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Energy and Resource Systems Analysis
Laboratory

ERSAL develops mathematical models and decision support tools to quantify

opportunities for reducing energy and resource use in:
» Manufacturing processes and supply chains; m
» Product and material life-cycle systems; and

» Information technology systems. ERSAL

http://ersal.mccormick.northwestern.edu

Goal: Enable manufacturers and policy makers to identify robust technological,
behavioral, and policy pathways toward more sustainable products and processes.

Some current projects:
» Supply chain environmental optimization (National Science Foundation)
» Industrial cap and trade policy analysis (California Air Resources Board)
» Geo-temporal energy analysis of cloud computing (Google)

» Industrial energy and water efficient technology characterization (U.S.
EPA)

» Cost and environmental prioritization of advanced manufacturing
technologies (U.S. Department of Energy)
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150 Years of Engineering Impact
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Energy use and human development
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Engineering’s Grand Challenge for the 215t Century:

Accelerating development and deployment of
sustainable technologies

Technology “wedges”
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Source: International Energy Agency (IEA) (2010)
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Manufacturing is vital to the U.S. economy

e 11% of U.S. GDP * 57% of U.S. Exports
e 12 million U.S. jobs * Nearly 20% of the worlds
* 60% of U.S. engineering and science jobs manufactured value added

40
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100 Source: Census Bureau

U.S. Trade Balance for Advanced Technology
Manufacturing Products ($ billions)
S

Courtesy of Joe Cresko, AMO



‘ Advanced Manufacturing Office -

Goals and National Importance I
/ The Advanced \

Manufacturing Partnership | - Spark a renaissance in American manufacturing
: through public private partnerships that help our
manufacturers compete with anyone in the world.

4 Office of Energy N

Efficiency and Strengthen America's energy security,
Renewable Energy | environmental quality, and economic vitality
through enhanced energy efficiency and
productivity
[ N

Partner with industry, small business, universities, and other
Advance(_j stakeholders to invest in technologies with the potential to
Manufacturing create high-quality domestic manufacturing jobs and enhance
Office the global competitiveness of the United States.

A 4

Courtesy of Joe Cresko, AMO

\U.S. Dept. of Energyj
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Energy Economy-wide lifecycle impacts
Primary Energy Consumption by Sector, 2010 (Quads)
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Manufacturing investments impact all sectors

Courtesy of Joe Cresko, AMO



[Rasearch Motivations Part Il:

Transitioning to a Clean __
Manufacturing Economy

AMO: Bridging the Innovation Gap
AMO Investments leverage strong Federal support of basic research by
partnering with the private sector to accelerate commercialization

Gap
E DOE Energy
W :
= Innovation Hubs i
C - < e
i NSF Engineering
E Research Centers projects NIST Mﬂﬂu}(ﬂfm”ﬁg
= Extension Partnership
- o
= NSF Industry-University \ ‘. 1
a Cooperative Research |
g Centers !
SBIR/STTR
Governments and Universities / \ Private sector
Technology Maturity Level
Concept Proof of Concept Lab scale development Demonstration and scale-up Product Commercialization

U.S. Department of Energy Advanced Manufacturing Office (AMO)
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Accelerating technology development
ERSAL research thrust:

* Prospective life-cycle systems analysis:

» Enables robust engineering and policy decisions
today to lead to greatest sustainability benefits
tomorrow

» Development of large-scale spatio-temporal
systems models:

« Mathematical integration of physical,
economic, policy, and environmental models

and data
» Functional relationships to engineering P r———
properties (&)ENERGY | renowabic Eneray
» Uncertainty and scenario capabilities for
robust decisions —

" working with | e
the Carbon Trust |55

» Enables high-reward investments through
technology policy
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Additive Manufacturing Example

« 3-D graphical models, parts built
in layers

* No tools, dies, or forms
* Near final shape
* Reduced delivery times 75%

 Mechanical properties equivalent
to wrought

 Reduced material use
* Reduced inventory
« Significant cost and energy

Airbus example (120 brackets)

savings @
Additive Conventional
Manufacturing Machining
0.38 kg 1.09 kg

Energy Efficiency &

:“' ﬁ A U.5. DEPARTMENT OF
Y/ ENERGY | renewable Energy
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Conventional

Forging
(slab, billet,
etc.

Additive Wanufacturing

/

Selective
Laser
Melting

Electron
Beam
Meltino

Process Ingot
consum

ed kg

Machinin

g
SLM 0.38 0.64 583 198
EBM 0.38 0.64 583 154

Transpo
rt
MJ

0
14 76,000
14 76,000

High embodied energy of ingot
plus high buy-to-fly ratio of
machining pathway drives

energy differences

End of life | Total
energy
per bracket

MJ

Total energy
per (120
brackets) MJ

Not 227,923 27.4 MM
considered

Not 76,795 9.2 MM
considered

Not 76,751 9.2 MM
considered

Courtesy of Josh Warren and Sujit Das, ORNL
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Spatial-temporal systems modeling
framework

Smelting processes

I
Bayer refining, Becher and
BF, BOF, Hall-Herould Kroll

Natural gas

Powder

Changes
- Distribution |

over time
)
=2 Conventional Additive
E Manfucaturing Manufacturing
w

—

Distribution II

| N —r—y i g g G g "
v Energy Cradle to gate
consumption Assembling
Recycle & Disposal

