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Why is Sustainability Important?

» Nexus of major issues caused by rapidly growing
global economy:

* Global warming
* Energy constraints
 Resource availability (metals, cement, water etc.)

» World population is 6 billion (B) = 12 B projected by
2100. US at 0.5B by 2050.

» US and EU (combined population = 0.75 B) consume
most of world resources. China catching up fast.

» Remaining 5.25 B want everything we have. Not
enough to go around if we do business as usual.



How Can We Make Infrastructure
Construction More Sustainable?

. Reduce energy consumed in construction and
rehabilitation.

. Reduce emissions emitted in construction and
rehabilitation.

. Reduce consumption of natural resources.

. Increase service life.



How Do Recycled Materials Fit In?

1. Avoid energy and emissions associated with
mining and processing construction materials.
Energy has already been expended in first life
of recycled material.

2. Avoid use of a natural resource (sand and
gravel, limestone, oil).

3. Increase service life. Not a “linear landfill,”
but better and longer lasting infrastructure.

How do we demonstrate that we are contributing to
sustainability? Using life cycle analysis, or LCA
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LCA Definition - 1SO 14040

Compilation & evaluation of the inputs, outputs and the potential
environmental impacts of a product system throughout its life
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LCA Framework
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Goal and Scope Definition

ntended application & audience

dentify product system

dentify functional units

Define system boundaries

dentify assumptions, limitations, & allocations
Data requirements




Life Cycle Inventory Analysis (LCIA)

Data Collection

» Inputs (energy, raw material, ancillary, etc.)
» Products, co-products, and waste

» Air emissions, water and soll discharges, etc.

Data Calculation
Connect data to unit processes & reference flows

Examples of LCI Databases

» Ecoinvent (http://www.ecoinvent.org/database/)

» US Life Cycle Inventory Database (http://www.nrel.gov/lci/)
» More LCI database info at:

http://www.epa.gov/nrmrl/lcaccess/pdfs/summary_of global Ici_data r
esources.pdf



_—

org/database/

MapQuest L E-Office mGLE

Database

Registration

Price List

Resellers

EcoSpold Data Format
How to use

Terms of Use

LS Weather ) WebSpace = Library . Learn@UW [g§ Remote (J Doodle & Voicemail “® EPD Files

EES at NSF

a Competence Centre of U ART 0 A ETH EWA"

Direct access Username:
to database

Password:

Login | Forgot your password?

orenston | Jooeumansson] —eve T scomantss

Database

QOur core product is the database ecoinvent data in its current version v2.2 — the world's leading
database with consistent and transparent, up-to-date Life Cycle Inventary (LCI) data. With more
than 4'000 LCI datasets in the areas of agriculture, energy supply, transport, biofuels and
biomaterials, bulk and speciality chemicals, construction materials, packaging materials, basic and
precious metals, metals processing, ICT and electronics as well as waste treatment, we offer one of
the most comprehensive international LCI databases. Our high-quality generic LCI datasets are
based on industrial data and have been compiled by internationally renowned research institutes
and LCA consultants. The data are available in the EcoSpold data format, and they are compatible
with all major LCA and eco-design software tools.

A registration as a Guest (online here; free of charge) is a possibility to allow you to get a detailed
overview of the content of the ecoinvent database, as well as an access to an electronic version of
the background reports. Like this, you get an impression how to use the ecoinvent database and an
overview of the numerous datasets contained in it, before you register as a User to make full use of
all functions and download all the datasets you need, by ordering your ecoinvent licence ...

... directly via registration here (price EUR 1'800, excl. VAT):

Enjoy an on-line access to our fully transparent life cycle inventory data, to life cycle inventory results
and to impact assessment results. Read all details on the inventories in high-standard background
reports shipped to you on a CD-ROM.

... via one of our resellers {price according to reseller):

Wranr | A enfhuara slinnliar affare wni enfhivars tnnathar with ambaddasd acaimiant Aates and




Cycle Inventc % \\ .-
nrel.gov/Ici/
|United "+ MapQuest L E-Office mcLE Weather OWebSpace & Library . Learn@UW n Remote d Doodle ﬁ Voicemail %% EPD Files  EES at NSF
=3
e »
=
NATIONAL RENEWABLE ENERGY LABORATORY
NREL HOME

ABOUT NREL ‘ N @R ARGIEI  SCIENCE & TECHNOLOGY

TECHNOLOGY TRANSFER | APPLYING TECHNOLOGIES

» More Search Options ' SEARCH
Site Map

About the Project»
Database )
Publications »
Life Cycle Assessments
Related Links »
NREL's Buildings research
supports the U.S. Department

of Energy's Building
Technologies Program.

