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What is the opportunity space for advanced manufacturing?

Success Indicators:
* |Improve the productivity and energy efficiency of U.S. manufacturing.
* Reduce life cycle energy and resource impacts of manufactured goods.

Manufacturing Goods Use of Manufactured Goods
Transportation
27.0
27%
More efficient manufacturing reduces
energy losses
Industrial - dustrial
Manufacturing nevsTra ergy Losses ®
i and... Manuzf:c]t-urlng 61.9 Residential
3 ' 21.5
24% 22%
More efficient manufacturing
enables technologies that improve
energy use throughout the economy:
* Transportation Commercial
+ Buildings 18.3
19%

* Energy Production and Delivery

U.S. Energy Economy by Sector

98.5 quadrillion Btu, 2014
1 Energy consumption by sector from EIA Monthly Energy Review, 2018
2 |ndustrial non-manufacturing includes agriculture, mining, and construction
3 US economy energy losses determined from LLNL Energy Flow Chart 2014 (Rejected Energy),

adjusted for manufacturing losses
4 Manufacturing energy losses determined from DOE AMO Footprint Diagrams (2014 data)



Context — AMO Analysis Framework

Tracking past ﬁu rrent assessment, Strategic analysis \
mvestme.nt.s In validation and projections to
commercialized inform future

technologies investments

Retrospective Introspective Prospective

\ 4

—

Past investments Current investments Future investments

* Performance
 Energy Impacts
» Economics

Cycle of prospective, introspective and retrospective helps AMO gain a sense of investment impacts across time
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AMO Analysis — Current Focus Areas ;
Credible data
and

information

Manufacturing to inform

Water

Use/Resiliency current and
future AMO

Vanufacturing Sustainable priorities

/Energy/Grid Manufacturing
Interface

Performance o facturd _
Assessment/ anutacturing In a

Verification & Connected

Validation of R&D Economy
Projects

Poster
Session
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AMO Analysis Focus Areas

Manufacturing
/Energy/Grid Interface —

What are the opportunities
for greater combined heat
and power (CHP)
integration, potential, and
impact with a changing grid
mix?
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Combined Heat and Power (CHP)/Smart Power Electronics Analysis

CHP and its greater integration, potential, and
impact at manufacturing plant level:

1. Geospatial CHP Potential Analysis Using
the Industrial Geospatial Analysis Tool for
Energy Evaluations (IGATE-E) CHP Tool

2. Modeling the Impact of Advanced CHP
on the Future Electric Grid

3. Power Electronics Potential for Grid

Integration
Power Electronics Grid Integration IGATE-E CHP Analysis
Potential «  Evaluate CHP feasibility at plant level &
Analysis of smart grid interconnection forecast CHP penetration potential
technology for industrial CHP facilities * Estimated CHP potential U.S. wide (above)
* Examine cost, integration requirements, * CAstudied in detail, modeling of
equipment, manufacturers, distributed traditional and advanced CHP deployment
energy resources (DERs) suppliers, and * Expansion to commercial, & institutional
barriers buildings
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AMO Analysis Focus Areas

Manufacturing Water
Use/Resiliency -

How can a better
understanding of
manufacturing water
use characteristics and
risks support water
resiliency?
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Water Risk & Resilience in Manufacturing

Problem : Water is an essential resource, but low priority for most U.S. manufacturers

* Water risks can compromise a competitive manufacturing sector (due to expected water
shortages, increased water stress)

Water Resiliency & Risk

* Manufacturing water resiliency: mitigating and recovering from production impacts
associated with realizing physical, regulatory, societal, and/or economic risks associated with
use of a shared watershed

Current analysis goals: Focus areas:

* Manufacturing water use 1. Mfg. water use characteristic data
characteristics 2. Sub-facility level understanding of water use
_ _ 3. Incorporate water use risk into analysis
* Water-related risks facing . : .
4. Opportunities for industrial water reuse
manufacturers .
5. Industrial wastewater treatment as an
Water conservation to support ancillary service
resilience 6. Dry factories
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AMO Analysis Focus Areas

U.S. DEPARTMENT OF ENERGY

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

Sustainable
Manufacturing - What
are the opportunities

for advanced

manufacturing
technologies in a
circular economy?




Sustainable Manufacturing = transitioning to a circular economy

Decarbonization/

energy efficiency

value Byprod"c‘ Design for
Electrotechnologies - ! & Recycling
Process Heating Guidelines — Clean
Energy Techs
REdeS.V
/;
9

U.S. Food Sector
Loss, Waste,
Byproducts
Analysis

* Reduce energy and material
use in the manufacturing
sector

e Establish a baseline to use a
reference point to evaluate
different Re-X strategies

Battery Rare
Earth Element

Recycling

Industrial Waste
Opportunity
Analysis

Others:
- NSF standard market

Scalable Gibbs

Model -Critical :
: Supply Chain analysis
Materials Recovery : _ - Emerein
bv Solvent Analysis-Upcycling g g |
v . Recycled PET technologies analysis
Extraction
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Mfg. in a Connected Economy

U.S. DEPARTMENT OF ENERGY
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Manufacturing in a
Connected Economy -

How will the uptake of
smart/IOT technologies

affect advanced
manufacturing R&D
opportunities?



How does ICT impact the productivity and energy footprint of the entire
Connected Economy?

( Upstream Electronics Manufacturing

Impacts
* Demand for electronics with ICT growth? ICT Applications
* U.S. supply chain vulnerabilities?

* Regional variation in production practices,

Other
Manufacturing
6%

Foundries material availability Information/data
m::: \° Life-cycle energy/waste impacts -/ generation
1%
Glass and Glass Food and /Smart Manufacturing \

Data collection/

* Opportunities to apply smart storage/ retrieval
manufacturing technologies
* |CT requirements for transitioning

to smaller factories Data control/
. . learning/ analysis
* Sector-specific benefits and
bottlenecks

|
Fiber Cement 8 Beverage
eta%s 9%

1%
Machinery
2% Aluminum
2% [

Plastics and Rubber
Products

Transportation
Equipment
3%

Computers,

Electronics,

Appliances,

Elec. Equip.
3%

J

Data transformation
& visualization

Information and Communication
Technology (ICT)

Transportation
27.0
27%

Connected
Devices

Data
Networks

Data
Centers

Industrial

; ergy Losses?
Manufacturing
24.1 61.9 Residential

ICT Infrastructure Analysis: \ 4% ::9:

* Resource demands of
developing & operating an
advanced secure, & reliable

ICT infrastructure

How demands will change

Commercial

with more connected devices N e N e N R T e



AMO Analysis Focus Areas

Manufacturing
/Energy/Grid
Interface

Performance Assessment/
Verification & Validation of
R&D Projects
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Develop an Introspective Performance Assessment with Verification and Validation
(IPA/V&YV) of R&D Projects Method for AMO

Addresses AMO 2018 Peer Review Panel Recommendations

e ...expand the use of techno-economic assessment ... in proposal selection and
initial project implementation, particularly for early-stage research efforts.

e ...expand collaboration among AMO Technology Managers to identify best
practices ... and disseminate to other projects or activities that may benefit from
those best practices.