Spatial variations

Huang, R., Riddle, M., Graziano, D., and E. Masanet (2014). “The Energy and Emissions Saving Potential of Additive Manufacturing: The Case of
Lightweight Aircraft.” Journal of Cleaner Production. Under review.
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Why location matters

Monetized Health Damage from Fossil-fuel Electric Power Generators
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Why time matters

Energy intensity of U.S. steelmaking
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Sources: U.S. DOE (2010), USGS (20105b), World Steel (2010)
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Metrics  (y, &, and 0 are impact factors for unit weight materials, which are related to technologies and demand)
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U.S. Aircraft Fleet Case Study (2015-2050)
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Huang, R., Riddle, M., Graziano, D., and E. Masanet (2014). “The Energy and Emissions Saving Potential of Additive Manufacturing: The Case of
Lightweight Aircraft.” Journal of Cleaner Production. Under review.
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Replaceable mass screening

Table 2: Aircraft component system attribute ratings

Feasibility

Component Mass Shape Geometric evaluation
Component systems category fraction Load rating complexity rating  volume rating  seore*
Wing systems 0.24

Structural 0.95 High Medium High

Auxiliary 0.05 High Low Low 5
Body systems 0.19

Structural 0.95 High Medium High 4

Auxiliary 0.05 Medium Low Low 6
Furnish & equip systems 0.13

Structural 0.36 Low-Medium  Medium Low-Medium 7

Functional  0.57 Low Medium Medium 7

Auxiliary 0.07 Low Low Low 7
Engine 0.12

Structural 0.17 High Medium High 4

Functional  0.77 High High Medium-High 5.5

Auxiliary 0.06 Medium-High Low Low 5.5
Alighting gear systems 0.09

Structural 0.595 High Medium High 4

Auxiliary 0.05 High Low Low 5
Tail systems 0.04

Structural 0.95 High Medium High 4

Auxiliary 0.05 High Low Low 5
Propulsion systems 0.04

Functional  1.00 High High Medium 6
Macelle systems 0.04

Structure 0.95 High Medium High 4

Auxiliary 0.05 Low-Medium  Low Low 6.5

* To determine feasibility scores, numerical values of 1, 2, ond 3 were assigned to ratings of high, medium, and low, respectively, for lood and
geometric volume. Numericol values of 3, 2, and 1 were assigned to ratings of high, medium, and low, respectively, for shape complexity.
Component categaries with feasibilify scaores greater than 5 (bolded in this table) were deemed mast likely for near-term adoption of AM

components.

Huang, R., Riddle, M., Graziano, D., and E. Masanet (2014). “The Energy and Emissions Saving Potential of Additive Manufacturing: The Case of
Lightweight Aircraft.” Journal of Cleaner Production. Under review.
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Replaceable mass and timing

Table 3: Replaceable mass by metal alloy, component system, and component category

Replaceable mass in average aircraft (kg)*

Component system Category Al alloy Ti alloy Ni alloy Steel
Body systems Auxiliary 80-200
Furnishings and equipment  Structural 70-130
Functional 1450-1930
Engine Functional 680-1350 940-1880 100-190
Auxiliary 50-90 5090 50-90
Propulsion systems Functional 330-810
Nacelle Systems Auxiliary 20-40
Total 1590-2260 1070-2290 980-1960 140-280

* Based on an average aircraft empty operating mass of 40,622 kg [43, 44]

i‘l’able 8. Temporal availability assumptions

Component system Component category  Availability

Body systems Auxiliary 10 years (2024)
Furnishings and equipment systems Structural 5-10vyears™ (2019-2024)
Furnishings and equipment systems Functional 10 years (2024)

Engine Functional 20years (2034)

Engine Auxiliary 10 years (2024)
Propulsion systems Functional 20 years (2034)

Nacelle systems Auxiliary 5 years (2019)

*3 years for galley and lavatory, 10 years for floor panel, fasteners and other
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Energy consumption (MJ)

4000

3000

2000

1000

Component level results

Material: Tialloy
CM weight: 1.09kg
AM weight: 0.38kg

)
i
Material: Al alloy

CM weight: 0.16kg
AM weight: 0.07kg

Bracket Seat buckle

Bionic bracket

(X

i

Material-Al altoy

Material: Ti alloy CM weight: 0.8 kg
CM weight: 0.06kg ’ AM weight: 0.4 kg
AM weight 0.04kg

Material:Ti alloy
o CM weight: 0.92kg
- AM weight 0.33kg

M Resource production B Distribution |
Manufacturing B Distrbution Ii

O CM energy intensity
T+ AM energy intensity

Engine cover
door hinge

Fork fitting

Energy intensity (GJ/kg)
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Temporal fleet adoption modeling

A B C
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BAM new production BAM retrafit — ® Non-AM

Figure 3: Incorporation of AM components into fleet of aircraft: (A) furnishings and equipment
systems, slow adopticn; (B) furnishings and equipment systems, mid-range adoption; {C) furnishings
and equipment systems, rapid adoption; (D) engine, slow adoption; [E) engine, mid-range adopticn; (F)
engine, rapid adoption.
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Engineering functionality drives
energy savings!

