Environmental Impacts of Renewable Electricity
Generation Technologies: A Life Cycle Perspective

Presenter: Garvin Heath, Ph.D.
Date: January 13, 2016
Venue: 96" AMS Annual Meeting
18th Conference on Atmospheric Chemistry

NREL/PR-6A20-65645
NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.



Outline

National Renewable Energy Laboratory (NREL) overview
2. Sustainability analysis and life cycle assessment (LCA)

Review of environmental impacts of electricity generation

technologies
— Greenhouse gas (GHG) emissions, with a case study on natural gas

— Water use
— Land use

4. Career opportunities.

NATIONAL RENEWABLE ENERGY LABORATORY 2



NREL Snapshot

Only national laboratory dedicated solely
to energy efficiency and renewable energy

Leading clean energy innovation for more than
37 years

1,763 employees with world-class facilities

Campus is a living model of sustainable energy

Economic impact at S872M nationwide

Owned by the Department of Energy (DOE)

Operated by the Alliance for Sustainable Energy.
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Photovoltaic Pioneer

* NREL invented the first commercially viable
multijunction solar cell, the gallium indium
phosphide (GalnP)/gallium arsenide (GaAs)
tandem, which forms the basis for every
solar cell used by the space and concentrator
photovoltaic (PV) industries

* NREL invented the inverted metamorphic
multijunction (IMM) solar cell and

LA T T demonstrated a 45.7% efficiency for this
technology, which is on the near-term
product roadmaps of major multijunction cell
manufacturers
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Airfoil and Turbine Research

 NREL-patented airfoil designs improved blade
efficiency and simplified over-speed controls,
helping launch the wind industry
o Currently holds 20 patents in wind
technologies

* Drivetrain and blade testing improved turbine
reliability and lowered costs

e Aerodynamic and structural models guided U.S.
industry product development

* On-going research in reliability, efficiency, and
controls for multi-megawatt wind turbines and
entire wind farms; also developing offshore
wind and water power technologies
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Sustainable Transportation

NREL's transportation RD&D accelerates
widespread adoption of energy-efficient vehicles
and clean alternative fuels with:

* Computer-aided engineering tools to design
better electric vehicle batteries faster

e Platooned trucks that demonstrate ~6.4% fuel
savings

* Recruitment of more than 200 businesses for
the Workplace Charging Challenge

* Climate control configurations to reduce electric
vehicle energy use by ~66.5%

 R&D 100 Award-winning calorimeters that
TRANSPORTATION provide the most accurate measurement of
battery thermal performance
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Analyses, Models, and Tools

* NREL analyzed high penetrations of renewable
energy in the eastern and western U.S. power grids
for benefits, impacts, and mitigation strategies

* The OpenEl website links and shares energy data
worldwide

* NREL’s System Advisor Model (SAM) determines
the economic value of proposed solar, wind, and
geothermal projects

* LCA Harmonization Study—consistent basis to
compare life cycle GHG emissions for energy
technologies.

Analysis
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Life Cycle Assessment (LCA) Background




Bottom-up Engineering-based Methods for Environmental
_Assessment

Controlled Emissions = Z (Potential Emission — Emission Reduction)
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LCA: Quantifying Attributable Impacts (e.g., Energy Choices)

LCA guantifies resource consumption, energy use, and
emissions, from cradle-to-grave

Background Economy

* Practiced for 40 years

* Methods codified in standards (e.g., 1ISO) and R Fuel Cycle
guidelines, though some methodological issues Resource Extraction Resource Extraction / Production
persist Material Manufacturing Processing / Conversion

Component Manufacturing Delivery to Site
Construction

Forms a basis for consistent comparison of renewable and
conventional energy technologies, internationally
recognized and used in, for example, Intergovernmental
Panel on Climate Change (IPCC) reports.

Operation Downstream
Metrics
o Combustion Dismantling
e GHG emissions Maintenance Decommissioning

Operations Disposal and

e Water consumption and discharges Recycling

e Energy use |

e Petroleum use

: : Life cycle for energy supply technologies
e Raw material consumption ITe cy gy supply gl

e Air pollutant emissions source: [PCCSRREN 2012

e Solid waste.
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Example: LCA Used in IPCC 5" Assessment Report (AR5)

Potential emission reduction from mitigation measures (7.8.1):

“When assessing the potential of different mitigation opportunities, it is important to
evaluate the options from a lifecycle perspective to take into account the emissions in the
fuel chain and the manufacturing of the energy conversion technology (Annex 11.6.3).”

Material flow analysis, input-output analysis, and lifecycle assessment (Annex.l1.6):
“In the WGIII AR5, findings from material flow analysis, input-output analysis, and lifecycle
assessment are used in Chapters 1,4, 5, 7, 8,9, 11, and 12

Lifecycle assessment (A.11.6.3):

“Lifecycle assessment plays an increasingly important role in climate mitigation research
(SRREN Annex Il, Moomaw et al. 2011). In Working Group Ill (Mitigation) AR5, lifecycle
assessment has been used to quantify the GHG emissions associated with mitigation
technologies, e. g., wind power, heat recovery ventilation systems, or carbon dioxide
capture and storage. Lifecycle assessment is thus used to compare different ways to deliver
the same functional unit, such as one kWh of electricity.