Goal: Establish formal process to assess & communicate the progress and
contribution of currently funded projects to:
- AMO’s foundational technology areas
—> Strategic goals
— Success indicators
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Challenge: AMO has a diverse portfolio of funded projects

Manufacturing Systems\ ﬁducﬁonﬂ:aci“ty Systems - Beyond the Plant Boundaries —
Unit Operations Energy and Resource Utilization Supply Chain and Life Cycle
Improving the Efficiency of Improving Fuel Flexibilith Manufacturing to Reduce
Manufacturing Processes and Reducing Waste Energy Material Criticality
Heating Recovery Materials
Motor Dri Sustainable REMADE
[ otorriven ] [ Combined Heat ] Manufacturing 21
Systems
/ and Power /
Advanced Materials
/ New Manufacturing Harnessing Data for Energy Manufacturing for Clean

Aobroaches Impacts Ene Products
pp Direct Thermal
s Process Y| rapiD Smart CESMII Energy Conversion
Intensification 30 Manufacturing Wid ot
\ J ide Band Gap America
Q Semiconductors 26
- Composite
. / / \ Materials
- ) Ongoing Projects
Roll-to-Roll gong ) Materials for Harsh
L Processing J # Funded R&D Projects Service Conditions

Additive | MDF
Manufacturing 23

Advanced Material
# Funded Consortium Manufacturing

J \ R&D Projects )

AMO Multi-year Program Plan (MYPP) lays out targets for fourteen core AMO manufacturing technology areas, organized around three
manufacturing system levels.
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AMO IPA/V&V Objective

* Develop and codify a methodology, process and procedures (MP&P)
to provide AMO a consistent, transparent and defensible accounting
of anticipated benefits of currently funded technologies and

supporting R&D projects

Strategic
Planning

e MP&P Will Encompass:

Project &

Prioritize

Data — Data
Funding

Technology S b

Management

Management

Programmatic

L, Decisions
E;’;ar?(l)lfr:ziléiy SUchi[rt riporti?g Project data Better informed
and tracking o . i .
. informs analyses strategic planning and
alignment with program goals g

program goals
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Metrics

Verify and report progress in terms of:

Cost

e Develop techno-economic analyses to understand
economic implications of specific technologies and
applications relative to the current state-of-the-art

/ AMO Energy Success Indicators \

Energy Intensity

e Validate advanced materials, processes, and technologies
that reduce manufacturing energy intensity by 20% by
2023 compared to the 2015 average technology.

Lifecycle Energy

* Advance materials and manufacturing technologies with
\ the potential to reduce life cycle energy by 50% by 2023 /

compared to the 2015 state-of-the-art.
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AMO IPA/V&YV Goals and Data Needs

Current Technology evolution to move Desired
from current =2 desired state

State of State of

Technology Technology
BASELINE TARGET

Key Technical M@as

Oq,
Performance Yreg L Sleg
. c
Metrics 2 Program-Level
3y [e.g., Yield, Purity, . = Goals and
N\ode\e’ Thickness] %e/e g E Targets
8 * AMO MYPP
Technology Cost/Economics || Potential Energy Impacts | © * Funding .
& Market Potential of Technology _,% Opportunity
[e.g., S/ton; X% of market, [Energy Intensity & E Announcements
deployment rate and Lifecycle Energy] o (FOAs)
timeframe] O * Institutes
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Development of an Introspective Performance Assessment with Verification and
Validation (IPA/V&V) of R&D Projects Method for AMO

Multi-year Effort
* Three-year development plan with staged approach to establish and implement a methodology,

process and procedures (MP&P)

* Consistently set and assess technical, economic, and energy performance metrics for technologies
and supporting R&D projects

* Tier 1 — Collect and report basic performance metrics for all AMO-funded R&D projects,
using existing Active Project Management practices where possible

BCLEURIVEE o Tier 2 — Given large number of R&D projects, select representative cross-section for

Uz more rigorous V&V assessment procedure
Framework

e Evaluate (and modify/integrate to meet AMO IPA/V&V requirements) current and past
EERE/AMO methodologies and tools used to assess and track program and project

Leverage performance
Existing MP&P

* Pilot Tier 2 MP&P on select FY19 projects, revise based on pilot results, then expand to
additional projects in broader FY20/FY21 AMO portfolio
Pilot & * Train stakeholders (technology managers, principal investigators, analysts,

Implement subcontractors, etc.)
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AMO IPA/V&YV FY19 Tier 2 Pilot Focus

* Approach: Include multiple technology areas and project
types (i.e., direct R&D and Institute-funded) to ensure
flexibility of methodology, process and procedures (MP&P)

THE
® COMPOSITES

» Select FY19 funded projects: 1aCIM

— Institute for Advanced Composites %/nw}

Manufacturing Innovation (IACMI)

— Rapid Advancement in Process Intensification
" | 3t RAPID
Deployment (RAPID) Institute
— Process Intensification R&D projects
* New areas in process of scoping: ﬁCESMII

— Clean Energy Smart Manufacturing Innovation Institute (CESMII)
— Cybersecurity Institute for Energy Efficient Manufacturing
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Existing AMO Tools/Models to Support AMO IPA/V&V

* Cross-cutting Energy Assessment Tools/Models |
LIGHTEn-UR

++ AM Energy Impacts Assessment Tool

— Life Cycle GHG, Technology and Energy through
the Use Phase (LIGHTEn-UP) Tool (LBNL)

— Material Flows Through Industry (MFI) — Supply
Chain Focus (NREL)

* Technology-Targeted Assessment Tools/Models ToolGuide | ‘=¥ - Es Es =
— Carbon Fiber Reinforced Plastic (CFRP) Energy
Estimator Tool (ORNL)

— Additive Manufacturing Energy Impacts
Assessment Tool (ORNL)

* Technology Cost Assessment Tools/Models

Fuels [TBtu)

FRPC Energy Use Estimatig

— Wind turbine blade manufacturing cost model

(NREL/ORNL)
— Auto components (e.g., floor pan, door inner, Additional data needs for projecting
hood inner) cost model (ORNL) longer term impacts of R&D projects:

* Market Potential (e.qg., fraction of
market impacted)

e Technology Maturation

* QOutside-AMO Tools/Models » Technology Adoption Rate and

Timing

— Wide Bandgap (WBG) for motor drives
manufacturing cost model (NREL)
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IPA/V&YV Tasks and

Tentative Timeline

Task Name

~ AMO Verification/Validation
Introspective Analysis Plan

"Task 1: Finalize IPA/V&V workplan,
scope, budget, timeline, roles,
milestones and deliverables for
validation/verification effort.