W cradle-to-gate ™ use-phase

® Furnishings and equipment, structure
B Furnishings and equipment, function
— W Engine, function
1276 ’ M Engine, auxiliary
M Propulsion systems
W Body systems, auxiliary
Nacelle systems, auxiliary

million GJ




MCCormick

Northwestern Engineering

Raw materials requirements for replaceable components in 2050

Titanium

6708
Aluminum ton/year

817
ton/year

545
ton/year

7102
ton/year

Nickel 866
ton/year
Conventional Manufacturing Additive Manufacturing

Huang, R., Riddle, M., Graziano, D., and E. Masanet (2014). “The Energy and Emissions Saving Potential of Additive Manufacturing: The Case of
Lightweight Aircraft.” Journal of Cleaner Production. Under review.
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Distributed Manufacturing
Preliminary Results: Lead time

* More than 50% lead time savings (original mold & repair) could be achieved in the future if the AM building rates
develop to 100 cm3/h (current ~25 cm3/h), which make “deliver over night” possible.
* Distributed AM saves time during tool repair, especially compared to overseas CM

.~ One Original Tool Insert Lead Time

12% [ 54%

’

. I
45 | Supply chain ’

\ Faster bpilding
\ rate & better
s‘urface Huality

Conventional, Conventional, Distributed, Distributed,
onshore oversea current future
B OM, Design M OM, Process planning

OM, CNC milling & driling I OM, SLM
Bl OM, Fitting and polishing B OM, Transportation
B OM, Assembly I OM, Testing
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Distributed Manufacturing
Preliminary Results: GHG emissions

* Similar to primary energy, less inventory holding and technology improvement would reduce GHG emissions
* Renewable distributed generation systems (i.e. PV and wind) would save significant GHG emissions

Cradle-to-gate CO2e Emissions

6000 150000
b A
°
2
[=]
a b 00000 0
=
2
= 3600 90000
£
-l
s 2 2
2
5]
2 2400 60000
E o~
o a
5 =
0 :
o ‘c
1200 © 30000
Locat

Conventional, Conventional, Distributed, Distributed, Distributed,
onshore oversea current future, grid  future, PV

B OM, Raw material, Tool steel [m]

OM, Raw material, Tool steel powder M
OM, Manufacturing, insert mold, CNC Ml

OM, Manufacturing, insert mold, SLM

B IH, Raw material, Tool steel ' IH, Raw material, Ultem powder [l
M H, Manufacturing, Insert mold, LS~ B IH, Transportation [m}
R, Manufacturing, GATW M R, Manufacturing, FDM O

U, Grinded and reused if rejected

Cradle-to-gate CO2e Emissions with Use Phase

38% 51% 96%

Cleangr
electriclty

OM, Raw material, Plate steel
OM, Manufacturing, others, CNC [l OM, Transportation
IH, Raw material, Cutting tool
R, Raw material, Tool steel

R, Transportation

Conventional, Conventional, Distributed, Distributed, Distributed,
onshore oversea current future, grid  future, PV

M OM, Raw material, Cutting tool
I IH, Manufacturing, Insert mold, CNC

M R, Raw material, Tool steel powder
U, Injection molding
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Guiding R&D decisions in real time

Metal organic frameworks (MOFs) for carbon capture from coal-fired power plants

. arpQa-@

.‘.
-

metal ion ' oY
or cluster 2? 11 LR
] ‘ .Qg' A l"i y
+ w ' Y TR
temperature? ' J B4
reactant ratio? Z 1A & >
solvent? ‘. 4
s cosolvent? h
organic linker acid/base added? .
' metal-organic framework

(MOF)

Sathre, R., and E. Masanet (2013). “Prospective Life-cycle Modeling of a CCS System Using Metal-Organic Frameworks for CO2 Capture.” Royal Society of Chemistry (RSC) Advances. In press
Sathre, R., and E. Masanet (2012). “Energy and Climate Implications of CCS Deployment Strategies in the US Coal-fired Electricity Fleet.” Environmental Science & Technology. In press.

Sathre R, Chester M, Cain J, Masanet E. (2012). "A framework for environmental assessment of CO2 capture and storage systems." Energy - The International Journal. 37(1): 540-548.



MCCormick

Northwestern Engineering
Dynamic Prospective Systems Model

» Describes system-wide energy use, GHG emissions, and cost
« Parameters describe uncertain and variable values

1
3 Scenario conditions
Coal supply :
|
v v
4 Coal 2 co, o oivel >
Coaltransportation Power plants 2PIpeline trans.port
CO, re-compression
CO, capture
CO, compression
2omP co,

MEA
7 old New
MEA production MOF MOF . 6 .
CO, injection

'7\ 13 9
;3 MOF recycling MOF production
MEA consumption rate \
12 11 10
Metal extraction and Organicligand Solvent production and
processing production recycling
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Scenario conditions
 Plausible development pathways for US coal-fired power fleet through 2050
 Defines time profile of annual electricity production (TWh/year)

1
3 Scenario conditions
Coal supply :

! v

4 Coal 2 co, S 5
Coal transportation Power plants 2 pipeline transiport
CO, capture CO, re-compression
2

co i
, compression co,

MEA
7 old New
MEA production MOF MOF . 6 .
CO, injection

A

I 13 9
é MOF recycling MOF production
MEA consumption rate \
12 11 10
Metal extraction and Organicligand Solvent production and
processing production recycling




CCS deployment scenarios B

* Development of US coal-fired power plant fleet through 2050

* Electricity demand through 2035 based on EIA (2010), extrapolated thereafter
» Retirement of existing plants based on Ventyx (2011)

* CCS available for deployment after 2020

No CCS CCS in new plants and retrofitted plants
2500 2500

2000 - 2000 -

1500 1500

- W Ultra-super-critical CCS
1000 B Ultra-super-critical 1000 = Super-critical CCS

