Progress in Energy and Combustion Science 64 (2018) 6292

PROGRESS IN
ENERGY AND

Contents lists available at ScienceDirect

Progress in Energy and Combustion Science

journal homepage: www.elsevier.com/locate/pecs

The role of natural gas and its infrastructure in mitigating greenhouse @CmssMark
gas emissions, improving regional air quality, and renewable resource
integration

Michael A. Mac Kinnon, Jacob Brouwer®, Scott Samuelsen

Advanced Power and Energy Program, University of California, Irvine, CA 92697, United States

ARTICLE INFO ABSTRACT

Articlf History: ) The pursuit of future energy systems that can meet electricity demands while supporting the attainment of
Received 24 April 2017 societal environment goals, including mitigating climate change and reducing pollution in the air, has led to
Accepted 7 October 2017

questions regarding the viability of continued use of natural gas. Natural gas use, particularly for electricity
generation, has increased in recent years due to enhanced resource availability from non-traditional
reserves and pressure to reduce greenhouse gasses (GHG) from higher-emitting sources, including coal gen-
eration. While lower than coal emissions, current natural gas power generation strategies primarily utilize
combustion with higher emissions of GHG and criteria pollutants than other low-carbon generation options,
including renewable resources. Furthermore, emissions from life cycle stages of natural gas production and
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Methane distribution can have additional detrimental GHG and air quality (AQ) impacts. On the other hand, natural
Fuel cells gas power generation can play an important role in supporting renewable resource integration by (1) pro-
Co-benefits viding essential load balancing services, and (2) supporting the use of gaseous renewable fuels through the

existing infrastructure of the natural gas system. Additionally, advanced technologies and strategies includ-
ing fuel cells and combined cooling heating and power (CCHP) systems can facilitate natural gas generation
with low emissions and high efficiencies. Thus, the role of natural gas generation in the context of GHG mit-
igation and AQ improvement is complex and multi-faceted, requiring consideration of more than simple
quantification of total or net emissions. If appropriately constructed and managed, natural gas generation
could support and advance sustainable and renewable energy. In this paper, a review of the literature
regarding emissions from natural gas with a focus on power generation is conducted and discussed in the
context of GHG and AQ impacts. In addition, a pathway forward is proposed for natural gas generation and
infrastructure to maximize environmental benefits and support renewable resources in the attainment of
emission reductions.
© 2017 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction and background

The current interchange between energy and the environment is
prompting fundamental shifts in societal management of energy
systems, including electricity generation. Climactic change by
anthropogenic emissions of greenhouse gasses (GHG) is perhaps the
most important driver of environmentally-influenced societal
change [1]. Deep reductions in GHG emissions (e.g., 50 to 80% below
2005 levels by 2050) are being required from developed nations for
prevention of detrimental climate impacts [2,3]. Of similar concern,
pollution in the air is expected to be the single largest global cause
of environmentally-related premature mortality by 2050 [4]. Many
regions of the United States (U.S.) experience air quality (AQ) chal-
lenges with atmospheric concentrations in excess of Federal health-
based standards; and reducing pollutants such as ground-level
ozone and particulate matter (PM) is necessary to improve public
health [5]. Emphasizing the scale of necessary displacement, note
that stabilizing the climate may require the complete de-carboniza-
tion of energy sectors [6]. Hence, technological and fuel shifts that
can contribute to both GHG mitigation and regional AQ improve-
ment represent good solutions for energy systems [7,8].

Electricity generation will likely receive a major focus in future
U.S. GHG mitigation policies (perhaps even disproportionately rela-
tive to other sectors) because (1) it is currently the highest GHG
emitting sector in the U.S. [9], (2) many alternative strategies exist
to generate electricity with little to no GHG emissions [10], (3) elec-
trification in additional end-use sectors (i.e., transportation, indus-
trial, building demands) achieves GHG reductions if the electricity is
decarbonized [11], and (4) emissions from many sources (e.g., large
capacity generators) are concentrated and more suitable for emis-
sions control applications, including carbon capture and storage
(CCS) [12]. It is clear then that any meaningful U.S. GHG mitigation
effort must have mechanisms to institute extensive changes to exist-
ing electrical supply chains in pursuit of emission reductions —
including regulating carbon dioxide (CO,) emissions from existing
and future power plants [13].