"Task 2: Assess IPA/V&V Options for
AMO

"Task 3: Review MYPP
Technology-Specific Targets; Assess
Current AMO Project Metrics and
Alignment with MYPP Goals

"Task 4: Establish MP&P to facilitate
Two-Tier Assessment of AMO R&D
Projects and Introspective Program
Analysis

"Task 5: Conduct AMO IPA/V&V
using MP&P

"Task 6: Develop Staged AMO
IPA/V&V Implementation and
Dissemination Plan

FY2019 FY2020 FY2021 FY2022
Q1 Q2 Q3 4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q@3 Q4




AMO Strategic Analysis Team

Thank You
joe.cresko@ee.doe.gov

For additional information:
enerqy.gov/eere/amo/advanced-manufacturing-office

ANL — Diane Graziano, Matt Riddle, John Murphy, Sarang Supekar, Nwike lloeje
LBNL — Arman Shehabi, William Morrow, Prakash Rao, Sarah Smith

NREL — Alberta Carpenter, Samantha Reese, Rebecca Hanes, Scott Nicholson, James
McCall, Debbie Sandor

ORNL — Sujit Das, Sachin Nimbalkar, Kristina Armstrong, Kanchan Upadhyay, Kiran
Thirumaran

Energetics — Sabine Brueske, Caroline Dollinger

e A =
S BERl :NREL
Argonne e
NATIONAL LABORATORY BERKELEY LAB TranSformfng EN ERGY
Lawrence Berkeley
O AK National Laboratory
77111 g o e o
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https://energy.gov/eere/amo/advanced-manufacturing-office
mailto:joe.cresko@ee.doe.gov

AMO Strategic Analysis Team - presentations, journal articles and

technical reports

(2013-Present)

Argonne6

NATIONAL LABORATORY

OAK
RIDGE

National Laboratory
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Manufacturing Bandwidth Studies

AMO: September 2015

Chemicals
- Current
Impractical (1980) RaD ofzpz‘:;t“"'ty Opportunity
¢ (766)
L3
Petroleum Refining
R&D Current
Impractical (1794) Opportunity Opportunity
(793) (420)
&
PuI_p and Paper
. Current
Impra((::;:;)l +—Opportunity
(464)
&
R&D Opportunity (147)
Iron and Steel
. Current
Impractical @ Current Typical
(228) State of the Art
@ ® Practical Minimum
R&D Opportunity (150) ® Thermodynamic Minimum
-1000 -500 0] 500 1000 1500 2000 2500 3000 3500

Onsite Energy Consumption (TBtu/yr)

Current opportunities represent energy savings that could be achieved by deploying the most energy-efficient commercial
technologies available worldwide. R&D opportunities represent potential savings that could be attained through
successful deployment of applied R&D technologies under development worldwide. More info can be found at :
https://www.enerqy.qov/eere/amo/energy-analysis-data-and-reports
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Lightweight Materials

200,000
= ® Current Opportunity (CT - SOA)
3 " R&D Opportunity (SOA - PM
m 160,000 i ¥ )
— Impractical (PM - TM)
."E‘ (Onsite manufacturing
E energy; feedstocks
a 120,000 excluded)
=
.
2 80,000
E 2
I-l; CT T
e Ysoa . -
2 pa I A SOA
& PM . PM ¢ TM - TM PM
3 PM ™ e
c 0 [ .
E ™ ™ ™
CFRP GFRP Aluminum Titanium Magnesium Steel

-40,000 'Composite Composite

High manufacturing energy use drives costs up and reduces competitiveness
with incumbent materials
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Cross-cutting opportunity

Process Heating in the
manufacturing sector: 7.2 Quads

U.S. Economy: 95 Quads

Non-

Manufacturing

4.63 Q Industrial | Transportation
Applied sl
pplie ° 28%
Process
Heatin ~ —
& Manufacturing Residential
244 20.0
- 0, 210/
Approximately 2.5 26% °
Quad opportun‘lty in S
process heating 17.4
alone 18%
Source: EIA Monthly Energy Review, Aug zui4; ACu zula
[ N

7 Quads. Process heating accounts for a sizable fraction of total U.S. energy use, and more direct
energy use than any other energy consuming processes in manufacturing.

 95% fossil fuel based. Traditional industrial (thermal) processes can be inefficient, difficult to control
and result in materials and products with compromised quality and performance.
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Drivers for Energy and Carbon Productivity

Drivers — Moving Towards High Energy & Carbon Productivity

a. Less Energy to Produce — Decrease

Business Current energy & carbon intensity

as Usual State b. Improved Service — Increase life cycle
performance of materials and manufactured
products

c. Higher Value Products - Increase the
value-add of manufactured products

d. Transformational Productivity — Grow a
hyper-efficient advanced manufacturing

\ Future State

Mfg. Value-add

Carbon

) Energy
Intensity

Intensity
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Energy Productivity Drivers

a

. Less Energy to Produce — Decrease energy intensity (i.e. energy/mass) of existing commodities/materials
by developing new pathways towards practically achievable minimum energy requirements.

Improved Service — Increase life cycle performance of materials and manufactured products (i.e.
service/mass) via approaches such as hyper-utilizing existing commodities and materials that result in
significantly greater service for the amount of material used.

Higher Value Products - Increase the value-add of manufactured products (i.e. value-add/service) by
developing new, high-value commodities and materials substitutes that can be manufactured at scale
with energy and emissions that are lower than the practical limits of existing commodities and materials

Transformational Productivity — Grow a hyper-efficient advanced manufacturing sector

* with a particular focus on new greenfield development of low energy, low-carbon_high value-add
materials and products;

* target those technologies and processes that can exceed current practical limits of energy and
carbon productivity; and

* anticipate and develop technologies that optimize life cycle resource efficiency to prevent the
possible future rebound of energy & carbon intensive production.
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Innovation is not linear Opportunities to accelerate innovation

High Technology Stage Timing
Theory Decades
Fundamental research Decades
Technology development 5-10 years
Deployment Proof of concept 1-2 years Commercialized
Prototype 6 months technologies—
Alpha product 6—12 months mature at large
Qualification & manufacturing 12 months scale production
Demonstration Product extensions 2 years + Mature at
§' small
5 Mature at scale.
= oilot scale production -
Development i “Marginal”
E- Mature at ] Improvements
o0 bench I
Ke) scale i at Scale
o l
: E
Applied O Start large
Research =
Start small scale
; scale production Next
Start pilot o ! Next Ge
start bench scale production generation
Basic of Mfg. Scale
scale .
Research production
\ext
Generation
Idea
Manufacturing Scale m
Materials & Process Research Systems Development