TWh/year

B Super-critical
B Sub-critical

B Super-critical
Sub-critical CCS

500 500 B Sub-critical

0 0
2010 2015 2020 2025 2030 2035 2040 2045 205 2010 2015 2020 2025 2030 2035 2040 2045 2050

» Other scenarios (not shown) describe other deployment patterns
» Material presented today shows upper bound of CCS and MOF use in coal-fired plants
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Power plants
» Performance characteristics of plants with and without carbon capture
* Improvement of generating efficiency over time

1
3 Scenario conditions
Coal supply '
1
v v
4 Coal 2 co, o sioel > . ,
Coaltransportation Power plants 2 PIPEline transpor
CO, re-compression
CO, capture
CO, compression
MEA ’ co,
7 o)
MEA production MOF MOF . 6 .
A CO, injection
I 13 9
é MOF recycling MOF production
MEA consumption rate

12
Metal extraction and
processing

11
Organicligand
production

NS

10
Solvent production and
recycling
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Coal supply and transportation
* Energy use and emissions for coal mining and rail transport
» Coal mine methane emissions

A 1
r 3 N Scenario conditions
Coal supply :
1
L v
4 Coal 2 co, 0. oival >
Coaltransportation // Power plants g(z)p'pe lnetrans.port
CO, capture , re-compression
CO, compression
2 p co,

MEA
7 old New
MEA production MOF MOF . 6 .
CO, injection

A

I 13 9
é MOF recycling MOF production
MEA consumption rate \
12 11 10
Metal extraction and Organicligand Solvent production and
processing production recycling
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CO, transport and sequestration
« Construction and operation of CO, pipelines
e Injection in geologic formations

1
3 Scenario conditions

Coal supply : /\
\l/ |

b /
4 Coal 2 co, Z .. 5 \
Coal transportation Power plants Cg(z)p'pe Ine trans.port
CO, capture ,re-compression

CO, compression
2 p co,

MEA
7 old New
MEA production MOF MOF . 6 .
\ CO, injection

A

] 13 9
: MOF recycling MOF production \/

8

MEA consumption rate \

12 11 10
Metal extraction and Organicligand Solvent production and
processing production recycling
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MEA production

» Baseline capture technology to which MOF is compared

3
Coalsupply

J

4

Scenario conditions

1

Coal

Coaltransportation

CO, compression

v
2

co,

Power plants
CO, capture

5
CO, pipeline transport
CO, re-compression

co,

6
CO,injection

y 7 h old New
MEA production MOF MOF
'7\ 13 9
é MOF recycling MOF production
MEA consumption rate

12
Metal extraction and
processing

11
Organicligand
production

NS

10
Solvent production and
recycling
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MOF production
* Projections of large-scale MOF synthesis
* Hybrid modeling using MOF-specific data plus proxy data from chemical

industries
1
3 Scenario conditions
Coal supply :
1
L v
4 Coal 2 co, oo |_5
Coal transportation Power plants O, pipeline trans.port
CO, re-compression
CO, capture
co i
, compression co,

MEA
7 old Nem\
MEA production MOF MOoL 6

A CO,injection

I 13 9
é MOF recycling MOF production
MEA consumption rate
12 11 10
Metal extraction and Organicligand Solvent production and
processing production recycling
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MOF input materials
 Potential material supply for large-scale MOF production
* Hybrid modeling using MOF-specific data plus proxy data from chemical

iIndustries
1
3 Scenario conditions
Coal supply :
1
L v
4 Coal 2 co, oo |_5
Coal transportation Power plants O, pipeline trans.port
CO, re-compression
CO, capture
co i
, compression co,

MEA
7 old New
MEA production MOF MOF . 6 .
CO, injection

'7\ 13 9

é MOF recycling MOF production

MEA consumption rate \\
N \
12 11 10
Metal extraction and Organicligand Solvent production and
production

= processing recycling -
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MOF recycling
» Metal recovery and reuse from post-use MOF material

1
3 Scenario conditions
Coal supply :
|
v v
4 Coal 2 Co, 0. pipeli >
Coal transportation Power plants é)éplpe metrans.port
CO, capture , re-compression
CO, compression
MEA : co,
7 Old New
MEA production 7 Mor MOF ] 6 )
A CO, injection
I 13 9
;3 MOF recycling MOF production
MEA consumption rate — \
12 11 10
Metal extraction and Organicligand Solvent production and
processing production recycling
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GHG mitigation cost

GHG mitigation cost ($ per tCO2e avoided)
45 50 55 60 65 70 75

Mass ratio, solvent/MOF
Solvent recycling rate

Life span of MOF

Capital cost of capture system
Solvent production factors
Capture/regeneration cycle time
MOF regeneration energy
MOF working capacity

Cost of additional AP controls
Metal salt production factors
MOF reaction yield

Capture bed utilization factor

Organicligand production factors

MOF synthesis factors

Mitigation cost of MEA CCS is Mitigation cost of MOF CCS is $58/tCO, with
estimated at $50/tCO, “base-case” parameter values
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Environmental Impacts of
Large-scale Photovoltaic (PV)
Deployment

Pei Zhail, Peter Larsenl, Dev Millsteinl, Surabi
Menonl, Eric Masanet?

