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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in. inches 25.40 millimeters mm
ft. feet 0.3048 meters m
yd. yards 0.9144 meters m
mi. miles 1.609 kilometers km
AREA
in? square inches 645.2 square millimeters mm?
ft2 square feet 0.09290 square meters m?
yd? square yards 0.8361 square meters m?
ac. acres 0.4047 hectares ha
mi? square miles 2.590 square kilometers km?
VOLUME
fl. oz. fluid ounces 29.57 milliliters mL
gal. gallons 3.785 liters L
ft3 cubic feet 0.02832 cubic meters m3
yd3 cubic yards 0.7646 cubic meters m3
MASS
oz. ounces 28.35 grams g
Ib. pounds 0.4536 kilograms kg
T short tons (2000 pounds) 0.9072 metric tons t
TEMPERATURE (exact degrees)
°F Fahrenheit (F-32)/1.8 Celsius °C
FORCE and PRESSURE or STRESS
Ibf pound-force 4.448 newtons N
Ibf/in? pound-force per square inch 6.895 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.03937 inches in.
m meters 3.281 feet ft.
m meters 1.094 yards yd.
km kilometers 0.6214 miles mi.
AREA
mm? square millimeters 0.001550 square inches in?
m? square meters 10.76 square feet ft2
m? square meters 1.196 square yards yd?
ha hectares 2.471 acres ac.
km? square kilometers 0.3861 square miles mi?
VOLUME
mL milliliters 0.03381 fluid ounces fl. oz.
L liters 0.2642 gallons gal.
m3 cubic meters 35.31 cubic feet ft3
m3 cubic meters 1.308 cubic yards yd3
MASS
g grams 0.03527 ounces oz.
kg kilograms 2.205 pounds Ib.
t metric tons 1.102 short tons (2000 pounds) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
FORCE and PRESSURE or STRESS
N newtons 0.2248 pound-force Ibf
kPa kilopascals 0.1450 pound-force per square inch Ibf/in?

*Sl is the abbreviation for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised April 2021)
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PROJECT OBJECTIVES

This project is part of Partnered Pavement Research Center Strategic Plan Elements (PPRC SPEs) 3.46,
“Environmental Life Cycle Assessment Tool for Project-Level Use,” and 3.55, “Implementation of
Environmental Life Cycle Assessment (LCA) Data and Models for Project-Level Use in the eLCAP
Software.” The coding and software development were partially funded using internal University of

California Pavement Research Center (UCPRC) funds.

The objective of Project 3.55 is to continue the development of a web-based online pavement LCA tool
that uses California-specific datasets for energy and material and that follows Caltrans construction
practices. The tool will be updated using information developed by the UCPRC for Caltrans in previous
projects (4.66: Environmental Life Cycle Assessment Updates and Applications and 4.73: Fast Model
Energy Consumption Structural Response) and the companion project in the current contract (4.80:
Environmental LCA Updates and Applications). The tool will be consistent with the Federal Highway
Administration (FHWA) Pavement Life Cycle Assessment Framework and the work of federal agencies

(including FHWA) in the Federal Commons initiative.

The data and procedures in eLCAP will be updated for use at the conceptual-level design and project-level
design stages. User interfaces and documentation for the tool will also be updated based on user feedback.
eLCAP will also be further updated so it is compatible with how PaveM calculates roughness performance
and greenhouse gas (GHG) emissions and other LCA updates that may be made in PaveM. The work will
include an outside critical review of the tool itself (the inventories and models will be subject to a formal

outside critical review as part of Project 4.80).

The objective of Project 3.55 will be achieved by completing its following tasks:
Task 1: Update eLCAP with improved and new models at every pavement life cycle stage.
Task 2: Implement a conceptual design-level module for roadway analysis.
Task 3: Update the user interface and system requirements.
Task 4: Implement eLCAP after review and testing by UCPRC and Caltrans.
Task 5: Submit the tool for outside critical review and respond to comments.

Task 6: Update the software, software documentation, and help system.

This technical memorandum is one deliverable satisfying Task 6. It should be noted that the eLCAP
software discussed and depicted in this technical memorandum represented the most recent version of the
software available at the time of the writing. However, as the development of eLCAP is continual, the

software’s functions, user steps, and/or interface may be different at a later date.
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1 OVERVIEW

1.1 Need for eLCAP

The California Department of Transportation (Caltrans) has a growing need to be able to quantify its
greenhouse gas (GHG) emissions and the other environmental impacts of pavement operations, and to
consider GHG and those other impacts in pavement management, conceptual design, design, materials
selection, and construction project delivery decisions. Caltrans also needs to be able to evaluate the life
cycle environmental impacts as part of policy and standards development. All these tasks can be performed
using life cycle assessment (LCA), though there are different constraints and requirements with respect to

the scope of the LCA and the data available for each of these different applications.

Caltrans currently uses the PaveM asset management software for pavement management. This software
includes models for roughness, in terms of the International Roughness Index (IRI), that are used with
previously developed life cycle inventories (LClIs) to calculate GHG emissions at the network level for

planned scenarios of treatments versus “do nothing.”

Caltrans is also currently using a spreadsheet-based LCA tool from the Federal Highway Administration
(FHWA) called the Infrastructure Carbon Estimator (ICE) (1) to obtain an estimate for GHG production
at an earlier stage in project development' than what environmental Life Cycle Assessment for Pavements
(eLCAP) operates at for the purposes of planning and early conceptual project evaluation. /CE functions at
the corridor or higher level with very little input by the user. At the national level, researchers—including
from the University of California Pavement Research Center (UCPRC)—have recently developed a
spreadsheet-based LCA tool for the FHWA called LCA Pave that can be used by state transportation
departments and contractors to perform project-level pavement LCAs (2,3). An effort was made to collect
publicly available data to build libraries (material, construction equipment, transportation) in the tool. The

data and models used to build the tool are mainly based on US averages.

There is a need for an LCA tool that models the details of the construction and maintenance life cycle of a
pavement project at the conceptual-design stage or later in the project-design process. In addition, there is
aneed for a project-level LCA tool that uses LClIs specific to the materials and equipment typically used in
California and by Caltrans. To address these needs, the web-based software eL CAP was developed. eLCAP
is being designed so that it can also produce conceptual project-level evaluations with California-specific

data in the future.

! ICE is intended to inform planning and pre-engineering analysis.
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1.2 Overview of eLCAP

eLCAP is a project-level life cycle assessment tool that uses California- and Caltrans-specific life cycle
inventories and processes. eLCAP performs a formal mass-balancing procedure (discussed in Section 2.1)
on a pavement LCA project model and then computes 18 different impact category values (identified by
their variable names), among which are Global Warming Potential (GWP), Human Health Particulate Air,
Acidification, and different forms of Primary Energy. eLCAP also generates a detailed Microsoft Excel
report file to display graphs and tables of results.

eLCAP models the life cycle history of a pavement project by allowing a user to specify any number of
construction-type events, occurring on a user-specified date, followed by an automatically generated Use
Stage event that begins immediately afterward and lasts until the next construction-type event or the end-

of-life date.

Construction-type events require user input specifications for materials (e.g., hot mix asphalt [HMA],
portland cement concrete [PCC], aggregate base [AB], and in-place recycled [IPR] materials) and their
associated quantities; transport types and their associated distances; and construction equipment
(e.g., pavers, rollers, lighting) and their associated times of operation. eLCAP has built-in library versions
for these processes based on California and Caltrans practices. These library-based processes allow a user
to analyze a specific pavement project or create a user-defined process based on library versions and then
customize the amounts and sources of inputs that go into that user-defined process. For example, the library
process for Electricity Grid Mix uses 43.4% from Natural Gas, but a user can create a user-defined
Electricity Process, based on the Electricity Grid Mix library process, which instead uses 20% from Natural
Gas. Further, any custom, user-defined process setup—either by using the Manage User Processes page or

within a project—becomes available globally to that user for any project.

Use Stage-type events, which are automatically generated for each user-defined construction-type event,
have a start date immediately after the end of the construction event and an end date specified by the user.
Currently, eLCAP is limited in that it only computes GHG for the Use Stage, using baseline fuel
consumption for a very smooth pavement and excess fuel consumption from pavement roughness (in terms
of the IRI). The tool models the environmental effects of “using” the pavement project by computing the
GHG from traffic (cars and trucks) driving over the pavement during the time span of the Use Stage and

including the effects of increasing the IRI and traffic with time.

Users interact with eLCAP via a web browser that accesses its user interface (UI). The main UI web page
contains the controls necessary to define the life cycle of a pavement project: Construction,

Maintenance/Rehabilitation, Materials, Transport, and Equipment. Data for a pavement project are grouped
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into a project trial; there can be an unlimited number of project trials for a project, and a user can have an

unlimited number of projects. All user data are stored in a database, currently SOL Server.

In addition, a user can save the data for a project trial to a local hard disk in a “json”-formatted file. These
downloaded files can act as a backup to the user database or as project documentation; they can also be

uploaded to eLCAP for processing.

1.3  Basic Results

One of the many objectives of eLCAP is to make the complicated process of LCA modeling and analysis
as simple as possible. Another objective is to provide specific and easy-to-understand results. To that end,
eLCAP generates an Excel spreadsheet that contains bar and pie charts for 18 impact categories, broken
into the following categories: Material Production, Transport, Construction Equipment, and Construction.
This report is generated for each construction-type event defined in the life cycle. The Excel spreadsheet

also contains data tables for these categories’ impacts.

eLCAP generates several other, lower-level reports for each construction-type event:
e Detailed process-level results from the balancing operation (see Section 2.1), showing scaled input
and output flows for every process in the pavement project model
e The input and output flows for the LCI for the pavement project
e The flows, the characterization factor, the LCI amount, and the resulting flow potential amounts
for each impact category for each stage (e.g., Material Production) and for each impact method

(e.g., TRACI 2.1, Primary Energy).

For Use Stage events, eLCAP generates a detailed report containing the following information for each lane
in a route segment for each year of analysis in the Use Stage duration:

e Truck lane distribution factor

e Traffic volumes (cars and trucks)

e Equivalent single axel loads (ESALs)/year (for use in selecting IRI performance model parameters)

e ESAL category (for use in selecting IRI performance model parameters)

e |RI performance model parameters

e [RI

e GHG
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1.4 Users

eLCAP has been designed using Caltrans terminology, units (with metric equivalents), and, to the extent
possible, California-specific inventories reflecting Caltrans practices. This Caltrans version of eLCAP can
be used for applications for other agencies, with these assumptions in mind, and can serve as the basis for

customization for other agencies and other applications beyond California streets, roads, and highways.

eLCAP is designed to be used by engineers and planners who do not have extensive detailed knowledge of
pavement materials, construction, transportation, use, and end-of-life treatments. For these users and for
users with deeper knowledge working on projects for which very detailed information is not available,
default data are available for the typical materials and processes used in California. eLCAP is also designed
to be used by more advanced users with highly technical knowledge about pavements by allowing them to
change processes; select more detailed descriptions of materials; and use their own materials designs,
equipment orders of work, and traffic data. Advanced users with more in-depth knowledge about the inputs
to pavement and LCA can develop their own material mix designs and electricity mixes; add or remove

equipment and transport vehicles; add or edit hours per equipment use; and adjust other inputs.

As every project is unique, users will have to define the goals and scopes of their projects before running
any analyses in eLCAP. The goal and scope include creating and providing a description of the project,
identifying the location of the project, defining the dimensions of the road, and inputting the analysis period

before even inputting the details of the life cycle stages.

1.5 Future Directions
Currently, eLCAP has 58 specific LCls (exported from GaBi [Ganzheitliche Bilanz, or GaBi, is the LCA
software from thinkstep AG® which is now owned by Sphera®]) and 43 user-addressable processes
grouped into 21 types of models, such as HMA, PCC, Electricity, Paver, and Grinder (see Appendix A) for
construction-type events (Materials and Equipment) and a Use Stage that computes GHG as a function of
the IRI and traffic. The following are potential enhancements being considered for future versions of
eLCAP:

e Additional materials

e Additional transports

e Additional pieces of equipment

e Use Stage to include mean profile depth and pavement deflection

e Additional impact categories for the Use Stage

e Comparisons by users of one Project Trial to another Project Trial
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e ¢LCAP functioning at the conceptual project-level evaluation stage, similar to the FHWA’s ICE
tool (1)
e Updating of eLCAP database libraries with publicly available data

1.6  Software Ownership, Hosting, and Management

eLCAP is a MicrosoftASP.NET/C# web application owned by the Regents of the University of California.
The HTML (ASPX pages) and C# source files (and other support files, such as the Highway Log) are
currently hosted on the servers of the UCPRC. The contractual agreement between Caltrans and the
University of California allows Caltrans to move the hosting to a Caltrans web server at any time, gives
Caltrans unlimited California state government use, and gives Caltrans the ability to modify the source code

to create new state-owned software.

1.7 Notes on This Technical Memorandum
The third-party critical review statement of the web-based eLCAP software and two accompanying
documents, this technical memorandum and an LCI technical memorandum (4), is available in Appendix B

of this document.?

It should also be noted that the eLCAP software discussed and depicted in this technical memorandum
represented the most recent version available at the time of the writing. However, as the development of

eLCAP is continual, the software’s functions, user steps, and/or interface may be different at a later date.

2 A PDF document with the complete list of critical review panel comments is available to download at:
https://escholarship.org/uc/item/9f5181j1#supplemental.
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2 BALANCING, MODEL GENERATION, AND ASSESSMENT

eLCAP’s main function is to simulate (i.e., to model) the life span of a pavement section (i.e., a project) so
it can be used to compute the environmental effects of traffic and of construction and maintenance (Use
Stage). The software does this so that users can make informed decisions on the best course of action to
pursue to minimize harmful environment effects and maximize pavement performance over the long term.
This is important because sometimes what initially sounds like a good idea may turn out differently when
all the processes in the life cycle—including extraction and production of materials, materials
transportation, construction equipment use, maintenance, use, and end-of-life—are taken into

consideration.

2.1 Balancing

eLCAP models a real-world pavement project as a series of unit processes or LCls, with the output “flow”
of one unit process or more going into another unit process as an “input” flow or flows, as Figure 2.1
illustrates. A unit process generates a unit amount of product flow (e.g., 1 kg of HMA). Each unit process
has many inputs and outputs, and the outputs can be categorized as the main product flow and/or one or

more emission flows.

Input 0.7 Output
Flows > . Flows
03 Unit Process [
— 1.0

YYYYYY

Emission Flows

Figure 2.1: A unit process.

The eL CAP database currently contains over 50 different unit processes with over 1,600 different flows. A
typical eLCAP-modeled pavement project may include several hundred-unit processes for one construction-
type event, and there may be many construction-type events in the overall life cycle. These collected unit

processes form the LCA balance model for the construction-type event.
Each unit process has input quantity requirements. For example, an HMA unit process needs to have 0.06 kg

of bitumen and 7.63e-3 MJ to produce 1.0 kg of HMA. Similarly, a pavement project unit process may
need to have 100,000 kg of HMA (that is, it has an input quantity requirement of 100,000 kg of HMA).
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Since each unit process generates a unit of product, a “scaling” or “balancing” procedure needs to be
performed to get the final balance model in balance (an example is shown in Figure 2.2). This process starts
at the pavement project unit process and traverses/climbs upstream for each input flow for each unit process
in the model. All flows for a particular unit process are scaled by the quantity requirement of the unit process
downstream. eLCAP accomplishes this balancing procedure by using a programming technique called

recursion.

Input
Flows
0.7 Output
—p‘ Unit P -2 Flows Inpat
03 nit Process p - | e
—P 1.0 "
I 0.7 Output
S— p ——> Flows
¢¢¢¢¢¢¢ 0.3 Unit Process-1 — >
—_—p X
Emission Flows
Balancing results in all flows for Unit Process-2 being Emission Flows

multiplied by 0.7 since that is the input requirement
for Unit Process-1.

Figure 2.2: Two-unit process with scaling.

Once this balancing process is complete, each input flow type (e.g., CO,) for each process is summed. The
same is done for the output flows, starting at the pavement project and traversing/climbing upstream for
each input flow. The result of this summation process is an LCI for the pavement project that reflects all

upstream effects.

The final step is to compute the results for the various impact categories. eLCAP computes 18 different
impacts, most of which are based on the US Environmental Protection Agency’s Tool for Reduction and
Assessment of Chemicals and Other Environmental Impacts (TRACI 2.1) (5). Each impact category
consists of a list of relevant flows, each with a specific “characterization” factor (e.g., for GWP, CO; has a
factor of 1.0 and CH4 has a factor of 25.0). The flows for the final LCI for the pavement project are used to

compute the impact results for the Construction Stage.

From the above discussion, it is evident that the building blocks of any LCA are processes and the flows
into and out of those processes. Another way to state this is that the building block of any LCA is data.
Specifically, if process-level data are representative of what is being modeled (e.g., a pavement project),
then the LCA should result in a good estimate of the environmental impact of what was included in the

LCA. But if the process-level data are not representative—if perhaps some of the data are for industries

UCPRC-TM-2018-04 7



from a different county because “local” data are unavailable—then the LCA will not result in realistic

assessments of what is being modeled.

The next sections discuss the various data items in an eLCAP LCA: processes, flows, and models.

2.2 Process Data

As previously mentioned, the basic building block of any LCA is the unit process, in which an object has
material input needs and produces a product and emissions (i.e., output items). High-quality representative
process-level data are key to obtaining representative results since LCA is basically an accounting

activity—that is, data items (flows) are simply multiplied by factors and then added up.

eLCAP has over 50 unit processes in its database. This dataset was created using basic LCI data from GaBi
(6) and tailoring them to the California environment. Some of the foreground data have also been acquired
from the literature. The result is that the unit processes in eLCAP have been designed for LCA users in
California. The development of the datasets that are used in eLCAP are explained in detail in the UCPRC
LCI report (2).

Data from environmental product declarations (EPDs) cannot be used in eLCAP at this time. Material and
mix EPDs do not provide mix design information or any foreground data (on energy use, for example).

Therefore, they cannot be modeled or used in eLCAP.

2.2.1 Description and Format
A file format was developed for eLCAP to capture the data associated with a unit process so its database
can be populated. The following data items are contained in a process definition file:
e Name of the process
e Description of the process
o Kind of process (as used in GaBi) (5)
o “u-so0”: a single operation process that does not reflect any upstream effects
o ‘“agg”: a process that reflects all upstream effects
e Flows (see Section 2.3)
o Name of the flow
o 10 type: input or output
o Amount
o Unit
o Ifthe flow is the product flow

o Name of a parameter if the amount is arrived at via a calculation
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e Parameters
o Name of the parameter
o Comments
o For “Free” or constant parameters
*  Value
o For “Fixed” or formula-based parameters
= A formula/equation

o Units

A separate application was created to process these process definition files and to insert the unit process

into the eLCAP database. The following shows sample lines from a process definition text file:

//Free parameters (constants)

Parameter, Name=Agg Crushed, Comments="percentage of crushed aggregate", Value=47.0, Unit=%

//fixed parameters (formula based)

Parameter, Name=Agg Crushed norm, Formula="(Agg Crushed/100.0) * Output total", Comments=""

FlowItem, FlowName=Crushed stone [UCPRC Flows], IO=Input, Amount=0.0, Unit=kg,
IsReferenceFlow=false, ParameterName=Agg Crushed norm

FlowItem, FlowName="Hot Mix Asphalt (HMA) [UCPRC Flows]", IO=Output, Amount=1.0, Unit=kg,

IsReferenceFlow=true, ParameterName=Output total

2.2.1.1 Process Type: “agg”

An aggregated process or “agg”’-type process is one that has all upstream effects included in it. It can be
considered a “leaf” node in the balance model since nothing is upstream from it. Based on the scope of the
study, it can be a cradle-to-gate process or a cradle-to-grave process; all environmental flows (inputs and
outputs) caused by the reference flow for the product are included. Because it is aggregated, it does not
describe which upstream processes are responsible for the flows. The “Crude Oil (agg)” process in
Figure 2.3 is an “agg”-type process, which has no input flows shown. Further, once all the input flows to
an “agg”’-type process have been aggregated, it is impossible to disaggregate them back into the processes
used to build the “agg”-type process. An “agg’-type process, exported from GaBi, typically has several
hundred input and several hundred output flows since all flows from upstream processes have been

aggregated into it.
From a user perspective, this type of process is the least flexible since it cannot be customized. But

practically speaking, there must be “agg”-type processes at some point going upstream in the LCA model.

