- Street sweeping truck HMA Tack truck Transport Transport by Heavy-
(300 HP off- Heavy Truck- class Use of utility ~ Transport by Medium- Street Sweeping Production, at by Medium-Heavy Heavy Truck- class 8a Material
1lane-mile  road truck and 8aor8b(20ton  excavatorfor  Heavy Truck- class 6 Auxilary engine. Drum plant with Production of ~ Truck- class 6 or 7 (8 Tack truck Natural or 8b (20 ton cargo), Transfer Conventional Natural Gas  Natural Gas for Electricity at
Cracked 175 HP. Heavy roller for  cargo), 5.0mpg, ~ siteworkand  or 7 (8 ton cargo), Estimated as cement Nat. gas fired bitumen ton cargo), 7.3mpg,  Gas bumed in a 5.0mpg, 100%  HMA Paving, Vehicle, 300  Breakdown Finish and LS Diesel,  Diesel for electricity u,
Seatedand  crushing precompaction,  100% fronthaul, ~ miscellaneous ~ 7.3mpg, 100% load,  and mortar mixer, 100 Bitumen Aggregate  Sand hot screens and  Production of ~ emulsion for ~ 100% load, empty ~ Small Turbine, at fronthaul, empty  Paver HP Surfacing  Rolling, Rolling, at fueling nonroad  Stationary  generation, at Residual Oil, ~ Coalto ~ Washington 1 lane-mile of mill
HMA overlay equip) 300HP empty backhaul  work empty backhaul HP i dryers emulsifier adhesion layer  backhaul POU backhaul Emissions  Equipment  300HP 100HP station engines  Fuel, at POU POU atPOU  PowerPlant  State and fill Surface Milling
Total Energy BTU 0.0% 0.1% 0.1% 2.1% 0.2% 0.0% 0.0% 3.9% 0.0% 30.2% 0.1% 0.0% 0.0% 0.0% 4.9% 2.9% 2.9% 3.5% 1.1% 1.5% 2.8% 3.4% 0.1% 0.7% 0.1% 9.4% 0.0% 2.7%
Fossil Fuels BTU 0.0% 0.1% 0.1% 2.4% 0.3% 0.0% 0.0% 2.0% 0.0% 30.8% 0.1% 0.0% 0.0% 0.0% 5.5% 3.2% 3.2% 3.9% 1.2% 1.6% 3.1% 3.8% 0.1% 0.7% 0.1% 5.0% 0.0% 3.1%
Coal BTU 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 6.4% 2.8% 0.1% 2.7% 0.5% 75.5% 0.0% 0.0%
Natural Gas BTU 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 37.1% 0.0% 0.0% 51.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.9% 1.8% 5.7% 0.2% 0.4% 0.0% 2.5% 0.0% 0.0%
Petroleum BTU 0.0% 0.2% 0.2% 6.8% 0.8% 0.0% 0.1% 5.6% 0.0% 0.0% 0.0% 0.1% 0.1% 0.0% 9.1% 9.1% 3.4% 2.2% 4.1% 0.6% 0.0% 0.9% 0.1% 0.0% 0.0% 8.7%
co, g 0.0% 0.0% 0.0% 2.9% 0.2% 0.0% 0.0% 2.5% 0.0% 32.7% 0.0% 0.1% 0.0% 0.0% 6.5% 17% 1.8% 2.0% 0.7% 2.0% 3.8% 4.3% 0.1% 1.0% 0.1% 7.1% 0.0% 2.1%
co g 0.0% 0.0% 0.0% 2.8% 0.2% 0.0% 0.0% 6.3% 7.6% 0.0% 56.0% 0.0% 0.0% 0.0% 0.0% 6.4% 1.8% 2.6% 2.2% 2.1% 0.7% 1.4% 2.7% 0.1% 0.5% 0.1% 0.7% 0.0% 5.6%
NO, g 0.0% 0.1% 0.1% 3.0% 0.3% 0.0% 0.0% 49.8% 7.2% 0.0% 5.7% 0.0% 0.0% 0.0% 0.0% 6.8% 3.0% 3.6% 3.7% 1.3% 1.2% 2.5% 4.0% 0.1% 1.0% 0.2% 1.4% 0.0% 5.1%