1 Lawrence Berkeley National Laboratory
2 Northwestern University
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Monetized Health Damage from Fossil-fuel Electric Power Generators

Damages ($ milions)

00-025 1-5
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05-1 I 10-50
B 50300
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Ocean

GulfofMexico

Source: NRC (2010)
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Research Motivations

 U.S. DOE SunShot Initiative, 13% solar (10% PV, 3%
thermal) by 2030, 18% by 2050

e Large uncertainties in environmental and human health
benefits of solar PV at the regional level:
» Albedo effects on air chemistry and quality
» Local population and demographic characteristics

» Evolution of the energy system
* Energy supply characteristics :32
« Demand profiles e |
 Effects of efficient technology & *°

300 A

deployment 200
100 4

0 - T

2010 2020 2030

SunShot
Reference

——

2040 2050

Zhai, P., Larsen, P., Millstein, D., Menon, S., and E. Masanet (2013). "The Potential for Avoided Emissions from
Photovoltaic Electricity in the United States." Energy — The International Journal. Volume 47, Issue 1, Pages 443-450.



MCCormick

Northwestern Engineering

Scenarios of the U.S. PV

deployment
PV PV capacity [PV Land use
penetration (GW) generation (km2)
(TWh)

2010 0.05% 1 2 6
2020 5% 100 197 624
2030 10% 200 395 1247
2040 15% 300 593 1870
2050 20% 400 790 2494
Assumptions:

* PV system capacity factor is 22.6% (1-axis tracking)
* PV module efficiency is 16%

Note: Land of California is 414,000 km2
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Research framework and models

Emerging technologies

(early stage)
Other Energy
lL renewable efficiency
Material Requirement Storage requirement
(abundance, cost, energy) (capacity, duration)
ﬁ // Scenario Enedrg?/ Wester
mode
Large -scale PV analysis P model
deployment Electricity . b
: Emissions
. I
\(eg. TR 2030)/ . generation J N J Environmental
‘ﬁ/ N e N impacts
Coal PP Albedo
curoment | | tond use o] ot |
_(eg. 50% by 2050) | - - 4

GIS Health
model .
impacts
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Modeling tool - EnergyPlan9.0

EnergyF’LAN Energy Systemn Analysis Model  Version 9.0 - 2 February 2011

Impaort/
Electricity Export T
Hydro water > I;Iydm 4—>[ Hydr? J storage ing Electricity
slorage power plan system variable demand
F 9
-~
e,
RES ¥
electricity Cooling
-
PP ¥ 4 .| Cooling I demand
4 A 4 | device
4 L_J
—_— Heat A
pump and
Fuel CHP electric
- boiler ,| Heat
—_— ‘_I Jt demand
. w
g Boiler T d b d i - /1 Heat
RES heat L hd il
o
Fo

Electro-
H2 storage lyser ik

] Ca;\' , Transport
demand

w Process
Industry » heat
demand




. : Un.de"rstanding hourly generation is important to
renewable energy integration, energy efficiency analysis .

Texas--no PV

70000
CEEP
60000
Epv
50000 csp
> 40000 ® hydro
= 30000 = wind
mimp/exp
20000
uNG
10000 m coal
0 m nuclear
123456 7 8 9101112131415161718192021222324252627282930313233343536373839404142434445464748
Texas--10%PV10%wind
70000
CEEP
60000
= hydro
50000 mpv
40000 cs
2 .
30000 = wind
ENG
20000 )
mimp/exp
10000 m coal
0 m nuclear

1234567 8 9101112131415161718192021222324252627282930313233343536373839404142434445464748
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Results: PV benefits?

Chart Area izgm

M from gas/ail
1500 gas/
% = from coal
1000 -
~
S 500 -
D -
10
B from gas/oil
% M from coal
5 -
o'
w
D -
3
2.5 M from gas/oil
% 2 M from coal
1.5
o 1
Z 05
0
PN WS R I - - A e
& N S
«® \o&’a & O A N @ &
2‘8} g & Q@ (@
N <®

Figure 1: Avoided emission per unit (from coal plants and gas plants) after 10% PV
penetration by type of fuel displacement (either coal or natural gas/eil): (a) CO2; (b) SO2;
() NO,
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Prospective techno-economic
life-cycle systems analysis
for sound policy
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ERSAL policy focus:

Accelerating deployment

An economist and his friend are walking, and the friend spies a $20
bill on the sidewalk. The friend says “Hey, $20! Let’s pick it up.”

T e N LA = L T : - L

The economist replies “Leave it. If it were real, somebody would
have picked it up already.”
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U.S. DOE Energy Savings Audits (ESAs) Performed
Total 871 ESAs (Year 2006 - 2010)

Source: Oak Ridge National Laboratory
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Total identified
energy cost
savings = $1.2
Billion per year

Total identified
source energy
savings = 162
TBtu per year

Total 871
Assessments
(ESAS with The amount used
annually by 1.6 million
summary report) single family homes~

Total identified
natural gas

savings 111 TBtu
per year

Total identified
CO2 reduction =

10.2 Million MTons

per year Equivalent to taking 2

million cars off the road¥

Source: Oak Ridge National Laboratory
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Source energy:
Implemented: 27.6 TBtu/year
In-Progress: 25.0 TBtu/year

In-Planning: 30.3 TBtu/year

Energy cost:
Implemented: $163 Million/year
In-Progress: $173 Million/year
In-Planning: $252 Million/year

Total 624
Assessments
(ESAs with follow-up
information) Based on different reporting
timeframes (6, 12 and 24

l months follow-up calls)

CO2 reduction:

Implemented: 1.78 Million MTons/year
In-Progress: 1.52 Million MTons/year
In-Planning: 1.92 Million MTons/year

Source: Oak Ridge National Laboratory

Identified source energy savings for 624 ESAs is 114 TBtu/yr and cost savings are $858 million/yr.
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Why are Large Plants Passing on Low-Cost
Energy Efficient Technologies?