The point where they appear depends on the sources of data and level of effort required to get the data.
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2.2.1.2 Process Type: “u-so”

A unit process-single operation or “u-so”-type process is one that does not include any upstream effects; it
has input flows that need to be connected to upstream models. It is the smallest element in the life cycle
impact assessment (LCIA) for which input and output flows are quantified, and it is commonly referred to
as unit process. The “Crude Oil Refinery (u-so)” process in Figure 2.3 is a “u-so”-type process. A “u-so”-
type process exported from GaBi typically has a handful of input flows and very few output flows: the main

product flow and a few emissions flows.

A “u-s0” process is more flexible than an “agg”-type process since it allows flow-based connections to
upstream models and thus permits an eLCAP user to customize the “u-so” process by changing the amounts

of flows into the process and the actual source of the flows.

2.2.1.3 Parameters

The parameters “Free” and “Fixed” were added to the process definition file to add flexibility to them since
sometimes flow amounts for a unit process are not constant but are a function of several parameters. For
example, diesel consumption for a Transport is a function of miles per gallon, maximum payload, and the
utilization ratio. A user could compute an amount to use for the flow, but changing the parameters is more

intuitive and straightforward.

Parameters are either “Free” or “Fixed.” Free types are simply named constants to make the process

definition file self-documenting. Fixed types are based on a formula.

2.2.2  GaBi-Generated Processes

Most of the Unit Processes in the el CAP database are the result of their first being modeled in GaBi, tailored
to California’s needs, and then taken through an export process that generates an Excel file. In arriving at a
unit process in this way, minor manual modifications are made to the Excel file, which is then saved as a
CSV file. As noted above, a separate application processes these GaBi-exported files and generates process
definition files. Flow definition files (see Section 2.3) are also generated during this processing. The list of

items in eLCAP for the energy and material processes are shown in Appendix C.

2.2.3  Manually Created Processes

eL.CAP also has about 15 process definition files that are manually generated. These are necessary for unit
processes that consist entirely of inputs and a single product output, such as AB (aggregate base). In this
way, the manually generated unit process acts as a basic aggregator of input flows and does not generate

any emissions itself.
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2.3 Flow Data
Intimately associated with the unit process previously discussed are flows. Flow objects are used to model
the flows of materials and emissions. Flows connect the input items of one unit process to the outputs of

another unit process.

2.3.1 Description and Format
A file format was developed for eLCAP to capture the data associated with a flow so the application’s
database can be populated. The following data items are contained in a flow definition file:

e Name of the flow

e Description of the flow

e Reference Quantity (e.g., mass)

e Reference Unit (e.g., kg)

e Flow Property (used to convert a referenced flow in a unit process to units different from those

used to define the flow)

2.3.2 GaBi-Generated Flows

Flow definition files are generated from the processing of GaBi-exported unit-process CSV files. Currently,
over 1,600 flows have been generated from the GaBi-export process. The input and output flows for
processes taken from GaBi cannot be generated by users in eLCAP because of the license agreement

between thinkstep AG and the University of California, Davis.

2.3.3  Manually Created Flows
eL.CAP also has about 25 flow definition files that are manually generated. This is necessary for unit
processes that have a manually generated process definition file since the output flow for the process, the

product flow, needs to be created for the aggregator-type process.

2.4 Models
The third concept used by eLCAP to build its LCA database is the model. An example model is shown in
Figure 2.3 for “Crude Oil Refinery.” The figure shows that a model consists of a main unit process that

produces the product (“Crude Oil Refinery [u-so]”) with a series of input flows.

The input flows can be satisfied by either “agg”-type unit processes or by another model. In the figure, the

“agg”-type unit processes are represented by “Crude Oil (agg),” “Transport Ocean (agg),” and “Transport
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Barge (agg),” which all have upstream effects included in them. The other input flows in the figure are
connected to the outputs of other models (Natural Gas (Boiler), Electricity, Residual Fuel Oil, and Liquefied
Petroleum Gas). Connecting an input flow to another model allows users to customize the upstream model

in the UL Users cannot customize an “agg”-type unit process.

| Crude Oil Refinery Model |

—Natural Gas (Boiler)—J»
Electricity——)>|

——Residual Fuel Oil—)»|

—Liquefied Petrolem GasJp>

Crude Oil I Crgit;le ~Bitumen»

(age) Refinery

(u-so)
Transport
Ocean —r>

(ags)

Transport

Barge /_>

(ags)

Figure 2.3: Example eLCAP model.

2.4.1 Description and Format
Model definition files contain named references to unit processes, flows, and other models. Model definition
files are processed into eLCAP memory at program start up. The following data items are contained in a
model definition file:
e Name of the model
e Description of the model
e Named references to unit processes
e For a named reference that has input items (e.g., “Crude Oil Refinery[u-so]”) in Figure 2.3:
o A named reference to a model
o A named reference to a process in that model

o A named reference to a flow in that process (this is usually the output product flow)

2.4.2  User-Defined Models
A material mix design is represented by a model, and eL CAP users add mix designs (e.g., HMA and PCC)
with a specific output quantity (e.g., 1000.0 tons) for a specific life cycle event. eLCAP has many built-in

library mix designs that are available to the user. Users can create a user-defined mix design (a custom mix

12 UCPRC-TM-2018-04



design model) if the available library of mix design models does not satisfy a project requirement. For
example, if the user needs to have an HMA mix design using a certain amount of electricity that is different
than one of the library HMA models, the user can create a user-defined mix design model based on an
existing HMA library model and change the amount of electricity input flow. (See Section 4.5 for a

discussion on defining a user-defined mix design model.)

2.5 Processing and Generation of the LCA Database
The left side of Figure 2.4 shows the processing procedure carried out to generate the eL CAP LCA database.
The steps in the procedure are as follows:
1. An LCA expert at the UCPRC builds a California-specific model in GaBi and exports flows for the
main process in the model.
2. A separate software tool developed by the UCPRC, DB Gen, is used to process the GaBi-exported
CSV files; this software tool reads these files and generates process and flow definition files.
3. DB Gen is next used again to process the generated process and flow definition text files and also
the manually generated definition and flow files.
4. The above steps result in an XML database file that eLCAP loads when the application starts up. It
has a structure shown at the center of Figure 2.4.
5. Model definition files are created. All sources of LCA data are now available for eLCAP.
6. A user accesses eLCAP via a web browser. eLCAP reads the LCA XML database file into memory
and also reads and processes the model definition files into memory.
7. The structure for the in-memory version of the XML database file mimics the structure of the XML
file.
8. When a user requests that an analysis be performed, eLCAP builds the balance model (see
Section 2.1), balances it, and then computes the LCI for the construction-type event and the impact

factors for it.

2.6 Model Generation

When a user requests that an LCA be performed, eLCAP starts a loop over all the LcaEvents (see
Section 4.6.2) in the life cycle defined by the user. The first step in that loop, for each LcaEvent, is for user
data to be translated into an LCA model via a model generation activity. This activity is simple for a Use
Stage LcaEvent but complex for a construction-type event. Before the model generation activity, eLCAP
must perform some initial/preparatory work to assist the Use Stage procedure: the tool converts the

pavement project location on a route to a series of lane-based segments that have traffic (cars, trucks), a

UCPRC-TM-2018-04 13



WIM group, a value for ESALs, and a selected climate for each segment. This is necessary because the Use

Stage has performance models that require these data.

2.6.1 Construction-Type Event

Figure 2.5 shows part of a construction-type model used to build the balance model. The process starts at

the pavement project model, considers each named reference to a process, gets the actual process from the

database, copies it, and adds it to the list of processes that will become the balance model. For each input

flow for the process that produces the output product, the model that is referenced is obtained and the same

process is followed. This continues until there are no more upstream models to address. A recursive

implementation is used for this complex procedure. Once the balance model has been constructed, it can be

balanced as discussed in Section 2.1.
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2.6.2 Use Stage Event

The model generation step for a Use Stage event is much simpler than for a construction-type event. The
current Use Stage model computes the GHG generated from traffic driving over the pavement project for
some user-defined time period. The GHG procedure used for this computation includes the effects of
increasing IRI (and traffic) over time, so the Use Stage model-generation step obtains appropriate IRI
performance model parameters for each lane segment based on Pavement Type, Treatment, Climate Zone,

and ESALSs (see details in Section 2.7.2).

2.7 Assessment (LCIA)
eLCAP internally generates an appropriate set of 18 LCA impacts (e.g., GWP, primary energy) associated
with several LCA methods (e.g., TRACI 2.1 [4]) to allow the user to make decisions on the environmental

effects of a pavement project over its life cycle. No user involvement is necessary.

eLCAP includes two methods for computing impact factors:
1. A method based on a list of flows with an associated characterization factor

2. A method based on a performance model (currently, an IRI model is the only one available)

eLCAP uses the first method for all impacts generated for construction-type LcaEvents, meaning all
materials, construction, maintenance, and end-of-life processes. The second method is used for calculation
of the GHG (GWP) emissions from pavement vehicle interaction associated with roughness in the use stage
(the variable Use Stage-type LcaEvents), the only impact considered by eLCAP for the use stage at this

time.

2.7.1  Flow-Based Impacts

As part of the balancing procedure in the balance model, the LCI for appropriate processes (see the
following discussion) is generated using the methodology described in Section 2.2. The LCI flow list for a
process and the list of flows (and characterization factors) for a particular impact of the process are used to
compute the impact by simply matching up the flow names between the two lists, getting the balanced
model LCI flow amount (which includes all upstream effects), multiplying it by a characterization factor,

and summing over all flows defined for the impact.

The “appropriate processes” referenced previously are those that are needed for reporting to the user, such

as Construction and Material Production processes. The stages that appear in the following list illustrate the
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hierarchy of stages and processes for the examples shown (this is not a complete list of all the processes in
eLCAP). Some of the stages are normally associated with LCA, such as Material Production, and others are
“virtual” stages used to obtain the impacts computed for reporting purposes. Recycled materials that are
not allocated impacts do not have materials production processes; they only have construction and transport
processes. Reclaimed asphalt pavement (RAP) and recycled concrete aggregate (RCA) handling in eLCAP
is explained in the UCPRC LCI report (6) and summarized in Table A.1 and Table A.2 in Appendix A of
this report.

1. Construction Stage
a. The Pavement Project Process
2. Material Production Stage
a. HMA Process
b. PCC Process
c. AB Process
3. HMA Production Stage
a. HMA Process
4. HMA Aggregate Stage
a. Crushed Aggregate Process
b. Natural Sand and Gravel Process
5. HMA Bitumen Stage
a. Bitumen Process
6. HMA Energy Stage
a. Electricity Process
b. Natural Gas Equipment Process
c. Diesel Equipment Process
7. PCC Production Stage
a. PCC Process
8. PCC Aggregate Stage
a. Crushed Aggregate Process
b. Sand and Gravel Process
9. PCC Cement Stage
a. Cement Process
10. PCC Energy Stage

a. Electricity Process
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b. Natural Gas Equipment Process
c. Diesel Equipment Process
11. Aggregate Base Production Stage
a. Aggregate Base Process
12. Aggregate Base Crushed Agg Stage
a. Crushed Aggregate Process
13. Aggregate Base Natural Agg Stage
a. Sand and Gravel Process
14. Transport Stage
a. Transport Process
15. Construction Equipment Stage
a. Paver Process

b. Roller Process

As shown, this list has 15 stages and many processes. There are many more stages and processes for other
materials and equipment in eLCAP. Computing LCIs for a process is a computer-intensive activity since
eLCAP needs to recursively climb the upstream tree, starting from a particular process and considering all

the input flows into that process.

2.7.2  Performance Model-Based Impacts

eLCAP computes a single impact factor for Use Stage-type LcaEvents: GHG. Calculating that impact factor
is done using an equation that accounts for traffic loads in each lane segment (cars and trucks) and uses an
IRI performance model that predicts the increase of IRI over time (age from the date a treatment was
applied). Details of the development of these equations are provided in the reports by Wang et al. (7,8,9).
The approach that Wang et al. took to develop the use stage model for pavement LCAs was to first calculate
the rolling resistance through the HDM-4 rolling resistance model (using pavement roughness and
macrotexture and their effects on fuel use from National Cooperative Highway Research Program Report
720 [10]), and then use the resulting rolling resistance results in the vehicle tailpipe emission model MOVES
(MOtor Vehicle Emission Simulator) to get to the final vehicle emissions.> MOVES was developed by the
US Environmental Protection Agency (17). A flow chart that shows the steps and parameters to calculate

the effect of rolling resistance on vehicle fuel consumption is shown in Appendix D. The large set of

3 MOVES only gives tailpipe emissions (pump-to-wheel). Therefore, Wang et al. (9) used the GREET (Greenhouse
gases, Regulated Emissions, and Energy use in Technologies) Model to add the well-to-pump emissions for the
vehicle fuels to get life cycle emissions (well-to-wheel).
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equations generated for different traffic speeds (congested, uncongested), road gradients, and other

variables was simplified to equations for cars and trucks with different numbers of axles (two, three, four,

and five or more) operating at constant highway speeds on roads with no vertical gradient.

Currently, eLCAP only calculates GHG emissions, mainly because MOVES only provides limited tailpipe

emissions inventory for the combustion of fuels in the vehicles. Excess fuel consumption may also be

caused by pavement structural responsiveness to different vehicle weights, which was also not modeled

during the development of the GHG equations due to unavailable structural response models. In the near

future, the UCPRC plans to update the GHG equations and expand eLCAP boundaries to include other

midpoint indicators as well such as the structural response model in the Use Stage.

The equation for calculating GHG emissions from vehicles in each year is:

GHGi,,.... (IRI) = (IRI x RoughnessFactor,,, + Const,,, )x CarVolumeLane ix LaneMile

+(IRI x RoughnessFactor, ,,, + Const, ,.,, ) x 2 AxleVolumeLane i x LaneMile
x 3 AxleVolumeLane i x LaneMile

+(IRI x RoughnessFactor, , ,,

+ (IRI x RoughnessFactor, ., + Const, ;)
( + Const, ,,,, ) x 4 AxleVolumeLane ix LaneMile

+(IRI x RoughnessFactor; , ,, + Const; ., ) x5 AxleVolumeLane i x LaneMile

The variables used in the GHGyenicle €quation are described in Table 2.1. The values for RoughnessFactor

and Const used in the GHGyenicle €quation are shown in Table 2.2. The emissions from this equation are

summed over the analysis period (from the end of a construction-type event to the start of the next

construction-type event) using the IRI predicted for the pavement at the middle of each year.

UCPRC-TM-2018-04
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Table 2.1: GHG Equation Variable Definitions

GHGVehicle GHG emissions from all vehicles in Lane 7 in a single year (metric tons of CO»-e)

IRI IRI of the segment in Lane i (m/km), 1 m/km = 63 in./mi.

LaneMile Total lane-miles of that lane in the segment (lane-mile)

RoughnessFactor Averaged coefficient to convert the IRI to GHG emissions for cars and trucks due
to rolling resistance; the unit is metric tonnes of CO-¢/(IRI [m/km] x mi.)

Const Constant term in the equation, representing the GHG emissions due to other types

of resistance that the energy needs to resist; the unit is metric tonnes of CO,-e/mi.)

CarVolumeLane i

Volume of cars in Lane 7 (readily available in the traffic table); the annual average

daily traffic (AADT) is used and summed for the year

2/3/4/5AxleVoluemLane i

Volume of trucks in each class in Lane / (readily available in the traffic table); the

AADTT is used and summed for the year

GHG VehicleAllYears

Total GHG emissions (metric tonnes of CO,-¢) from vehicles running on Lane i in

the segment in the whole analysis period

Table 2.2: Roughness Factor and “Const” for GHG Equation

Vehicle Classification RoughnessFactor Const
Car 0.003577 0.133451
Two-Axle Truck 0.003628 0.400894
Three-Axle Truck 0.0073 0.657537
Four-Axle Truck 0.012107 0.957231
Five-Axle Truck 0.012808 1.046075

The performance model equation for IRI as a function of the age of a treatment is the following:

IRI(t) = a + b*age™**c

2.1)

The parameters in Equation (2.1)—a, b and c—are selected based on Pavement Type (indicating surface

type: Flexible or Rigid [jointed plain concrete at this time]), Treatment, an ESAL category, and a Climate

category. A partial table of IRI performance model parameters is shown in Table 2.3. The full set of IRI

performance model parameters is shown in Table C.1.

20
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Table 2.3: Excerpt from the Table of IRI Performance Model Parameters that Appear in Appendix C

IRI
(IRI L+IRI R)/2 = at+b*Age”c
Age = ((Average IRI-a)/b)"(1/c)
(in./mi.)
Pa¥;r;1:nt Treatment | ESAL/yr® Climate® Node ID a b c

A Severe 1 157.3 34 1.0
Mild 2 88.8 2.0 1.0
I Full- Severe 3 143.0 5.1 1.0

Depth B -
Reclamation Mild 4 88.3 2.2 1.0
C Severe 5 139.6 54 1.0
Mild 6 87.8 2.5 1.0
A Severe 7 157.3 3.7 1.0
. Mild 8 88.8 2.3 1.0

. 2. Thick
Flexible Overlay or B Severe 9 143.0 5.4 1.0
Pavement Reconstruct Mild 10 88.3 2.5 1.0
C Severe 11 139.6 5.7 1.0
Mild 12 87.8 2.8 1.0
A Severe 13 89.5 3.8 1.0
Mild 14 90.8 2.4 1.0
3. Very

Thin B Sev.ere 15 77.3 5.5 1.0
Overlay Mild 16 92.5 2.6 1.0
C Severe 17 76.4 5.8 1.0
Mild 18 94.3 2.9 1.0

3 ESAL/yr: A =<100,000; B=>100,000 and <500,000; C = >500,000
b Climate: North Coast: Severe; High Desert: Mild; Inland Valley: Mild; Central Coast: Mild; Desert: Mild; South Coast: Mild,;
High Mountain: Mild; South Mountain: Severe; Low Mountain: Severe

When a user defines the materials for a construction-type event, a selection is made for Pavement Type and
Treatment. The other two data items needed to make the IRI model parameter selection are ESAL Category
and Climate Category. Table 2.4 and Table 2.5 show how to obtain both categories from actual data.

The three ESAL categories—A, B, and C—are determined by the value of ESALs/year.

Table 2.4: ESAL Categories

ESALs/year Category
<100,000 A
>100,00 and <500,00 B
>500,000 C

The two climate categories are determined from the Climate Zone.
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Table 2.5: Climate Categories

Climate Zone Category
North Coast Severe
High Desert Mild

Inland Valley Mild

Central Coast Mild

Desert Mild

South Coast Mild

High Mountain Mild
South Mountain Severe
Low Mountain Severe

To assist in explaining the steps necessary to apply the GHG equation, the following discussion provides
an example by using a pavement section on DN-101-North, from PM R1.000 to PM R5.000. The section
has the lane segment configuration shown in Figure 2.6. Each rectangle in the figure represents a single
lane segment. This section of DN-101-North begins with two lanes and then reduces to one lane, with three
route segments from the beginning to the end of the section. The beginning two-lane route segment has two

lane segments, and the two subsequent, single-lane route segments each have one lane segment.

eLCAP needs to obtain traffic data in each lane segment to use the GHG equation as described in Section

2.7.2.

| | — > DN-101-North

Need ESALs per Year for each lane segment to select IRl model parameters
Need Car and Truck Volumes for each lane segment to use the IRI GHG equation

Figure 2.6: Example pavement project lane configuration.

The first step in getting the traffic data for each lane segment is to determine the WIM Group. This is done
using the steps shown below. The WIM Group is determined for a route segment, not for an individual lane,
and traffic volumes are for both directions for the route where the project is located. Traffic data come from
the CalTrucks database and are inflated from the date of traffic count collection to the day the eLCAP

analysis is performed. A sample of data from the Cal/Trucks database is shown in Figure 2.7.
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Determine the WIM group:

1. Get the CalTrucks record from DB (database) for PM (post mile) and Leg (e.g., in the entry
“R4.569 B,” B represents a Leg and means that the traffic counts are from before the PM location
at the center of the segment).