SolWest Renewable Energy
Fair »

July 29 - 31, 2011

John Day, OR

Renewable Energy
Technology Conference &
Exhibition (RETECH 2011) »
September 20 - 22, 2011
Washington, DC

’
s

NREL and its partners created the U.S. Life Cycle Inventory (LCI) Database to help
life cycle assessment (LCA) practitioners answer questions about environmental

» More Events

impact. This database provides individual gate-to-gate, cradle-to-gate and cradle-to- 5 |jfe Cycle
grave accounting of the energy and material flows into and out of the environment Inventory Database
that are associated with producing a material, component, or assembly in the U.S. Roadmap
The goals of the U.S. LCI Database project are: h

¢ Maintain data quality and transparency

e Cover commonly used materials, products, and processes in the United States :

with up-to-date, critically reviewed LCI data US. Life Cydle

e Support the expanded use of LCA as an environmental decision-making tool Inventory Database

e Maintain compatibility with international LCI databases Dataset Additions

¢ Provide exceptional data accessibility acm

+ Be fully and sustainably supported /a

e Support U.S. industry competitiveness.

Read the plan to achieve the goals of the LCI Database Project in the U.S. Life Cycle
Inventory Database Roadmap /-.

LCA in the News and Related Research
Life cycle environmental impacts of selected U.S. ethanol production
and use pathways in 2022)



Recap Poll #1 — True or False

Life cycle analysis (LCA) can be used to assess a
contribution to sustainability quantitatively: T/F

LCAs will produce the same result regardless of the
system boundary that is selected: T/F

All LCAs are based on the same life cycle inventory
(LCD: T/F

Currently there are no standard methods for
conducting LCAs: T/F



Steps to Conduct an LCI

Develop process flow
diagram

Develop data collection
plan

Collect data

Evaluate & report
results
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Life Cycle Impact Assessment (LCIA)
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Interpretation

ldentify significant issues

Evaluate completeness, sensitivity, and
consistency of data

Draw conclusions & recommendations
Report results
Critical review



LCA Modeling Software Tools

PaLATE — pavement LCA
SimaPro — general LCA software
Umberto — general LCA software
GaBi — general LCA software

BEES (Building for Environmental and Economic
Sustainability) — building material and product
construction

CMLCA - chain management by LCA

GEMIS (Global Emission Model for Integrated
Systems) — energy, material and transport system
LCA
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Recap Poll # 2 — True or False

* The US Life Cycle Inventory from NREL must be
used for US life cycle analyses: T/F

« Users can input their own energy and emissions
data into a LCA: T/F

« The three life cycle impacts are energy, GHG
emissions, and water usage: T/F



Case History
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Highway Pavement Design Assumptions

* Recycled materials used
In base & subbase

Iayers 160 mm HMA 160 mm HMA

« Same layer thickness.
305 mm Crushed Aggregate 305 mm (RPM + 15% Fly Ash)

e Structural capacity for

both designs calculated

W|th same procedure 760 mm Subbase 760 mm Subbase

(A-3) (Foundry Sand)

* Engineering properties

Of reCycled VS Subgrade Soil Subgrade Soil

conventional materials
change service life over
a 50-yr design period.



PaLATE Used for LCA

* Contains LCI information for common recycled
materials in geo-construction (e.g., fly ash).

* Built in LCI for common construction equipment
based on anticipated equipment activity.

« Economic input-output LCA methodology allows
assessment of entire supply chain associated with
conventional & recycled construction materials.

 FREE from RMRC website
(www.recycledmaterials.org).

Consortium on
Green Design and @ &) @ A (27 @ [%
Manufacturmg

University of California, Berkeley E vement Life-cycle Assessment Tool for Environmental and

conomic Effects




= ff"ﬁf"‘
'\::-1 &:-:

X
A
W\
.
2

W a7
ST NN N O A W S

& N -
ey yeny e Weler At (R oo AN peeriinig s e
fd S Vi F g mea® o grevligregred] e el G sl @
~ " o 7 7 4 o~ ! ‘)Q—‘M‘l’m#’ W% 91‘};‘ P‘i'&'&m@‘)’h_‘“ SR Y O KL,
1 *\c?i "”3.’ ; n;?ﬁ v *
‘?5 o Q‘X‘;S- e HAREY 4 's.,. .v'ﬁ" %
S TINN IS aaEa23dd Au.“u;n 1}‘1(”7‘{{-%_,._-
- = ~1-,.—¢' _fﬁ‘

: =
AR e T
VGG FrETeE, ‘”":‘
{2 Edpalrving, 9

'g&“w“"j! “nie

R RO e

g Vel gl AT r.:,.:%r.nm' <
e Vg g e ppeageed, &
TRurgs e Chne !-u’.-;: “Urgzoops -.ya*
s 6 ¢ i {,-32,,

T i

ey %5%

.