Electricity generation also contributes to regional AQ concerns,
including ground-level concentrations of pollutant species such as
ozone and fine particulate matter (PM,5) [14]. Combustion pro-
cesses and other life cycle stages associated with conventional tech-
nologies and fossil fuels, including natural gas, result in atmospheric
releases of gaseous and particulate pollutants; including nitrogen
oxides (NOy), sulfur dioxide (SO,), volatile organic compounds
(VOC), carbon monoxide (CO) and particulate matter (PM) [15]. For
example, stationary fossil fuel combustion for electricity is by far
and away the largest source of domestic anthropogenic SO, [9]. It
follows then that emissions of GHGs and pollutant species are highly
correlated as a result of shared generation sources and processes.
Thus, an important opportunity exists to simultaneously address U.
S. GHG and AQ concerns by deploying alternative, low emitting gen-
eration strategies. Conversely, pursuit of GHG mitigation must seek
to avoid unforeseen tradeoffs with pollutant emissions, and vice
versa.

In this context, it is generally agreed that increasing renewable
electricity generation (including from solar, wind, geothermal,
ocean, hydropower and biopower resources) is necessary to satisfac-
torily meet demands commensurate with achieving environmental

quality goals [16]. Given the challenge of sufficiently decarbonizing
energy systems to meet long-term GHG goals, assessments generally
show that we must replace natural gas (and all other fossil fuels) at
high levels — both with electrification in end-use sectors and with
renewable resources for electricity generation (e.g., see [11,17—19]).
Renewable technologies are often proposed as replacements for fos-
sil power generation, including natural gas, as they are perhaps the
best solution for electricity generation [20]. Some have suggested
the immediate displacement of natural gas generation to avoid
GHG-producing technology lock-in [20]. Additional low-carbon
technologies commonly considered for GHG mitigation include
energy storage to address the controllability and intermittency of
renewable power generation, various forms of nuclear energy, fossil
generation equipped with CCS, and methods to reduce demand via
improvements in the efficiency of generation, transmission, distribu-
tion and end-use.

However, the role of natural gas is somewhat unique in that it can
represent both a means of obtaining carbon reductions, and an
essential target for displacement with lower-carbon alternatives,
depending upon the considered sector and strategy and the dynam-
ics of operation. While it is generally accepted that shifts away from
coal and petroleum are required for significant emissions mitigation
(or the deployment of additional measures such as CCS), the poten-
tial role of natural gas infrastructure in a future sustainable energy
supply is less clear. Current natural gas electricity generation strate-
gies primarily utilize combustion, which generates emissions of
both pollutants and GHG, while the natural gas system directly emits
GHG, primarily methane. Still others have warned against the utility
of natural gas as a bridging fuel since it may slow the development
of needed advanced, “ending” technologies [21] or represent an
unacceptable environmental risk when resources are obtained from
unconventional resources [22]. The concerns over natural gas
generation are amplified by increasing awareness of significant
methane emissions from the natural gas system, concerns that
were heightened by the recent occurrence of a major leakage event
in California [23].

On the other hand, natural gas can potentially represent a cleaner
and more efficient fuel relative to other fossil options (e.g., coal,
petroleum) and direct replacement can have immediate emission
benefits,' e.g., increases in gas generation have recently led to reduc-
tions in total domestic GHG emissions [24]. Due to this, natural gas
has been advocated for as an effective short- to mid-term “bridge”
fuel to a low-carbon future, most notably in the context of providing
a cost-effective option for displacing coal-fired power plants
[25—27]. Further, natural gas is a cost-effective and established
energy source with many applications in various energy sectors
including power generation, transportation, industry, and the built
environment. Natural gas currently represents an important compo-
nent of the U.S. energy system amongst all sectors with the excep-
tion of transportation. The use of natural gas in the U.S. has steadily
increased in the last decade — mirroring the rise in availability of
unconventional reserves — and the trend is expected to continue in