2. Calculate Truck percentage = TotalTrucks% from DB record.

3. Calculate Truck ratio = (TwoAxleVolume + ThreeAxleVolume + FourAxleVolume) /
FiveAxleVolume.

4. Calculate GrowthRate = TwoAx1e%*7.07 + ThreeAxle%*4.8 + FourAxle%*6.27 +
FiveAxle%%*4.36.

5. Calculate Inflated AADT = AADT * (1.0 + GrowthRate) * (yearNow — yearCollected).

6. Use the flowchart shown in Figure 3.11 in Estimation of Truck Traffic Inputs Based on Weigh-in-
Motion Data in California (13), which uses the data items above plus some special knowledge of
routes in Caltrans districts and state counties to select the WIM Group that best represents the traffic
patterns for the pavement project. This means that the WIM Group selected—for example, for DN-
101-North—may actually be a WIM site in Southern California.

Route ~ Route ¢« Distric + Cour » P« Postmi » Leg » AADTT » Total Tru = Total Trucks% » 2exle » 2axl » 3axle » Jaxle » 4axle~ daxle  Saxle » Saxle~ Description » Yea = Ve«
101 1DN R 46388 4450 507 114 187 369 93 184 7 14 220 43.3 KLAMATH, JCT. 00
101 IDN R 4638 A 4600 a7 10.3 123 25.95 63 1329 100 211 188  30.66 KLAMATH, JCT. 00
101 1DN 24418 4600 588 12.78 168 28.57 114 19.39 79 1344 227 38.61 SANDMINE RO 00
101 1DN 2441 A 6300 505 8.02 152 301 92 182 61 12.08 200 39.6 SANDMINE ROA 00

101 1DN 27.018 26500 1325 5 00 528 208 157 13 1 404  30.5 CRESCENT CITY 00
1m 10N 270 A 11000 105A QA 7R K7 175 1RA 11 1 702 97 7CRF]CENT (ITV NN

Figure 2.7: Sample from the CalTrucks traffic table.

m M S = <=

ESALs/year is computed for each lane segment using the flowchart shown in Figure 2.8 and using the axle
load spectra from the Caltrans database for the selected WIM Group. The traffic volumes used to compute
ESALs/year for each lane segment need to be lane-based, so the traffic data from the CalTrucks database
are distributed and transformed for a specific lane. The following procedure is used:

1. CalTrucks traffic volumes for the segment are divided by two to get directional traffic.

2. Truck lane distribution factors are used to distribute truck traffic to each lane.

3. Car volume per lane is computed using the passenger car equivalent approach, with a truck equal
to 1.5 times a car.

4. Completing steps 1 through 3 yields final values for lane-specific AADT and Total Trucks.

Once this is complete for the lane segment, its ESALs/year can be computed using the flowchart in

Figure 2.8.
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Figure 2.8: Flowchart for computing ESALs/year.

To assist in getting traffic data into the pavement project’s lane segments, eLCAP constructs a segment and

lane configuration map (see Figure 2.6) using lane count range data from the Caltrans Highway Log. The

traffic point list shown in Figure 2.9 (the approximate location of the example pavement project section,

DN-101-North, is also shown) is constructed and then traffic data are obtained for each lane segment based

on the location of the center of the segment. However, before that step is done, additional segments are

added to deal with the changes in traffic data to avoid having a traffic value change at the middle of a

segment.
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Figure 2.9: Plot of Caltrucks traffic data (directional).

Climate zone is obtained by using the Caltrans Climate Zone database, which divides the state into nine
zones with post mile (PM) ranges for each route in each zone. The climate zone is determined for the entire

pavement project.

Once lane segment traffic volumes and the climate zone have been determined, it is possible to select IRI

performance model parameters using the table excerpt shown in Table 2.3 for each lane segment.

Figure 2.10 shows some detailed eLCAP Use Stage results for segments and lanes in DN-101-North for the
first year of a 50-year Use Stage.

For each route segment, the segment length, climate category (the column labeled “C” and is “s” for
“severe” for all four segments), WIM group (“1a” for all four segments), and number of lanes per segment

(two lanes—i.e., one lane per direction) are shown.

For each lane, the lane distribution factor, traffic volumes, ESALs/year, ESAL category (the column
labeled “E”), IRI performance model parameters, IRI, and, finally, the GHG are shown. Note that the ESAL
category is the same on all segments, “A.” If any of the segments were to have more than one lane in one

direction, the traffic would be spread across the lanes using lane distribution factors for cars and trucks.

UCPRC-TM-2018-04 25



Use Stage Data
Starting Date: 1/1/2022 Ending Date: 1/1/2072 Analysis Period: 50.00 yrs
Pavement Type: Flexible Treatment: HMA_Thick_Overlay
Project Length: 1.000 miles Total Lane Miles: 1.00@ miles Avg # Lanes 1-Dir: 1.00

Project Center Climate Zone: Morth Coast Climate Category: severe
Traffic Growth Rate: 0.0%

Use Stage GHG Due To IRI (Traffic Volumes Reflect Growth Rate Effects from Midpoint of Traffic Count Year to Date Shown in 'Date’' Column)

Yr# Date Year Seg# Seglen C WIM Ln# DF AADT  CarVol TrkVol 2-Axle 3-Axle 4-Axle 5-Axle ESAL E A B C IRI GHG
(mi) (k) (ipm) (kg)

1 7/1/2022 ©.5 1 0.835 s 1la 1 1.600 950 869 81 24 29 1 27 33 A139.6 3.7 1.0 141.5 6.379301E+03

Segment Totals: 1.000 958 869 81 24 29 1 27 6.379301E+83

2 ©9.199 s 1la 1 1.000 950 869 81 24 29 1 27 33 A139.6 3.7 1.0 141.5 3.463049E+04

Segment Totals: 1.000 958 869 81 24 29 1 27 3.463049E+04

3 ©9.023 s la 1 1.000 950 869 81 24 29 1 27 33 A139.6 3.7 1.0 141.5 4.192112E+03

Segment Totals: 1.000 958 869 81 24 29 1 27 4.192112E+03

4 0.752 s la 1 1.000 950 869 81 24 29 1 27 33 A139.6 3.7 1.0 141.5 1.370638E+05

Segment Totals: 1.000 950 869 81 24 29 1 27 1.376638E+85

Year Total: 1.822657E+85

Year Total Per Lane Mile: 1.822657E+@5

Note: Example page; results not associated with other figures.

Figure 2.10: Example Use Stage results.

2.8 Data Quality

2.8.1 Metadata
eLCAP includes fields for three kinds of metadata: (1) administrative, (2) descriptive, and (3) structural. A

description of each item within each metadata field is presented in Table 2.6.
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Table 2.6: Metadata Fields Included in eLCAP (6)

Administrative Metadata—Information that helps in managing the data

Recorder/Reviewer/Organization

Names or initials of who records the data, who reviews the data, and their
affiliations.

Data Source

Source from which the data was acquired. This could be a webpage link,
published report, literature, or the name of the organization/person from
whom the data were obtained.

Publication Date

Date the data were produced or published (YYYY).

Data Accessed

Date the data were accessed (MM/DD/YYYY).

Descriptive Metadata—Information that describes the data

Original Process Name

Name of the product or process.

Data Produced Location

Location where the data was produced. If the information is available, it is
preferred that the city, state, and country be reported.

Descriptive Properties

Any helpful descriptive information about the product or process (e.g.,
shapes and sizes of aggregates, cement type, PG binder grade, etc.).

Structural Metadata—Information that identifies the content of the data

Quantity Quantity of product (1, 10, 100, etc.).
Units Units of the quantity (US tons, gallons, BTU, etc.).
Structural Properties Information that shows the content of the product/process (e.g., compressive

strength value of concrete, mix design/job mix formula of asphalt concrete,
aggregate gradation information, etc.).

Miscellaneous information about the product/process that is helpful for
identifying and reproducing the data and that can increase confidence in
acceptance of the data.

Other Information

2.8.2  Data Quality Assessment

All data for materials, unit processes, energy resources, equipment, and transportation have been evaluated
using a data quality assessment matrix similar to that used for the FHWA PavelCA tool (2,3), which is in
turn based on the pedigree matrix of the US Environmental Protection Agency (EPA) (74). This was done
by the PavelLCA team working with a parallel FHWA project team that was developing a database
framework for pavement LCA (/5), which was partially informed by the framework in eLCAP. The US
EPA’s pedigree matrix was enhanced for the FHWA tool to standardize the practice of data quality
assessment for use in pavement LCAs. Table 2.7 shows the data quality assessment matrix that was used
in eLCAP. The data quality matrix and scores for each item (material, equipment, fuel, etc.) are provided
in eLCAP (see Section 3.7). More details on the data quality requirements and data validation can be found

in the UCPRC LCI report (6).
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Table 2.7: Data Quality Assessment Matrix in eLCAP (6)

Quality Indicator Indicator 1 2 3 4 5
Indicators Sub-Categories Description Excellent Very Good Good Poor Unsatisfactor
4 ry y
Is the
inventory Verified data
data checked Verified data based ona Non-verified
for mass/ calculation or Documented Undocumented
Data Checks based on . data based on . .
energy non-verified . estimate estimate
measurements a calculation
balance, data based on
recalculation measurements
etc.?
What is the
. status quo for
Reliability the
Data Support ownership Hosts and Owns but does | Hosts but does Hosts and Does not host or
PP and owns not host not own owns partially own
continuous
support of
data?
Is the data
Data Updates regularly Regular Less frequent No updates — —
updates updates
updated?
Representative | Representative | Representative
data from data from data from
60%-79% of 40%-59% of <40% of the
the relevant the relevant relevant
Representative | market, over market, over market, over Unknown
How data from an adequate an adequate an adequate OR
representative | >80% of the | period period period of time data from a
Representativeness | are the data relevant OR OR OR small number of
of the market, over | representative | representative | representative sites and from
market? an adequate | data from data from data from shorter periods
period >80% of the 60%-79% of 40%-59% of p
relevant the relevant the relevant
market, over a | market, over a | market, over a
Data shorter period | shorter period | shorter period
Collection of time of time of time
Methods Do the data
Seasonal Seasonal
Seasonal capture . o
e variations variation not — — —
Variations seasonal
o captured captured
variations?
How
compatible is
the life-cycle
inventory
TRACI data with 100% TRACI 75% TRACI 50% TRACI 25% TRACI TRACI
Compatibility TRACI 2.1 compatible compatible compatible compatible incompatible
impact
assessment
method?
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Quality Indicator Indicator 1 2 3 4 5
Indicators Sub-Categories Description (Excellent) (Very Good) (Good) (Poor) (Unsatisfactory)
How well is
the data
collection
date related Age of data
. to the data Less than 3 Less than 6 Less than 10 Less than 15 &
Data Quality . unknown or
Objective ‘qua.lllty years of years of years of years of more than 15
objective and difference difference difference difference
years
the relevant
. R time period
Time Period of the
analysis?
Data fully Data fully Some data
Have the data Data fully adjusted for adjusted for adjusted for
. . . . . Data
been adjusted adjusted for relevant time relevant time relevant time .
Correlated to . - . . unadjusted for
. for the relevant time periods but periods but periods but .
Relevant Periods . . . . . . relevant time
relevant time periods of with medium with high with high eriods
period? analysis level of level of level of p
uncertainty uncertainty uncertainty
How well is
the Data from Within one Within two Outside of two
geography of same level of levels of levels of From a different
Geograph Data Origin the data resolution resolution resolution resolution or unknown area
Eraphy & correlated AND AND AND BUT RSO
with the data same area of arelated area arelated area arelated area Y
quality study of study of study of study
objective?
How well is
the
technology of All Three of the Two of the One of the None of the
Categories the data technology technology technology technology technology
Equivalent correlated categories are | categories are | categories are | categories are categories are
Technology with th(? data equivalent equivalent equivalent equivalent equivalent
quality
objective?
Is the
Relevant Coverage relevant Yes No — — —
technology
covered?
Documented ]r)e(\f:;?segteg
. reviews by a .. Y Documented Documented
How well is .. minimum of : .
Process . minimum of review by a review by an No documented
. Review Check the process two types of . . .
Review . two types of . third-party internal review
reviewed? . reviewers, . .
third-party . . reviewer reviewer
reviewers with one being
a third party
>80% of 60%-79% of 40%-59% of <40% of
determined determined determined determined
How Process
Process Completeness . flows have flows have flows have flows have
complete is completeness
Completeness Check been been been been
the process? not scored

evaluated and
given a value

evaluated and
given a value

evaluated and
given a value

evaluated and
given a value
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3 USER INTERFACE

This chapter discusses the user interface (UI) from a user’s perspective. Chapter 5 discusses the Ul from an

architectural and software development perspective.

Figure 3.1 shows the eLCAP home page, which has a set of useful links and login controls on the left-side
pane. The different pages in the Ul are accessed via menu links, shown at the top in the figure. The buttons

at the bottom are used to display PDF files of the various LCA models in eLCAP.

The following are the top menu items:
1. Home: This menu item is used to display the home page.
2. Instructions: This menu item is used to display the Instructions page, which contains information
about how to use eLCAP.
3. Projects: This menu item is used to display the Projects and Project Trials Management page (see
Section 4.2).
4. Input: This is a hierarchical menu with the following menu items:
a. Manage User Processes: Links to the page used to manage user-defined processes, such
as a customized version of HMA (see Section 4.5).
b. Project Information: Links to the page used to specify the location of the pavement project
on the highway system, to define the pavement cross section, and to review traffic counts
(see Section 4.3).
c. Life Cycle: Links to the page used to define the life cycle of the pavement project, including
events when construction/maintenance occurs, the list of activities, and the list of materials
and equipment for each event (see Section 4.4).
5. Analyze & Results: This page is used to perform the LCA and obtain results (see Section 4.4.).
6. About: This menu item is used to display the About page which contains information about the

application.
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eLCAP™: environmental Life Cycle Assessment for Pavements Tool

_ Home Projects Input Analyze & Results Data Quality ? About Save To File

= Calts
S Welcome
= UCPRC

eLCAP is a web-based transport infrastructure life cycle assessment tool that has the capability to model the life cycle history of a pavement project by
Login to Site allowing a user to specify any number of construction events, occurring at a user-specified date, followed by an automatically generated Use Stage event
that begins immediately afterward and lasts until the next construction event or the End-of-Life date.

User Name
eLCAP database library is developed based on the California specific extensive inventories of materials and mixes, construction equipment and activities,

transportation modes, use stage impacts with consideration of pavement vehicle interaction and traffic congestion. The database is built in-house (UCPRQ)
to represent local conditions to the extent possible, by using California’s electricity grid mix and fuels and following local practices in production, mix
design, and construction.

Password

m eLCAP computes 18 different impact category values which include Primary Energy Demand used as Raw Materials (feedstock energy), Primary Energy
Demand from Renewable and Non-renewable Resources (gross and net caloric value, separately), Primary Energy from Nonrenewable Resources (gross
and net caloric value, separately), Primary Energy from Renewable Resources (gross and net caloric value, separately) and United States Environmental
Protection Agency's Tool for Reduction and Assessment of Chemicals and Other Environmental Impacts (TRACI); Acidification, Ecotoxicity, Eutrophication,
o Global Warming Air (excluding and including biogenic carbon, separately), Human Health Particulate Air, Human toxicity (cancerous and non-cancerous,
separately), Ozone Depletion Resources, Fossil fuels, and Smog Air.

Forgot your Password?

Please login to use eLCAP

eLCAP has two main built features:

= Specifically for Caltrans with built-in Caltrans databases (location, cross-section and traffic)
= For local agencies, researchers and academics

LCA models for various processes in eLCAP are available using the following button links.

| Pavement Model | | HMA Model | | Bitumen Model | | PCC Model | | Portland Cement |

| Crushed Stone Model | | Sand & Gravel Model | | Electricity Model | |NaturaIGas (Equ\p)ModeI| | Diesel (Equip) Model |

A list of acronyms used throughout eLCAP is located in the online help system.

Figure 3.1: The eLCAP home page.

3.1 Authentication and Authorization
eLCAP requires users to be registered and approved before they can use the program. Once approval is
granted, users are associated with a particular eLCAP user group or groups. Specific user permissions are

controlled via user groups.

The eLCAP registration page is accessed by clicking the “Register” button shown in Figure 3.2 (it appears
on the left side of the home page). Clicking that button brings up the dialog box shown in Figure 3.3. Once
a user fills in all the empty fields and clicks “Create User,” both the user and the eL. CAP administrator will
receive an email. After receiving the email, the administrator can approve the user and assign them to the

appropriate user group.

eL.CAP also has a mechanism for obtaining a temporary password if a user forgets their password. To obtain
a temporary password, a registered user just has to click the “Forgot your Password?” link on the home
page (as shown Figure 3.2), and this will bring up the Password Recovery page shown in Figure 3.4. After
entering a user name and clicking “Submit,” the user will receive an email containing a temporary password
for logging in. The user can change the password to something else, as shown in Figure 3.5. Clicking the

“Change your Password” link will bring up the registration page shown in Figure 3.6.
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Figure 3.2: Accessing the registration page.

Figure 3.3: Registration page.

| Cancel || Submit |

Figure 3.4: Password recovery page.
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Admin role

Change your Password

Site Mamt

Figure 3.5: Accessing the password change page.

Password Change
Change Your eLCAP Password

Current Password:
New Password:
Confirm New Password:

Change Password || Cancel |

Figure 3.6: Password change page.

3.2 Projects and Project Trials Management

eLCAP uses the concepts of projects and trials. A user can create any number of projects, and a project can
have any number of trials. A trial contains the data for the life cycle of a pavement project. User-defined
processes (see Section 3.5), such as a custom HMA or custom Transport, are common across all trials. All

user data are saved in an SQL database on a server.

eLCAP allows a user to generate a text file version of Trial data to act as backup to database data or for

project documentation. These files may be uploaded to eLCAP and used to perform an LCA as well.

The Project and Trial Management page is shown in Figure 3.7. The corresponding number-labeled areas
that appear in the figure are the following:
1. This button allows the user to browse a local hard disk for an eLCAP input file, and to upload, edit,
and then run it.
2. This field shows the current project.
3. This field shows the current project trial.

4. This is a link to the trial, which allows the title to be edited and a description to be entered.
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eLCAP: UCPRC Environment Life Cycle Assessment for Pavements Tool

Home Instructions Projects Input Analy:

Interpretting Results About

Manage eLCAP Input Files and Database Projects (if logged in)

This page is used to managed eLCAP project data. Project data can be stored in text files (“json"-type files) on your local or network computer or in a
datab managed by UCPRC. You need to be an eLCAP member and logged in to have access to the eLCAP database. File-based project data must be

first uploaded to eLCAP in order to be used. Database-based project data is retrieved by selecting an existing project using the "Project” dropdown control
below (shown if logged in).

Admin role

i If you are storing eLCAP project data in the database, UCPRC recommends that you save it locally as a file to act as a back-up to the data in the database.
| Change your Password

Use the following controls to manage eLCAP input files stored locally on your computer
Site Mgmt

To load an existing eLCAP input file (a *,json type file) into eLCAP, use the "Browse" button below to locate the file on your local system. Then
use the "Upload"” button to upload the input file. o

Browse. -Uplnad

Upload Status:

Use the following controls to load and manage projects stored in the eLCAP database

Projects and Trials Stored in the Database

Loaded Project: [new e v|  EditProject | Add Project| Delete Project| Save Project As

Loaded Trial: | new trial e v|  saveTrialAs |

new trial new trial aaa Delete

Add Trial I

© 2016 University of California + Pavement « Research + Center

Figure 3.7: Projects and Trials Management page.

The buttons on this page allow users to perform the following activities:

1. Edit Project: Edits the current project. The kind of project (Caltrans or Local Agency) will be
shown next to the name of the project.
Add Project: Adds a new project. A new trial will automatically be added to the new project.
Delete Project:Deletes the current project. If there is only one project, this button is disabled.
Save Project As: Creates a new project based on the current project.
Save Trial As: Creates a new trial for the current project based on the current trial.