Lifecycle assessment has also been used to quantify co-benefits and detrimental side-
effects of mitigation technologies and measures, including other environmental problems
and the use of resources such as water, land, and metals.”
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Depth and Breadth of LCA at NREL

Chapter 3

Total Fuel Cycle Emissions Analysis of
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that may be functionally equivalent to a comventional
‘baseload plant. Th
usingwind generation

penetration of wind energy far beyond the 10—20% levels
commonly quoted (2). In additlon, baseload wind energy
systems are aaslly Integrated Into power systems with limited
operational flexibility, such as those that lack & significant
amouni of e and

These
Unlted States, an area with excallent wind resources (3.
Th Ing cost afwind ‘has now:
wind energy systems economically feasible, increasing the
possibility oflarge-scale Iniegration inio the Unlied Staies'
electric power system (2). For this reason, It Is Important to
examine the environmental of combined wind
generation and energy storage systems. Incluslon of energy
storage with wind enary generation also allows for a more
between generation
and conventional generation technelogles.
A reallstlc assessment of baseload vind systems must

The eambination of wind snergy generstion and ansrgy

Includean
as consideration of other effects such as transmission

storaga can produes a sourca of
squivalent to & baselcad cosl or nuclar power plant. A
modsl was devaloped to sssess the tachnical and
amvironmantal parformanca of baselbad wind anargy
systams using comprassed air anargy storaga. Tha analysis
axamined sevaral systams that could ba oparatad in tha
midwastern Unitad States undar a variaty of oparating
conditions. Tha systams can produca substantilly mara
anergy than is raguired from fassil or othar primary sourcas
to construet and oparata them. By operation st & capacity
factor of 80%, sach avslustad systam achisves sn
sffectiva primary anargy sfficiency of st laast five times

‘This study developed a baseload wind model
using wind turbine, storage, and transmission technologles
that are considered economically viable in the midwestern
Unitad States when deployed on a large scale. The model
ofatypical
wind generator (25- 45%) o a baseload level [greater than
70m) ) and incresse the output stabily and elabi ey of
wind energy aswell. Qapmty or s defined asthe average
plant output divided by the maxdmum possible output over
a period of tme, generally one year.
The development of the model was strongly influenced

establishes the medmuom catput of the wind system. Since

graatar than the mast effieiant fossil
with gresnhouss ges amission rates lass than 20% of
tha lesst emitting fossil technology curranty svailabla. Life-

new will be required to detivar
wind energy from remotelocations in the midwestern United
States to major load centers, a high system capacity factor
{5 required to mamulm the use of these u‘pa‘nﬂl\! transmis-

cycls smission ratss of NOy and 50; are ako significsntly | sion assets (5], The model was designed to produce an
lawar thsn fossi-based systems. Mo of power that 1equal . bt dees not excéed. & leve]

capally. Tosses
Introduction in th themedel.
‘Basaload power plants u? ! ly wahwmzuppll:dmml::ﬁl?!:
power, providing & high capacity rmd mmﬂl"mwm Indicators

dioxide (S0;], and

relfability. As a result, baseload plants are
producing alarge fraction of the electricity generated in ﬂ:ls
United States. Coal, nuclear fuels, and natural gas fuel the
majority of thes plants (1). Basaload plants that use thess
fuel sources have a number of unfavorable characteristics.
Coal-fired plants deplete fossi] fuel resources and producs
greenhouse gases (GHG), sulfur diodde, and nitrogen oxddes.
Watural gas plants also produce harmfl air emissions and

nitrogen addes (NOx)

Modeling Baseload Wind Energy Systems

Several studies of baseload wind energy systems have been

‘published, primariy to evaluate the economic performance

of such systems (5—7). This study developed a model of a

baseloar wind system to perform an energy and envimn-
The

draw on finte produce

‘weapons proliferation. These concems have cansed many
to seek al ternative power sources that can provide ihe same

baseload plants.

‘wind energy is combined with energy storege, Iwwmr it
becomes a viable altsmative, providing a source of power

‘Cnm onding authar present address: Natlonal Renewable
antory, 1517 Cale i, Gaklen, CO 80403 phon:
i

wind
model uses a spreadsheet format (Microseft Excel) and
simulates the hourty of awi
with energy storage. On the basis of wind energy data and
Input psmmtammuudmg efficiency and capaciry,
the WES model calcul ates the mumber of wind turbines and

compares th
wind farm outputto the target output on uhnurlybanlnanﬂ
attempts io provide constant power cutput by storing, or
relessing from storage, the appropriste amount of energy.
The objective of the WES model 1s o maximize the use of
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Review of Environmental Impacts of
Electricity Generation Technologies:

Greenhouse Gas (GHG) Emissions
- Water Use
- Land Use



Greenhouse Gas Emissions from Electricity
Generation Technologies:

1. Systematic Review and Harmonization of LCAs
2. Natural Gas Methane Emissions

Special Issue of Journal of Industrial Ecology on Meta-Analysis of LCA
Issue publication date: May 2012

Conventional Natural Gas (JIE 2014)
Unconventional Natural Gas (PNAS 2014)

Methane emissions from natural gas systems (Science 2014).
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Need for Systematic Review and Meta-Analysis

Context

* Considerable previous work in assessing life cycle
environmental impacts of electricity generation
technologies

o Scrutinized > 2,000 references to date

e Lack of holistic evaluation of this work in a consistent
manner, especially across technologies

* Methodological inconsistency has hampered
cross-study comparisons

e Result is impression amongst decision makers that state
of the science is inconclusive
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Need for Systematic Review and Meta-Analysis