Engineering & Mfg. Sciences Validation & Certification



Manufacturing Water Conservation Analysis Underway:
Plant Water Profiler tool

Plant Water Profiler ¥0AK RIDGE

.
Baseline Water Use ® Water In —
4 = Recirculated water in ig Water Out EWater out for recirculation
S Water Intak b i
and Water Balance = Souree Water ke gl e b oo, s
20 10% 300 0%
10 10%
Process  Codlingleond. Coolingieond.  Boiler for Kitchen'  Landscaping o Py Codlin c Bolerfor K "Land
-_— for process fer air facility Restroams focess for pr?:gg- oc:‘:l(g:;md. lachl'ny Re:rr;:\rs Landscaping
canditioning conditioning
.
Determine True
Cost of Water
| \\ o B 40 4 True cost of water = Heat energy in wastewater
R p—— i oo IR ol - F304 ® Pumping energy
k] Wastewater treatment
g Water treatment
5 g = Municipal wastewater disposal
] E .
2 Process  Coolingfcond. Goolingicond.  Boiler for  Kitchen!  Landscaping | UniciPal waier usage
’ for process faar air facility Restrooms
i conditioning
]
1 1
TRUE COST OF WATER = | | WATER BALANCE
' 1
T pr— . i [ ACROSS A SYSTEM
. i e Wates
] L] ey g H HP-
B T Identify Water Efficiency
] i s 4 : g
; : Opportunities
i Prampang Enaey - ' ' CHOGSE A FACILIT
. I - == ' .
' e PRt
8 st Enargy = E \ . \\—//
Y, ’ 50 Potential water savings @ esses
40 TT% @Savings from Efficient Water Use
: 30 ® Reduced Water Use
20 % 7%
|
‘lPI.ANTWATERPm‘ o B = . = . -
Process  Cocling/cond Coding/cond,  Baller for Kitchen!  Landscaping
for process for air facility Restrooms
canditianing

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY



Applying manufacturing water use analysis

U.S. DEPARTMENT OF ENERGY

Objective:
Help to harden
u.S.
manufacturing
against current
and future water
issues using
ERENS

Challenges:
* Risk greater
driver than
economics
* Risks highly
spatially and
temporally
dependent

* Lack of data and

information

AMO StA approach:

* Characterize
manufacturing water
use

* Quantify risks and
evaluate implications
on U.S.
manufacturing

* Evaluate
technologies
responsive to risks

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

Develop new
or support
existing
energy-water
initiatives

Include
manufacturing
sector in water

initiatives




Connected Economy Analysis Overview

* Impacts of Information and communication technology (ICT):

— Creating a connected economy (CE) with data collected, transported, stored, and processed into
actionable knowledge when & where needed

— Reshape manufacturing practices to increase productivity & leveraged to make products with a
competitive advantage

* Benefits: Failing to utilize advanced, secure, and reliable ICT infrastructure could lead to competitive
vulnerabilities in the U.S. manufacturing sector

ﬁ

ICT data

ICT equipment ICT equipment
manufacturing infrastructure

E

¥mand

applications
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Development of an Introspective Performance Assessment with Verification and
Validation (IPA/V&V) of R&D Projects Method for AMO

e AMO portfolio: broadly
covers interconnected

advanced
manufacturing > o
technology areas with e <4 Criteal
Ote ntla I tO Sl n ifi Ca ntl Electric Power Sustainable Manufacturing - Materials Direct Thermal Energy Conversion Clean Water
F) g i y Delivery Flow of Materials through Industry Materials, Devices and Systems } @
improve manufacturing Wide Bandgap
Combined Heat Semiconductors for Power Energy-Efficient

and Power Systems Electronics Advanced Computing

energy efficiency and
minimize the life-cycle
energy of manufactured
products

e AMO Multi-Year
Program Plan (MYPP):
lays out technology-
specific performance,
economic and energy
metrics for each
technology area

0 «

Electric Power
Generation

O «

Fuels Production

¢

Buildings

5 «

Transportation

Waste Heat
Recovery Systems

Advanced Sensors, Controls,
Platforms and Modeling for
Manufacturing

Process Heating

Process

Intensification Roll-to-Roll

Processing

Materials for Harsh
Service Conditions

Advanced Materials
Manufacturing

Additive
Manufacturing

Composite
Materials

» ©

Motor-Driven
Systems

=)

>
>

Technology
Partnerships

Workforce
Development

Communications
and Outreach

U.S. DEPARTMENT OF ENERGY

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY



IPA/V&V General Concept for Data Metrics and Reporting

=l Project/Technology Information/Overview

Project/Technology Title Description Focus Area Partners Drivers of Cost/Energy Improvement
Application(s)/End Use(s) TRL/MRL Barriers Market Potential Technology Maturation/Uptake Plan
Project/Technology Metrics MYPP Link
Project/Technology Commercial Potential
Baseline State of Interim Target, Final Target, Target, date
Technology (SOT), Date Date
Date

Design/Model Assumptions and Technical Performance

Technology/Process

Scale

Key Technical Metric 1 > X
Key Technical Metric etc. X
Economics

Cost Metric Calculation Model/TooWKey As' umptions Documentation/Link

Capital Cost

Operating Cost

Unit Cost (e.g. S/kg) X
Energy

Energy Metric Calculations Models/Tools/Key Assumptions Documentation/Link (El and LC Energy)

Energy Intensity (e.g. J/kg) X
Lifecycle Energy Impact X
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2019

. lloeje, Chukwunwike, Colon, Jove, Cresko, Joe, and Diane Graziano. 2019. "Gibbs Minimization Model for Solvent Extraction Applied to Rare
Earths Separation." Presentation at TMS 2019, 148th Annual Meeting & Exhibition, San Antonio, TX, March 10-14, 2019.

. Supekar, Sarang, Graziano, Diane J., Riddle, Matthew E., Nimbalkar, Sachin U., Das, Sujit, Shehabi, Arman and Joe Cresko. 2019. “A
Framework for Quantifying Energy and Productivity Benefits of Smart Manufacturing Technologies.” Procedia CIRP 80 (2019): 699-704.
Paper presented at the 26th CIRP Life Cycle Engineering Conference, West Lafayette, IN, May 7-9, 2019.
https://doi.org/10.1016/j.procir.2019.01.095

. Rao, Prakash, Sholes, Darren, and Joe Cresko. 2019. "Evaluation of U.S. Manufacturing Subsectors at Risk of Physical Water Shortages."
Environmental Science and Technology 53, no. 5 (February): 2295-2303. https://doi.org/10.1021/acs.est.8b04896

. Bergerson, Joule, Morrow, William R., McManus, Marcelle, Carbajales-Dale, Michael, Seager, Thomas, Skone, Timothy, Wang, Michael,
Posen, Daniel, Cresko, Joe, Miller, Shelie, Matthews, Scott, Williams, Eric, Brandt, Adam, McCoy, Sean, MacLean, Heather, Marriott, Josepth
and Garvin Heath. 2019. “Life Cycle Assessment of Emerging Technologies: Discussion of Evaluation Techniques at Different Stages of
Market and Technical Maturity." Journal of Industrial Ecology, Special Issue on Life Cycle Analysis of Emerging Technologies, in-submission

. Lewis, Geoffrey M., Buchanan, Cailin A., Jhaveri, Krutarth D., Sullivan, John L., Kelly, Jarod C., Das, Sujit, Taub, Alan I., and Gregory A.
Keoleian. 2019. "Green Principles for Vehicle Lightweighting.", Environmental Science Technology 53, no. 8 (March): 4063-4077.
https://doi.org/10.1021/acs.est.8b05897

. Rorrer, Nicholas A, Nicholson, Scott, Carpenter, Alberta, Biddy, Mary J., Grundl, Nicholas J., and Gregg T. Beckham. 2019. "Combining
Reclaimed PET with Bio-based Monomers Enables Plastics Upcycling." Joule 3, no. 4 (April): 1006-1027.
https://doi.org/10.1016/j.joule.2019.01.018
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2018

* Bergerson, J., W. M. Morrow lll., J. Cresko, et al. “Life Cycle Assessment of Emerging Technologies: The case for a sub-discipline research
network.” International Symposium for Sustainable Systems and Technology 2018, Buffalo, NY, June 25-28, 2018.