SO, g 0.0% 0.0% 0.0% 1.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 2.3% 0.0% 0.0% 0.0% 0.0% 7.5% 0.7% 5.8% 1.0% 41.1% 0.0% 0.0%
CH, g 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 5.2% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 5.5% 68.3% 1.7% 4.7% 2.7% 0.1% 0.0% 0.0%
PM, 5 g 0.0% 0.1% 0.1% 1.2% 0.3% 0.0% 0.1% 0.0% 0.0% 0.0% 50.8% 0.0% 0.0% 0.0% 0.0% 2.7% 3.8% 4.9% 4.6% 3.2% 2.2% 4.1% 1.9% 0.1% 1.1% 1.1% 0.0% 7.5%
PMo g 0.0% 0.0% 0.0% 0.4% 0.1% 0.0% 0.0% 32.3% 2.9% 0.0% 34.1% 0.0% 0.0% 0.0% 0.0% 0.9% 1.3% 1.6% 15% 1.1% 1.8% 3.4% 1.0% 0.0% 0.8% 0.7% 0.0% 25%
s0, g 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 97.3% 0.5% 0.0% 1.8% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1%
N.O g 0.0% 0.0% 0.0% 41% 0.0% 0.0% 0.0% 0.0% 69.9% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 9.5% 0.0% 0.0% 0.0% 0.0% 1.9% 3.6% 3.9% 0.1% 1.0% 0.1% 6.0% 0.0% 0.0%
\voc g 0.0% 0.0% 0.0% 2.4% 0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 62.3% 0.0% 0.0% 0.0% 0.0% 5.5% 2.0% 2.6% 2.5% 1.3% 1.9% 3.9% 9.2% 0.3% 1.4% 0.8% 0.3% 0.0% 3.3%
Global Warming Potential gCco2 0.0% 0.0% 0.0% 2.7% 0.1% 0.0% 0.0% 2.7% 0.0% 31.3% 0.0% 0.0% 0.0% 0.0% 6.2% 1.6% 17% 1.9% 0.7% 2.2% 4.2% 7.2% 0.2% 1.1% 0.2% 6.8% 0.0% 2.0%
Acidification moles H+ /g 0.0% 0.0% 0.0% 1.9% 0.2% 0.0% 0.0% 62.2% 4.6% 0.0% 4.0% 0.0% 0.0% 0.0% 0.0% 4.3% 1.9% 2.3% 2.3% 0.8% 1.2% 2.4% 4.0% 0.1% 1.0% 0.2% 3.4% 0.0% 3.1%
HH Criteria Air milli - DALYs/g 0.0% 0.0% 0.0% 0.7% 0.1% 0.0% 0.0% 39.9% 2.0% 0.0% 0.0% 0.0% 0.0% 0.0% 1.6% 1.8% 2.3% 2.2% 1.4% 15% 2.8% 1.3% 0.0% 0.7% 8.7% 0.7% 0.0% 3.4%
gN 0.0% 0.1% 0.1% 3.0% 0.3% 0.0% 0.0% 49.8% 7.2% 0.0% 5.7% 0.0% 0.0% 0.0% 0.0% 6.8% 3.0% 3.6% 3.7% 1.3% 1.2% 2.5% 4.0% 0.1% 1.0% 0.2% 1.4% 0.0% 5.1%
Photochemical Smog g NOx 0.0% 0.1% 0.1% 2.9% 0.2% 0.0% 0.0% 45.4% 6.6% 0.0% 0.0% 0.0% 0.0% 0.0% 6.7% 2.9% 3.6% 3.6% 1.3% 1.3% 2.6% 4.5% 0.1% 1.0% 0.2% 1.3% 0.0% 4.9%
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A
Source GREET GREET NONROAD LCI of PCC GREET GREET NONROAD NONROAD GREET GREET GREET GREET GREET GREET GREET GREET NONROAD NONROAD
Transport by Heavy- Street sweeping truck Transport by Heavy- Diamond Diamond
Heavy Truck- class Transport by Medium- Street Sweeping Heavy Truck- class 8a Grinding Grinding
B8aor8b(20ton  Heavy Truck- class 6  Auxilary engine. or 8b (20 ton cargo), Conventional Natural Gas Natural Gas for Machine (main  machine (aux