Add a Trial: Adds a new trial to the currently selected project.

e B

Selected Trial Comparison Report: Allows a user to select two or more trials and generate a report

showing impact categories for each trial to assist in trial comparisons.

3.3 Project Information

The Project Information page is accessed via the Input menu. Hovering the mouse cursor over the Input

menu will reveal three submenu items (see Figure 3.8), one of which is “Project Information.”
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eLCAP: CALTRANS Environment Life Cycle Assessment for Pavements Tool

Home Instructions Projects Input Analyze & Results Data Quality Interpreting Results About

Manage User Processes Loaded Trial: |7

Project Information

‘ Analysis Period: Life Cycle 1112072

Figure 3.8: Menu item that opens the Project Information page.

Clicking “Project Information” will bring up the Project Information page (Figure 3.9). On this page, a user
defines the location of the project and the pavement roadway cross section. The page also shows the one-

way traffic counts (e.g., AADT, AADTT) for the center point of the project.

Home Instructions Projects Input Analyze & Results Diata Quality Interpreting Results About Save To DBI Save To File|

ProjectinformationPageWrapper

|.Loaded Project: |6 Loaded Trial: &
Error Message Summary
Project Location

District County Route Directis .. PM Start PM End

[1 ~v| [Del Norte v [101 V| [North v (M V0000 [None V][R V[ 0967 [None V|

Climate Zone: Morth Coast Project Length: 1.000 mi Lane Miles: 2.000 Avg #lanes: 2.00

|@<:russ Section (O Activities  Life Cycle Bvent|1 % 1712010 Activity | 1: Add Layer SG v
$=0.000 L=24.00 $=0.000

CrossSectionDefinition
FmssSenionTclpCDntmls e

Traffic Segment Information at Center of Project (Single Direction) o
Trucks: WIM Growth First Year Design Lane (2010)
PM Boundaries AADT AADTT (36) Group Spectrum (%) Trucks Axles ESALs Axles/Truck Year
R0.347 - RD.510 1,400 204 14.57 Groupib | Spectrumi 6.0 53,063 134,564 25,814 2.536 2012

@ 2021 University of California = Pavement - Research = Center

Figure 3.9: Project Information page.
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The following list discusses the numbered items in Figure 3.9:

1. Controls for locating the project on the California highway system (District-County-Route-
Direction, and Post Mile start and end).

2. Controls for viewing the cross-section or viewing activities (e.g., adding layers, removing material)
per life cycle event and activity.

3. A one-line table for defining the various cross-section components for the left and the right roadway
side (Embankment Slope, Unpaved Shoulder Width, Paved Shoulder Width) and a single field for
defining the Traveled Way Width. The traveled way is initially populated when the project location
is defined; this is possible because eLCAP has access to the Caltrans highway log.

4. A set of read-only fields that gives the single-direction traffic counts and traffic data for the center
point of the project; this is possible because eLCAP has access to Caltrans traffic data.

5. An error message summary area that lists all the errors found on this page.

3.4 Life Cycle Definition
The Life Cycle page is accessed via the same Input menu used to access the Project Information page (as
discussed in Section 3.3). Hovering the mouse cursor over the Input menu will reveal three submenu items

(see Figure 3.10), one of which is “Life Cycle.”

eLCAP: CALTRANS Environment Life Cycle Assessment for Pavements Tool

Home Instructions Projects Input Analyze & Results Data Quality Interpreting Results

About

\Loaded Project: |6 Manage User Processes Loaded Trial: | &

Project Information

- |
Analysis Period: [ 2| Ui ol

Figure 3.10: The menu item that opens the Life Cycle page.

Traff

Clicking “Life Cycle” will bring up the page where a user defines the series of construction events that will
model the project’s life cycle. The top portion of the Life Cycle page, showing the Life Cycle grid, is shown
in Figure 3.11. A Life Cycle Event is defined by the date of the event, the service life of the activities
performed for the event, and the IRI roughness equation coefficients to use for the Use Stage that occurs
between successive events. Each of the treatment options shown in the dropdown in Figure 3.11 has an
associated set of IRI roughness equation coefficients that determines the rate of growth of IRI over time.

See Section 2.7.2 for a discussion of the Use Stage. The full Life Cycle page is shown in Figure 3.12.

Selecting a treatment type for the Use Stage Roughness Equation tells eLCAP to do two things: (1) to

include a use stage and (2) to select the IRI roughness equation coefficients associated with the selected
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treatment. By default, “None” is selected, indicating that the user does not want to include a Use Stage for
the life cycle event. A user should select the treatment that best represents the end result of the set of
activities defined for the life cycle event. Major pavement treatment thickness definitions for the roughness
equations include the following:

e Very Thin Overlay: <0.1 ft.

e Thin Overlay: >0.1 ft and <0.2 ft.

e Medium Overlay: >0.2 ft and <0.5 ft.

o Thick Overlay: >0.5 ft.

eLCAP: CALTRANS Environment Life Cycle Assessment for Pavements Tool

_ Home Instructions Projects Input Analyze & Results Data Quality Interpreting Results About Save To DB || Save To File
Loaded Project: |6 Loaded Trial: |5
* Catrans
« UCPRC
Analysis Period: 22.00| yrs End Date: 1172032 Traffic Growth Rate %
Life Cycle Events ;
. _ Svclife | u;-sn:- . Initial IRI .
Change your Password (=) Roughness Fa (infmi)
1|[Existing | [ 1miz010] =} Select | |Save Cance
Logout Mew Flex Construction —
2 |First Maintenance 17172031 5 ™ ||Very Thin Overay 18| |Select | |Edit Delete insert
| Thin Overlay
Medium Overlay
Thick Overday
Seal Coat
7ad Event Seal Gracks b
FDR
e . . |ciPrR
Activities, Materials and Equipr|unknown Flex #1
Mew PCC Construction
. —— CsoL
Life Cycle Activities Lane Reph
#| Operati Kind Layer Layer * = * gr@ng 1Slab Rplcmnt y | Mo Actions
== No. Type Left UPS | LeftPS | TW ligSIr;:rY' ab Rplcmi Lifts.
1 [4dd Layer ERES 100 100 100|  |Unknown JPC inch 1 |Edit Delete Insert,
T

Figure 3.11: Selecting a treatment for the use stage roughness equation.

As shown in Figure 3.12, the Life Cycle page is divided into four panes:

1. Life Cycle Events: The grid in this pane allows a user to add any number of life cycle events. The
associated activities, materials, and equipment for the selected event (highlighted in yellow in
Figure 3.12) will appear in the lower three panes.

2. Life Cycle Activities: The grid in this pane allows a user to add any number of activities for the
selected event. The following is the list of activities and the various options for each:

a. Add
i. Layer: HMA, PCC, AB, LCB, CTB-Class A, CTB-Class B, ATPB, CTPB, CCPR,
FDR, PDR, AS, LTS, CSO, SG
ii. Seal Coat: Chip Seal, Slurry Seal, Fog Seal, Cape Seal, Sand Seal, Tack Coat,
Prime Coat

iii. Reflective Coating: Bisphenol A, Polyester Styrene, Styrene Acrylate
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b.  Remove
i. Mill asphalt
ii. Mill concrete
iii. Grind & Groove
iv. Cold plane
v. Excavate
vi. Haul Soil
3. Materials and Transports to the Site: The grid in this pane shows the e CAP-generated materials,
quantities, and means of transport for all the activities for the selected event; it also allows a user
to manually add and delete materials.
4. Equipment Used at the Site: The grid in this pane shows the eL CAP-generated equipment and time
of operation for each, for all activities for the selected event; it also allows a user to manually add

and delete equipment.

When a life cycle event is added, the activities, materials, and equipment grids will be empty. eLCAP uses
a default duration of 10 years between successive events to assist in constructing a life cycle. Users can edit

the dates as necessary.

Each of the grids on the life cycle definition page consists of rows and columns. When the page first opens,
the rows appear in display mode, allowing data items to be viewed but not edited. To enter editing mode to
make changes, the user must click the “Edit” link in a particular row. After making changes, clicking “Save”

will keep the changes and clicking “Cancel” will discard them.

When an activity is defined and saved, eLCAP will generate a default material to be used (e.g., a specific
kind of HMA when adding an HMA layer) and a list of the construction equipment necessary to implement
the activity. eLCAP will also compute the quantities of material using the project limits (post mile start/end
and number of lanes), the cross section defined on the Project Information page, and the thickness (add
layer or remove material) specified for the activity. eLCAP will also provide construction time estimates
for each piece of equipment. The default material and the computed material quantities and equipment time

estimates may be edited.

A user can delete any or all the items generated for an activity. In addition, a user can manually add materials

and equipment. In fact, the user can skip defining any activities at all and directly add materials and their
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associated quantities, and equipment and its associated times of operation. But, in most cases, defining

activities for an event is more efficient than manually building lists of materials and equipment.

Clicking the links in the Source Name column in the two lower grids—Materials and Transports to the Site
and Equipment Used at the Site—will display a form page with the data for the item. For example, if a user
clicks the “HMA with 15% Binder Replacement, no Rejuv” in the Source Name column of the Materials
and Transports to the Site grid, the HMA form page will be displayed. Listed on that form page will be all
the input flows and their associated quantities needed to produce one unit of HMA. If the HMA is an eLCAP
library material, no changes can be made to it; but if the HMA is a user-defined/custom HMA mix, changes

can be made.
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Projects Input Analyze & Ri Data Quality Interpreting Results Save To DBI Save To File

Loaded Project: |6 o Loaded Trial: |G o o e

Analysis Period: 22.00| yrs End Date: 1A72032 Traffic Growth Rate %
Life Cycle Events
_ Svc Life Use Stage Initial IRI
£ Description Event Date Include Select Row| Actions
(yrs) Roughness Eqn {in/mi)
1| Bxisting 17172010 10 o Mew Flex Construction 1306| | Select | |Edit Delete Insert
2 | First Maintenance e 11172031 Thiim Overlay Edit Dedete Inzert

0000 000

Activities, Materials and Equipment for LCA Event #1

Life Cycle Activities

Layer Layer % % % % % Thick No.
&#| Operation Kind Actions
No. Type Left UPS|Left PS| TW |Right PS|Right UPS| (in) Lifts
1| Add Layer 3 |5G 100 100 100 100 100 100 1| Edit Delete Insert
2 |Add Layer 2 |AB 100 100 100 100 100 120 2 | Edit Delete Insert
3 |Add Layer 1 HMA N/A 100 100 100 M/A 6.0 2 | Edit Delete Insert
=0
Materials and Transports To the Site
'l Type Source Name ity| U u to Site | Di: u Actions
1|AB Aggregata Base Mix 150.00 (1b/t3 8,181.4| ton |End Dump Truck 50.0| mibe | Edit Dalete Insart
2(AB Aggregate Base Mix 150.00 (Ib/ft3( 10,2267 | ton (End Dumnp Truck 50,0 mibe | Edit Dalete Insert
3 [HMA @ HMA with 15% Binder lacement, no Rejuy 150 UIJ Ib/ft3 49083 ton (End Dumnp Truck mike Edlt Delete Insert

32" 33134"36_37 38 3 39

i

Add Material ‘!)

Equipment Used at the Site

) Type Source Name Generated By | Time Est (hr)| Quantity | U Actions ~
1 | Light Tower Light Tower Add-Layer-5G | 50.03 64.9( hr |Edit Delets [nsart

2 | Water Truck Water Truck Add-Layer-5G (0.19 0.2 hr (Edit Delete Insart

3 | Front Loader Front Loader Add-Layer-5G |4.00 42| hr |Edir Delote Inzery

4 | Roller Roller Static Add-Layer-5G |5.00 50| hr |Edit Delate Inser

5 | Roller @ Roller Padfioot Add-Layer-5G | 5.00 50( hr |Edit Dalate Insart W
I3

Ernulsinn Teuck Epnulcioun Trurk Addd gvgr.Ss |0 Edir Dalata Incart
42] 44 T 45 B 40
[ ) 5, G
Add Equipment

Note: Numbers in red circles indicate interface elements, with explanations for each element in the text following
this figure.

Figure 3.12: Life cycle definition page.
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The following list discusses the numbered items in Figure 3.12:

1.

X N kv

—_ = = = e
A W O = O

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

Button to click for saving the trial data to the database. Data are saved automatically when the user
goes to the “Analyze & Results” page.

Button to click to save the trial data to a file on the computer.

Field that shows the current project (i.e., the “Loaded Project”).

Field that shows the current trial (i.e., the “Loaded Trial”).

Field to set the analysis period.

End date, generated by eLCAP.

Field to set the traffic growth rate (traffic counts are used between events in the Use Stage).

Field to enter text that describes what the event is modeling in the life cycle.

Field to set the date for the event.

. Field to set the service life of the event in years.

. Checkbox used to tell eLCAP if the event should be included in the LCA.

. Dropdown list to select the treatment type that best represents the end result of the event.
. Field to change the default Initial IRI for the event.

. Button used to select the event that will have its activities, materials, and equipment lists displayed

in the lower three grids.

Buttons used to edit, delete, or insert an event.

Button used to add an event.

Dropdown list to select the operation for the activity (e.g., Add/Remove).
Dropdown list to select the kind of operation for the activity (e.g., Layer).
eLCAP-generated layer number.

Material type of the layer.

Percent of Left Unpaved Shoulder (UPS) width to include for the activity.
Percent of the Left Paved Shoulder (PS) width to include in the activity.
Percent of the Traveled Way (TW) width to include in the activity.

Percent of the Right Paved Shoulder (PS) width to include in the activity.
Percent of the Right Unpaved Shoulder (PS) width to include in the activity.
Thickness of the layer or the amount to remove in the activity.

eLCAP pre-populates this with the number of lifts required, per Caltrans rules.
Buttons used to edit, delete, or insert a life cycle activity.

Button to add a life cycle activity.

Field shows/selects the type of material for the activity.

Field shows/selects the source of the material; also used to select a custom material.
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32. Field that is pre-populated with the density of the layer material.

33. Dropdown list to select the units for the density of the material.

34. Field shows/selects the amount of the material.

35. Field shows/selects the measurement units associated with the amount.

36. Field shows/selects the transport for bringing the material to the project.

37. Field shows/selects the distance for the transport of the material to the project site.
38. Field shows/selects the measurement units for distance.

39. Buttons used to edit, delete, or insert a material.

40. Button used to add a new material to the material grid.

41. Field shows/selects equipment type to be used at the site.

42. Field shows/selects the piece of equipment to be used.

43. eLCAP-generated field to indicate which activity generated the equipment.

44. eL.CAP-generated estimate of how much equipment time will be needed.

45. Field shows/selects the amount of time that the equipment at the site will operate.
46. Field shows the measurement units (U) for the amount of time.

47. Button used to edit, delete, or insert a piece of equipment.

48. Button used to add a piece of equipment.

3.5 User-Defined Processes

el.CAP has many built-in materials, also referred to as library materials, that a user can select to define a
construction-type event. The library materials are organized by type (e.g., HMA, PCC), and there are
several individual processes per type. For example, there are three different types of HMA on which to base

a user-defined, custom HMA.

Figure 3.13 shows the page for managing user-defined processes. The “Add New” button is used to add a
new user-defined process for the type of material shown in the dropdown menu to the left of the button.

The grid lists all user-defined processes.
The link in the Source Name column will display the edit form page for the process. The # Refs column

indicates how many times the user-defined process is referenced by any trial. If the user-defined process is

referenced, it cannot be deleted and the “Delete” button will be disabled.
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Manage User Definitions

This page is used to manage User Defined LCA objects, such as user defined HMA and PCC.

HMA Add New

Paver time © 2016 University of Califomia = Pavement « Research = Center
Roller_time

Figure 3.13: The page to manage user-defined processes.

Clicking the “Add New” button when HMA is shown in the dropdown menu brings up the HMA edit form
page shown in Figure 3.14. Once this page appears, the user supplies a unique name for the user-defined
HMA and then selects one of the HMA types in the eLCAP library by using the “Based On” dropdown
menu. Next, the user edits individual rows to customize the HMA. For example, a user might want to have
a special HMA that uses 4% “Asphalt Content” instead of the library’s version of 6%, or the user might

want to use a user-defined process (previously defined) for electricity for this new user-defined HMA.

Once a user-defined process has been created, it may be referenced when constructing the life cycle (see

Section 3.4).
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This form allows you to add a User Defined HMA Process by changing the input flow quantities into the HMA Process. The initial flow quantities
come from the built-in Library HMA. Select the Edit link to edit one or more input flow quantity, specify a unique name for the User Defined HMA
and select Save. Once saved, the User Defined HMA will be available to use wherever an HMA is appropriate.

Input Flows for: [My Special HMA-1 | Based On: Permeable - No RAP

Hot Mix Asphalt (HMA) at Plant

HMA '.'.‘!th RAP - Hveem
Define Quantities for a New HMA :mi :::E ﬁs - Superpave

HMA Reference Flow Amount: 1.000 kg EEMQ: ggrﬁnﬁ?ble - No RAP

RHMA
# Type Source Name Tuantity [Unit
1 |Parameter Agg _Crushed 94.100| % Edit
2 |Parameter Agg_Matural 0.000( % Edit
3 |Parameter Asphalt_Content 5.900( % Edit
4 |Parameter Crumb_Rubber 0.000| % Edit
5 |Parameter Extended_Cil 0,000 % Edit
6 |Parameter Polymer_Modified 0,000 % Edit
7 | Parameter RAP 0.000| % Edit
8 |Electricity US-CA: Electricity Mix 0.00763| MJ | Edit
9 |Natural_Gas Natural Gas Combusted in Industrial Equipment 0.01033| m3 | Edit
10| Diesel_from_industrial_eguipment | Diesel Combusted in Industrial Equipment 0.00000| m3 | Edit

Total Percent 100.000| %
Save Cancel/Back

Figure 3.14: Adding user-defined HMA process page.

3.6 Default/Min/Max Values
eLCAP has a few default values that minimize user time when creating a new project trial. The following
are the default values:

e Years added to the start of first life cycle event to establish the end-of-life date: 50 years

e Construction time duration for a life cycle event: 6 months

e Use Stage time duration between construction events: 10 years

e Traffic Growth Rate: 0.0%

eLCAP also makes range checks on data items so that unreasonable numbers/results are avoided. The
minimum value is usually 0.0 and the maximum value is usually a large number so as not to constrain the

user too much.

3.7 Data Quality Assessment

Metadata and data quality assessment information are available on the Data Quality tab as can be seen in

Figure 3.15.
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eLCAP™: environmental Life Cycle Assessment for Pavements Tool

S I
Meta Data and Data Quality
Data Quality Matrix (DOM) presented below is the e ced/expanded version of the FHWA pavement LCA tool DOM which was built upan the US EPA's data quality

assessment guidance, The eLCAP's DOM provides guidance to the users of the quality of data for a material, construction equipment and transportation, that they will be
..| using to develop their LCAs. The scoring is dene from 1 to 5 where 1 is the most complete and excellent data, and 5 represents incomplete or poor data.

Item Selection

Heean Based On

| Change your Password Type

Select Select |

T e w

*** Please select an [tem ***

© 2021 University of Califomia « Pavement - Research - Center

Figure 3.15: Data Quality tab location on the eLCAP page.

The type of process and the specific item (material, equipment, or transport) whose metadata and data
quality are to be assessed are first selected on this page. If it is a composite material (made with different
materials), the metadata and data quality for the component materials are accessed individually. Figure 3.16

is shown for the component materials of RHMA-G.
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eLCAP™: environmental Life Cycle Assessment for Pavements Tool

_ Home Projects Input Analyze & Results Data Quality ? About Save To DB || Save To File
Meta Data and Data Quality

= Caltrans

Data Quality Matrix (DQM) presented below is the enhanced/expanded version of the FHWA pavement LCA tool DQM which was built upon the US EPA's data quality
assessment guidance. The eLCAP's DOM provides guidance to the users of the quality of data for a material, construction equipment and transportation, that they will be
using to develop their LCAs. The scoring is done from 1 to 5 where 1 is the most complete and excellent data, and 5 represents incomplete or poor data.