Context

* Considerable previous work in assessing life cycle
environmental impacts of electricity generation
technologies

o Scrutinized > 2,000 references to date

e Lack of holistic evaluation of this work in a consistent
manner, especially across technologies

* Methodological inconsistency has hampered
cross-study comparisons

e Result is impression amongst decision makers that state
of the science is inconclusive

LCA Harmonization Study Goals
* Understand range of published results

* Reduce uncertainty and inconsistency around estimates
of environmental impacts of electricity generation
technologies

e Make the information useful to decision makers in the
near term.
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Large Variability for Some Technologies; IPCC SRREN
Renewables Considerably Lower than Fossil >PM Fig. 8

Electricity Generation Technologies Powered by Renewable Resources Electricity Generation Technologies
Powered by Non-Renewable Resources
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NREL's LCA Harmonization Project

Lifecycle greenhouse gas emissions (IPCC AR5 WGIII A.11.9.3):
“The assessment of GHG emissions and other climate effects associated with electricity

production technologies presented here is based on two distinct research enterprises.

The first effort started with review of lifecycle GHG emission for the IPCC SRREN (Sathaye et
al. 2011). This work was extended to a harmonization of LCA studies and resulted in a set of
papers published in a special issue of the Journal of Industrial Ecology (2012).” (PNAS, too)

Types of Harmonization Method

System Harmonization 1. Proportional adjustment of
— System boundaries denominator of:
— Global warming potential (GWP)

Technological Harmonization G GWP _weighted

. L. lifetime
— Plant performance characteristics GHG = . :
(e.g., efficiency, capacity factor) llfetlme __ generation

— Lifetime

Geographic Harmonization 2. Addition or subtraction for system
— Solar resource. boundary

NATIONAL RENEWABLE ENERGY LABORATORY



Methodological Harmonization Reduces Variability
and Clarifies Central Tendency
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(Trough and Tower) Unconventional) IGCC, Fluidized Bed)
Estimates 46 36 126 99 61 164
References 17 10 49 27 45 53
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Example: Natural Gas and Methane

Global Warming Potential (GWP)

U.S. dry natural gas production
trillion cubic feet

History 2011 Projections

35
30
25

20 Shale gas

Tight gas

Non-associated offshor —

10

. Coalbed methane
Associated with oil
Non-associated onshore

5

0

1990 1995 2000 2005 2010 2015 2020 2025 2030

Source: U S. Energy Information Administration, Annual Energy Outlook 2013 Early Release

2035 2040

IPCC Methane 100-year Global Warming

Potential (GWP) (in CO,e)

35

30

11l é

AR2 (1995)  AR3(2001)  AR4 (2007)

CO,e = carbon dioxide equivalents; AR = Assessment Report
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AR5 (2014)

The Natural Gas Production, Transmission

and Distribution System

Main Line Sales n
Qiland E

Gas Well oil Matural Gas
1 Company
Odorant

Compressor
Products Removed Station LNG
Nonhydrocarbon Storage
Gas Removed
Returned to Field
Vented and Flared

Vented
{ and Flared

Gas Well Water

Underground
Storage Reservoir

|7 Production 4|—Transmission —|— Distribution —|

Source: U.5. Energy Information Administration.

2014 U.S. GHG Inventory
(using CH, 100-yr GWP = 25)

29% 2% B NG Production

B NG Processing

® NG Transmission and Storage

= NG Distribution

B Enteric Fermentation

m Landfills

m Coal Mining (active and abandoned)
B Manure Management

H Petroleum Systems

m Other Agriculture

18%
B Wastewater Treatment
m Other




Coal vs. Gas: Climate Benefit Depends on Leakage Rate and Global
Warming Potential (GWP) Time Horizon

2600 - . .
2400 - : : Tops of Bands Assume

| — o | NGCC Heat Rate (Efficiency) = 7,991 Btu/kWh =
— 2200 - : Grey band indicates the range of LC emissions ! =
E ; from a coal plant; ; .
2 2000 - E Top of band assumes: E =
@ ! GWP = 20 Yr & Heat Rate (Efficiency) = 10,692 Btu/kWh;
S 1800 - L Bottom of band assumes:
o ; GWP = 100 Yr & Heat Rate (Efficiency) = 9,000 Btu/k
D 1600 - i
@ :
o 1400 - el
= 1200 - L 1
€ - =
11}
¢p 1000
I
O s00-
2
Q
5‘ 600 -
) P . Bottoms of Bands Assume
:':-l 400 - ICom@entional LC NG Leakage Rates - Range reported in Literaturel : NGCC Heat Rate (Efficiency) = 6,690 Btu/kWh

200 - ; | Unconventional LC NG Leakage Rates - Range reported in Literature |
o R | |
I l I I I I l I I I I I I
0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%

Life Cycle Methane Leakage from NG Systems (g CH,/g NG Produced)
Leakage Measurements:

- 4% DJ (CO; Petron 2014) GWP for Fossil Methane (IPCC AR5, 2013): .~ 20Yr  100Yr  U.S. GHG Inventory
- 9% Uintah (UT; Karion 2013) (EPA 2014): ~1.4%
) 17% LA baSin (CA' PeiSChl 2013) Note: LC = life cycle, NGCC = natural gas combined cycle
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Shale (Unconventional) Gas LCAs

Study Headline GHG result
1. Howarth et al. 2011 1. NG > Coal
2. Jiang et al. 2011 (cmu) 2. Marcellus Gas < Domestic gas