1 lane-mile cargo), 5.0mpg,  or 7 (8 ton cargo), Estimated as cement  Mortar production, 5.0mpg, 100% Dowel slot cutter, two  Skid Steer site work and LS Diesel, Diesel for asa electricity Well-to-POU Well-to-POU engine, 600hp engine, 100hp  Diamond

Dowel Bar 100% fronthaul,  7.3mpg, 100% load,  and mortar mixer, 100 100% cement content, fronthaul, empty Average Steel 300hp engines, and slot material clean at fueling nonroad Stationary ~ generation, at Coal to Coal LPG Residual Oil, at Electricity at POU, surfacing surfacing Grinding
Process Units Retrofit empty backhaul  empty backhaul backhaul production surfacing equipment up, 100 HP station engines  Fuel, at POU POU Power Plant  Production  Production POU Washington State equipment) equipment) process
1 lane-mile of highway Lane-miles 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Waste trucking ton-miles -4.95E+02 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Street Sweeping truck ton-miles -2.40E+01 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Street Sweeping aux. engine Operating hours | -4.00E-01 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Mortar production yd3 -1.49E+01 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Mortar transportation ton-miles -9.27E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -9.60E+01
Dowel Bar production b -1.90E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Dowel slot cutting Operating hours | -1.76E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Slot material clean up Operating hours | -6.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Conventional and LS Diesel, at fueling station BTU 0.00E+00 -2.16E+03 -3.70E+03 0.00E+00 0.00E+00 -2.16E+03 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Diesel for nonroad engines BTU 0.00E+00 0.00E+00 0.00E+00 -7.51E+05 0.00E+00 0.00E+00 0.00E+00 -4.09E+06 -8.86E+05 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -4.09E+06 -7.58E+05 0.00E+00
Natural gas as a stationary fuel BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.51E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Natural gas for electricity generation BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.25E+05 0.00E+00 0.00E+00 0.00E+00
Coal to power plant BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 -5.15E+05 0.00E+00 0.00E+00 0.00E+00
Well to POU, Coal Production BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.98E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
LPG Production BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.15E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Residual oil production BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -6.85E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Electricity at POU , Washington BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.07E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+06 0.00E+00 0.00E+00 0.00E+00
Diamond Grinding Main engine Operating hours | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 0.00E+00 -8.57E+00
Diamond Grinding aux engine Operating hours | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00 -8.57E+00
Diamond grinding process Lane-miles 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+00