* Das, S. “Challenges in Thermoplastic Applications.” Presentation at the Advanced Automotive Plastics Forum: Redefining the Future, Berlin,
Germany, January, 24-25, 2018.

* Graziano, D. J,, S. D. Supekar, G. Krumdick, S. Nimbalkar, and J. Cresko. “Strategic Analysis of Smart Manufacturing Applications.” Presentation
at the 2018 American Institute of Chemical Engineers (AIChE) Spring Meeting, Orlando, FL, April 22-26, 2018.

* lloeje, C. 0., D. J. Graziano, and J. Cresko. “A Scalable Gibbs Energy Minimization Model for Solvent Extraction Systems.” Young Professional
Technical Division Poster Award at TMS 2018, 147th Annual Meeting & Exhibition, Phoenix, AZ, March 11-15, 2018.

* Morrow, W. M. lll, J. Bergerson, J. Cresko, M. A. Dale, H. MacLean, T. Skone, S. McCoy, and A. Shehabi. “The Intersection of Life Cycle
Assessment and Techno-Economic Analysis of Emerging Technologies.” International Symposium for Sustainable Systems and Technology
2018, Buffalo, NY, June 25-28, 2018.

* Reeseg, S., K. Horowitz, T. Remo, and M. Mann. “Regional manufacturing cost structures and supply chain considerations for medium voltage
silicon carbide power applications.” 2018 Manufacturing Science and Engineering Conference (MSEC2018), College Station, TX, June 18-22,
2018.

* Reeseg, S., K. Horowitz, T. Remo, and M. Mann. “Regional Manufacturing Cost Structures and Supply Chain Considerations for SiC Power
Electronics in Medium Voltage Motor Drives." Materials Science Forum 924, (2018): 518-522. https://www.scientific.net/MSF.924.518

* Reese, S., K. Horowitz, T. Remo, M. Mann, and J. Cresko. “A Techno-economics Look at SiC WBG from Wafer to Motor Drive.” CS International,
Brussels, Belgium, April 10-11, 2018. https://www.angel-
events.com/storage/presentation assets/1150%20Reese%20National%20Renewable%20Energy%20Laboratory.pdf

* Supekar, S. D., D. J. Graziano, and J. Cresko. “Assessing Trends in Smart Manufacturing Innovation Using Patents.” Poster at the ASME/SME
2018 North American Manufacturing Research Conference (NAMRC) and Manufacturing Science and Engineering Conference (MSEC), College
Station, TX, June 18-22, 2018.

* Yao, Y., W. R. Morrow, lll, J. Marano, and E. Masanet. “Quantifying Carbon Capture Potential and Cost of Carbon Capture Technology

Application in the U.S. Refining Industry.” International Journal of Greenhouse Gas Control 74, (July 2018): 87-98.
https://doi.org/10.1016/].ijggc.2018.04.020
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2017

e Armstrong, K., S. Das, and L. Marlino. Wide Bandgap Semiconductor Opportunities in Power Electronics, Full Report. ORNL/TM-2017/702. Oak Ridge, TN:
Oak Ridge National Laboratory, Clean Energy Manufacturing Analysis Center, 2017. https://info.ornl.gov/sites/publications/Files/Pub104869.pdf

e Cassorla, P., S. Das, K. Armstrong, and J. Cresko. “Life Cycle Energy Impacts of Automotive Electronics” Journal of Smart and Sustainable Manufacturing
Systems 1, no. 1 (2017). https://doi.org/10.1520/SSMS20170009

* Das, S. “Innovation in Engineered Plastics, Carbon Fiber & Composites.” Presentation at the Advanced Design & Manufacturing Automotive Conference,
Cleveland, OH, March 29, 2017.

* Das,S. “New Developments in Impact Assessment.” Session Chair at the American Center for Life Cycle Assessment XVII Conference, Portsmouth, NH,
October 5-7, 2017.

* Das,S., K. Armstrong, P. Cassorla, and J. Cresko, J. “Life Cycle Implications of Vehicle Sensors.” Presentation at the American Center for Life Cycle
Assessment XVII Conference, Portsmouth, NH, October 5-7, 2017.

* Horowitz, K., T. Remo, and S. Reese. A Manufacturing Cost and Supply Chain Analysis of SiC Power Electronics Applicable to Medium-Voltage Motor Drives.
Report No. NREL/TP-6A20-67694. Golden, CO: National Renewable Energy Laboratory, 2017. https://www.nrel.gov/docs/fy170osti/67694.pdf

* Horowitz, K., T. Remo, and S. Reese. “Cost, Supply Chain, and Manufacturing Competitiveness Issues Related to SiC-based Variable Frequency Drives for
Industrial Motor Applications.” American Council for an Energy-Efficient Economy (ACEEE) 2017 Summer Study on Industrial Energy Efficiency, Denver, CO,
August 15-18, 2017. http://aceee.org/files/proceedings/2017/data/64395-aceee-1.3687710/kelsey-horowitz-1.3687773.html

* Huang, R., M. Riddle, D. Graziano, S. Das, S. Nimbalkar, J. Cresko, and E. Masanet. “Environmental and Economic Implications of Distributed Additive
Manufacturing: The Case of Injection Mold Tooling.” Journal of Industrial Ecology 21, S1 (2017): S130-S143. https://doi.org/10.1111/jiec.12641

* Morrow, W. R, lll., A. Carpenter, J. Cresko, S. Das, D. J. Graziano, R. Hanes, S. D. Suprekar, S. Nimbalkar, M. E. Riddle, and A. Shehabi. “U.S. Industrial Sector
Energy Productivity Improvement Pathways.” American Council for an Energy-Efficient Economy (ACEEE) 2017 Summer Study on Industrial Energy
Efficiency, Denver, CO, August 15-18, 2017.
https://aceee.org/files/proceedings/2017/data/polopoly fs/1.3687847.1501159031!/fileserver/file/790251/filename/0036 0053 000067.pdf

* Nimbalkar, S., W. Guo, A. Carpenter, J. Cresko, D. Graziano, W. R. Morrow, and T. Wenning. “Smart Manufacturing Technologies and Data Analytics for
Improving Energy Efficiency in Industrial Energy Systems.” American Council for an Energy-Efficient Economy (ACEEE) 2017 Summer Study on Industrial
Energy Efficiency, Denver, CO, August 15-18, 2017.
https://aceee.org/files/proceedings/2017/data/polopoly fs/1.3687886.1501159066!/fileserver/file/790269/filename/0036 0053 000028.pdf

* Rao, D. Sholes, W. R. Morrow lll, and J. Cresko. “Estimating U.S. Manufacturing Water Use.” American Council for an Energy-Efficient Economy (ACEEE)
2017 Summer Study on Industrial Energy Efficiency, Denver, CO, August 15-18, 2017.
https://aceee.org/files/proceedings/2017/data/polopoly fs/1.3687919.1501159097!/fileserver/file/790285/filename/0036 0053 000025.pdf
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2017 cont.