(conv. + unconv.) < Coal
3. Skone et al. 2011 (NETL)
(added Marcellus in 2012)

Hultman et al. 2011
5. Stephenson et al. 2011

3. Conv. (except onshore) <
Barnett < Coal

Unconv. < Conv. < Coal
5. Conventional < Shale < Coal

(Shell)
6. Burnham et al. 2012 (aNL) 6. Shale < Conventional < Coal
7. Logan et al. 2012 (Jisea) 7. Barnett/Unconv. = Conv. < Coal

Laurenzi and Jersey 2013 8. Marcellus Gas < Coal
(ExxonMobil)
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Harmonization of Shale Gas LCAs

800
@ Published

750 - M| Harmonized

700 -
650 -
600 —

4

~
575 ~
560 ~
545 +
530

515 ~

500 ~

Conventional/Domestic
Life Cycle GHG Emissions (g COze/kWh)

485 -
Heath/

470 4 O’Donoughue

455
440 -

425

400 — i

//I

Jiang/Venkatesh

Stephenson

L]

‘ Howarth (low)

Laurenzi/O’Donoughue**

//I

Howarth (high)

400 425 440 455

470 485 500 515 530 545 560 575

Shale/Unconventional
Life Cycle GHG Emissions (g COZe/kWh)
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600 650 700 750 800

Source: Heath et al. 2014
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Life Cycle GHG Emissions (After Harmonization):
__Comparing Unconventional to Conventional Gas and to Coal

1,400 4

1,200

1,000

800 |

Life Cycle GHG Emissions (g COze/kWh)

600 |

400

200

Maximum .

75" percentile —
Median f— I
25t Percentile  —

Minimum R

Estimates:
References:

Coal Conventional Unconventional
Harmonized NGCC NGCC
Harmonized Harmonized
164 51 10
53 42 8

(Methane GWP = 30 for all categories)

¥T10C "|e 18 YieaH :924n0S

Central Conclusions

* After methodological
harmonization,
unconventional gas when
used to generate electricity is
roughly equal to
conventional gas in life cycle
GHG emissions

* Comparing median
estimates, both types of
natural gas have half the
emissions of coal.
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Life Cycle GHG Emissions Sensitive to Assumptions About Liquids Unloading and
Estimated Ultimate Recovery (EUR)

Life Cycle GHG Emissions (g C0,e / kWh)
400 450 500 550 600 650 700 750 800 850 900 950

Bumham ?/7‘/, Legend .
Heath A7 EUR (estimated ultimate recovery) Ce nt ra I Co n CI usions
3 Howarth - High g | Emission reduction . .
- i o
g H““T"a“ i ] E= Emission factor ga S use d to ge nerate
e ,;’J/,/r/.‘/é:: | Base case (harmonized) | . . | d | . f
| | bty st electricity can lead to life
Skone* | — B function of EUR f lls i : H
[P il cycle GHG emissions that
Stephenson | ‘ol N (8 bef [left] to 0 b [right])
e I [ Proportion of difference between low Ca n a p p roa C h t h Ose frO m
= Ll and high sensitivity cases: .
= é He?th ' ) Completion-64g(0,e /kWh beSt_perform I ng Coal *
~§ g Rt . ! I !13;32 fﬁr'zrr: E:'r:ssion reductions o Be St COa I ~7 5 O g
%_ £ Howarth-Low | |
E: Hultman | ?;;60;:"'?&? ~49C0,e/kih CO ,€ / kWh
é g Jiang | 24% frzzemission reductions (Whlta ker et al. 2013)
2 : 58% from well lifetime
E Laurenzi |
= Skone* I Liquids Unloading - 202 g C0,e / kWh
9% from EUR o e
Stephenson | | ;Zﬁ%frft:mwelllifetimf: b N e ed more em pl rica |
e om emission factor
Burnham % ‘ 1 * Note - There are two Skone estimates, re S e a rC h to Ve rify a n d
Heath nearly iden!ica!. Here only the estimate . . .
ot - | - o Bamesdipoye. clarify emission sources,
g 1 | .
S Howarth-Low e their prevalence, and
% Hultman :' . HH
= | —— variability.
] Jiang ! =
EH Lo s
= Skone* : :
Stephenson

W0 M0 500 S0 60 60 70 70 800 850 %00 550 Source: Heath et al. 2014
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LCAs Rely on Data from Inventories, Which Are Evolving

NG methane inventory for the year 2007 across six U.S. EPA GHG Inventories (2009-2014)

300 -
] g
250 - 5
n ] @
c —
S 2200
% > 5
- — q’ N
w O °°
. O 3
= 100 -
55 :
£ = ”
k) 50 S
= ) S
0 - =
2009 2010 2011 2012 2013 2014
Year of EPA Inventory
U.S. GHG Inventory, 2011 vs. 2010 2013 vs. 2012 2014 vs. 2013
1. >2x production segment emissions 1. Liquids unloading: -~80%. 1. EFs for:
+10x liquids unloading emission factor (EF) — Condensate tanks
(conv. gas) — Transmission and storage
3. EFs for unconventional: centrifugal compressors
— Completions 2. Further modifications to liquids
—  Workovers unloading emissions.