(y?nv,

- e g
f‘é""". e ‘# "‘ W"'#'fﬁ"

oo i -
; Nt “;JA
' U gl iRty B ey Qregdivr it it e Wipgg: - m s
g l!- 5(//'"":,{ 'l'ﬁﬁl“' -t'{—' e Q‘" artg
: Tk W, v g Lot Wi 28, B T s bt ey R B e A o
S PR St ?5?"“‘#’& b e i e & ey des LT e e
v g
o S b eV ZUIE WO b per i e we ekl I L el
SR R '*‘m»u S RITRERYS v R e
PRy ML ‘4""“¢'}'
TR ensiredeg b
& 2 o idad s W,
g b i g i B e wrteredel Y
e I A e g = SN ”"H-’" L
. : \7-.,*7.?9‘2‘.7 o

N
ks

TR Mt R
’ ' \m ..v.*':‘v.



PaLATE Inputs — Roadway Example




A Walk Through PaLATE
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PaLATE LCA Results

Conventional Materials Recycled Materials

Environmental Material Material

Metric Production Transportation Construction Production Transportation Construction Difference (%)
CO, (Mg) 3,630 323 [11 3,028 163 54 =20
Energy (GI) 66,680 4318 1,476 58,023 2,187 723 —-16
RCRA hazardous 629 31 o 611 6 - —6

waste (Mg)
Water (L) 17,185 735 144 15,637 372 70 —11

NoTE: GI = gigajoules = 0.001 terajoules (TT); Mg = megagrams.

Using recycled materials reduces:
 GHG emissions by 20%
* Energy consumption by 16%
« Hazardous waste generation by 6%

« Water consumption by 11%



Life Cycle Analysis of Three Pavements with
Alternative Base Course Materials

| 47 HMA
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Alternatives designed to have equal or better structural number.



Pavement Performance - Modulus

Modulus from LWD, MPa

400
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300 B DCP, 7days
250 - @ DCP 21days
200 - B FWD, 21 days
150 - O SSG, 21days

100 -

50 -

o M

RPM Crushed Aggregate

Base Courses Materials

RPM+FA




Energy [MJ]

Construction Life Cycle Analysis — Energy Usage
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(Equipment)

.

RPM

Crushed
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RPM +
Fly Ash

Most energy:
Conventional
construction
material.

Least energy:
recycled
pavement in
place of crushed
aggregate.



CO2 [Mg]
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Construction Life Cycle Analysis — GHGs

O Processes
(Equipment)

B Materials
Transportation

O Materials
Production

RPM

Crushed Aggregate

RPM + Fly Ash

Most emissions:
Conventional
construction
material.

Least emissions:
recycled
pavement in
place of crushed
aggregate.



Evaluating Two Applications of
Recycled Asphalt in Construction

Which use is more sustainable:

e Reintroduction into hot mix
asphalt?

e Use as granular base?



Comparison of Alternatives using PaLATE

HMA = hot mix asphalt

RAP — reintroducing reclaimed asphalt
into new hot mix asphalt

RPM — using reclaimed asphalt as
granular base

SPRM — using reclaimed asphalt + fly ash
binder as granular base.



Alternative Pavement Profiles

HMA
5 1/2!!

Base Aggregate
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RPM
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10% FA 2.8"

Subgrade

HMA-RAP-RPM

Subgrade

HMA-SRPM

HMA 5 2"

RPM
6ll

Subgrade

HMA-RPM

HMA 5 2”
(RAP 15%)

RPM with
10% FA 2.8"