Intervention Matrix
B

Total Energy BTU 0.00E+00 -2.16E+03 -3.70E+03 -7.51E+05 -8.24E+05 -2.16E+03 -1.62E+04 -4.09E+06 -8.86E+05 -2.11E+05 -1.82E+05  -7.19E+04 -6.97E+04 -2.11E+04  -1.17E+04  -1.23E+05 -9.81E+04 -1.56E+06 -4.09E+06 -7.58E+05 0.00E+00
Fossil Fuels BTU 0.00E+00 -2.16E+03 -3.70E+03 -7.51E+05 -4.55E+05 -2.16E+03 -1.55E+04 -4.09E+06 -8.86E+05 -2.07E+05 -1.79E+05  -7.15E+04 -6.93E+04 -2.10E+04  -1.11E+04  -1.21E+05 -9.59E+04 -7.40E+05 -4.09E+06 -7.58E+05 0.00E+00
Coal BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.98E+05 0.00E+00 -6.55E+03 0.00E+00 0.00E+00 -3.74E+04 -3.22E+04  -2.40E+03 -2.29E+03 -6.19E+03  -3.60E+03  -2.14E+04 -1.68E+04 -5.15E+05 0.00E+00 0.00E+00 0.00E+00
Natural Gas BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.51E+04 0.00E+00 -8.42E+03 0.00E+00 0.00E+00 -7.10E+04 -6.19E+04  -6.48E+04 -6.27E+04 -8.46E+02  -1.38E+03  -4.28E+04 -3.49E+04 -2.25E+05 0.00E+00 0.00E+00 0.00E+00
Petroleum BTU 0.00E+00 -2.16E+03 -3.70E+03 -7.51E+05 -2.16E+04 -2.16E+03 -5.22E+02 -4.09E+06 -8.86E+05 -9.87E+04 -8.46E+04  -4.29E+03 -4.27E+03 -1.39E+04  -6.14E+03  -5.67E+04 -4.42E+04 0.00E+00 -4.09E+06 -7.58E+05 0.00E+00
CO, g 0.00E+00 1.68E+02 2.88E+02 2.11E+04 1.61E+05 1.68E+02 1.41E+03 1.47E+05 1.22E+04 1.66E+04 1.45E+04 5.24E+03 5.16E+03 1.85E+03 9.60E+02 1.02E+04 8.36E+03 6.92E+04 1.56E+05 2.84E+04 0.00E+00
co g 0.00E+00 3.86E-01 4.29E-01 1.19E+02 2.08E+02 3.86E-01 1.81E+01 5.10E+02 1.54E+02 1.35E+01 1.26E+01 7.86E+00 7.63E+00 2.63E+00 1.04E+00 1.11E+01 1.06E+01 1.65E+01 8.98E+02 2.13E+02 0.00E+00
NO, g 0.00E+00 7.92E-01 1.10E+00 2.42E+02 4.35E+02 7.92E-01 1.32E+00 1.38E+03 1.28E+02 4.55E+01 4.29E+01 2.24E+01 2.18E+01 1.47E+01 3.25E+00 3.94E+01 3.95E+01 6.09E+01 1.73E+03 2.58E+02 0.00E+00
SO, g 0.00E+00 2.13E-02 3.64E-02 0.00E+00 2.55E+00 2.13E-02 1.31E+00 0.00E+00 0.00E+00 2.26E+01 2.10E+01 1.16E+01 1.15E+01 7.18E+00 6.82E+00 1.70E+01 1.85E+01 1.46E+02 0.00E+00 0.00E+00 0.00E+00
CH, g 0.00E+00 3.36E-03 5.67E-03 0.00E+00 6.71E+00 3.36E-03 2.35E+00 0.00E+00 0.00E+00 1.05E+02 1.03E+02 1.96E+02 1.75E+02 1.19E+02 1.18E+02 9.83E+01 9.62E+01 1.47E+00 0.00E+00 0.00E+00 0.00E+00
PM, 5 g 0.00E+00 1.50E-02 2.69E-02 2.12E+01 2.81E-02 1.50E-02 8.07E-01 8.76E+01 2.34E+01 3.91E+00 3.43E+00 5.11E-01 4.93E-01 4.23E+01 4.20E+01 2.45E+00 2.06E+00 2.38E+00 1.18E+02 3.16E+01 0.00E+00
PM;, g 0.00E+00 1.63E-02 2.93E-02 2.18E+01 3.95E+02 1.63E-02 2.77E+00 9.03E+01 2.41E+01 1.00E+01 8.67E+00 8.61E-01 8.29E-01 1.70E+02 1.69E+02 5.95E+00 4.87E+00 4.36E+00 1.22E+02 3.26E+01 0.00E+00
SO, g 0.00E+00 0.00E+00 0.00E+00 2.11E+00 2.20E+02 0.00E+00 0.00E+00 1.47E+01 1.22E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.55E+01 2.83E+00 0.00E+00
N,O g 0.00E+00 4.32E-03 1.07E-02 0.00E+00 0.00E+00 4.32E-03 1.51E-02 0.00E+00 0.00E+00 2.74E-01 2.41E-01 8.55E-02 8.32E-02 3.21E-02 1.56E-02 1.76E-01 1.48E-01 1.03E+00 0.00E+00 0.00E+00 0.00E+00
vocC g 0.00E+00 7.27E-02 1.19E-01 2.81E+01 1.17E+01 7.27E-02 1.52E-01 1.10E+02 3.59E+01 7.85E+00 7.66E+00 5.76E+00 5.66E+00 7.66E+00 7.08E+00 7.60E+00 6.16E+00 1.31E+00 1.31E+02 3.17E+01 0.00E+00
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Demand and Scaling Vectors