! This is in-part because natural gas is predominantly composed of methane which
has the lowest carbon to hydrogen ratio of commonly used fossil fuels and in-part
because of the high efficiency and low emissions characteristics of modern natural
gas combined cycle power plants
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Nomenclature
Glossary
AC Alternating Current
AD Anaerobic Digestion
AFC Alkaline Fuel Cell
AQ Air Quality
A-USC Advanced Ultra-supercritical
BACT Best Available Control Technology
BIGCC Biomass Integrated Gasification Combined Cycle
CA California
CcC Combined Cycle
CCHP Combined Cooling, Heating, and Power
CCS Carbon Capture and Sequestration
CFBC Circulating Fluidized Bed Combustion
CH4 Methane
CNG Compressed Natural Gas
Cco Carbon Monoxide
CO, Carbon Dioxide
CO,e Carbon Dioxide Equivalents
csp Concentrated Solar Power
CT Combustion Turbine
DC Direct Current
DEC Dedicated Energy Crop
DG Distributed Generation
EGS Enhanced Geothermal System
ERCOT Electric Reliability Council of Texas
FBC Fluidized Bed Combustion
FC Fuel Cell
GHG Greenhouse Gas
GT Gas Turbine
GW Gigawatt
GWP Global Warming Potential
HAP Hazardous Air Pollutant
HHV Higher Heating Value
ICE Internal Combustion Engine
IGCC Integrated Gasification Combined Cycle
IGFC Integrated Gasification Fuel Cell System
KW Kilowatt
kWh Kilowatt-hour
LCA Life Cycle Assessment
LF Load Following
LFG Landfill Gas
LHV Lower Heating Value
LNG Liquefied Natural Gas
LNGCT Liquefied Natural Gas Combustion Turbine
LPG Liquefied Petroleum Gas
MCFC Molten Carbonate Fuel Cell
M] Mega joule
MMT Million Metric Tons
MSW Municipal Solid Waste
MW Megawatt
NA North American
N,O Nitrous Oxide
NAAQS National Ambient Air Quality Standard
NEI National Emissions Inventory
NG Natural Gas
NGCC Natural Gas Combined Cycle
NGCT Natural Gas Combustion Turbine
NH3 Ammonia
NMHC Non-methane Hydrocarbon
NO Nitrogen Oxide
N,O Nitrous Oxide
NO, Nitrogen Dioxide

NOy Oxides of Nitrogen

PAFC Phosphoric Acid Fuel Cell

PAN Peroxyacetyl nitrate

PC Pulverized Coal

PEMFC Proton Exchange Membrane Fuel Cell
PFBC Pressurized Fluidized Bed Combustion
PK Peaking

PM Particulate Matter

PM, 5 Fine Particulate Matter

PV Photo Voltaic

SC Supercritical

SCR Selective Catalytic Reduction

SFg Sulfur Hexafluoride

SMR Steam Methane Reformation

SO, Sulfur Dioxide

SOFC Solid Oxide Fuel Cell

SO, Oxides of Sulfur

TES Thermal Energy Storage

TPY Tons Per Year

TSP Total Suspended Particulate

usc Ultra-supercritical

VOoC Volatile Organic Compound

WECC Western Electricity Coordinating Council
WWTP Waste Water Treatment Plant

coming decades [28]. This is particularly true for electricity genera-
tion - both the current and expected mix of U.S. generation include
natural gas use at high levels (i.e., coal and natural gas currently
account for 37% and 30% of U.S. power generation) [29]. The dis-
placement of natural gas from domestic energy systems therefore
represents a major undertaking and could require significant invest-
ment in more expensive alternatives. Furthermore, natural gas
power generation can provide important energy services including
the ability to provide grid-balancing services that can well comple-
ment the integration of intermittent renewable resources (including
wind and solar) into regional electrical grids. Additionally, the exist-
ing natural gas system infrastructure can be used to store, transport,
and distribute renewable gaseous fuels and could provide a long-
term transition path from an entirely fossil to entirely renewable
system. Thus, the role of natural gas moving forward in the greater
context of GHG mitigation and AQ improvement is complex and
multi-faceted requiring considerations of more than simple quantifi-
cation and comparison of total emissions.

It is with this uncertainty that natural gas approaches a cross-
roads in terms of energy and the environment. Thus, there is a need
for further understanding by what means natural gas generation and
natural gas infrastructure can support short- to long-term environ-
mental quality goals in terms of pathways forward from an eco-
nomic and regulatory perspective. This work seeks to provide some
clarity by evaluating the literature for natural gas electricity genera-
tion to gain insights into the emissions of GHG and criteria pollu-
tants with implications for regional AQ. Additionally, technology
transitions that could be applied to maximize GHG and AQ co-bene-
fits are discussed in the context of pathways forward. Section 2 of
this work reviews emissions from conventional natural gas genera-
tion with a specific focus on comparison to coal generation methods.
Section 3 presents an overview of advanced natural gas conversion
methods that can provide efficiency and emission benefits relative
to conventional technologies. Section 4 provides an overview of
potential GHG and AQ impacts of additional low-carbon generation
methods for comparison with natural gas. Section 5 reviews and dis-
cusses potential for natural gas generation to support the integration
and use of renewable resources as a means of maximizing AQ and
GHG benefits. Finally, Section 6 provides discussion and proposes an
evolution of natural gas infrastructure to best attain sustainable
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electricity provision while maximizing GHG and AQ co-benefits. It
should be noted that the scope of this review is natural gas use for
electricity generation and does not consider in-depth use in addi-
tional energy end-use sectors including transportation, industry,
and the built environment.