Common barriers to industrial energy efficiency include:

» Restrictive budget and fiscal criteria Financial

Energy costs might represent a small fraction of production costs

Short-term revenue generation often takes priority

Lack of cross-departmental cooperation

Lack of staff and management awareness Information

Lack of resources (time, money, and skills) to identify and pursue energy
efficiency opportunities

« Lack of information on key opportunities for government and utility
company policies and incentive programs

Source: Russell, C. (2005). Barriers to Industrial Energy Cost Control: The Competitor Within. Chemical Processing. June 8™,
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OEM leverage

Economic Impact, Energy Use, and GHG Emissions / Most reduction
Manufacture of an Average Midsize U.S. Pas! opportunities may be

100% In the extended
90% <« supply chain!
= 80%
S How can OEMs
c 710% . :
5 enable savings in
-+ 0 -
EE complex and distant
c  50% supply chains?
g 40% U FIrSL LIEr SUpplers
-% 0% @ Auto manufacturing (336110)
0
&
20%
10%
0%
Economic Impact Energy Use GHG emissions
(Total = $46,000) (Total =121 GJ) (Total =10 mt CO2e)
Source: Source: Sathaye, J.A., Lecocq, F., Masanet, E., Najam, A., Schaeffer, R., Swart, R., and H. Winkler (2009). “Opportunities

to Change Development Pathways Towards Lower Greenhouse Gas Emissions Through Energy Efficiency.” Journal of
Energy Efficiency, Volume 2, Number 4.
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Supply Chain Energy Management: A Promising Approach?

S8 ¥& Institute for
: o' Industrial
4.9 Productivity

GREENING IKEA'S SUPPLY CHAIN S Shere. | (DPOF

lhe Institute for Industrial Productivity and IKEA are
partners in a Green Vendor Development Programme in India

PROJECT TIMELINE

PROJECT TIMEFRAME

Projects

Motivations

« Recognition that the environmental
footprints of many products extend
deep into the producing sector’s
supply chain

* Increasing demand for footprint
data by retailers and customers

Approaches

« Sponsored energy audits

« Technical assistance

« Financial incentives

« Benchmarking and target setting

 Initiatives by Pepsico, IKEA, and
many others
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Research Question

« So we have a supply chain environmental footprint ... now
what? What and where are specific opportunities for reducing this
footprint along the supply chain, and at what level of cost?

We can do this: Supply chain initiatives require this:
Supply Chain Energy Use Supply Chain Energy Use

Supplier 1 Supplier 1 |
Supplier 2 Supplier 2 ‘
Supplier 3 . Supplier 3 ‘
Supplier 4 ' Supplier 4 ‘
Supplier 5 Supplier 5 ‘

Supplier 6 Supplier 6

Supplier 7 Supplier 7
PP o W Best practice energy use

Supplier 8 Supplier 8

Energy efficiency potential

Supplier 9 Supplier 9

Supplier 10 Supplier 10

T T T T I I
0 30 60 90 120 0 30 60 90 120
M per final product M1 per final product



B nput-Output Life-Cycle
Analysis I

Input to sectors Intermediate Final Total
output O demand F | output X
Output from sectors 1 | 2 | 3 | 1
: X X, X. X_ [0 7 T ' 10 Sector—Leve.I _
> Xy, X2 X Xoy | 0o 7, X, Environmental Coefficients
3 X Xy X Xy [ O £ X L
a X, X, X, X. |0, F. X, Annual GHG emissions (kg)
Intermediate input J | I, I, I, I Annual output X ($)
Value added ¥ 7, Vs ¥, V,
Total input X X, X, X; X,
— Y- — - : _ kg CO2e
> (DX)+F = X
. . ] I . ! . i Supply Chain Contribution Analysis
in vector/matrix notation:
— ax 77 Gupl
DX +F=X=>  F=[l-DIX T e\ i
or X = [| - D}"*E q S Piar=TPe Ll
8] ¥ Bappd ; ) Bupp 1
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Techno-Economic Potentials Analysis

Industrial Natural Gas Efficiency Example

I Industrial Natural Gas Maximum Achievable Potential -

8 California Cumulative through 2012 (MTh)

o = $1.00

c Qo S
O ® $0.90 . — .

= $ $ @ =discrete efficiency technology/practice I
— £ $0.80

2| 5

[

= | g% Process heater

° N\; $0.60 upgrade

e o

7 o $0.50 P Steam system

S | GO goa0 | MaANGAIN 504005

o 3 boilers /

€ | 2 s030

> 1 3

g § $0.20

3]

L_) S $0.10

= 3 $0.00 +
L o

300 400 500 600 700 800
Cumulative Savings (MTh)

Technical Base Not

Potential of = Case x Applicability x Complete x Feasibility x Savings
Efficient Equipment Factor Factor Factor Factor
Measure EUI

Friedmann, R., F. Coito, E. Worrell, L. Price, E. Masanet, and M. Rufo (2005). “California Industrial Energy Efficiency Potential.” Proceedings
of the 2005 ACEEE Summer Study on Energy Efficiency in Industry, West Point, New York, ACEEE.