f

S

Inventory Vector

g

Demand Scaling
Process Units vector  vector Result Unit
" " " -4.682E+08 Total Energy BTU
1 lane-mile of highway Lane-miles 1.00E+00 1.00E+00 .
W i ¢ i 0.00E+00 4.95E4+02 -4.471E+08 Fossil Fuels BTU
aste truckin on-miles .00E+ 95E+
9 ' -1.353E+08 Coal BTU
Street Sweeping truck ton-miles 0.00E+00 2.40E-05 _1.686E+08 Natural Gas BTU
Street Sweeping aux. el Operating hours 0.00E+00 4.00E-01 -1.432E+08 Petroleum  BTU
Mortar production yd3 0.00E+00 1.49E+01 3.556E+07 CO, g
Mortar transportation ton-miles 0.00E+00 1.02E+03 3.692E+05 co g
Dowel Bar production Ib 0.00E+00 1.90E+04 8.034E+04 NO, g
: : . +
Dowel slot cutting Operating hours 0.00E+00 1.76E+01 2= 0, 9
. . 5.846E+04 CH,
Slot material clean up Operating hours 0.00E+00 6.00E+00 4 Y
. X 1.904E+04 PM, 5 g
Conventional and LS Di BTU 0.00E+00 3.27E+00
6.390E+04 PMyo g
Diesel for nonr ngil BT .00E+ 1.19E+02
esel for nonroad eng u 0.00E+00 9E+O: 3.700E+03 S0, g
. - g
Natural gas as a station BTU 0.00E+00 5.21E-01 3.243E+02 N,O g
Natural gas for electricit BTU 0.00E+00 3.57E-01 7.732E+03 voc g
Coal to power plant BTU 0.00E+00 8.18E-01
Well to POU, Coal Prod BTU 0.00E+00 5.91E+00
LPG Production BTU 0.00E+00 1.71E-03
Residual oil production BTU 0.00E+00 1.02E-01
Electricity at POU , Wa: BTU 0.00E+00 1.59E+00
Diamond Grinding Main Operating hours 0.00E+00 8.57E+00
Diamond Grinding aux ¢ Operating hours 0.00E+00 8.57E+00
Diamond grinding proce Lane-miles 1.00E+00 1.00E+00
Transport by Heavy- Street sweeping truck Transport by Heavy- Diamond Diamond
Heavy Truck- class Transport by Medium-  Street Sweeping Heavy Truck- class 8a Grinding Grinding
8aor8b (20ton  Heavy Truck- class 6  Auxilary engine. or 8b (20 ton cargo), Conventional Natural Gas Natural Gas for Machine (main machine (aux
1 lane-mile cargo), 5.0mpg, ~ or 7 (8 ton cargo), Estimated as cement  Mortar production, 5.0mpg, 100% Dowel slot cutter, two ~ Skid Steer site work ~ and LS Diesel,  Diesel for asa electricity Well-to-POU Well-to-POU engine, 600hp  engine, 100hp  Diamond
Dowel Bar 100% fronthaul, ~ 7.3mpg, 100% load, ~ and mortar mixer, 100 100% cement content, fronthaul, empty Average Steel 300hp engines, and slot material clean  at fueling nonroad Stationary ~ generation, at  Coal to Coal LPG Residual Oil, at Electricity at POU, surfacing surfacing Grinding
Retrofit empty backhaul  empty backhaul HP 3ksi backhaul production surfacing equipment up, 100 HP. station engines  Fuel, at POU Power Plant  Production  Production State ) process
Total Energy BTU 0.00E+00 -1.07E+06 -8.87E-02 -3.00E+05 -1.22E+07 -2.21E+06 -3.08E+08 -7.20E+07 -5.32E+06 -6.90E+05 -2.17E+07 -3.75E+04 -2.49E+04 -1.73E+04  -6.92E+04 -2.11E+02 -9.98E+03 -2.48E+06 -3.51E+07 -6.50E+06 0.00E+00
Fossil Fuels BTU 0.00E+00 -1.07E+06 -8.87E-02 -3.00E+05 -6.75E+06 -2.21E+06 -2.95E+08 -7.20E+07 -5.32E+06 -6.78E+05 -2.13E+07 -3.73E+04 -2.48E+04 -1.72E+04 -6.57E+04  -2.07E+02 -9.76E+03 -1.18E+06 -3.51E+07 -6.50E+06 0.00E+00
Coal BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -5.91E+06 0.00E+00 -1.25E+08 0.00E+00 0.00E+00 -1.22E+05 -3.84E+06 -1.25E+03 -8.20E+02 -5.07E+03 -2.13E404  -3.65E+01 -1.71E+03 -8.18E+05 0.00E+00 0.00E+00 0.00E+00
Natural Gas BTU 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -5.21E+05 0.00E+00 -1.60E+08 0.00E+00 0.00E+00 -2.32E+05 -7.38E+06 -3.38E+04 -2.24E+04 -6.92E+02 -8.18E+03 -7.32E+01 -3.55E+03 -3.57E+05 0.00E+00 0.00E+00 0.00E+00