= UCPRC

Members role

Item Selection

Change your Password Type Item Based On
HIMA ~ | RHMAG ~ | [N/A - Library Model ] y
Logout

=

Crushed stone [UCPRC Flows]; Produced by: Crushed Stone at Plant

<)

sand and gravel [UCPRC Flows]; Produced by: Sand and Gravel at Plant

‘ if [Organic inter iate p P d by: Crude Oil at Refinery

=

<)

‘ Electricity [Electric power]; Prodd Shows the list of material Models for the selected material

hetic [Organic i P d by: Wax Paraffins

1<

‘ Wax

=

Crumb rubber material [UCPRC Flows]; Produced by: Crumb Rubber Material

1<

‘N-, butadi bber (SBR) [Plastics]; Produced by: Sty diene Rubber

(<]

‘ BTX-Fraction [Organic intermediate products]; Produced by: BTX-Fraction .

© 2021 University of California = Pavement - Research « Center

Figure 3.16: Example showing metadata and data quality assessment information
(embedded under blue boxes) for each ingredient of RHMA-G.

Once an item is selected, the metadata and data quality assessment described in Section 2.8 can be seen, as

shown in Figure 3.17.
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Members role

Change your Password

Logout

eLCAP™: environmental Life Cycle Assessment for Pavements Tool

Home Projects Input

Meta Data and Data Quality

Data Quality Matrix (DQM) presented below is the enhanced/expanded version of the FHWA pavement LCA tool DQM which was built upon the US EPA’s data quality
assessment guidance. The eLCAP's DOM provides guidance to the users of the quality of data for a material, construction equipment and transportation, that they will be
using to develop their LCAs. The scoring is done from 1 to 5 where 1 is the most complete and excellent data, and 5 represents incomplete or poor data.

Analyze & Results

Data Quality B About

Save To DB |} Save To File

tem
Type Item
HMA ~ | RHMA-G

Based On

~ | [NA-Library Model

Crushed stone [UCPRC Flows]; Produced by: Crushed Stone at Plant

1]

Recorder/Reviewer/QOrganization

Administrative Metadata

Data Source Publication Date

Data Accessed

AS/JH/UCPRC

Original Process Name

GaBi/Literature 2016

Descriptive Metadata
Data Produced Location

1/1/2007

Descriptive Properties

Crushed stone [UCPRC Flows] us Unavailable

Structural Metadata
Quantity Units Structural Properties Other Information
10 kg Unavailable Unavailable

Data Checks

Reliability
Data Support

Data Updates

2 (Very Good)

Representativeness

2 (Very Good)

Data Collection Methods
Seasonal Variation

2 (Very Good)

TRACI Compatibility

2 (Very Good) 2 (Very Good) 1 (Excellent)
Time Period
Data Quality Objective Correlated to Relevant Periods
4 (Poor) 4 (Poor)
‘Geography
Data Origin
2 (Very Good)
Technology

Relevant Coverage
1 (Excellent)

Categories Equivalent
2 (Very Good)

Process Review
Review Check
2 (Very Good)

Process Completeness
Completeness Check
2 (Very Good)

Figure 3.17: Example showing metadata and data quality assessment of crushed stone
that is being used in the RHMA-G.

3.8 Analyze & Results

The Analyze & Results page is used to perform an LCA and to obtain results. Figure 3.18 shows the
Analyze & Results page. During a life cycle analysis, total GHG is displayed in the graph as it is computed
for each construction-type event and each Use Stage event. Summary results appear in a scrollable window
after the LCA is completed; there is a summary section for each construction-type event (Figure 3.18) and
each Use Stage event in the life cycle (Figure 3.19). Report files (Excel and PDF) can be downloaded to a
local computer by clicking the “Get Results” button.
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The read-only fields at the top indicate the Project and Trial that will be used for the LCA.

The Balance Selection Controls are for expert users and do not appear for most users. The Model dropdown
menu is used to select the LCA model that will be used for the balancing, and the Process dropdown menu
is used to select the process in the model that will be the starting point for balancing. The default selection
for the model is “Pavement Project” and the default selection for the process is “Pavement Project (u-so).”

See Section 2.1 for a discussion of balancing.

Balancing for a process (i.e., starting at and traversing/climbing upstream from the process) results in the
generation of the LCI for the process. Expert LCA users may want to generate the LCI for a different
process in the Pavement Project LCA model than the Pavement Project Process and these controls allow

that to be done.

To initiate the LCA, the user clicks the “Balance” button. eLCAP will perform the LCA by looping over all
the events (Construction Stage and Use Stage) in the life cycle, building an LCA model for each, balancing,
and then performing the life cycle impact assessment (LCIA).

The “progress” message area immediately below the buttons on the page provides feedback to the user
during the LCA. There are messages for each event. Construction-type events typically take more time to
execute so the messages are easier to read; Use Stage events happen very quickly so the messages pass by
quickly. For longer-executing events, there will be numbers visible in the message area as eLCAP sends

second counts to the browser during the LCA.
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Loaded Project: |Workspace project title-949 Loaded Trial: |Workspace trial title-949

Balance Selection Controls
Model | Pavement Project | Process | Pavement Project (u-so) v
Balance Cancel | Get Results I
Progress: Report Generation Started... 7 8 9 10 Report Generation Done 11
Total Life Cycle GHG (GWP)
100,000
75,000
T
=
=
=]
ucj— 50,000
o
]
]
25,000
0
2020 2030 2040 2050 2060 2070
Date
eLCAPv1.0.0.0 User:lonlea Report Time Stamp: Tuesday, May 15, 2018, 9:16 AM ~
Project: Workspace project title-949
Trial: Workspace trial title-949
Output Time Stamp: Tuesday, May 15, 2018, 9:16 AM
Note: Example page; results not associated with other figures.
Figure 3.18: Analyze & Results page.
Use Stage Event#1 Summary Results for Method: PaveM Conceptual o~
Use Stage Data
Starting Date: 7/1/2018 Ending Date: 1/1/2068 Analysis Period: 49.54 yrs
Pavement Type: Flexible Treatmsnt: Full Depth Reclamation
IRI Performance Data for GHG
Project Center Climate Category: severe
Impact Category Value Units
GHG, excl. bicgenic carbon; Based on: PaveM Eqns 2.418E+07 kg CCZe v
Per Lane Mile 1.20%E+07 kg CO2e

Note: Example page; results not associated with other figures.

Figure 3.19: Analyze & Results page showing Use Stage event summary results.

The last messages shown for an LCA are “Report Generation Started” and “Report Generation Done.”

When these appear, the “Get Results” button is enabled and generated report files can be downloaded.

The LCA may be stopped before it is complete by clicking the “Cancel” button.
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3.8.1

Results Generation

A set of reports is generated automatically for each construction event—Use Stage pair of events.

Detailed/debug level reports are generated (only available for Caltrans users) as well as a standard Exce!/

report. The list of reports for a single construction event and a single Use Stage life cycle event is shown in

Figure 3.20. The Excel file is the standard report, and all others are detailed/debug level reports. eLCAP

computes and provides individual/separate Excel result files for each event in the project life cycle as well

as the sum of the impacts from all the events (complete project).

|=| eLCAP Balanced Process-Pavement Project (u-so)~Runtime (in Model-Runtime) Debug Report.txt

[=] eLCAP Balanced Process-Pavement Project (u-so)~Runtime (in Model-Runtime) Dump Report.ixt

|=| eLCAP Balanced Process-Pavement Project (u-so)~Runtime (in Model-Runtime) LCIA Report.txt

)
)
|| eLCAP Balanced Process-Pavement Project (u-so)~Runtime (in Model-Runtime) LCl Report.txt
)
)

|| eLCAP Balanced Process-Pavement Project (u-so)~Runtime (in Model-Runtime) Product Flow Report.bxt

| eLCAP LCIA Report for LCA Event #1.xIsx
|| Use Phase #1 Debug Report~2017-05-12-13-45-40.txt

3.8.1.1

Figure 3.20: Generated reports ready for download.

Detailed/Debug Level Reports

Figure 3.20 shows the reports generated by eLCAP for a single construction event—Use Stage pair of events.

The first five reports shown in the figure are detailed/debug level construction-type event reports. The first

one listed is the most comprehensive of the reports. It gives input/output flows for every process in the

Pavement Project Model (there can be hundreds of them) with the following data for each flow:

1.

2
3.
4

Flow name

Amount of flow “as collected”

Amount of the flow normalized to produce a unit value for the output product flow

Amount of the flow scaled as required by the Pavement Project Process to produce a single

pavement project

Since the process of balancing starts at the Pavement Project Process and “climbs” upstream for each input

flow into that process, the Pavement Project Process is the last one to be completed. Therefore, it appears

at the end of the report. Figure 3.21 shows the sample results for that process.
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The figure shows that there were 108 processes in the LCA model and that the Pavement Project Model
has a single input flow (907.185 kg of HMA, which is a user input value of one ton of HMA) and one output

flow (a pavement project).

Since the user specified one ton of HMA for the example pavement project, all flows in the HMA Process
upstream from the Pavement Project Process are scaled by 907.185. The scaling is performed, recursively,

upstream for each model attached to each input flow in each process.

Process (108) Information for: Pavement Project (u-so)~Runtime This Process is FIXED; Model Scale Factor: 1.008@
This is a Pavement Project (u-so) Process

All Techsphere and Nature flows are scaled by: 1.000808e+00

Normalized to #

Flows As Collected Normalized to * Techsphere Flows Nature Flows
Inflows
Hot Mix Asphalt (HMA) [UCPRC Flows]-1 987.185 kg 987.185 kg/pcs 987.185 kg/pcs
Outflows
Pavement Project [UCPRC Flows]*# 1.008@ pcs 1.880 pcs/pcs 1.008@ pcs/pcs

Note: Example page; results not associated with other figures.

Figure 3.21: Debug level report results for the Pavement Project Process.

Figure 3.22 shows some of the detailed information in the Use Stage event report.

The top section shows the three route segments for the example of DN-101-North, from PM R1.000 to
PM R5.000. The second section shows some high-level Use Stage data. The third section shows route
segment and lane data for the first year on the Use Stage. The information in this section is discussed in

Section 2.7.2.
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Segment List AFTER Project Limit Trimming (Traffic Volumes are for BOTH Directions)

MgmtSegment List for Pavement Project Get Segments

---------------- Beg Segment Boundary ------------ ------- Segment ------ ---------------- End Segment Boundary ------------
Event CODM(m) SODM PM Lanes  AADT Trks Yr Event CODM(m) SODM PM
BegProj 8.0 763.637 Me.eee 2 4458 587 88  LaneRange 8.0 767.317 R3.647
LaneRange 8.0 767.317 R3.647 1 Traffic 8.8 768.308 R4.638
Traffic 0.0 768.308 R4.638 1 EndProj 8.9 768.670@ R5.@80
Use Stage Data
Starting Date: 1/1/2019 Ending Date: 7/1/2029 Analysis Period: 18.58 yrs

Pavement Type: Flexible
Project Length: 5.833 miles

Treatment: Full Depth_Reclamation
Total Lane Miles: 8.713 miles Avg # Lanes 1-Dir: 1.73

Project Center Climate Zone: North Coast Climate Category: severe

Traffic Growth Rate: @.8%

Use Stage GHG Due To IRI (Traffic Volumes Reflect Growth Rate Effects from Midpoint of Traffic Count Year to Date Shown in "Date’ Column)

Yr# Date Year Seg# Seglen C WIM Ln# DF AADT  CarVol TrkVWol 2-Axle 3-Axle 4-Axle 5-Axle ESAL E A B C IRI GHG
(mi) (k) (ipm) (kg)

1 7/1/2019 @.5 1 3.680 s 1b 1 @.19 1,152 1,1e4 48 17 8 (% 20 24 A 157.3 3.4 1.9 159.8 7.343863E+05

.818 1,872 868 204 75 37 2 89 101 B 143.8 5.1 1.9 145.6 1.086404E+06

Segment Totals: eee 2,224 1,972 252 92 45 2 109 1.748790E+06

2 8.991 s 1b eee 2,225 1,972 253 93 46 3 118 124 B 143.@ 5.1 1.8 145.6 4.787014E+85

Segment Totals: eee 2,225 1,972 253 93 46 3 110 4,707014E+05

3 8.362 s 1b eee 2,300 2,063 237 61 31 50 94 117 B 143.8 5.1 1.9 145.6 1.787601E+85

Segment Totals: eee 2,300 2,063 237 61 31 50 94 1.7676@1E+05

Year Total: 2.398251E+06

Year Total Per Lane Mile: 2.743316E+85

Note: Example page; results not associated with other figures.

Figure 3.22: Debug level report results for the Use Stage.

3.8.1.2 Standard Excel Report

The following sections show some of the results for the standard Excel report.
Sample Project-Level bar chart. Figure 3.23 shows 6 of the 18 computed impact categories, with each
chart showing results for ‘“Material Production,” “Transport,” “Construction Equipment,” and

“Construction.”

Sample Material-Level bar chart. Figure 3.24 shows 2 of the 18 computed impact categories, with each

chart showing several different types of grouped results.

Sample result table. Figure 3.25 shows the Project Totals table.
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Acidification Ecotoxicity Eutrophication
15+ XTI 32REE-0T 1. ME+D5 12E+01 1.126E=11
’ 0E+05 1. E01E+D5 LO1IE+I
3.00E=D2 1 50E+03 2300E+05 ° 10E-D1
b ’)
- 23E-01 10EHS LOE=DD
¥ 10m-02 T =
8 2 15E=05 2 GOE-0D
@ 1SE-01 5 w
» o
LDE<07 1.00E+05 4 DE+DD
5 OmE+01 5 DE+M4 TOME+D 1 e
FRIEST gm0 IBE-1 ) a0F-03 1216E-01
D.0E+DD 0.OE=DD 0.OE+DD
= Material Production mTransport m Material Production s Transport m Material Production = Transport
= Construction Equipment © Event Total = Construction Equipment ~ Event Total = Construction Equipment © Event Total
Global Warming Air, excluding biogenic carbon Global Warming Air, including biogenic carbon Human Health Particulate Air
4 50E+HM 4 50E+ 1 50E+01
40E04 JB14E+04 4DED4 AL7E+ M e L020E+01
35E-04 3IE+0 3 5E+04 349E+0 L00E=D1 :
3.0E-M4 3.0E=4 =
EJ..SIE—M ElSIE—M 'x- 130E=01
O 10E+M O 10E+M4 E A
150E+04 150E+04 2
LOE+4 TRGEE LOE+}4 05ET3 5 BE-DD
S0E~03 TIBETDT— 5.0E~03 TIMES02 LOSOE- g smapm
D.0E+DD 0.OE+DD 0.OEDD

= Material Production mTransport
= Construction Equipment © Event Total

m Material Production s Transport
= Construction Equipment ~ Event Total

m Material Production = Transport
= Construction Equipment © Event Total

UCPRC-TM-2018-04

Figure 3.23: Excelreport example showing bar charts.
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Acidification

Ecotoxicity (recommended)

12E03 < 600E-01
1.00E-03 W 5.00E-01
.0ED4 4.00ED1
7 P .
=] 5 . 5 0
§ 6.00E-04 3] 3.00E-01 |Vert|ca| (Value) Axis Major Gridlines
2T
4.00E-04 1.00E-01
— A—
200E04 e . LOEDL 158 SOSEQ
c— — Al s B
0.0CE+00 0.00E+00
= HMA Aggregate = HMA Bitumen = HMA Energy HMA Production = HMA Aggregate = HMA Bitumen = HMA Energy HMA Production
uPCC Aggregate uPCC Cement PCC Energy PCC Production 8 PCC Aggregate uPCC Cement PCC Energy PCC Production
Aggregate Base Crushed Agg - Aggregate Base Natural Agg w Aggregate Base Production Aggregate Base Crushed Agg - Aggregate Base Natural Agg w Aggregate Base Production
Figure 3.24: Excelreport example showing 3D bar charts.
Event Totals
Construction
5 5 o N . Material Production as Transport as % of Construction .
Selected Impact Categories and Inventories Units Material Production % of Event Total Transport Event Total a— Equipment as % of
= Event Total
Acidification kg 502-eq 2.9087E+02 93.57% 1.8134E+01 5.66% 2 4633E+00 0.77%
Ecotoxicity CTU-eq 2 3004E+05 05.38% 0.2246E+03 3.60% 1.8414E+03 0.74%
Eutrophication kg N-eq 1 0130E+01 89 95% 1.0098E+00 8.97% 1.2163E-01 1.08%
Global Warming Air, excluding biogenic carbon ke CO2-eq 3 3402F+04 87.81% 3.9564E+03 10.37% 6.9378E+02 1.82%
Global Warming Air. including biogenic carbon ke CO2-eq 3.3400E+04 87.73% 3.0564E+03 10.37% T1743E+02 1.88%
Human Health Particulate Air kg PM2.5-eq 1 8965E+01 93 88% 1.0799E+00 3.35% 1.5734E-01 0.78%
Human Toxicity, cancer CTUh 2 5038E-05 95.63% 9 1169E-07 3.48% 2.3278E-07 0.89%
Human Toxicity. non-cancer CTUh 1.2013E-02 95.50% 5.0719E-04 3.75% 1.0145E-04 0.75%
Ozone Depletion ke CFC 11-eq 4.7026E-06 06.42% 1.4553E-07 2.98% 2.0048E-08 0.60%
Resources, fossil fuels M surplus energy 1.0834E+05 96.05% 6 8026E+03 320% 1.3578F+03 0.66%
Smog Air kg 03-eq 3.2315E+03 85.84% 4.8070E+02 12.77% 5.2308E+01 1.39%
Primary Energy Demand used as Raw Materials (feedstock enerpy) MJ 8.6005E+05 100.00% 0.0000E+00 0.00% 0.0000E+00 0.00%
Primary Energy Demand from Renewable and Non-renewable Resources (gross calorific value) MI 1.5216E+06 96.02% 5.2510E+04 331% 1.0481E+04 0.66%
Primary Energy Demand from Renewable and Non-renewable Resources (net calorific value) MJ 14141E+06 96.00% 4.0068E+04 3.33% 9.7944E+03 0.66%
Primary Energy from Non-renewable resources (gross calorific value) MJ 1.5080E+06 05.00% 3.2510E+04 3.34% 1.0481E+04 0.67%
Primary Energy from Non-renewable Resources (net calorific value) MI 1.4005E+06 05.97% 4 9068E+04 336% 9.7044FE+03 0.67%
Primary Energy from Renewable Resources (gross calorific value) MI 1.3624E+04 100.00% 0.0000E+00 0.00% 0.0000E+00 0.00%
Primary Eneroy from Renewable Resources (net calorific value) MI 1.3624E+04 100.00% 0.0000E+00 0.00% 0.0000E+00 0.00%
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Figure 3.25: Excelreport example showing data table.
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4 ARCHITECTURE

eLCAP implements the well-known three-layer architecture to support separation of functionality and to
promote code reuse:

e User Interface, Ul

e Business Logic Layer, BLL

e Data Access Layer, DAL

Any given lower-level layer (e.g., Data Access) does not know anything about the layers above it (e.g.,
Business and the Ul). In addition, any given upper-level layer (e.g., UI) communicates with lower-level
layers (e.g., Business) using an API (data in a layer is private to that layer and API functions provide access
to its data and operations on its data). And in general, an upper-level layer communicates only with the

layer immediately below it, but there are exceptions.

The Ul is designed to be as “thin” as possible with all business-type activities handled in the BLL. Error
checks are made in the Ul to provide the best possible feedback for the user, but error checks are also made
in the other layers. Implementing a user-friendly UI tends to be a time-consuming activity since it is crucial

to the acceptance and overall use of the application.