* Reese, S., K. Horowitz, T. Remo, and M. Mann. “A Manufacturing Cost and Supply Chain Analysis of SiC Power Electronics Applicable to Medium-Voltage
Motor Drives.” PowerAmerica Webinar, 2017. https://www.youtube.com/watch?v=GKICBYG9XhO0

* Reese, S., K. Horowitz, T. Remo, and M. Mann. “SiC Power Electronics in Medium Voltage Motor Drives Trade and Manufacturing Analysis.” International
Conference on Silicon Carbide and Related Materials, Washington, DC, September 17-22, 2017.

* Remo, T., K. Horowitz, S. Reese, and M. Mann. “Regional Manufacturing Cost Structures and Supply Chain Considerations for SiC Power Electronics in
Medium Voltage Motor Drives.” Proceedings of the Motor & Drive Systems, 2017.

e Sandor, D., D. Chung, D. Keyser, M. Mann, J. Engel-Cox, W. R. Morrow, A. Carpenter, J. Cresko, E. Masanet, and S. Nimbalkar. Benchmarks of Global Clean
Energy Manufacturing. Report No. NREL/TP-6A50-65619. Golden, CO: National Renewable Energy Laboratory, 2017.
https://www.nrel.gov/docs/fy170sti/65619.pdf

e Schwartz, L., M. Wei, W. Morrow, J. Deason, S. R. Schiller, G. Leventis, S. Smith, W. L. Leow, T. Levin, S. Plotkin, Y. Zhou, and J. Teng. Electricity end uses,
energy efficiency, and distributed energy resources baseline. Report No. LBNL-1006983. Berkeley, CA: Lawrence Berkeley National Laboratory, 2017.
https://emp.lbl.gov/publications/electricity-end-uses-energy

e Supekar, S., Graziano, D. J., Skerlos, S. J. and Cresko, J. (2017). “Comparing Life Cycle Impacts of Conventional Metalworking Fluids with Gas-Based
Alternatives across Different Materials and Processes.” Presentation at the American Center for Life Cycle Assessment XVII Conference, Portsmouth, NH,
October 5, 2017.
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2016

* Armstrong, K., and S. Das. “Wide Bandgap Semiconductor Opportunities in Power Electronics.” 4th IEEE Workshop on Wide Bandgap Power
Devices and Applications (WiPDA), Fayetteville, AR, November 7-9, 2016.

* Carpenter, A., M. Mann, R. Gelman, J. Lewis, D. Benson, J. Cresko, and S. Ma. “Materials Flows through Industry tool to track supply chain
energy demand.” American Center for Life Cycle Assessment, Life Cycle Assessment XIV Paper Proceedings, October 2016.

* Cassorla, P, and S. Das. “Life Cycle Analysis of Automotive Electronics.” American Center for Life Cycle Assessment, Life Cycle Assessment XIV,
Charleston, SC, September 27-29, 2016.

* Das, S. “Carbon Fiber Composites Industry Supply Chain Competitiveness.” Presentation at the Education Session, The Composites and
Advanced Materials Expo (CAMX) Conference, Anaheim, CA, September 26-29, 2016.

* Das, S. “OEM Strategies on LightWeight Metals.” Invited Presentation at the Advanced Lightweight Vehicles and Materials 2016 Forum, Berlin,
Germany, October 13-14, 2016.

* Das, S., J. Warren, D. West, and S. M. Schexnayder. Global Carbon Fiber Composites Supply Chain Competitiveness Analysis. Oak Ridge, TN: Oak
Ridge National Laboratory, Clean Energy Manufacturing Analysis Center, 2016. https://energy.gov/eere/analysis/downloads/global-carbon-
fiber-composites-supply-chain-competitiveness-analysis

* Dollinger, C. and J. Cresko. “Bandwidth Study on Energy Use and Potential Energy Saving Opportunities in Manufacturing Food and Beverages.”
2016 American Institute of Chemical Engineers (AIChE) Annual Meeting, San Francisco, CA, November 13-18, 2016.

* Dollinger, C., P. Rao, and J. Cresko. “Energy and CO, Emissions Intensity of Desalination Systems.” 2016 American Institute of Chemical
Engineers (AIChE) Annual Meeting, San Francisco, CA, November 13-18, 2016.

* Hanes, R., and A. Carpenter (2016). “Evaluating opportunities to improve material and energy impacts in commodity supply chains.”
International Symposium on Sustainable Systems and Technology (ISSST), Phoenix, AZ, May 16-18, 2016. https://doi.org/10.1007/s10669-016-
9622-5

* Huang, R., D. Graziano, M. Riddle, J. Cresko, and E. Masanet. “Knowns and Unknowns of the Current State, Future Trends, and Associated
Implications of Additive Manufacturing.” Invited Presentation at the Materials Science & Technology 2016 Technical Meeting and Exhibition,
Salt Lake City, UT, October 23-27, 2016.

* Huang, R., M. Riddle, D. Graziano, S. Nimbalkar, J. Cresko, and E. Masanet. “Energy and Emissions Saving Potential of Additive Manufacturing:
The Case of Lightweight Aircraft Components.” Journal of Cleaner Production 135, (2016): 1559-1570.
https://doi.org/10.1016/j.iclepro.2015.04.109, https://www.osti.gov/pages/serviets/purl/1286800

* Huang, R., M. Riddle, D. Graziano, J. Cresko, and E. Masanet. “Multi-scale System Dynamics Modeling for Evaluating the Current State, Future

Trends and Associated Implications of Additive Manufacturing.” Presentation at the ASME International Mechanical Engineering Congress &
Exposition, Phoenix, AZ, November 11-17, 2016.
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2016 cont.

* Marriott, J., T. Skone, G. Heath, M. Wang, and W. R. Morrow, lll. “Contributions to LCA from the Department of Energy.” American Center for
Life Cycle Assessment XV, Life Cycle Assessment XVI, Charleston, SC, September 27-29, 2016.

* Morrow, W. R. “How Smart Factories Optimize Energy Use and Improve Productivity — California’s Perspective.” Silicon Valley Energy Summit,
Precourt Energy Efficiency Center, Stanford University, Palo Alto, CA, June 3, 2016.