Petroleum BTU 0.00E+00 -1.07E+06 -8.87E-02 -3.00E+05 -3.20E+05 -2.21E+06 -9.92E+06 -7.20E+07 -5.32E+06 -3.23E+05 -1.01E+07  -2.24E+03 -1.63E+03 -1.14E+04 -3.63E+04  -9.69E+01 -4.50E+03 0.00E+00 -3.61E+07 -6.50E+06 0.00E+00
CO, g 0.00E+00 8.31E+04 6.91E-03 8.44E+03 2.40E+06 1.72E+05 2.67E+07 2.59E+06 7.33E+04 5.45E+04 1.73E+06 2.73E+03 1.84E+03 1.52E+03 5.67E+03 1.74E+01 8.51E+02 1.10E+05 1.33E+06 2.43E+05 0.00E+00
co g 0.00E+00 1.91E+02 1.03E-05 4.77E+01 3.09E+03 3.94E+02 3.44E+05 8.98E+03 9.24E+02 4.42E+01 1.51E+03 4.10E+00 2.73E+00 2.15E+00 6.18E+00 1.89E-02 1.07E+00 2.63E+01 7.69E+03 1.82E+03 0.00E+00
NO, g 0.00E+00 3.92E+02 2.63E-05 9.68E+01 6.46E+03 8.10E+02 2.51E+04 2.42E+04 7.66E+02 1.49E+02 5.12E+03 1.17E+01 7.80E+00 1.20E+01 1.92E+01 6.72E-02 4.02E+00 9.68E+01 1.48E+04 2.21E+03 0.00E+00
SO, g 0.00E+00 1.05E+01 8.75E-07 0.00E+00 3.79E+01 2.18E+01 2.49E+04 0.00E+00 0.00E+00 7.39E+01 2.50E+03 6.02E+00 4.11E+00 5.87E+00 4.03E+01 2.90E-02 1.88E+00 2.32E+02 0.00E+00 0.00E+00 0.00E+00
CH, g 0.00E+00 1.66E+00 1.36E-07 0.00E+00 9.97E+01 3.44E+00 4.48E+04 0.00E+00 0.00E+00 3.45E+02 1.23E+04 1.02E+02 6.27E+01 9.75E+01 7.00E+02 1.68E-01 9.79E+00 2.34E+00 0.00E+00 0.00E+00 0.00E+00
PM, s g 0.00E+00 7.41E+00 6.46E-07 8.47E+00 4.18E-01 1.53E+01 1.53E+04 1.54E+03 1.40E+02 1.28E+01 4.09E+02 2.66E-01 1.76E-01 3.46E+01 2.48E+02 4.19E-03 2.10E-01 3.79E+00 1.01E+03 2.71E+02 0.00E+00
PMyo g 0.00E+00 8.05E+00 7.03E-07 8.73E+00 5.87E+03 1.66E+01 5.27E+04 1.59E+03 1.44E+02 3.27E+01 1.03E+03 4.49E-01 2.97E-01 1.39E+02 1.00E+03 1.02E-02 4.96E-01 6.93E+00 1.05E+03 2.79E+02 0.00E+00
SO, g 0.00E+00 0.00E+00 0.00E+00 8.43E-01 3.28E+03 0.00E+00 0.00E+00 2.59E+02 7.32E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.33E+02 2.43E+01 0.00E+00
N,O g 0.00E+00 2.14E+00 2.57E-07 0.00E+00 0.00E+00 4.42E+00 2.86E+02 0.00E+00 0.00E+00 8.97E-01 2.88E+01 4.46E-02 2.97E-02 2.63E-02 9.22E-02 3.01E-04 1.50E-02 1.63E+00 0.00E+00 0.00E+00 0.00E+00
VOC g 0.00E+00 3.60E+01 2.85E-06 1.13E+01 1.73E+02 7.43E+01 2.90E+03 1.93E+03 2.16E+02 2.57E+01 9.14E+02 3.00E+00 2.02E+00 6.27E+00 4.18E+01 1.30E-02 6.27E-01 2.08E+00 1.12E+03 2.72E+02 0.00E+00
Global Warming Potential gCo, 0.00E+00 8.38E+01 6.99E-06 8.44E+00 2.40E+03 1.73E+02 2.78E+04 2.59E+03 7.33E+01 6.20E+01 2.00E+03  4.90E+00 3.17E+00 357E+00  2.04E+01 2.11E-02 1.06E+00 1.11E+02 1.33E+03 2.43E+02 0.00E+00
Acidification moles H+ /g 0.00E+00 1.62E+01 1.10E-06 3.92E+00 4.27E+02 3.35E+01 2.27E+03 9.83E+02 3.11E+01 9.72E+00 3.32E+02 7.74E-01 5.21E-01 7.80E-01 2.82E+00 4.17E-03 2.56E-01 1.56E+01 6.01E+02 8.96E+01 0.00E+00
HH Criteria Air milli - DALYs/g 0.00E+00 2.57E-03 2.07E-10 2.13E-03 5.50E-01 5.31E-03 6.59E+00 4.04E-01 3.33E-02 4.84E-03 1.54E-01 1.00E-04 6.65E-05 1.65E-02 1.18E-01 1.58E-06 7.95E-05 1.32E-03 2.63E-01 6.62E-02 0.00E+00
Eutrophication gN 0.00E+00 1.74E-02 1.16E-09 4.29-03 2.86E-01 3.59E-02 1.11E+00 1.07E+00 3.39E-02 6.60E-03 2.27E-01 5.18E-04 3.46E-04 5.33E-04 8.51E-04 2.98E-06 1.78E-04 4.29E-03 6.58E-01 9.78E-02 0.00E+00
Photochemical Smog g NO, 0.00E+00 4.23E-01 2.87E-08 1.06E-01 6.64E+00 8.74E-01 3.21E+01 2.58E+01 9.47E-01 1.71E-01 5.89E+00 1.44E-02 9.60E-03 1.72E-02 5.40E-02 7.81E-05 4.55E-03 9.88E-02 1.58E+01 2.44E+00 0.00E+00
Transport by Heavy- Street sweeping truck Transport by Heavy- Diamond Diamond
Heavy Truck- class Transport by Medium- Street Sweeping Heavy Truck- class 8a Grinding Grinding
8aor8b(20ton  Heavy Truck-class 6 Auxilary engine. or 8b (20 ton cargo), Conventional Natural Gas Natural Gas for Machine (main machine (aux