4. Centrifugal compressors.
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Inventories Support Policy Development and Prioritization: Natural
Gas Production Segment Methane Emissions

9- Notes: The EPA’s “other” category for
8.4 emission reductions-is-applied Total =49-8
8 - proportionally to all categories to
calculate net emissions. Assumes 100-yr
7 - 6.8 GWP of methane = 25. GWP reflects

EPA’s GHG Reporting Program as well as
its recently published 2015 U.S. GHGI.

5.4

5_

4.6
4.1

3.4

©
5]
>
@
Q
O
=
=

3.1

21
1.6

1

0.7
- 0-2
I I I I I I I I I I

Pipeline Onshore Recip. Pneum. Liquids Drilling, Kimray Conden. Gas De- Chem. CMB Blow- Offshore
leaks  wells Compres.devices un- compl., pumps tanks engine hydrators inject. prod- downs & wells

& Sep. Stations loading & work exhaust pumps uced upsets
water

. Fugitives Vented . Fugitives or vented

Source: U.S. EPA 2014 GHG Inventory
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Challenge: Measurements # Inventory

Example of a recent component/activity measurement study: Allen et
al. (2013).

=
o
o
o

800

M Allen et al. (2013)
B EPA 2013 GHG Inventory

600

400

200

Methane Emissions (Gg/ yr)

completion chemical pnuematic equipment national
flowback pumps  controllers leaks subtotal

Allen et al.’s conclusion: Some sources overestimated by inventory,
some underestimated, with errors compensating to result in similar
national estimate.
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Inventories Typically Underestimate Emissions

Ratios as published

10% + .
= ! Source: Fig. 1 in Brandt et al. 2014.
] —— “Methane Leaks from North American
E | Natural Gas Systems.” Science 343 (6172):
— 102 733-735. Colors represent different studies.
g : ot .
2 -
o ] |
P :
B ;
£ 10 4 | - - A
(=21 =] ' = -
m - A A
£ o _A i Scale of measurement
w = |
S ] A A - A
@ A A i <> National or continental
E AT A O Multi-state
w06 ._?. O Regional or air basin
A" A A = Facility
A /\ Device or component
| A Attribution
A A O Attributed to oil and gas or
: measured at facillity
& : Attributed to energy indust.
1[}3 ] I T 1rroerm I ] II‘IIIII: I I T Irremm I T T Trremn [] T T rirem orno‘attribUtEd
0.01 0.1 1.0 10 100 1000

Ratio: measured/inventory or measured/EF [unitless]
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CH, Measurement Studies Published Through Feb. 2015

Supply Chain Coverage (see list of ref. #s):
Production and Gathering: 20, 22-29, 33. 36-39
Transmission, storage, Processing: 2, 19-21, 29, 31-39
Distribution: 2, 21, 30, 36, 37, 40, 41

&

)\/th. “\- ington, D.C.
/ f

-

United States
@8 Q29

@11 Q30

@17 Q31

@18 Q37

Q19

Regional Studies on Non-state Boundaries®

' ; 00’65\ Note: National studies and those
g ’00\" @ Top-down flux study not specific to a basin within a
. \f\‘é Q Bottom-up flux study multi-state (AAPG-CSD) region are
: Q Concentration study listed to the sides of the map under
*Only plays relevant to current “United States” or “[region name]”
and known forthcoming Q Active shale play” headings. Studies conducted within
M studies are shown. © Active oil play*

" e unspecified areas within a named
=) Active tight gas play* state are listed underneath the two-

1‘ - .
Sludesshowsiwers; periamecion ek egion: Source: Heath et al. 2015 letter state code. 40




Opportunities to Reduce Methane Emissions

Despite scientific uncertainty:

* Leakage detection and repair programs have been shown to
be profitable
— Though revenue retention of recovered gas differs by industry
segment
* If we can find them cheaply and quickly, super-emitting
sources are profitable to fix

 EPA GHG Inventory is a critical resource that should be
improved to provide better policy guidance

— Reconciliation of measurements to inventory is needed to increase
confidence in both inventories and measurements.
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Recent Report: Inventory Improvement Opportunities (s/2015)

Goals: JISEAszmeee .
— Summarize methods and results
of the U.S. GHGI

— Identify potential gaps and Estimating U.S. Methane
. . Emissions from the Natural Gas
barriers to improvement Supply Chain: Approaches,
Uncertainties, Current
— |dentify opportunities to Estimates, and Future Studies
. Garvin Heath', Ethan Warner', Daniel
m p rove accura Cy Steinberg', and Adam Brandt?

" Joint Institute for Strategic Energy Analysis
? Stanford University

Foci:

— Methane emissions from the
n at u ra | ga S s e Ct O r The Joint Institute for Strategic Energy Analysis is operated by the Alliance

for Sustainable Energy, LLC, on behalf of the U.S. Department of Energy’'s
Energy L v, the University of Colorado-Boulder,

the Colorado School of Mines, the Colorado State University, the

— National GHG inventory

Technical Report
NREL/TP-6A50-62820
August 2015

* Implications for other
inventories (e.g., state) and
other pollutants. EINREL  gumnccnmn OYp M NN g

Contract No. DE-AC36-08G028308

http://www.nrel.gov/docs/fy160sti/62820.pdf
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http://www.nrel.gov/docs/fy16osti/62820.pdf

Water Use In Energy Technologies:
A Life Cycle Perspective

Life cycle water consumption of electricity generation technologies:
Review and harmonization. (ERL 2013)

Operational water consumption and withdrawal factors for electricity generating
technologies: A review of existing literature. (ERL 2012)

James Meldrum
Jordan Macknick
Garvin Heath
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In the U.S., the Electric Sector is a Major End-user of Water

U.S. Freshwater Withdrawals (2005)*
Water withdrawals: water removed from the source (e.g.,

public Supply, 13% Domestic, 1% aquifer, river, lake, or ocean) for use.