* Morrow, W. R., A. Carpenter, J. Cresko, S. Das, D. Graziano, S. Nimbalkar, and A. Shehabi. “Developing Robust Methods for Prospective LCA for
Early Stage Technologies (Part 1 and 2).” American Center for Life Cycle Assessment XV, Life Cycle Assessment XVI, Charleston, SC, September
27-29, 2016.

* Morrow, W. R., J. Cresko, S. Das, and H. Liddell. “Net Energy Consequences of Carbon Fiber Reinforced Polymer Composites in U.S. Light-Duty
Vehicle Fleet Light-weighting.” The Composites and Advanced Materials Expo (CAMX 2016), Anaheim, CA, September 26-29, 2016.

* Morrow, W. R., A. Shehabi, and S. Smith. Lifecycle Industry GreenHouse gas, Technology and Energy through the Use Phase (LIGHTEnUP) —
Analysis Tool User’s Guide. Report No. LBNL-1005777. Berkeley, CA: Lawrence Berkeley National Laboratory, 2016.
https://ses.lbl.gov/publications/lifecycle-industry-greenhouse-gas

* Morrow, W. R,, Y. Yao, and J. Marano. “Refineries in a Carbon Constrained Future - the Potential for Facility-Wide CO, Capture at Plant
Utilities.” 2016 American Institute of Chemical Engineers (AIChE) Annual Meeting, San Francisco, CA, November 13-18, 2016.

* Rao, P, A. Aghajanzadeh, P. Sheaffer, W. Morrow, S. Brueske, C. Dollinger, K. Price, P. Sarker, N. Ward, and J. Cresko. Volume 1: Survey of
Available Information in Support of the Energy-Water Bandwidth Study of Desalination Systems. Report No. LBNL-1006424. Berkeley, CA:
Lawrence Berkeley National Laboratory, 2016. http://eta-publications.lbl.gov/sites/default/files/lbnl-1006424.pdf

* Shehabi, A., S. Smith, H. Fuchs, and W. Morrow. “LCA and the Internet of Things: Life cycle modeling of electronics manufacturing.” American
Center for Life Cycle Assessment XV, Life Cycle Assessment XVI, Charleston, SC, September 27-29, 2016.

* Shehabi, A., S. J. Smith, N. Horner, |. Azevedo, R. Brown, J. Koomey, E. Masanet, D. Sartor, and W. Lintner. United States Data Center Energy
Usage Report. Report No. LBNL-1005775. Berkeley, CA: Lawrence Berkeley National Laboratory, 2016. https://eta.lbl.gov/publications/united-
states-data-center-energy

* Woodhouse, M., C. Mone, D. Chung, E. Elgqvist, and S. Das. Clean Energy Manufacturing Analysis Center: 2015 Research Highlights. Report
No. ORNL/SR-2016/98, NREL/BR-6A50-65312. Denver, CO: National Renewable Energy Laboratory, 2016.
https://www.nrel.gov/docs/fyl160sti/65312.pdf
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2015

* Das, S. “Composite Materials: A Future for the Automotive Industry?” 7th Annual Advancements in Automotive LightWeighting Summit by IQPC, Detroit,
Ml, May 18-20, 2015.

* Das, S. “Evaluating LCA for Virgin vs. Recycled Carbon Fibre Composites - focus areas and development opportunities.” Opening Keynote Speech, Go
CarbonFibre’15 Recycling Conference, Manchester, UK, October 29, 2015.

* Huang, R., M. Riddle, D. Graziano, and E. Masanet. “Multiscale Life-cycle Techno-economic Assessment Model for Advanced Manufacturing Technologies.”
International Society for Industrial Ecology, Surrey, England, July 7-10, 2015.

* Huang, R., M. Riddle, D. Graziano, and E. Masanet. “Prospective environmental and economic assessment of advanced manufacturing technologies: a
multi-scale life cycle approach.” American Center for Life Cycle Assessment XV, Life Cycle Assessment XV, Vancouver B.C., Canada, October 6-8, 2015.

* Morrow, W. R, lll, A. Carpenter, J. Cresko, S. Das, D. Graziano, S. Nimbalkar, and A. Shehabi. “Cultivating Uniform Methods for Prospective LCA of Emerging
Technologies.” Life-Cycle Analysis, XV (LCA XV), Vancouver B.C., Canada, October 6-8, 2015.

* Morrow, W. R. lll and J. B. Greenblatt. “Autonomous Vehicles (AV) — A game changer in transportation’s environmental impacts?” American Center for Life
Cycle Assessment XV, Life Cycle Assessment XV, Vancouver B.C., Canada, October 6-8, 2015.

* Morrow, W. R, lll, J. Marano, A. Hasanbeigi, E. Masanet, and J. Sathaye. “Assessment of Energy Efficiency Improvement in the United States Petroleum
Refining Industry.” Energy 93, Part 1 (2015): 95-105. https://doi.org/10.1016/j.energy.2015.08.097

* Morrow, W. R,, A. Shehabi, and S. Smith. Manufacturing Cost Levelization Model — User’s Guide. Report No. LBNL-187989. Berkeley, CA: Lawrence Berkeley
National Laboratory, 2015. https://ses.lbl.gov/publications/manufacturing-cost-levelization-model

* Qi, W, R. Sathre, W. Morrow, and A. Shehabi. Unit Price Scaling Trends for Chemical Products. Report No. LBNL-189844. Berkeley, CA: Lawrence Berkeley
National Laboratory, 2015. https://ses.lbl.gov/publications/unit-price-scaling-trends-chemical

e Smith, S., W. R. Morrow, lll, and A. Shehabi. “The Rise of Smart Manufacturing: Opportunities and Challenges for LCA.” American Center for Life Cycle
Assessment XV, Life Cycle Assessment XV, Vancouver B.C., Canada, October 6-8, 2015.

e Sunter, D., W. Morrow, J. Cresko, and H. Liddell. “The manufacturing energy intensity of carbon fiber reinforced polymers composites and its effect of life-
cycle energy use for vehicle light-weighting.” 20th International Conference on Composite Materials, Copenhagen, Denmark, July 19-24, 2015.

* Yao, Y., D. Graziano, M. Riddle, and E. Masanet. “A Case Study of MAMTech Assessment Model: Prospective Life-cycle Technology Assessment of Future
U.S. Ethylene Production.” American Center for Life Cycle Assessment XV, Life Cycle Assessment XV, Vancouver B.C., Canada, October 6-8, 2015.

* Yao, Y., D. Graziano, M. Riddle, and E. Masanet. “Integrated Life-cycle Technology Assessment Model for Sustainable Chemical Production.” International
Society for Industrial Ecology Conference, London, UK, 2015.

* Yao, Y., D. Graziano, M. Riddle, and E. Masanet. “Looking into the Future of the Ethylene Industry: A Generic Assessment Model for Emerging
Technologies.” 2015 American Institute of Chemical Engineers (AIChE) Annual Meeting, Salt Lake City, UT, 2015.