1 lane-mile cargo), 5.0mpg,  or 7 (8 ton cargo), Estimated as cement Mortar production, 5.0mpg, 100% Dowel slot cutter, two  Skid Steer site work  and LS Diesel,  Diesel for asa electricity Well-to-POU Well-to-POU engine, 600hp  engine, 100hp  Diamond
Dowel Bar 100% fronthaul, ~ 7.3mpg, 100% load, ~ and mortar mixer, 100 100% cement content, fronthaul, empty Average Steel 300hp engines, and slot material clean  at fueling nonroad Stationary ~ generation, at  Coal to Coal LPG Residual Oil, at Electricity at POU, surfacing surfacing Grinding
Retrofit empty backhaul ~ empty backhaul HP 3ksi backhaul production surfacing equipment up, 100 HP. station engines  Fuel, at POU POU Power Plant ~ Production  Production POU State ) process
Total Energy BTU 0.0% 0.2% 0.0% 0.1% 2.6% 0.5% 65.9% 1.1% 0.1% 4.6% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.5% 7.5% 1.4% 0.0%
Fossil Fuels BTU 0.0% 0.2% 0.0% 0.1% 1.5% 0.5% 65.9% 1.2% 0.2% 4.8% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.3% 7.8% 1.5% 0.0%
Coal BTU 0.0% 0.0% 0.0% 0.0% 4.4% 0.0% 92.1% 0.0% 0.0% 0.1% 2.8% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.6% 0.0% 0.0% 0.0%
Natural Gas BTU 0.0% 0.0% 0.0% 0.0% 0.3% 0.0% 94.9% 0.0% 0.0% 0.1% 4.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.2% 0.0% 0.0% 0.0%
Petroleum BTU 0.0% 0.7% 0.0% 0.2% 0.2% 1.5% 6.9% 50.3% 3.7% 0.2% 7.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 4.5% 0.0%
CO, g 0.0% 0.2% 0.0% 0.0% 6.7% 0.5% 75.2% 7.3% 0.2% 0.2% 4.9% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.3% 3.8% 0.7% 0.0%
CO g 0.0% 0.1% 0.0% 0.0% 0.8% 0.1% 93.3% 2.4% 0.3% 0.0% 0.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 2.1% 0.5% 0.0%
INO, g 0.0% 0.5% 0.0% 0.1% 8.0% 1.0% 31.3% 30.1% 1.0% 0.2% 6.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 2.7% 0.0%
SO, g 0.0% 0.0% 0.0% 0.0% 0.1% 0.1% 89.5% 0.0% 0.0% 0.3% 9.0% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.8% 0.0% 0.0% 0.0%
CH, g 0.0% 0.0% 0.0% 0.0% 0.2% 0.0% 76.5% 0.0% 0.0% 0.6% 0.2% 0.1% 0.2% 1.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
PM, s g 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.5% 8.1% 0.7% 0.1% 2.1% 0.0% 0.0% 0.2% 1.3% 0.0% 0.0% 0.0% 5.3% 1.4% 0.0%
PM,o g 0.0% 0.0% 0.0% 0.0% 9.2% 0.0% 82.5% 2.5% 0.2% 0.1% 1.6% 0.0% 0.0% 0.2% 1.6% 0.0% 0.0% 0.0% 1.6% 0.4% 0.0%
SO, g 0.0% 0.0% 0.0% 0.0% 88.5% 0.0% 0.0% 7.0% 0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 3.6% 0.7% 0.0%
N,O g 0.0% 0.7% 0.0% 0.0% 0.0% 1.4% 88.3% 0.0% 0.0% 0.3% 8.9% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.5% 0.0% 0.0% 0.0%
[VOC g 0.0% 0.5% 0.0% 0.1% 2.2% 1.0% 37.5% 2.8% 0.3% 0.0% 0.0% 0.1% 0.5% 0.0% 0.0% 0.0% 3.5% 0.0%
Global Warming Potential g Co2 0.0% 0.2% 0.0% 0.0% 6.5% 0.5% 75.3% 7.0% 0.2% 0.2% 5.4% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.3% 3.6% 0.7% 0.0%
icati moles H+ /g 0.0% 0.3% 0.0% 0.1% 8.9% 0.7% 47.1% 0.6% 0.2% 6.9% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.3% 1.9% 0.0%
HH Criteria Air milli - DALYs/g 0.0% 0.0% 0.0% 0.0% 6.7% 0.1% 80.2% 4.9% 0.4% 0.1% 1.9% 0.0% 0.0% 0.2% 1.4% 0.0% 0.0% 0.0% 3.2% 0.8% 0.0%
Eutrophication gN 0.0% 0.5% 0.0% 0.1% 8.0% 1.0% 31.3% 30.1% 1.0% 0.2% 6.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 2.7% 0.0%
Photochemical Smog g NOx 0.0% 0.5% 0.0% 0.1% 7.3% 1.0% 35.1% 1.0% 0.2% 6.4% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.1% 2.7% 0.0%