Irrigation, 37%

Water consumption: water that is evaporated (or swallowed,
incorporated into a product, or otherwise used) such that it is
not available for reuse at the same location.

Livestock, 1%
Aquaculture, 3% U.S. Freshwater Consumption (1995)%*

Mining, 1%

L .
Industrial, 5% Irrigation, 81%

Thermoelectric water

Domestic, 6%

requirements (USGS): Commercial, 1%

— Withdrawal: ~ 540 Mm? /day (41%) Thermoelectric, 3%
— Consumption: ~ 15 Mm3 /day (3%) Mining, 1%

H 0,
Industrial, 3%, ;e tock, 3%

Sources: USGS. 2009. “Estimated Use of Water in the United States in 2005.” USGS Circular 1344. Reston, VA: USGS.
2USGS. 1998. “Estimated Use of Water in the United States in 1995.” USGS Circular 1200. Reston, VA: USGS.
*1995 is the most recent consumption data collected by the USGS
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Operational Water Consumption Rates (gal/MWh)

Recirculating Once-through Pond Dry Hybrid  No Cooling
Cooling Cooling Cooling Cooling Cooling  Required
I I [ [ 1l |

maximum —»

_ 75t percentile —*

median —»
th i

1000- ’ 25! percentile —»

O & 8 minimum —

Individual
Estimates <>

[
1200

O
o B 8
¢ . .8

600+ <?> é % .

400- ‘ I%I > ¢ ¢

Operational Water Consumption (gallons / MWh)

L 4
O o8 "
4
d 4
200- * I(} <&
$olo 8 - e
0- I T T T T T T Q T ’ T T T T § T ’ 0 T T T
CSP | Bio- Nuclear| Natural | Coal | Coal | Coal | Geo- | Nuclear Coal Coal Nuclear| Coal CSP‘ Natural | Geo- | CSP | Geo- | PV
Tower | power Natural | Gas | Sub- | IGCC | Sub- [ thermal- Natural | Generic Fluidized Natural | Sub- | Trough Gas | thermal- | Trough | thermal- Wind
CSP Steam Gas  |[Combined| critical critical | Flash (Gas Coal Bed Gas | critical CSP  {Combined| Binary Binary
Through ~ GSP Bio-  Steam | Cycle Coal w/CCS Bio- Combined|  Subcritical Bio- Combined Coal  Tower | Cycle Geo-  CSP csSP
Frensnel  power wiCCS Supe-  Coal  Coal  power  Cycle Coal  power  Cycle Super- Bo-  Geo- therma- Tower  Dish
Biogas Natural Gas Coal  crical ~ Super-  IGCC  Steam Natural Super-  Steam Coal critical power therma-  EGS Stirling
Combined Generic citicl  w/CCS Gas critical Generic Biogas  Flash
Cycle w/CCS Steam

| BCSP OBiopower M Nuclear B NaturalGas [ICoal M Geothermal CIPV B Wind

Source: Macknick, J., R. Newmark, G. Heath, and K.C. Hallett. 2012. “Operational water consumption and withdrawal factors for electricity generating
technologies: a review of existing literature.” Environmental Research Letters 7 (045802).
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Operational Water Consumption Rates (gal/MWh)

Recirculating Pond Dry Hybrid  No Cooling
Cooling Cooling Cooling Cooling  Required
I “ 7 I I I |
i { Low Carbon |
. maximum —
l . Technologies 751 percentle —
median —»
= oo 25t percentile —»
E . 2 L \/ minimum —»
E 7S 8 Individual
o
3 i 8
=
[=]
-.é__ L
3 600 ¢
=
S
: )i
(3]
= 407 ¢
«©
S @ ® @ 4
< o Natural 'Y
2 20 Gas I & %
Combined
$o0l088 os/
Cycle
0_ T T T T T T T ' T . T T T T T T T T
CSP Bio- | Nuclear Natural | Coal | Coal Coal | Geo- | Nuclear Coal Coal Nuclear| Coal CSP Natural | Geo- | CSP | Geo- PV
Tower | power Natural | Gas | Sub- | IGCC | Sub- | thermak Natural | Generic Fluidized Natural | Sub- [ Trough Gas | thermal- | Trough | thermal- Wind
CSP Steam Gas |Combined| critical critical | Flash Gas Coal Bed Gas | crifical CSP  |{Combined| Binary Binary
Through ~ CSP Bio-  Steam | Cycle Coal w/CCS Bio- Combined|  Subcritical Bio- Combined Coal  Tower | Cycle Geo- CSP CSP
Frensnel  power wiCCS Super-  Coal  Coal  power  Cycle Coal  power Cycle Super- Bo-  Geo- therma- Tower  Dish
Biogas NaturalGas Coal criicl  Super-  IGCC  Steam Natural Super-  Steam Coal  critical power thermal-  EGS Stirling
Combined Generic critical  w/CCS Gas critical Generic Biogas  Flash
Cycle wiCCS Steam

| BCSP CBiopower M Nuclear M NaturalGas [ Coal M Geothermal CIPV I Wind

Source: Macknick, J., R. Newmark, G. Heath, and K.C. Hallett. 2012. “Operational water consumption and withdrawal factors for electricity generating
technologies: a review of existing literature.” Environmental Research Letters 7 (045802).
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Uses of Water in Life Cycle