Subgrade

HMA-RAP-SRPM



BE-ST Highway Sustainability Rating System

L — e
Home Insert Page Layout Formulas Data Review View Developer Add-Ins
- — ] ] (mm| o -
j % cut Arial -l -|A A = '| S Wrap Text General = *:,' ﬁ:b . - ?‘ 4 % Autosum %
— ‘—'I=‘°l COD!’ & A : . 5 ﬁ —ﬂ I:I IE Fill =
Paste . B J U~ - - - = = — ¥ & Center ~ - g s |[%:8 00/ Conditional Format  Cell Insert Delete Format Sor
- J Format Painter l g~ I ar||== =) | Exd Merge & Center - | |18 @ | o 0] Formatting ~ as Table = Styles ~ - - - 2 Clear ~ Filte
Clipboard ] Font ] Alignment ] Mumber ] Styles Cells Editing
@ Security Warning Automatic update of links has been disabled Options..
| T56 - 5|
' A E C D = F G H I J K L M N o F 5 R 5 T u v W X ¥
2 i
7 S Building Environmentally and Economically w
8 '-h Sustainable Transportation-Infrastructure-Highways ‘ﬁ Project Information and Weighting Methods
o Joun umppensiey
RMRC . . WISCONSIN 4
: (BE*ST-in-Highways™) Wisconsin
0 ; | Project Owverview Weighting Options
12 i . . ..
" Introduction Service Life Estimation w
15 1. Welcome to Building Environmentally and Economically Sustainable Transportation-Infrastructure
'; -Hi_ghways. . . . . . Service Life
8 2. This system has been developed to support decision makers and planners in choosing and developing
13 better strategies for sustainable highway constructions.
0
é‘; Rating Procedure Performance Indicators
21 1. Set up the reference design
f? 'I}:;L:Zzec;ence design is a design with a conventional design concept in which no sustainable ideas have been Life Cyde Assessment Life Cyde Cost Analysis
2 2. Set up an alternative design which is a candidate for Green Highway certification
;_; 3. Calculate the service lives of two competing highway designs using a prediction model
T Forthis rating system the M-EPDG model will be used. )
» 4. set up a rehabilitation strategy based on predicted IRI Traffic Moise Stormwater Management
EE] 3. Conduct a Life Cycle Assessment using PaLATE
i: 6. Conduct a Life Cycle Cost Analysis using RealCost
= 7. Conduct a traffic noise analysis with TNM-Look
37 8. Conduct an analysis of stormwater management Recyding Ratio
28 9. Calcuate a score for the project using the Rating Summary sheet
i;‘ 10. Determine a weighting option to be used
T Forthe board members’ weighting, calculate a prionty number for each criterion(Sheet 4)
47
M 4 » M| Title " Rating surmmary -~ M-EPDG -~ Weighting -~ PaLATE .~ LCCA .~ Traffic Noise - Stormwater . Sheetl %1 <IN m e

Ready | 25 BR[O 1] —



BE-ST Highway Sustainability Rating System

- Life cycle analysis (LCA) to assess variety of
sustainability metrics (energy, GHG emissions,
water use, hazardous waste generation, etc.) —
PALATE model.

- Life cycle cost analysis (LCCA) — evaluate life
cycle cost of design alternatives.

- Quantitative and auditable metrics — provide
perception & financial incentives for owners
and contractors to incorporate sustainability
principles in designs.



Engineering Characteristics of Alternatives

Mr of Base No. of
: Base Layer Service Life | Rehabilitations
Design Layer .
Coefficient (yr) for 50-yr
(MPa) :
Period
HMA
206 0.14 13 3
HMA-RAP
HMA-RPM
HMA-RAP- 249 0.14 14 3
RPM
HMA-SRPM
IMA-RAP- 846 0.30 18 2

SPRM




Energy (TJ)
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Life Cycle Energy Consumption
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Most energy:
reintroducing
reclaimed
asphalt into
HMA (federal

policy).

Least energy:
using stabilize
reclaimed

asphalt in base.



002 Equivalents (Mg)
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using stabilized
reclaimed asphalt
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Life Cycle Cost ($M)
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1 mile section
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using stabilized
reclaimed asphalt
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Most expensive:
reclaimed asphalt in

hot mix asphalt
(HMA).



Industry Wide Analysis: Coal Combustion
Products as Construction Materials

- Coal combustion products: fly ash, bottom
ash, flue gas desulphurization (FGD) gypsum

- Construction applications: concrete (fly
ash), geotechnical (fly ash, bottom ash), wall
board (FGD).

- Considered benefits by offsetting
conventional materials and eliminating
disposal.



Industry Wide Analysis: Coal Combustion
Products as Construction Materials

Metric g;vr:#gé Equivalent to
En_e_rgy * Annual energy use for 1.7 million
(trillion 159
households
Btu)
Water
(billion 32 |+ 31% of domestic water withdrawals of CA
gal)
CQ?e * Removal of 1.9 million passenger cars per
(million 11
year from roadways
ton)
Financia :
|(US |5.1-9.7 Annual full-time salary ($39.5k/yr) of

$B)

130,000-240,000 average Americans




Recap Poll # 3 - True or False

 LCASs should consider the service life of each
alternative: T/F

* The outputs of LCAs generally are consistent with
“conventional wisdom” about when and where to
use recycled materials: T/F

« LCAs can be used to shape policy regarding use of
iIndustrial byproducts and recycled materials: T/F



Wrap Up

LCA can be used to demonstrate whether “green”
activities truly contribute to sustainability. Avoid
“eco-decoration” and “green-bling.”

LCAs are not perfect — sensitive to assumptions (e.g.,
system boundary) and inputs (e.g., energy or
emission inventories).

Use to evaluate whether a “green” alternative is
more sustainable than conventional approach, assess
alternatives (e.g., which is more sustainable?), or
evaluate whether a policy makes sense.

Most important — provides a quantitative assessment
that reduces or eliminates subjectivity.