98

98



Diamond Grind Demand and Scaling Vectors

f S
Scaling

Process Units Demand vector vector

1 lane-mile of highway Lane-miles 0.00E+00 -3.00E-17
Waste trucking ton-miles 0.00E+00 -1.35E-14
Street Sweeping truck ton-miles 0.00E+00 -7.20E-22
Street Sweeping aux. engine Operating hours 0.00E+00 8.68E-15
Mortar production yd3 0.00E+00 2.21E-16
Mortar transportation ton-miles 0.00E+00 9.60E+01
Dowel Bar production b 0.00E+00 -5.70E-13
Dowel slot cutting Operating hours 0.00E+00 -9.62E-16
Slot material clean up Operating hours 0.00E+00 -1.67E-16
Conventional and LS Diesel, at fueling station BTU 0.00E+00 2.07E-01
Diesel for nonroad engines BTU 0.00E+00 4.16E+01
Natural gas as a stationary fuel BTU 0.00E+00 7.75E-18
Natural gas for electricity generation BTU 0.00E+00 5.32E-18
Coal to power plant BTU 0.00E+00 1.22E-17
Well to POU, Coal Production BTU 0.00E+00 8.79E-17
LPG Production BTU 0.00E+00 2.54E-20
Residual oil production BTU 0.00E+00 1.51E-18
Electricity at POU , Washington BTU 0.00E+00 2.36E-17
Diamond Grinding Main engine Operating hours 0.00E+00 8.57E+00
Diamond Grinding aux engine Operating hours 0.00E+00 8.57E+00
Diamond grinding process Lane-miles 1.00E+00 1.00E+00
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Diamond Grind Inventory Vector

g

Result
-4.940E+07
-4.926E+07
-1.347E+06
-2.588E+06
-4.532E+07
2.200E+06
1.008E+04
1.892E+04
8.782E+02
4.308E+03
1.429E+03
1.689E+03
1.575E+02
1.050E+01
1.722E+03

Total Energy
Fossil Fuels
Coal
Natural Gas
Petroleum
CO,

CO

NO,

SO,

CH,

PM; 5

PMyo

SO,

N,O

VOC

Unit
BTU
BTU
BTU
BTU
BTU

Q Q@ @ @ Q @ @ @ Q@ «Q
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