Manufacturing and Construction
* Embedded water in materials
 Component manufacturing

* Power plant construction (dust
suppression)

* Power plant decommissioning

-Source: DOE, 2006

Power Plant Operation
Fuel Cycle (NG, coal, nuclear)

e Extraction (drilling, fracking, _
mining) e Environmental controls (e.g.,

. é
* Processing scrubbers)

° Transport e HOte|/WaShing
* End of life storage/handling e Cooling system

e Steam cycle
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Harmonization of Water Use Estimates

Goal: Common metrics and assumptions across a variety of energy types

Common metric: gallons/MWh of electricity generated. This is important
because more than LCAs were utilized.

Harmonization: When possible, certain parameters were modified to a
consistent value to provide greater consistency and comparability across
studies.

Parameters

Thermal efficiency

Fuel heat content
Solar-to-electric efficiency
Solar resource

Capacity factor

Plant lifetime

Sensitivity estimated through low and high ranges of harmonized parameters.
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Wind:_ B Power Plant

On-shore and M Fuel Cycle
Off-shore [ Operations

| Fuel Cycle or Power Plant

Other C-Si
PV Sub-categories (top)
(| = base case; | = variant)
Flat Panel : N
Concentrated PV 1 Operations Sub-categories
(bottom)

(1 = base case; | = variant)

Geothermal | —

1
Il=lash Bin'ary. Binary, lflybrid
Dry Cooling Cooling
EGS, Dry Cooling

GO Py T
Cm::lingI Tower

Dry Cooling  Hybrid Cooling

CS P Troug | 00,
Gooliné Tower

Dry C:Joling Hybrid baoling

“| Centrifugal Enrichment
Diffusion Enrichment

Nuclear

r T 1
Open Loop Cooling Pond Cooling Cooling
Tower

Conventional Gas
Shale Gas

Natural Gas: CT
Life cycle water consumption

Conventional Gas

_ across life cycle stages for
I - it
- representative facilities.

“|surtace Mining Pond Cooling
Underground Mining

Natural Gas: CC

Coal: IGCC

Cooling Tower

“|surtace Mining
Underground Mining
Coal: PC

Open Loo'p Cooling Coolln§ Tower Pond CLoIing
0 200 400 600 800 1000 1200
Life cycle water consumption (gal / MWh) Source: Meldrum et al. 2013
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Summary of Water Use Results

Water is used in every life cycle stage

o This use occurs in different places and times

Withdrawal and consumption for thermoelectric facility operations is
typically much higher than for other stages

o Varies drastically by cooling type

PV and wind technologies have lower life cycle use

o Most of their use comes from manufacturing

Estimates vary by details of technologies investigated, scenarios, etc.
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Implications

Water use creates vulnerabilities at every step along fuel and
supply chains

* Extreme weather events are one source of risk

o 2011 Texas drought limited development of shale gas

o 2007 Southeast drought led to power plant curtailment
* Operations are particularly vulnerable

o Potential EPA regulation (Section 316(b) under CWA)

o Cooling technologies face cost/performance trade-offs

Choices (e.g., specific technology, supply chains) can have
impacts on risk and vulnerability for owners and purchasers.
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Operational Land Use by Selected Electricity
Generation Technologies

Land-Use Requirements of Modern Wind Power Plants in the United
States. 2009. NREL/TP-6A2-45834,

Land-Use Requirements for Solar Power Plants in the United States.
2013. NREL/TP-6A20-56290.

Land Use for Wind, Solar, and Geothermal Electricity Generation Facilities
in the United States.
(EPRI report: Ong et al. 2013)
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Sites Assessed

° As of 2012:

e 51% of
installed
wind
capacity

e 80% of
installed

M | A solar (PV +

- CSP)

oo  All known

® Geotherna geothermal.
H @ @ Wind

@ solar

Ong et al. 2013.
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Methods: Direct vs. Total Area

g r__l_.,“_d_z""'.- i 2 _+j s-" |
MEthOdS: rjﬁL 1 _J‘HI o Total
=7 ' - Project

 Documents ot S el e
o Official documents [ d” 1 e |

A S |

(e.g., EIS) Pants | M |

o Developer documents feet . e |g
o Third-party sources e —— S

e Satellite imagery
analysis.

Components of
Direct Impacts

Undisturbed

Source: Denholm et al. 2009
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Land Use per Unit Generation

Generation-basis accounts for differences in capacity factor between
technologies (e.g., CSP and geothermal vs. PV and wind).

] 5o
40 - Outlier
. 150 ¢
23':" 35 -
3 h 60*
© 30 - ¢ Outlier
§ 25 E
Q — .
< . Generation
g 20 - Weighted
D ] Average
2 15 -
8 ]
10 : $ Median
5 1 T T -
| L
0 - 1 T
Total | Direct | Total | Direct | Total | Direct | Total | Direct
Wind PV CSP Geothermal
Sample Size 161 93 147 106 25 18 70 70
Gen. Weighted Avg. 24 0.19 35 3.1 3.2 2.7 0.34 0.039
Median 24 0.25 3.8 3.2 43 29 2.1 0.26

Ong et al. 2013.
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Land Use per Unit Capacity

Capacity-basis is useful for estimating land area and costs for new projects since
power plants are often rated in terms of capacity.