* Yao, Y., D. Graziano, M. Riddle, and E. Masanet. “Opportunities and Challenges for Energy-Intensive Chemicals: Emerging Technology Review.” American
Institute of Chemical Engineers (AIChE) 7th Annual Midwest Regional Conference, Chicago, IL, 2015.
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2014

* Brueske, S., J. Cresko, and A. Carpenter. “Manufacturing Energy Bandwidth Studies: Chemical, Petroleum Refining, Pulp and Paper, and Iron and Steel
Sectors.” Energy Systems Laboratory, Texas A&M University, 2014. http://hdl.handle.net/1969.1/152199

e Carpenter, A., M. Mann, and R. Gelman. “Department of Energy, Advanced Manufacturing Office Materials Flows Through Industry Tool.” American Center
for Life Cycle Assessment, Life Cycle Assessment XIV, San Francisco, CA, October 6-8, 2014.

* Das, S. “Growing Importance of Automotive LCA and Its Applications.” The Composites and Advanced Materials Expo (CAMX), Orlando, FL, October 13-14,
2014.

* Das,S., E. Masanet, and W. Morrow. “Case Studies — Advanced Lightweight Materials for Transport Vehicles.” American Center for Life Cycle Assessment,
Life Cycle Assessment XIV, San Francisco, CA, October 6-8, 2014.

* Huang, R., M. Riddle, D. Graziano, and E. Masanet. “Life-cycle Techno-economic Modeling Framework for Net Impact Assessment of Distributed
Manufacturing Relative to Centralized Manufacturing for Emerging Technologies.” American Center for Life Cycle Assessment, Life Cycle Assessment X1V,
San Francisco, CA, October 6-8, 2014.

* Morrow, W. R., A. Shehabi, and S. Smith. “The Lifecycle Industry GreenHouse gas, Technology and Energy through the Use Phase (LIGHTEnUP) too
American Center for Life Cycle Assessment, Life Cycle Assessment XIV, San Francisco, CA, October 6-8, 2014.

* Nimbalkar, S., D. Cox, K. Visconti, and J. Cresko. “Life Cycle Energy Assessment Methodology and Additive Manufacturing Energy Impacts Assessment tool.”
American Center for Life Cycle Assessment, Life Cycle Assessment XIV: Proceedings, San Francisco, CA, October 6-8, 2014.

* Nimbalkar, S. U., A. C. Thekdi, B. M. Rogers, O. L. Kafka, and T. J. Wenning. Technologies and Materials for Recovering Waste Heat in Harsh Environment.
Report No. ORNL/TM-2014/619. Oak Ridge, TN: Oak Ridge National Laboratory, 2014. https://info.ornl.gov/sites/publications/files/Pub52939.pdf

e Shehabi, A., W. Morrow, and R. Sathre. “Prospective Life-cycle Modeling of Nanocomposite Electrochromic Window Coatings.” American Center for Life
Cycle Assessment, Life Cycle Assessment X1V, San Francisco, CA, October 6-8, 2014.

* Thekdi, A., and S. Nimbalkar. Industrial Waste Heat Recovery: Potential Applications, Available Technologies and Crosscutting R&D Opportunities. Report
No. ORNL/TM-2014/622. Oak Ridge, TN: Oak Ridge National Laboratory, 2014. https://info.ornl.gov/sites/publications/files/Pub52987.pdf

* Warren, C. D., S. Das, and S. Jeon. “Carbon Fiber Composites in High Volume Ground Transportation: Competition Between Material Alternatives.” The
Composites and Advanced Materials Expo (CAMX), Orlando, FL, October 13-14, 2014.

* Yao, Y., D. Graziano, M. Riddle, and E. Masanet. "A Life-cycle, Techno-economic Modeling Framework for Net Impact Assessment of Emerging Technologies
in the U.S. Chemical Industry." American Center for Life Cycle Assessment, Life Cycle Assessment XIV, San Francisco, CA, October 6-8, 2014.

* Yao, Y., D. Graziano, M. Riddle, and E. Masanet. "A Macro-level Impact Assessment Tool for Emerging Technologies in Chemical Industry." 2014 American
Institute of Chemical Engineers (AIChE) Annual Meeting, Atlanta, GA, November 16-21, 2014.

IM

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY



http://hdl.handle.net/1969.1/152199
https://info.ornl.gov/sites/publications/files/Pub52939.pdf
https://info.ornl.gov/sites/publications/files/Pub52987.pdf

2013

* Morrow, W. R, J. Marano, J. Sathaye, A. Hasanbeigi, and T. Xu. Assessment of Energy Efficiency Improvement in the United States Petroleum
Refining Industry. Report No. LBNL-6292E. Berkeley, CA: Lawrence Berkeley National Laboratory, 2013.
https://eta.lbl.gov/sites/all/files/publications/pdf 1.pdf

* Morrow, W. R., A. Carpenter, J. Cresko, E. Masanet, S. Nimbalkar and A. Shehabi. “Cross-Sector Impact Analysis of Industrial Process and

Materials Improvements.” American Council for and Energy-Efficient Economy (ACEEE) 2013 Summer Study on Industrial Energy Efficiency,
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Bandwidth Studies on Energy Use and Potential Energy Savings in U.S. Industrial

Sectors

Visit: https://www.ener

.gov/eere/amoj/ener

-analysis-data-and-reports

Advanced High Strength Steels
Manufacturing (2017)

Aluminum Manufacturing (2017)

Carbon Fiber Reinforced Polymer
Manufacturing (2017)

Cement Manufacturing (2017)

Chemical Manufacturing (2015)

Food and Beverage Manufacturing (2017)

Glass Fiber Reinforced Polymer
Manufacturing (2017)

Glass Manufacturing (2017)

Iron and Steel Manufacturing (2015)
Magnesium Manufacturing (2017)

Petroleum Refining (2015)
Plastics and Rubber Manufacturing (2017)
Pulp and Paper Manufacturing (2015)

Seawater Desalination Systems (2017)

Titanium Manufacturing (2017)

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-advanced-high-strength-steel-
manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-aluminum-manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-carbon-fiber-reinforced-polymer-
composites-manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-cement-manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-chemical-manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-food-and-beverage-
manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-glass-fiber-reinforced-polymer-
manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-glass-manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-iron-and-steel-manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-magnesium-manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-petroleum-refining

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-plastics-and-rubber-
manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-pulp-and-paper-manufacturing

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-seawater-desalination-systems

https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-titanium-manufacturing
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https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-cement-manufacturing
https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-chemical-manufacturing
https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-food-and-beverage-manufacturing
https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-glass-fiber-reinforced-polymer-manufacturing
https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-glass-manufacturing
https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-iron-and-steel-manufacturing
https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-magnesium-manufacturing
https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-petroleum-refining
https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-plastics-and-rubber-manufacturing
https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-pulp-and-paper-manufacturing
https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-seawater-desalination-systems
https://www.energy.gov/eere/amo/downloads/bandwidth-study-us-titanium-manufacturing
https://www.energy.gov/eere/amo/energy-analysis-data-and-reports
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