Hybrid Modeling Schematic l

Black = Input-output model

Supply Chain Sectors

Producing Sector 10 Analysis Input required from Environmental Coefficients
10 sector 1 ($) for Supply Chain Sector n
Output 2002 U.S. 10 Total =
(purchase) from —>  Requirements 5 Electricity (kWh/$)
1O sector i ($) Matrix (426) _ Natural gas (Th/$)
Input required from Coal (Btu/$)
IO sector n ($) CH4 (g/$)
and so on
= |
v

Fuel Use and Emissions for Supply Chain Sector n

Electricity (kWh) Natural Gas (Th) Coal (Btu) And soon ...



| Hybrid Modeling Schematic

Black = Input-output model Green = Techno-economic potentials models

Supply Chain Sectors

Producing Sector 10 Analysis Input required from Environmental Coefficients
10 sector 1 ($) for Supply Chain Sector n
Output 2002 U.S. IO Total =
(purchase) from —> Requirements X Electricity (kwh/$)
1O sector i ($) Matrix (426) _ Natural gas (Th/$)
Input required from Coal (Btu/$)
1O sector n () CH4 (g/$)
and so on
= |
v

Fuel Use and Emissions for Supply Chain Sector n

Natural Gas (Th) Coal (Btu) And soon ...

V

Fuel End Use Breakdown (from techno-economic energy models and data)

Pumping systems (kWh)

: .\J/ ) _J/ ‘ emissions
Energy-efficient measure 1 | ... | Energy-efficient measure n reduction potentials

Lighting (kWh)  HVAC (kWh) Compressed air (KWh) And soon ...

Fuel use and
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Manufacturer Leverage Characterization

Potential savings from efficiency upgrades
Fraction to plant’s pumps, fans, drives, etc

, , . etc. Motor Potential
- Total stem Electricity
Auto plant electricity use \%mty Electricity Effic Savings
IO Sector Description h) Use (k Potential

336110 Automobile and light truck manufacturing \Q 313 15%

Auto manufacturer total

An auto manufacturer might increase
savings by a factor of 4 by replicating
motor system efficiency best

practices across just 10 key suppliers

47 >

a7
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Case Study:
If Carbon Labels Work, Which
Products Should Be Labeled?




MCCormick

Northwestern Engineering
Initiatives are emerging globally to estimate and report the carbon

footprints associated with goods and services
o Carbon Trust (UK) Carbon Reduction Label and British Standards Institute PAS

2050

* Tesco (UK) and Wal-Mart (US) supply chain reporting initiatives
* Industry-led initiatives (breweries, dairies, others)

« California Assembly Bill 19
« Waxman-Markey Bill

Challenges
o Cost, complexity, reliability
« Data gaps and uncertainties
» Singular focus on carbon
 Market adoption

Opportunities

* Increased supply chain accountability

—————

Tesco 100% Pure Sqgueezed
Orange Juice

Producton 91%

Distmbution 1%

Store T

Uze 0%

Waste management 1%

Total unit footprint :
360g per 250ml serving

Tesco Pure Orange Juice
From Concentrate

Tesco Pure Orange Juice
(1 litre)

working with
the Carbon Trust

X

The carbon footprint
of this juice is 3609
per 250ml serving
and we have
committed to
reduce it

By comparison the
footprint of Tesco
Long-Life Puie
Orange Julce is 240g
per 250ml serving,
which is lower
because less energy
is required to chill
and transport
concentrated |uice
than 100% pure
squeezed juice

* Improved energy and emissions management
* Long-term corporate culture change toward continuous improvement

http://www.carbon-label.com/
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Application to California Policy Analysis: Potential of Product
Carbon Labels (for the California Air Resources Board)

Research questions

1. By how much might GHG emissions be reduced across
the life-cycle of a given product if carbon labels and/or
standards are successful in driving the market to best
practice for low carbon and energy efficient life cycles?

2. Of the estimated emissions reductions, how much is
likely to occur within California?
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Product analysis example: Paint

2011 estimated GHG emissions (Mg/year) by life-cycle phase and region
(Baseline scenario)
-20,000 0 20,000 40,000 60,000
Production
% T M California
£
M Rest of US
% Transport I
_% Rest of World
@ i M Undefined
=
-
Use
Other basic organic chemical manufacturing I Electricity
End of life -
Oiland gas extraction I | W Process CO2
Petrochemical manufacturing B CH4
Petroleumrefineries HN2O
Synthetic dye and pigment manufacturing HFC/PFCs
Plastics material and resin manufacturing |
4 B Coal
Paint and coating manufacturing |
4 B Natural Gas
Iron and steel mills | I
- H Petroleum
Truck transportation |
) ) . M Biomass/Waste
Industrial gas manufacturing |

0 50 100 150 200
GHG Emissions (g CO2e/$)

Top 10 sectors for supply chain GHG emissions
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Paint supply chain GHG emissions reductions
opportunities (<3 year payback)

Other basic organic chemical manufacturing
Petroleumrefineries

Petrochemical manufacturing

Plastics material and resin manufacturing
Paint and coating manufacturing

Waste management and remediation services
Iron and steel mills

Synthetic dye and pigment manufacturing
Truck transportation

Alkalies and chlorine manufacturing

500 1000 1500
GHG emission reduction potential (Mg CO2e/yr)