"< outlier
160 5 560 ¢
=140 -
E 1 [€ 220*
~ 120 ;
glgo 1 & Outlier
< ] =
% 80 ; s Capacity
° 60 - —\Weighted
< ] Average
= 40 - T
f Median

20 | :
bl i e e B & H 1

Total | Direct | Total | Direct Total | Direct | Total | Direct

Wind PV CSP Geothermal
Sample Size 161 93 147 106 25 18 70 70
Cap. Weighted Avg.| 89 0.70 8.0 7.0 9.7 7.8 9.7 1.0
Median 91 0.94 8.5 7.0 10.4 6.9 15 1.9

Ong et al. 2013.
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Summary

* GHG emissions: RE generally much lower than combustion
technologies, similar to nuclear, but with variability and
uncertainty that in some cases is important, for instance
natural gas methane emissions.

 Water use: RE vs. conventional isn’t the right classification
for water. Because operational use dominates, thermal vs.
non-thermal, and by cooling technology, are more salient.
But water uses in other life cycle phases presents
vulnerabilities and needs to be understood better.

 Land use: Footprint could be seen as significant for
wind/solar/geothermal, but need a nuanced understanding
to see real impacts. Not all land “used” = integrative
vegetation could lead to many benefits. Analysis of life cycle
land use for conventionals (e.g., natural gas, biopower) is
necessary for fair comparisons, and this information is
lacking.
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Final Thoughts

 LCAis one tool for sustainability analysis; others are complimentary (e.g.,
techno-economic analysis, social)

e LCA-type systems thinking has strengthened the current climate change and
energy independence discussions by providing fair and quantitative
comparisons on challenging topics

o Can help to anticipate problems before large-scale implementation
o Focus R&D to reduce those impacts

 LCA s growing in recognition (Science, Nature, PNAS publications, etc.)

* Many research horizons still within LCA
Regional specificity
Timing of impacts

Impact assessment

o O O O

Uncertainty and sensitivity analyses
o Communication of results
* Career avenues range from research (academia, national labs) to practice

(consulting, industry) to informed consumer of LCA results (government,
climate/energy modeling).
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Other Environmental Effects from Electricity
Generation Technologies through Life Cycle
Assessment

Integrated life-cycle assessment of electricity-supply scenarios confirms
global environmental benefit of low-carbon technologies
(PNAS 2014)

GREEN ENERGY CHOICES: The Benefits, Risks, and Trade-Offs of Low-Carbon
Technologies for Electricity Production
(UNEP IRP report, forthcoming)
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Environmental Trade-offs with Low Carbon Energy Sources

IPCC AR5 WGIII: Lifecycle greenhouse gas emissions (A.[1.9.3):
“The assessment of GHG emissions [for electricity] is based on two research enterprises.

The second effort is a broader study of lifecycle environmental impacts and resource
requirements (Hertwich et al. 2014). The study aims at a consistent technology
comparison where lifecycle data collected under uniform instructions in a common format
are evaluated in a single model based on a common set of background processes.”

Impacts assessed: particulate matter exposure, freshwater ecotoxicity, freshwater
eutrophication, and climate change

* Most RE have impacts £10% of those resulting from a modern NGCC.

* CCS can increase non-CO, pollutant emissions by 20-100% vs. same tech. without
CCS.

Material requirements:

* Per kWh, low-carbon technologies can be higher than for conventional fossil (e.g.,
11-40 times more copper for PV and 6-14 times more iron for wind).

* While high material requirements do not present a fundamental obstacle at least
for bulk materials (e.g., 2 years of current global copper and 1 year of iron
production will suffice to build a low-carbon energy system capable of supplying
the world’s electricity needs in 2050), critical metals may constrain technology
choices for PV and wind systems.
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Environmental Trade-offs with Low Carbon Energy Sources

The key to sound future energy decisions lies in being able to determine the right mix of technologies
for local or regional situations, as well as the best policy objectives.

This infographic compares electricity generation technologies and highlights the environmental benefits, and trade-offs of each technology. The assessment is based on a comparison of clean technologies
with conventional fossil fuel power plants. The graphic presents an overview over the life cycle impacts of different technology groups compared to the global electricity generation mix in the year 2010.
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PHOTOVOLTAICS CONCENTRATED WINDPOWER HYDROPOWER COAL, COAL, NATURAL GAS, NATURAL GAS, GLOBAL ENERGY MIX
- SOLAR POWER WITH CCs* WITHOUT CCS* WITH CCS* WITHOUT CCS* 2010
S . . : - @ o O
GHG emissions
(per kWh) 5% 5% 2% 9% 28% 16% 32% 71% 100%
Human health
(per kWh) 10% 5% 5% 10% 78% 57% 63% 51% 100%
O o o . @ o
Ecosystem health
(per kWh) 24% 23% 4% 10% 1g% 100%
[l
sielsie . L] L] .
Land use
~ (per kwh) 27% 59% 2% 98% 114% 82% 1% 1% 100%
=
[ The environmental impacts of producing the materials required by different energy technalogies are included in the below life cycle results. Material requirements are identified here as an indication of resource use. The higher material represent a geable share of global prod
= To meet the world's electricity needs in 2050 — as per the International Energy Agency’s ‘Blue Map Scenario’ — would require one year of current global iron production and two years of copper production.
Material
requirements
(per kwh) 228% 589% 4745% 318% 168% 92% 73% 38% 100%
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