The BLL consists of a large set of classes. Currently, there are around 800 C# classes/interfaces in the BLL.
The BLL lives in a dynamic link library (DLL) named “Utilities.” The BLL models the business domain of
the UCPRC and is organized as shown in Figure 4.1. Almost all classes in the BLL inherit from a base
class, UCPRCBase, which contains member data needed by all classes in the BLL and virtual functions

implemented by all classes.
The BLL is general (i.e., not specific to LCA) so it is used in applications other than eLCAP. The eLCAP-

specific part of the architecture is the UI; the BLL and the DAL can be used by any application. The size
of the Utilities DLL in debug configuration is around 3 MB.
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4 [c¥] Utilities

# Properties

"B References
AdministrativeComps
Configuration
DAL
Database
DbEx
DocMgmt
Geom

LCA

Loads
Materials
Misc

MVP
ObjModel
Performance

b

P

b

P

b

P

b

P

b

b HighwayComps
b

P

b

P

b

P

b

B Simulation

4 Specs

Figure 4.1: Groups of classes in the Utilities DLL.

The BLL accesses the DAL with high-level, domain object-level data requests, and it is agnostic about the
specific data storage type and location. The details of the specific data storage and location of that storage
are specified in the configuration file, web.config, and the lowest-level set of DAL functions. The
architecture of the DAL implements the Factor Pattern and Data Provider Pattern to make it relatively
straightforward to change data storage types in the future and to allow every specific data object (e.g., a
table) to be stored in separate data stores and locations; all data tables need not be stored in the same physical

database.

The basics of the Factory Pattern and Data Provider Pattern used for the DAL are that data access is
provided to upper-level classes via an “abstract” class. This class defines abstract functions (usually to get
or update database data) that must be implemented by a concrete implementation, such as a class containing
functions to access an SQL Server. The specific concrete class to use at runtime for a particular table of
data is set in the configuration file or can be set by some other means. The Factory Pattern implemented in

the DAL is shown in Figure 4.2. The Provider Pattern is similar but slightly simpler.
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IDbAccessFactory

+CreateBaseProvider() | IBaseDbAccess
+CreatePersonProviden) | IPersonDbAccess
+CreateProjectProvider() - IProjectDbAccess

SqiDbAccessFactory

+CreateBaseProvider() | |IBaseDbAccess
+CreatePersonProvider() : IPersonDbAccess

IPersonDbAccess

+MumberCfPersons{) : int
+CreatePersoni) | bool
+GetPersons()
+GetPersonList])
+GetPersonByPos()
+GetPersonByID()

+CreateProjectProvider() - IProjectDbAccess ;
T +GetPersonByUserlD()
| |IBaseDbAccess +UpdatePerson() : bo:_nl .
| rDeletePersonByPos() - bool
| +DeletePersonBylD() - bool
| +MumberOfBaseRecords() : int +DeletePersonByUserlDi) | bool
I +CreateBaseRecord|) | bool
|
|
: SqlBaseDbAccess SqlPersonDbAccess
|
: +MNumberOfBaseRecords() - int | _ +HumberOfPersons() - int
| ginstances +CreateBaseRecord(] - bool } +CreatePerson() | bool
| AT P GelPersons()
——————————————————— I +GetPersonList()
F | /
| | +GetPersonByPos()
| | |[+GetPersanByID()
| | |+GetPersonBylUseriD()
| | |+UpdatePersoni) - bool
| I [+DeletePersonByPos() : bool
: : +DeletePersonBylD() : bool
| | +DeletePersenByUserlD{) . bool
T
| |
|
| |
|
| | !
| «instances PRI ST, D oL S AL S E e
|

IProjectDbAccess

+«NumberOPrajects()
+CreateProject|)
+GetProjects()
«GetProjectList))
+GetProjectzByPersonlD{)
+GetProjectByPos()
«GetProjectBylD()
+UpdateProject()
+DeleteProjectByFosi)
«DeleteProjectBylDD)

+=EelProjectsi)
+GetProjectlist()
+GetProjectsByPersoniDi)
+GetProjectByPos()
+GetProjectByID()
+UpdateProject()
+DeleteProjectByPos()

—  |[+DeleteProjectByID()

DbAccess
SqlProjectDbAccess +Dalafcoess()
+CreateCommand()
2 +CreateP arameter()
+NumberOfProjects() +ExeculeSelectCmd()
+CreateProject()

+ExecuteMonQueryCmd()
+ExecuteSecalarCmd()

wcalls

Figure 4.2: Factory Pattern implemented in DAL.
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BizObject

T

BLL.BaseMaterial

A Return Globals Settings. Matenal;

+Settings() : MaterialElement

T

Globals

Public readonly static My3ection Sattings =

[MySection|WebConfiguratiocnManager. GetSection|"me"};

Page 102

ContactFormElement : ConfigurationSection

+5ettings()

My Section : ConfigurationSection

+faterialsl) | MaterialElemant

MaterialElement

Material

List=Materialltems> list = SiteProvider.Materials. GetMaterials();
List=Material= rtnlist = GetMaterialListFromiMaterizl ltemList(list]

+ProviderTypel)

nheritz from ConfigurationElement
Fage 216

+GetMaterials(]

SiteProvider

Materialltem _/I Fage 219

Return MaterialsFrovider. Instance; ‘

+Materials{) : Material PFrovider

return (string|base[*providerType”];

<MySection>

<materials providerType="ns AccessMaterial Provider” /=
</MySection>
Page 194

DbAccess

/I This iz not static but the functions are

sDatasccess()

MaterialProvider H

return m

#CreateCommand||
+CreateParameter)
tExecuteSelectCmd() An abstract class
< ExecuteMonOueryCmd()
+ExecuteScalarCmd() Static private MatenalsProvider m
Static public MaterialsPravider Instance {
get {
if {m_instance mm aull) {

m_instance = Type.GetType|Globals Settings Materials. ProviderType]|;

netance;

r nee m aull;

Y

tinstance]) : Materiz| Provider

Figure 4.3: Provider Pattern implemented in DAL.
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eLCAP is an ASP.NET (web) C# application so its internal organization is influenced by ASP.NET and it
also makes use of many services of the .NET runtime environment. Currently, eLCAP is built to the

4.5.1 version of .NET runtime. Development is done using Visual Studio (2013).

eLCAP also makes use of several third-party libraries (see Section 4.7). These libraries are managed by the

Visual Studio included NuGet package manager.

4.1 ASP.NET Concepts

The Ul in eLCAP is implemented using ASP.NET, a mature Microsoft web technology initially released in
2002 as Active Server Pages (ASP) that later turned into ASP.NET. It is a server-side web framework built
on the NET Common Language Runtime (CLR) and currently supports many different programming
models, such as MVC. ASP.NET can be used with any programming language supported by the CLR; the
Ul in eLCAP uses C#. The CLR consists of many thousands of classes and provides an extensive array of

services to the application developer.

A web application is, by HTTP design, a stateless machine; each request to a web server results in the web
server constructing completely new versions of all controls and the page itself. The web application does
not “remember” what happened on an earlier request. This is very different from a desktop application, in
which state is maintained during a user’s interaction with it. ASP.NET provides several techniques to
maintain state between multiple page requests in order to provide needed UI functionality. eLCAP uses the
ASP.NET Session State facility to maintain a finite amount of program state. In general, one tries to
minimize the amount of Session State since it consumes valuable web resources, but maintaining state is

necessary in any user-friendly UL

Client-side programming can easily be done using JavaScript downloaded to the browser at runtime. eL CAP
makes use of this in various ways to extend the functionality of the server controls and to provide a more

responsive UL

4.1.1  HTML (aspx, server controls, CSS), C# Code Behind, and Event and Error Handling

The basic pattern in ASP.NET is that visual controls such as data fields, radio buttons, check boxes, and
tables (grids) are implemented using ASP.NET “server”-side controls located in *.aspx files (very similar
to HTML files and HTML controls) and user events (for example, clicking a check box or entering data in
a field are “handled” or trapped in C# “code behind” files). The C# functions that respond to user

interactions provide the main Ul functionality and the interaction with the BLL to set and get data and
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perform any needed Ul operations using the facilities of the BLL. The ASP.NET server controls, when
loaded by the ASP.NET web server (IIS), emit standard HTML and any necessary JavaScript to the web

browser.

The visual aspects of the server and HTML controls and pages are handled using standard CSS. ASP.NET
allows for formatting of controls within the server-side controls themselves in the aspx file, but it is

performed in eLCAP via CSS for greater flexibility and to follow web standards.

Error trapping and handling is a complex and detailed activity. The first layer of error trapping and handling
is done using ASP.NET server Validation controls to perform range checking and data existence. These
Validation controls are implemented in JavaScript that is generated by the ASP.NET engine. The second
layer of error trapping and handling is done in the C# code behind, and messages are presented to the user
as necessary by the code behind code. The third layer of error trapping is done in the BLL; standard C#
exceptions are “thrown” by BLL functions and “caught” by the Ul code with subsequent issuing of user

messages.

4.1.2  Master and Content Pages

The Ul in eLCAP uses a facility in ASP.NET called “Master” and “Content” pages. A Master aspx page is
where common page look and feel and functionality are placed while specific page content is placed in
separate Content pages. A Content page inherits the controls and code from a Master page. This method
minimizes coding by having common things in one place and provides a simple mechanism to have a

consistent look and feel across all pages in a web application.

4.1.3  Web.config

A critical file in the world of ASP.NET is web.config. This is an XML-formatted file that contains many
sections, and it is where users are able to control many aspects of the application without having to rebuild
and redeploy the application. ASP.NET detects that this file has been edited and reloads it automatically.
Since web.config is an XML file, control of the application is done using “name-value” pairs (e.g., “<add

key="my important key” value="key value” />).

The main sections of web.config used in eLCAP are:
o ConnectionStrings. This section is used to specify connection parameters to database sources. Items
such as the server url, type of security used by the database server, name of the database, user login

credentials, and specific data provider (SQL, OLEDB, etc.) used to access the data are defined.

e AppSettings: This section is used to define application data that can easily be changed by simply

editing web.config on the web server. Items such as directory locations of runtimes files, email
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settings, and fully qualified names of classes used by the DAL to access specific tables of data are

defined.

o Authentication, RoleManager, Membership and Profile: These sections are used to control user
authentication and authorization and to keep track of user profiles (e.g., which Caltrans district a

user is in).

e  Page Protection: This section allows specific pages of the application to be protected so that only

specific authorized users or specific groups of users can access them.

4.2  Authentication, Authorization, Profiles, and the Database

The design and implementation of eLCAP included user access controls via standard login procedures.
ASP.NET has built-in support for user authentication and authorization and group membership. An SQL
Server database is provided by ASP.NET, called aspnetdb, which is used to store all user access/login data.
The database schema is shown in Figure 5.1. ASP.NET provides customizable login controls (see

Section 3.1) for registration, log in, and password recovery.

eLCAP adds some custom fields to the Registration control to gather data that is not part of the built-in
control. Data items such as First Name, Last Name, and Caltrans District have been added, and they are
stored in a user profile in the aspnetdb database. In addition, the most recently used project and project trial
are stored in the user profile so eLCAP can open up the last used project trial when starting a new eLCAP

session.

4.3 Automatic Email Generation
eLCAP sends email to users and the system administrator for a variety of reasons. When a person registers
to become a member of eLCAP, an email is sent to the system administrator so they can verify the person

and then authorize and put the person in the appropriate user group.

In addition, if the application crashes during use, an email containing a variety of debug information is sent

to the system administrator (for later debugging) and a “user-friendly” page is shown to the user.

4.4 Units

Unit conversion in engineering applications is an ongoing issue but one that needs to be addressed at the
very beginning of design and development. eLCAP uses the services of a unit conversion subsystem called
EngrUnits that converts between many different types of units. Currently, there are seven different

quantities in EngrUnits: area, energy, force, length, mass, time, and volume. Each quantity contains many
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variations of the units. For example, length has 20 different units (e.g., kilometer, meter, mile, league, yard,

chain, twip).

To get a conversion factor to convert miles to feet:

milesToFeet = Length.Factor(Length.Type.Mile, Length.Type.Foot); “.1)

4.4.1 Base and Client

The EngrUnits subsystem forms the basis of a slightly higher, application-specific, and more convenient
method of performing unit conversion. eLCAP sets up a base set of units forming a consistent set of units
for all internal computations. This set of base units is known only to eLCAP. All data that are given/specified
to the internal data structure in eLCAP are converted to base units using the services of the EngrUnits
subsystem. The BLL has a class, called Units, that has a set of units for the base and a set of units for the

client (the UI); eLCAP establishes the set of base units and set of client units during startup.

Whenever the Ul needs to specify data to its internal project data structure or BLL data structures, it gets a
conversion factor. For example, to get a conversion factor to convert client data (mile) to base data, the

following is used:

clientToBase = Length.Factor(Length.Type.Mile, Units.BaselLengthUnits); “4.2)

The reverse is done when data are extracted from eLCAP s internal data structure and displayed in the UI.

For cases where a particular item in the Ul is not part of the client set of base units, the above approach will
not work and the approach in Equation (4.1) is used. For example, if a client unit for length is meters but a

particular data item exposed to the user is in kilometers, then Equation (4.1) is used.

4.4.2  Per Data Item

eLCAP is an LCA tool and works with flows of materials and chemicals. So it must deal with a wide range
of different units in the UI (and also the actual database of processes and flows) since quantities of materials
(e.g., HMA) might be known to the user in tons or tonnes, kilograms (kg) or grams (g), pounds (1b.), or
something else. Therefore, eL CAP allows the user to select, from a list of units, a specific unit for a specific
data item. For example, when defining a construction-type event, a user may know the amount of AB in

kilograms but the amount of HMA in tons.
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To avoid forcing a user to convert one or both to whatever the Ul wants for quantity, eLCAP allows the
user to specify AB in kilograms and HMA in tons. To support this, eLCAP maintains a unit specification
for the quantity data item (and others), and during the balancing process (see Section 2.1) all flow quantities

are converted to the same base unit using Equation (2) above.

4.4.3 Ul and C# Code
ASP.NET provides several methods of making the localization process as simple as possible (i.e., to

minimize the time for it to happen).

For UI controls, the following is used:

Text="<%$ Resources:GlobalResources, EndOfLifelLabelPartB_G %>">

ASP.NET will look in a string resource file named GlobalResources.??.resx, where “??” is the two-letter
ISO language code (e.g., “en,” “es,” “fr,” for the string labeled “EndOfLifelLabelPartB_G”) and assign that

string to the Text of the control.

For getting a string in code, the following is used:

Text = Resources.GlobalResources.EndOfLifelLabelPartB_G

4.5 User Real-Time Feedback: SignalR

eLCAP is web application, and, as such, it is constrained by web protocols. One constraint is that a single
response is sent by a server when it receives a request from a client browser. Clicking a button is a request;
sending a message from the server to show the user is a response. This model works perfectly well for most
web applications. However, it does not work when the request results are in a long-running execution of
the application. Performing an LCA is a long-running activity, and user feedback is necessary for a user-

friendly UL

Sending user feedback during a long-running web application requires the use of real-time web technology.
The specific real-time technology used by eLCAP is called SignalR. It is basically a point-to-point,
bidirectional connection technology, similar to chat applications, that allows the server to send content to

the client browser as it happens in real-time, independent of a web request.
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SignalR uses WebSockets, when available, as the communication technology and older protocols as
necessary. SignalR provides a very simple, high-level API for doing server-to-client Remote Procedure
Calls (i.e., call JavaScript functions in the browsers from server-side .NET code) in the ASP.NET

application.

Clicking the “Balance” button on the Analyze & Results page results in calling a function, located in a
special class in eLCAP, which deals with real-time, client-to-server and server-to-client communication.

All messaging to the client browser during the LCA is done using SignalR.

4.6 Main Classes
As mentioned earlier, the BLL contains over 800 classes/interfaces, and it is neither practical nor instructive

to discuss all of them here. This section briefly touches on the more important classes.

4.6.1 Base Class
Most of the classes in the BLL derive from the base class UCPRCBase. This class is shown in Figure 4.4.

It is very convenient to have classes derive from a base class for a variety of reasons.

UCPRCBase

-m_|D : string
-m_dirty : bool

-m_id

-m_addedBy : string
-m_addedDate : Date
-m_modifiedBy : string
-m_modifiedDate : Date

+OmTypeFromBLL()
+BLLTypeFromOmType()
+CloneMe()
+PreSerializationTasks()
+PostSerializationTasks()
+PropertyHasChanged|)
+Recompute()

+Dump()

Figure 4.4: The base class, UCPRCBase.

4.6.2 Life Cycle

The pavement project life cycle is modeled by two classes, LcaLifeCycle and LcaEvent, as shown in Figure
4.5 An LcaEvent object is added to the list of LcaEvents in LcaLifeCycle for each construction-type event
defined by the user, and then eLCAP adds another one after it to represent the Use Stage. The
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m_pavementModel data member in LcaEvent either contains a PavementProjectModel or a

PavementUseModel object.

The BuildLcaModel() function in LcaEvent translates either a PavementProjectModel object into a
PavementLca object or a PavementUseModel object into a PavementUseLca object. The “Lca”-named
objects are the objects that know how to do an LCA analysis. The PavementLca object does the balancing
of flows for the generated process based model (see Section 2.7.1); the virtual Balance() function for

PavementUseLca does nothing since the Use Stage is based on performance models (see Section 2.7.2).

When a user requests that eLCAP perform an analysis, eLCAP iterates through the LcaFEvent list in
LcalLifeCycle calling BuildLcaModel(), Balance() and DoLcia().