M Natural gas process heat
M Natural gas steam
[ Petroleum process heating
M Electric motors
M Petroleum steam systems
M Coal Steam Systems
CH4 methane capture
Coal Process Heating
Petroleumengines

Electric lighting



External HDD

Paint

Canned tomatoes

CFL
Masonry cement

Men's dress shirt
Paper towels
Beer

Bread

Soft drink
Wooden cabinet
Tortillas

Wine

Chicken
Cheese

Flat panel TV
Desktop PC

Milk

Refrigerator

Beef

Water heater

Restaurant

14,000,000

12,000,000 -

10,000,000

Estimated annual GHG emissions (Mg CO2e/yr)

B Technical potential for emissions savings

B Low-carbon technical potential scenario

8,000,000 -
Source:
6.000.000 A Masanet, E., Matthews, H.S., Carlson, D., and A. Horvath (2012). Retail Climate Change
’ ’ Mitigation: Life-Cycle Emission and Energy Efficiency Labels and Standards. California
Air Resources Board, Sacramento, California.
4,000,000 -
2,000,000 - I
0 T
-100,000
— — T | — R | —
E 100000 4 e O O

Policy-relevant insights
eProducts must be selected strategically based on savings potential IN ADDITION TO
total emissions footprints

*Much focus is on food, but greater savings may be achieved via appliances and

services

*Methodology developed can help identify opportunities for large in-state savings; this
enables strategic policy rather than inefficient and costly “blanket” approaches with
qguestionable returns
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How Green 1s That Product? An
Introduction to Life Cycle Assessment

* Nine-week MOOC (January — March,
2014)

* Goal: a basic quantitative introduction wurs era

to LCA for scientists and engineers

« Topics:
o Rationale for LCA
o0 Quantitative basics (mass and
energy balancing, scaling, unit
process modeling)

o0 Goal and scope definition EricMaanet | o

o LClandLCIA -

O I n te rp re ta tl O n How Green |s That Product? An Introduction to Environmental Life Cycle Assessmen
o ISO 14040 standards

o Course project
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Some statistics

» Total student enroliments as of the course start date (Jan 25,
2014): around 17,000

e Students who watched all lecture videos: around 1,200
 Students who watched at least one lecture video: around 8,200

« Students who turned in one or more homework assignments:
around 2,300

» Students who passed the course (final grade >=70%): around
700

» Students who passed the course with distinction (final grade
>=90%): around 400

* Total discussion forum views: around 42,000
» Total discussion forum posts and comments: around 6,900

67
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Advancing LCA pedagogy
Shifting needs of LCA students

Which best represent(s) your primary field(s) of education and training? Select up to

two answers.

To which types of applications and/or decisions do you intend to apply LCA?

Choose up to three answers.

Procurement/purchasing of goods, technologies, and services
Research and development
Business strategy
Corporate environmental reporting
Product design
Manufacturing process and operations
Energy supply selection
Product labeling or environmental declarations
Incorporation into educational curricula and/or training courses
Public policy
Marketing and/or sales
Journalism and/or reporting
T T T

0% 10% 20% 30% 40% 50% 60%
Percent of respondents (N = 897)

Engineering
Environmental sciences or ecology
Business or economics
Basic sciences (chemistry, physics, biology, etc.)
Social sciences (anthropology, sociclogy, political science, etc.)
Humanities (classics, history, languages, arts, etc.)
Public policy or public health
Education
High school education only
Journalism or communications
Law
T T T T T
0% 10% 20% 30% 40% 5

Percent of respondents (N = 897)

0%

If you could apply LCA to help solve pressing sustainability problems, which would you

Which best represents your current or intended sector of employment?
choose? Choose your three highest priorities.

Commercial services (consulting, finance, information, hospitality)

Sustainable energy systems

]
Water quality and/or scarcity I

I e

I —

Industrial sector (manufacturing, mining)

I e —

I
Non-profit (environmental groups, policy institutes, think tanks) IR

]

I

|

I

]

Energy sector Global climate change

Higher education Ecosystems protection

" " . l I{ i
Public service sector (government or government agencies) Human health protection

Biodiversity protection

Environmental justice N
T

Construction Sector

Agricultural sector
Air pollution

Poverty alleviation
Transport sector
Land preservation

Primary education (K-12) T T

T T T
20% 30% 40% 50% 060% 70%
Percent of respondents (N = 897)

Retail sector (sales, wholesale) [N
||
|
:

o
=X
=
2

0

=®

o 4% 8% 12% 16% 20%
Percent of respondents (N = 897)

Masanet, E., and Y. Chang. (2014) “Who Cares About LCA? A Survey of 900 Prospective LCA Practitioners.” Journal of Industrial Ecology. In press.
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Advancing LCA pedagogy
Core skills and training

800 50%
— 600 . | 40%
™~
— 400 - 30% «
> c
S S
g g
e
v 200 —— — — - | 20%
0 -+ -- - -- 1 10%
Constructing Collectingand Conducting  Working with  Intepreting Solving
and applying analyzing data mass and/or spreadsheets environmental algebraic
mathematical energy balances data equations
models

Quantitative skills at enrollment
B Much experience Some experience W Little or no experience =i Percent passing

Masanet, E., Chang, Y., Yao, Y., Briam, R., and R. Huang (2014). “Reflections on a Massive Open Online LCA Course.” International
Journal of Life Cycle Assessment. In press.
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Thank you for your attention!

Questions?