LealLifeCycle

-m_list[0..*] : LcaEvent

LcaEvent

-m_lcaEventlD : string

m_startTime : Date

*  |-m_endTime : Date
-m_pavementModel : PavementModel
m_lcaltem : LcaBase

-m_include : bool

+BuildLcaModel()

+Balance()

+Dolcia()

Figure 4.5: Life cycle classes.
Other modeled classes include LcaBase, PavementLca, and PavementUseLca classes, shown in Figure 4.6;

model and process-related classes shown in Figure 4.7; and LCIA assessment-related classes shown in

Figure 4.8.
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LcaBase

-m_flowList[1..%]

-m_lcabDbSource[1] : LcaDbSourceTypes
: Flow
-m_processList[1] : ProcessList
-m_modellist[1] -
-m_listOfModels[1] : ModelList
-m_balanceMaodel[1] : Model
-m_flowNamehMap[1]
-m_impactFlowMap([1]
-m_processMameMap(1]
-m_processinputFlows[1]
-m_processOutputFlows[1]
-m_flowCategoryGroups[1]
-m_flowCategoryFlowNameMap[1]
-m_processFlowhap([1]
-m_maodelFlowMap([1]
-m_listOfPhases[1]
-m_listOfLciaMethods[1]

Modellist

+initialize()
+AddProcesss()
+addmModels()

+BuildLcaodel|)
+BuildModel()
+Balancel)
+Dolcial)

+Computelcial)

+ClearTheModel()
+5etFixedModelProcess|)

+GenLciaMethods()

~

ModelList

-mi_list[1..%] : Model

PavementLca

PavementUselca

-m_pavementUseMadel[1] - PavementUseModel

+SetQuantitiesFromDbi)
+DoLcial)
+GenlciaMethods()

+Dolcial)

+GenlciaMethods()

+Computelcial)

+Computelcial)

Figure 4.6: LcaBase, PavementLca, and PavementUseLca classes.
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Process

ProcessList
1 m_list[0..*] : Frocess  ie————
1
Maodel

-m_creater - CreatorTypes
-mn_description : string
-m_fixedProcessMame : string
-m_listOfProcessas @ ProcessList

+UpdateAmounts|)

+Genlcalbjects()

#DafinitionToProcess() : Process

+Update(]

+Balance|)

+Computelcialin listOfPhases : List<lcaPhase>)

-m_processiD o string

-m_creator : CreatorTypes
-mn_processDescription : string
-m_processKind © string
-m_processObjectType : ProcessTypes
-rni_listOfFlowws - FlowlitemList
-m_producesProduct @ bool

-m_isFixed : bool
-m_modelScaleFactor : double
-m_listOfFarameters : Farameterbist
-m_hasBeen\isitedForla : bool
-rn_lciFlowlist : FlowltemList
-m_listOfLelafethads

-m_modelMame : 5tring
-rn_modelFlowMarmes @ <string string>
-m_hasBeenVisitedForProducts © boal
-m_productFlawlist : Flowltemlist
-m_numberOfProcessVisitedForlei - int
-m_numberOffrecessVistedForPraduct @ int

FlowltemList *

-mi_list[0..*] : Flewltem

Flowdtem

-m_flowltem|D : string
-m_process|D : string
l-m_flowReflD : string
-m_flow : Flew

+Computalcial)

Flawwlist

Flows

-m_flow|D : string

-m_flowDescription - string
-rn_referenceduantity - Quantity Types
rencelnit | AllUnitTypes
_listOfFlowProperties : FlowPropertylist
-m_lciaFactors © LoiaFactors

- _assoclated mpactFlaw - ImpactFlows

FlowPropertylist

-rn_list : FlowProperty

FlowProperty

*L

=

LeiaFactors

-m_flowPropertylD : string
-rm_flewlD : string
-m_flowPropertyDescription : string
-m_onekgEquals - double
-r_flewFrapartylnits | AllUnitTypes
-m_oneltemEquals : double

-en_list[1..%] : Flow

ParameterList

Parameter

1
1 -m_list : Parameter ‘-I_
-rr_parameterlD : string

1 |em_processiD ; string

PavementModel

+BuildLealadel(}

N

-rn_formula © string
-rm_wvalue © double
-m_units @ AllUnitTypes
-m_comments - string

PavementProjectModel

-rn_characterization | double
-m_normalization : double

-m_weighted : double
-m_damage : double
-m_lci - double

-mn_convertedLeilnits @ string

-m_modelblame : string
-rm_procassiame @ string
-mi_pavementType

-mi_treatment

-m_climateZone

-m_segmentlist

-rn_wimStationld

-rn_esalPerfear
-m_trafficGrowthRate
-m_associated PavementUsehMaodel
-mi_referenceOutputFlowName @ string
-rni_rnd

PavemaentlseModal

-m_startTime ; Date
-m_endTime : Date

+Getlri(]

+GetEsalCategory()
+GetClimateCategory()
+BuildLecaMoadel])
+Camputalcial)

+GetlriPerfParameters(in inputFlowConnections : List<lnputFlowSourcelitems)

+UpdateAmounts(]

+Update(in inputFlawCannections : List<inputFlewseurceltem=|
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LcaPhase

m_|

IstOfLciafetheds | Methodlist

-m_listOfFixedProcesses : AllowableFixedProcesses
-m_listOfFoundProcesses - ProcessList

+DaolciaPrep|]

+Camputelcial)

7AY

Construction

MaterialProduction

HmaProduction

HmaAggregate

HmaBitumen

HmaEnergy

PecProduction PccAggregate

tDelclaFrep(]

#DolcaPrep()

+DolclaPrepl )

+DoleiaPrep])

+DeleclaPrep()

+DoleiaPrep|)

+DolelaFrep() +DaLclaPrap])

PecCement PecEnergy

Agpregate BaseProduction

AggregateBaseCrushed Agg

AggregateBaseMaturalAgg

Transpart ConstructionEquipment

+ComputeLcial)

—

TRACI

i

TRACI_2_1

+GenGwpFlow
+GenSmodAir

#GenDustFlows()

+GenParticula

+GenAcidificationFlows|)
+Genlzone DepletionFlaws(]
+GenEutrophicatienFlows{)
+GenFossilFuelFlows|)

s*Genkcotaxic

+GenHumanToxicityNonCancerFlows(]

W
Flows(]

tedirFlows| )

Ja——

+GenEnergyMetCalaricFlows|)

+GanRenewablefnergyFlowst
+GenFeadstockEnergyFlowsl )
+GEenEcotoxicityFlows|)
+GenGwp Flowsi)
+GenSmogairFlows|)
+GenDustFlows])
+GEenParticulates|rFlow:
+GenHumanTaxicit

(Lancerflo

rGEenAcidificationFlows|)
+GenDzone DepletionFlows()
+GEenEutrophicationflow:

+Computelcial )

+GenNonRenewableEnergyFlowsNetCaloricValuel)
+GanRenewableEnergyFlewsNetCalaricValuel)
+GenEnergyGrossCaloricFlows|)
+GenNonRenewableEnergyFlowsGrossCalaricValue()

+GenHumanTaxicityMonCancerFlaws(]

SrossCaloricValuael)

sl |

+GEanFass| FuelFlews|)

+DoLciaPrep{) +DolciaPrep() +DelLeiaPrep() +DclcizPrep(] +DolciaPrepi] +DelciaPrep(] +DolciaPrep()
Method
-m_lcaDbSource © LeaDbSourceTypes Impact
MethodList -m_listOflmpacts : ImpactList i L
m list[1."] - Method m_methadType | MaethodTypes -m_balanceSide : FlowlOTypes
+GanEnergyGrossCaloncFlows|) ImpactList -m_valueType : EnergyValueTypes

M m_list[1..%] : Impact

m_madifier | GWP_ModifierTypas

-m_timelnterval : double

1 -rn_listOfFlows - Flawlist

mi_impactPatential | dauble
-m_impactPotentialUnits : string
-rn_verboseMame - string

tyFlaws|{)

+GenHumToxicityCancerFlows(]

PrimaryEnergy Uepre

+GenEnergyGrossCaloricFlows| )
+GenMonRenewableEnergyFlowsGrossCaloricalue(]
+GenRenewableEnergy FloweGrossCalaricValuel)
+GentnergyMetCaloricFlows] )
+GenMonRenewableEnergyFlowsCaloricvalue )

FGanRenewableEnergy FlowsMNatCaloricValue|)

+GenFeedstockEnergy Flows|)

Figure 4.8: LCIA assessment-related classes.
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4.7

Third-Party Libraries

eLCAP uses a few third-party libraries managed by Visual Studio’s NuGet Package Manager:

4.8

AjaxControlToolKit: The ASP.NET AJAX Control Toolkit is an open-source project built on top
of the Microsoft ASP.NET AJAX framework. It is a joint effort between Microsoft and the
ASP.NET AJAX community that provides a powerful infrastructure to write reusable,
customizable, and extensible ASP.NET AJAX extenders and controls, as well as a rich array of
controls that can be used out of the box to create an interactive web experience.

SharpZipLib: Zip file services.

MathNet. Numerics: Math.NET Numerics provides methods and algorithms for numerical
computations in science, engineering, and everyday use. Covered topics include special functions,
linear algebra, probability models, random numbers, interpolation, integration, regression,
optimization problems, and more.

Newtonsoft.json: json file serialization and deserialization support.

Spire.xls: Excel file generation services.

Mathos.Parser.MathParser: Expression parsing services.

Select. HtmIToPdf: HTML-to-PDF file services.

Application/Session Startup

eLCAP performs several activities when a user starts a new web browser session:

UI control Session State variables are initialized.

UI language Session State variables are initialized.

Base and Client units are set.

Some main classes are initialized.

Permissions for user groups (Roles) are set.

Directory locations for runtime files are set.

Support files are read into memory using .NET tasks.
o Caltrans Highway Log

o Caltrans Route Direction
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4.9 Software Development

4.9.1  The Environment
All development for eLCAP is done using Visual Studio 2013 and targeting the version 4.5.1 of the NET

runtime.

4.9.2  NuGet
Third-party libraries are managed using NuGet provided by Visual Studio.

4.9.3  Source Control
All source files are managed by the source control system “Subversion” (svn) and using the client visual

tool called TortoiseSVN.
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S DATA ACCESS

el CAP makes use of data from several sources. It makes three formal database connections—SQL Server,
MS Access, and the login database—and it loads its LCA XML database file directly into memory for
performance reasons. As discussed in Chapter 4, eLCAP uses either a Factory Pattern (for the XML data)
or the Provider Pattern (for all other data except login) to access the data. Access to login data is provided

by a NET APIL.

5.1 Database Connections

Database connection specifications are defined in the ASP.NET configuration file, web.config.

5.1.1  MS SQOL Server
Project, Project Trial, User-Defined Processes, and IRI Performance Model parameters data are stored in a
MS SQL Server database having the schema shown in Figure 5.1. eLCAP connects to SOL Server using the

connection string shown in Figure 5.2.

LCA ProjectThbl

% ProjectiD - 1 tOutputThl
n

AddedBy vn';:apu:gu::..tlf)
AddedDate AddedBy
ModifiedBy AddedDate
MuodifiedDate ModifiedBy
UserlD MaodifiedDate
Projectiame ProjectiD
ProjectDescription TrialName

ProjectNumber
Jeck TrialDescription

Input
Output
OutputTimeStamp

ProcessDefinitionltemThbl
% ProcessDefinitionltemID

AddedBy

AddedDate IRl Model Parameters
ModifiedBy 7 IRI_Peri_Params_ID
ModifiedDate [Pavement type]

UserlD Treatment
ProcessDefinitions [ESAL per yr]

Climate
a
b

C

Figure 5.1: eLCAP database schema.
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<add name="eLCAP"
connectionString="Server=dev.ucprc.ucdavis.edu;
Integrated Security=false;
Database=eLCAP 1 0;
User ID=An eLCAP User;
Password=myPwd"

providerName="System.Data.SglClient" />

Figure 5.2: SQL Server project data connection string.

All project trial data are managed by a class that is serialized to a json string and stored in the table named
“InputOutputTbl” in the field named “Input.” The same is done for output but it is placed in the field named

“Output.” The json string is deserialized back into the class when the data are loaded from the database.

User-defined process data are stored, as json strings, in the table named “ProcessDefinitionsltemTbl” in the

field named “ProcessDefinitions.”

IRI performance model parameter data are stored in the table named “IRI Model Parameters.” The data for

this table originate from a CSV file that is imported into the SQL Server table.
Login data are also stored in a SQL Server database; its schema is shown in Figure 5.3 and the connection

string is shown in Figure 5.4. The basic login database is created by running a command outside of Visual

Studio.
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‘aspnet_Roles
Applicstionld
% Reled
ReleMame
LoweredRoleMame

Description

~aspnet_UsersinRoles
% Userd
% Roleld

‘aspnet_Applications

ApplicationName
LeweredhpplicationMName

‘aspnet_Membership

Apphcationld

Userdd

Password

PasswordFormat

PasswordSalt

MobilePIN

Email

LoweredEmail

PasswordQuestion

PasgwordAnswer

Approved

ElockedOut

CreateDate

LastLoginDate
LastPasswordChangedDate
LastLockoutDate
FailedPasswerdAttemptCount
FailedPasswordAttemptWindowStart
FailedPasswerdAnswerAttemptCount

FailedPasswordAnswerAttemnptWind...

Comment

% Applicationld
Description
o =
—
‘aspnet_Users =
Applicationld = a
¥ Userld
UserMName
LoweredUserMame
MobileAlias
IsAnenymous
LastActivityDate
@
‘aspnet_Profile
¥ Userd
PropertyMames
PropertyValuesString
PropertyValuesBinary
LastUpdatedDate

Figure 5.3: ASP.NET user authentication, authorization, and profile database schema.
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<add

name="LocalSglServer"

connectionString="Server=dev.ucprc.ucdavis.edu;

Integrated Security=false;

Database=aspnetdb;
User ID=Login User;

Password=myPwd"

providerName="System.Data.SgqlClient" />

Figure 5.4: SQL Serverlogin connection string.
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512

MS Access

Traffic, WIM, and climate data are stored in an MS Access database having the schema shown in Figure 5.5,

Figure 5.6, Figure 5.7, and Figure 5.8, with the connection string shown in Figure 5.9.

74

Field Name

Route

Route Suffix
District
County
Postmile Prefix
Postmile

Leg

AADT Total
Total Trucks
Total Trucks %
2 axle volume
2 axle percent
3 axle volume
3 axle percent
4 axle volume
4 axle percent
5 axle volume
5 axle percent
Description
Year
Verify/Estimate

Data Type
Number
Short Text
Number
Short Text
Short Text
Number
Short Text
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Short Text
Short Text
Short Text

Figure 5.5: MS Access traffic database schema.

Site_ no

Site_Mo
MName

District
County

Route

7D

Postmile

Data_System

WIiMStation

Axles per truck

*

Load distribution
Axles per truck
Axles per lane
Growth rate

Qry_WIMs

/

*

ProjectName

Figure 5.6: MS Access WIM database schema.
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Load Distribution

ProjectMame
Axle
Axle Mumber
Load
Periodl
Period2
Period3
Period4
Period3
Period
Period7
Period8
Periodd
Period10
Period11
Period12
Period13
Periodi4
Period15
Period16
Period17
Period18

Figure 5.7: MS Access axle load spectra (24 hours) database schema.

<add

Field Name Data Type
District Number
County Short Text
Route Number
Postmile Short Text
Climate Short Text

Figure 5.8: MS Access climate database schema.

name="CalMEConnectionString"
connectionString="Provider=Microsoft.Jet.OLEDB.4.0;
Data Source=|DataDirectory|\CalME.mdb"

providerName="System.Data.OleDb" />

Figure 5.9: MS Access connection string.
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5.2 XML Database File

eLCAP’s LCA database is an XML file that is read into memory when the application starts up. This is
done for performance reasons since access to it occurs frequently. The file is constructed as discussed in
Section 2.5. The schema for the file, and the in-memory version of it, is shown in Figure 5.10. Data are

accessed using the DAL, as usual, for any data source used by eLCAP.

Process

PK | ProcessiD

Name
Description
ProcessKind Flowltem
A PK | FlowitemID
FK1 | ProcessiD
FlowRefID
FlowlIOType
Amount Flow
Units
IsReferenceFlow PK | FlowlD
MName
Description
ReferenceQuantity
ReferenceUnit
Parameter
PK ParameterlD FlowQuantities
FK1 | ProcesslD PK uantitylD

ParameterName 1 | Flowld

Formula

Value Name

Comments OneKgEquals
OneQuantityEquals

Figure 5.10: XML file schema.
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APPENDIX A: PROCESS MODELS

The following figures show the process models used in eLCAP. A process model contains a process that
produces a product, such as HMA or a pavement project, and other “agg”-type processes. The main product-
producing process has a series of input flows that connect to either the “agg”-type processes in the model

or to other models.

The figures in this appendix usually contain more than one process model. This is done to provide

information about the source of the input flows for the process model in the figure.

| Pavement Project Model
—§-Crushed Stone—3»
g [
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> Cargo—— H o
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>
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Figure A.1: Pavement project process model.
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@ The Regents of the University of California, Davis campus, 2018. For Information contact ucpre@ucdavis.edu.

Figure A.2: HMA process model.
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Figure A.3: Bitumen (crude oil) process model.
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Sand & Gravel Model Transports Between Source and Plant - Typical
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Figure A.4: Portland cement concrete (PCC) process model.
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Figure A.5: Hydraulic cement process model.
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Figure A.6: Aggregate base (AB) process model.
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Figure A.8: Sand & gravel process model.
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Table A.1: Reclaimed Asphalt Pavement (RAP) Allocation and Handling in eLCAP

Recycling Types

RAP Type

RAP Name

Comments

Equipment

Transport
Vehicles

In-Place Recycling OR
Cold Central Plant
Recycling (CCPR)

In-place

RAP (IPR/CCPR)

Zero burden as all processing is covered in
the ADD LAYER process (FDR/PDR and
CCPR equipment processes and transport).

In-Plant Recycling
(existing RAP
stockpiles at the plant)

Unfractionated

RAP has already been produced in another
project and has been stockpiled at the
mixing plant. The production, milling, and
transport burdens of RAP are allocated to
the previous project that produced it.

Fractionated

RAP with fractionation

RAP is produced in an earlier project and
is stockpiled at the mixing plant. The
production, milling, and transport burdens
of RAP are allocated to the previous
project. However, because fractionation is
required in the project for which it is being
used, fractionation impacts are allocated to
the RAP amount being used.

Conveyor belt
Front loader
Fractionation

In-Plant Recycling
(RAP stockpiled at a
different site and
transported to the
plant)

Unfractionated

RAP from different site

RAP is produced and stockpiled at a
different site or plant. The production,
milling, and transport to current site
burdens of RAP are allocated to the
previous project. However, because RAP is
to be transported to the mixing project
plant location, transport to mixing plant
impacts are allocated to the RAP amount
being used.

Front loader

e End dump
truck

Fractionated

RAP from different site
(with fractionation)

RAP is produced and stockpiled at a
different site or plant. The production,
milling, and transport to current site
burdens of RAP are allocated to the
previous project. However, because RAP is
to be transported to the mixing project
plant location and required fractionation,
transport and fractionation impacts are
allocated to the RAP amount being used.

Conveyor belt
Front loader
Fractionation

e End dump
truck

UCPRC-TM-2018-04
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Recycling Types RAP Type RAP Name Comments Equipment Transport
Vehicles
Milling/handling and transportation of
RAP are covered in the REMOVE LAYER
Unfractionated RAP process. Therefore, the RAP production — —
burden is already part of the project
. analysis.
(gl:;,l?;togszzglzlgd Milling/handling and transportation of
. RAP are covered in the REMOVE LAYER
used in the same .
project) process. Therefore, the RAP proFiuctlon e Conveyor belt
Fractionated RAP with fractionation burdeq is already part of the proj et e Front loader —
analysis. However, because fractionation is . .
required in the project it which it is being * Fractionation
used, fractionation impacts are allocated to
the RAP amount being used.
Milling/handling and transportation of
. RAP are covered in the REMOVE LAYER
In-Plant Recycling Unfractionated RAP process. Therefore, the RAP production — —
(RAP produced but burden is already part of the project
not being used in the analysis.
current project)
Fractionated n/a n/a n/a n/a

88

UCPRC-TM-2018-04



Table A.2: Recycled Concrete Aggregate (RCA) Allocation and Handling in eLCAP

Recycling Types RAP Type RAP Name Comments Equipment Transport
Vehicles
Front loader
In-Place Recycling OR . . Portable
Cold Central Plant In-place RCA (IPR/CCPR) i%%bsf;%ﬁs arl(l) fersosczsns_mﬁ éi)c overed in the crushing & _
Recycling (CCPR) P P ’ sizing
equipment
RCA has already been produced in another
project and has been stockpiled at the mixing
Unfractionated RCA plant. The production, demolition, and — —
transport burdens of RCA are allocated to the
previous project that produced it.
In-Plant Recycling RCA is produced in an earlier project and is
. . . . ) Conveyor belt
(existing RCA stockpiled at the mixing plant. The production, Front loader
stockpiles at the plant) demolition, and transport burdens of RCA are Portable
Fractionated RCA with fractionation ?Hocated to the previous p.I'O_]€C.t the.lt prodgced crushing & —
it. However, because fractionation is required ..
. ST S sizing
in the project it is being used, fractionation . i
impacts are allocated to the RCA amount equipment
being used. Fractionation
RCA is produced and stockpiled at a different
site or plant. The production, demolition, and
transport burdens of RAP are allocated to the Front loader e End dum
Unfractionated | RCA from different site | previous project that produced it. However, truck ump
because RCA is to be transported to the current ¢
. project plant location, transport impacts are to
In-Plant Rec;lfcllng be allocated to the RCA amount being used.
(RCA stockpiled at a - - :
. . RCA is produced and stockpiled at a different
different site and ) ) . C bel
transported to the site or plant. The production, demolition, and onveyor belt
plant) transport burdens of RCA are allocated to the Front loader
. RCA from different site | Previous prOJegt that produced it. However', ' Portal?le o End dump
Fractionated . S because RCA is to be transported to the mixing crushing &
(with fractionation) . . . .. truck
project plant location and required sizing
fractionation, transport and fractionation equipment
impacts are to be allocated to the RCA amount Fractionation
being used.
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Recycling Types RAP Type RAP Name Comments Equipment Transport
Vehicles
Removal of concrete and transport of RCA are
covered in the REMOVE LAYER process.
Unfractionated RCA Therefore, RCA production, demolition, and — —
transport burdens are already part of the
. project analysis.
zagz:t_xsz:ggi d Removal of concrete and transport of RCA are | | Conveyor belt
. covered in the REMOVE LAYER process.
used in the same . ” e Front loader
. Therefore, RCA production, demolition, and
project transport burd Iready part of th * Portable
Fractionated RCA with fractionation | - o opOTt burdens are aiready part ot the crushing & —
project analysis. However, because ..
fractionation is required in the project it is S1ZINg
being used, fractionation impacts are allocated equlp.ment.
to the RCA amount being used. * Fractionation
Removal of concrete and transport of RCA are
. covered in the REMOVE LAYER process.
In-Plant Recycling Unfractionated RCA Therefore, RCA production, demolition, and — —
(RCA produced but transport burdens are already part of the
not being used in the project analysis.
current project)
Fractionated n/a n/a n/a n.a
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APPENDIX B: SUMMARY OF CRITICAL REVIEWS COMPLETED IN 2021

Critical Review Statement

Review of the eL CAP Software and Documentation

Critical Review Panel: Arpad Horvath, Consultant; Berkeley, CA (Chair)
Jeremy Gregory, Consultant; Cambridge, MA
Amlan Mukherjee, Consultant; Houghton, MI

Valid as of: July, 2021
Scope of the Critical Review

The Critical Review Panel’s (CRP) scope included the review of the web-based eLCAP software (May
14, 2021 version) and two accompanying documents, all by the Pavement Research Center at the
University of California, Davis (UCPRC):

Jon Lea, John Harvey, Arash Saboori, and Ali Butt, “eLCAP: A Web Application for Environmental Life
Cycle Assessment for Pavements.” Report No. UCPRC-TM-2018-04, May 14, 2021

Arash Saboori, Ali Butt, John Harvey, Maryam Ostovar, Hui Li, and Ting Wang, “UCPRC Life Cycle
Inventories (LCIs) from Three Studies.” Report No. UCPRC-TM-2020-01, May 14, 2021 and August 5,
2021.

The goal of eLCAP is to provide a tool with which decision makers can evaluate the life cycle impacts of
various pavement structures, materials, construction processes, roughness standards, and life cycle
maintenance and rehabilitation, considering the life cycle stages and processes of material extraction and
production, construction, transport of pavement materials, use stage interaction of vehicles with pavement
roughness, and end of life of the pavement over the user-defined analysis period.

The CRP focused on reviewing (1) the model embedded in e.CAP against LCA expectations and
practices, (2) life cycle inventory (LCI) data appropriateness, quality, and documentation, (3) the
calculations of life cycle impacts and resource flows, and (4) reporting of results.

Critical Review Process

The review was conducted by exchanging comments and responses within the Critical Review Panel,
during a call with the UC Davis research team, and using an Excel spreadsheet based on Annex A of
ISO/TS 14071:2014. There were two formal rounds of comments. A copy of the review spreadsheet
containing all comments and responses is available from the UCPRC upon request.

Evaluation

The CRP has made comments and recommendations on eLCAP software and the underlying methods,
data, and documentation. Some comments have already been addressed, others are promised to be at a
later stage of the project. The review spreadsheet contains the list of outstanding issues.

In general, we find that eLCAP’s scope was set appropriately and data had been collected or are promised
to be collected to support the goal of establishing a comprehensive LCA of pavements. Scientifically
valid technical knowledge and methodological proficiency are displayed in the model, tool, and the
accompanying documentation. Representativeness of the technical and LCA approaches and data are
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aimed for, with the goal of developing defensible results consistent with the stated goals and scope of the
project.

eLCAP is state of the art, well documented, and as user friendly as it can be given the existing constraints
with respect to decision-support tools and data for pavement environmental assessments.

In general, the eLCAP model aims to follow the best LCA practices available in this field today, and it
will get even better once all CRP comments are implemented. It is bound to help users quantify the life
cycle environmental effects for pavement projects. Local materials, construction practices, technologies
and models have been taken into consideration so that the LCIs and life cycle impact assessments (LCIA)
reflect California-specific conditions as much as feasible today.

This review statement only applies to the named and reviewed eLCAP and documentation versions, but
not to any other versions, derivative reports, excerpts, press releases, and similar documents.

4 Honvalh o s

Arpad Horvath Jeremy Gregory Amlan Mukherjee
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APPENDIX C: LIST OF ENERGY AND BASIC MATERIALS IN ELCAP

Table C.1: Data Sources and Data Quality Checks for Different eLCAP Items/Processes (see also /4/)

natural gas (West), ts
(agg)

industry data, partly on secondary literature
(several sources) data.

UCPRC Components/Processes .
Items List in GaBi Source Data Quality Checks
Electricity Grid Mix 2012 | California Energy Almanac website. Primary publicly available data.
Electricity Grid Mix 2019 | California Energy Commission. Primary publicly available data.
Average Western US grid process (based on
Un.spec'1ﬁed portion of the US EPA’s Emissions & Generation .| Most of the data in the USLCI database has undergone some sort of
Grid Mix 2012: US: Resource Integrated Database [eGRID]). GaBi: .
.. .. . review. The database as a whole has not yet undergone a formal
Electricity from Western This is a cradle-to-gate inventory generated by validation process
US USLCI/ts? (agg) PE from unit process data in the USLC/ P )
database.
. GaBi: The inventory is partly based on primary | Well documented. Compliance with ISO14040-14044 reported in
US: Electricity from ) . . . . .
industry data, partly on secondary literature GaBi model documentation (dependent internal review). No
nuclear (West), ts (agg) . . . .
(several sources) data. evaluation scores in the external review section.
US: Electricity from hard GaBz: The inventory is partly baseq on primary Wellidocumented. Comphance with ISQl4040—14Q44 reported in
industry data, partly on secondary literature GaBi model documentation (dependent internal review). No
coal (West), ts (agg) . . . .
(several sources) data. evaluation scores in the external review section.
US: Electricity from GaBi: The inventory is partly based on primary | Well documented. Compliance with ISO14040-14044 reported in
heavy fuel oil (West), ts industry data, partly on secondary literature GaBi model documentation (dependent internal review). No
(agg) (several sources) data. evaluation scores in the external review section.
Electricity | US: Electricity from GaBi: The inventory is partly based on primary | Well documented. Compliance with ISO14040-14044 reported in

GaBi model documentation (dependent internal review). No
evaluation scores in the external review section.

US: Electricity from
biomass (solid) (West)

(agg)

GaBi: The inventory is partly based on primary
industry data, partly on secondary literature
(several sources) data.

Well documented. Compliance with ISO14040-14044 reported in
GaBi model Documentation (dependent internal review). No
evaluation scores in the external review section.

US: Electricity from
hydro power Sphera (agg)

GaBi: The inventory is partly based on primary
industry data, partly on secondary literature
(several sources) data.

Well documented. Compliance with ISO14040-14044 reported in
GaBi model documentation (dependent internal review). No
evaluation scores in the external review section.

US: Electricity from wind
power Sphera (agg)

GaBi: The inventory is partly based on primary
industry data, partly on secondary literature
(several sources) data.

Well documented. Compliance with ISO14040-14044 reported in
GaBi model documentation (dependent internal review). No
evaluation scores in the external review section.

US: Electricity from
photovoltaic Sphera (agg)

GaBi: The inventory is partly based on primary
industry data, partly on secondary literature
(several sources) data.

Well documented. Compliance with ISO14040-14044 reported in
GaBi model focumentation (dependent internal review). No
evaluation scores in the external review section.

US: Electricity from
geothermal (UCPRC)

(agg)

GaBi: The inventory is based on primary
industry data. Data gaps are closed by
secondary literature data.

Well documented. Compliance with ISO14040-14044 reported in
GaBi model documentation (dependent internal review). No
evaluation scores in the external review section.
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Efnl::ll_cas " i(lilogl:];)inents/Processes Source Data Quality Checks
US: Electricity from GaBi: The inventory is partly based on primary | Well documented. Compliance with ISO14040-14044 reported in
bio. as (UCP;{yC) (agg) industry data, partly on secondary literature GaBi model documentation (dependent internal review). No
& ge (several sources) data. evaluation scores in the external review section.
US: Electricity from waste GaBi: The inventory is mainly based on Well documented. Compliance with ISO14040-14044 reported in
(U éPRC) (a ty) industry data and is completed, where GaBi model documentation (dependent internal review). No
£e necessary, by secondary data. evaluation scores in the external review section.
Diesel, combusted in GaBi: The original datasets and documentation | Most of the data in the USLCI database has undergone some sort of
Industrial Equipment can be found online: review. The database as a whole has not yet undergone a formal
(USLCI) (u-s0) https://www.lcacommons.gov/nrel/search validation process.
Diesel. at refiner GabBi: This is a cradle-to-gate inventory Most of the data in the USLCI database has undergone some sort of
(USL Ci 1) (age) y generated by PE from unit process data in the review. The database as a whole has not yet undergone a formal
&8 USLCI database. validation process.
Diesel Diesel, combusted in The resulting four emissions values from Off-
construction Equipment Road are replaced in Diesel, combusted in Internally reviewed by the UCPRC.
(CARB Off-Road) (u-s0) industrial equipment model.
Diesel. combusted in The resulting 10 emissions values from
trans (’)rt (EMFAC)® EMFAC are all considered to be the emission Internally reviewed by the UCPRC
(u-sor)) LCI output of diesel combusted in transport y y ’
vehicle.
Natural Natural Gas, combusted in | GaBi: The original datasets and documentation | Most of the data in the USLCI database has undergone some sort of
Gas Industrial Equipment can be found online: review. The database as a whole has not yet undergone a formal
(USLCI) (agg) hitps://www.lcacommons.gov/nrel/search. validation process.
. . The data on which the LCI is based and the LCI results have been
Aggregate (crushed) Aggregate production data were acquired from . . .
Aggregate peer reviewed by the Portland Cement Association membership and
(u-so) Table 10 of Marceau et al. 2007.° . .
its relevant allied groups.
. . The data on which the LCI is based and the LCI results have been
Sand and Aggregate (natural) (u-so) Aggregate production data were acquired from eer reviewed by the Portland Cement Association membership and
Gravel gereg Table 9 of Marceau et al. 2007.¢ p oy p
its relevant allied groups.
Asphalt binder production is based on the
Virgin . f USLCT da}tabase developed by the Nat}ll(.)r?lil Most of the data in the USLCI database has undergone some sort of
Asphalt Bitumen, at refinery Renewable Energy L.ab (NREL) aqd ¢ ! step. review. The database as a whole has not yet undergone a formal
Binder USLCI/ts (u-so) UCPRC replaced US electricity mix with valida tion rocess
California electricity mix in the asphalt binder P ’
model.
Asphalt Bitumen Emulsion. at Using input data from Chapter 6 of the Eurobitume 2012 is critically reviewed by ESU-services Ltd.
Enll)ulsion lant Eurobitume (;l—SO) Eurobitume 2012 report. Bitumen emulsion According to ISO 14040 and 14044. Critical review report provided
P model was developed in GaBi. as Appendix 5 in the Eurobitume 2012 report.¢
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UCPRC Components/Processes .
Items List in GaBi Source Data Quality Checks
The data on which the LCI is based and the LCI results have been
Portland cement model developed based on the | peer reviewed by the representatives of the Portland Cement
Portland Portland Cement, at plant | Portland Cement Association report. UCPRC Association members and cement and concrete industries. No
Cement (agg) replaced electricity mix with California indicators of data quality were assessed in the report as (stated in the
electricity grid mix in the cement model. Portland Cement Association report) data quality indicators
complying with ISO 14041 has not yet been developed.
Cement Admixtures
(Accelerator) (agg)
Cement Admixtures (Air
Entraining) (agg)
Ceme.nt. Admixtures Directly obtained from GaBi. The source of the
Cement (Plasticizer) (agg) . . .
. - input/output data is from European Federation —
Admixtures | Cement Admixtures . P
of Concrete Admixture Associations.
(Retarder) (agg)
Cement Admixtures
(Superplasticizer) (agg)
Cement Admixtures
(Waterproofing) (agg)
Directly obtained from GaBi. The data set
covers all relevant process steps/technologies . . .
H.ydrated Lime Hydrate (Ca(OH)) | over the supply chain of the represented cradle- Well.documented. Comphance with ISO.14040—140.44 reported in
Lime Dry . . . . . GaBi model documentation (dependent internal review). No
slaking, ts (agg) to-gate inventory. The inventory is mainly . . . .
Slacked . . evaluation scores in the external review section.
based on industry data and is completed, where
necessary, by secondary data.
The data set covers the enqre supply .chaln’ of Well documented. Compliance with ISO14040-14044 reported in
Paraffin Wax/Paraftins at refinery, | the refinery products. The inventory is mainly : . . .
. . GaBi model documentation (dependent internal review). No
(Wax) PE (agg) based on industry data and is completed, where . . . .
evaluation scores in the external review section.
necessary, by secondary data.
Quicklime Quicklime, at plant, Directly obtained from GaBi. Data based on i\g\?is;vgf”}lﬁz (if:; II)I;StSZS,UaS\LNi{)i a;i}:asz tha:tljll;l(iiir;g(::; s;;g:nsgt of
USLCl/ts (agg) USLCI database and thinkstep. v y g
validation process.
l(ifllll)ll;lel)l‘ CRM production, at plant, | Data obtained from Corti et al.,® which is a peer | Primary data has been acquired and generated by the authors of the
Modifier Corti (agg) reviewed published journal article. journal article.

a USLCI: U.S. Life Cycle Inventory Database; ts: thinkstep
®EMFAC: EMission FACtor
¢ Marceau, M., Nisbet, M.A., and VanGeem, M.G. 2007. Life Cycle Inventory of Portland Cement Concrete (PCA R&D Serial No. 3007). Skokie, IL: Portland Cement Association.

4 Eurobitume. 2012. Life Cycle Inventory: Bitumen. Brussels, Belgium: European Bitumen Association. https://www.eurobitume.eu/fileadmin/pdf-downloads/LCI%20Report-Website
-2ndEdition-20120726.pdf.
¢Corti, A., and Lombardi, L. 2004. “End Life Tyres: Alternative Final Disposal Processes Compared by LCA.” Energy 29, no. 12: 2,089-2,108.
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APPENDIX D: USE STAGE GREENHOUSE ROUGHNESS AND GAS
EMISSIONS BACKGROUND

[ Pavement segment

Traffic database
and LDF

/ Hourly distribution

from PeMS

Mapping matrix
between models
and database

Traffic by lanes
in the segment

IRT and texture
progression
mode] and PCS

IRI & texture time

! series
Hourly traffic
by lanes
> Updated MOVES
rolling resistance
Y - -
Hourly tratfic in parameters

MOVES
classification

MOVES -

I

Energy consumption
and GHG emissions

HDM-4 rolling
resistance model

Other inputs, such as
meteorology and age
distribution

Note: The approach shown in this figure was used to produce simplified equations for passenger vehicles and two-,
three-, four-, and five-axle trucks operating at constant highway speeds.

Figure D.1: Procedure to calculate the effect of rolling resistance on vehicle fuel consumption and emissions.
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Table D.1: IRI Coefficient Equations per Pavement Type per Treatment
for Different ESAL and Climate Conditions

IRI

(IRI L+IRI R)/2 =at+b*Age”c
Age = ((Average IRI-a)/b)"(1/c)

(in./mi.)
Pavement Treatment | ESAL/yr® Climate® Node ID a b c
Type

Severe 1 157.3 3.4 1.0

A Mild 2 88.8 2.0 1.0

1. Full- Severe 3 143.0 5.1 1.0
Depth B :

Reclamation Mild 4 88.3 2.2 1.0

Severe 5 139.6 54 1.0

¢ Mild 6 87.8 2.5 1.0

Severe 7 157.3 3.7 1.0

A Mild 8 88.8 2.3 1.0

2. Thick Severe 9 143.0 5.4 1.0
Overlay or B -

Reconstruct Mild 10 88.3 2.5 1.0

Severe 11 139.6 5.7 1.0

¢ Mild 12 87.8 2.8 1.0

Severe 13 89.5 3.8 1.0

A Mild 14 90.8 24 1.0

3. Very Thin B Severe 15 77.3 5.5 1.0

Overlay Mild 16 92.5 2.6 1.0

Severe 17 76.4 5.8 1.0

¢ Mild 18 94.3 2.9 1.0

Flexible A Severe 19 118.5 3.8 1.0

Pavement Mild 20 90.0 2.3 1.0

4. Medium B Severe 21 105.5 5.5 1.0

Overlay Mild 22 90.7 2.6 1.0

Severe 23 103.5 5.7 1.0

¢ Mild 24 91.5 2.8 1.0

Severe 25 95.3 3.8 1.0

A Mild 26 90.7 24 1.0

5. Thin Severe 27 82.9 55 1.0

Overlay B Mild 28 92.1 2.6 1.0

Severe 29 81.8 5.8 1.0

¢ Mild 30 93.8 2.9 1.0

Severe 31 1194 33 1.0

A Mild 32 118.3 3.2 1.0

Severe 33 123.2 2.8 1.0
6. Seal Coat B -

Mild 34 120.8 2.7 1.0

Severe 35 123.6 2.1 1.0

¢ Mild 36 123.6 2.2 1.0
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(IRI_L+IRI R)/2 =at+b*Age”c
Age = ((Average IRI-a)/b)"(1/c)

IRI

(in./mi.)

Pa¥;1;1:nt Treatment | ESAL/yr* | Climate® Node ID a b c
Severe 37 90.0 23 1.8
A Mild 38 90.0 2.0 1.7
7. Cold In- B Severe 39 90.0 2.4 1.8
place Mild 40 90.0 2.1 1.7
Severe 41 90.0 2.5 1.8
¢ Mild 42 90.0 22 1.7
Severe 43 119.4 3.3 1.3
A Mild 44 118.3 32 1.3
8. Seal B Severe 45 123.2 2.8 1.3
Cracks Mild 46 120.8 2.7 1.3
Severe 47 123.6 2.1 1.3
¢ Mild 48 123.6 2.2 1.3
Severe 49 111.8 3.6 1.0
A Mild 50 99.4 2.6 1.0
Severe 51 104.4 4.6 1.0
- Unknown . Mild 52 100.9 26 1.0
Severe 53 103.5 4.6 1.0
¢ Mild 54 102.6 2.6 1.0
Severe 55 137.9 3.8 1.0
1. Crack, A Mild 56 89.4 2.3 1.0
Seat and Severe 57 124.2 54 1.0
Overlay 5 Mild 58 89.5 2.6 1.0
(CSOL) Severe 59 1215 5.7 1.0
¢ Mild 60 89.6 2.8 1.0

Severe 61 60.0 0.5 1.1

A Mild 62 60.0 0.5 1.1
2. PCC Lane B Severe 63 60.0 0.7 1.2
Replacement Mild 64 60.0 0.7 1.2
Severe 65 60.0 1.0 1.5
¢ Mild 66 60.0 1.0 1.5

IPC Severe 67 60.0 1.1 1.1
A Mild 68 60.0 1.1 1.1
3. Grind - Sevlere 69 60.0 1.2 1.2
Mild 70 60.0 0.9 1.2
Severe 71 60.0 2.0 L.5
¢ Mild 72 60.0 14 1.5

A Severe 73 60.0 0.8 1.1
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IRI

(IRI_L+IRI R)/2 =at+b*Age”c
Age = ((Average IRI-a)/b)"(1/c)

(in./mi.)
Pa¥;1;1:nt Treatment | ESAL/yr* Climate® Node ID a b c
Mild 74 60.0 0.8 1.1
4. Grind B Severe 75 60.0 1.0 1.2
with Slab Mild 76 60.0 0.8 1.2
Replacement Severe 77 60.0 1.5 1.5
¢ Mild 78 60.0 1.2 1.5
A Severe 79 60.0 1.0 1.1
Mild 80 60.0 1.0 1.1
5.Slab Severe 81 60.0 1.1 1.2
Replacement B Mild 82 60.0 0.9 1.2
Severe 83 60.0 1.8 1.5
¢ Mild 84 60.0 1.3 1.5
Severe 85 60.0 0.9 1.1
A Mild 86 60.0 0.9 1.1
Severe 87 60.0 1.0 1.2
6. Unknown B -
Mild 88 60.0 0.8 1.2
Severe 89 60.0 1.7 1.5
¢ Mild 90 60.0 1.3 1.5

2ESAL/yr: A =<100,000; B =>100,000 and <500,000; C =>500,000

b Climate: North Coast: Severe; High Desert: Mild; Inland Valley: Mild; Central Coast: Mild; Desert: Mild; South Coast: Mild;

High Mountain: Mild; South Mountain: Severe; Low Mountain: Severe
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