2. Emissions from traditional natural gas generation

Current methods of natural gas generation generally comprise
combustion with technologies commonly used including conven-
tional boilers, steam turbines, simple-cycle gas turbines (NGCT) and
combined cycle (NGCC) systems. Additionally, combustion to power
a small turbine or reciprocating engine is often utilized, particularly
in smaller, distributed-scale applications. NGCC plants are com-
prised of three main components, (1) a gas turbine (Brayton cycle
that includes compressor, combustor and turbine), (2) a steam tur-
bine (operating on the Rankine cycle), and (3) a heat recovery steam
generator that integrates the two cycles together by generating
steam from the upstream gas turbine exhaust [30]. At the central
plant scale NGCC plants are capable of high fuel-to-electricity effi-
ciency potentially in excess of 60% measured at lower heating value
(LHV) and low criteria pollutant emissions when integrated with a
selective catalytic reduction (SCR) emissions clean up system [31].
Simple-cycle gas turbines used in power plants are now available
with efficiencies greater than 40% [32]. The higher efficiencies and
reduced emissions of NGCC make them preferable to other genera-
tion types and it is likely NGCC plants will be the dominant technol-
ogy for new capacity in the U.S. [33,34]. An additional capability of
natural gas generation includes combined cooling heating and
power (CCHP) with efficiency and economic improvements by cap-
turing and using waste heat for useful work [35]. Gas turbines are
highly effective for CCHP applications due to high exhaust tempera-
tures which can generate process steam used for a variety of pur-
poses (e.g., to meet heating or cooling loads for a large commercial
building, used directly for industrial purposes). CCHP devices and
impacts are discussed in Section 3.1.

A range of factors impact direct” emissions from natural gas gen-
eration including selected conversion technology, size, age, operat-
ing load and dynamics, presence or absence of pollutant controls,
gas composition, and others. Reported emissions generally represent
data collected during operation at design conditions (e.g., greater
than 80% of rated capacity) [36]. However, this may not be wholly
representative of real-world operation which is often dynamic in
nature. Emission rates from turbines under reduced loads or during
rapid load adjustment are typically higher due to lower efficiencies,
less complete combustion, and off-design operation of air pollution
control equipment [37]. Additionally, the generators most likely to
respond to grid dynamics, such as those operating on the margin,
are often simple cycle turbines with higher emissions and lower effi-
ciencies [38]. Finally, the start-up and shut-down of power plants
also usually entail periods of relative high emissions (of both GHG
and pollutants) per unit of power generated [39].

Natural gas generation produces emissions of CO,, methane, and
nitrous oxide (N,O), with CO, being the predominant direct emis-
sion. Life cycle air emissions through the point-of-generation for a
555 megawatt (MW) NGCC generation facility utilizing two parallel,
advanced F-Class combustion turbines followed by heat recovery
steam generators are shown in Table 1. The plant typifies a facility
representative of future plant construction in the replacement of
retired, less efficient facilities and/or to provide needed new-
installed capacity [34]. State-of-the-art natural gas generation also
may further reduce emissions from conventional technologies, e.g.,

2 An important distinction should be made between direct emissions, which are
released from the point-of-generation, and life cycle emissions which occur through-
out the various stages of natural gas production and distribution

Table 1
Life cycle air emissions for a NGCC plant with natural gas from domestic resources.
Adapted from [49].

Domestic NG production NG Pipeline

transport

NGCC plant Total

Greenhouse Gas Emissions (g CO,e/kWh)

CO, 20.80 3.95 393.00 418.00
N.0 0.20 0.00 0.00 0.18
CH,4 47.70 19.20 0.01 66.90
SFg 0.01 0.00 0.01 0.01
GWP 68.80 23.20 393.00 484.73
Pollutant emissions (g/kWh)

NO« 0.4820 0.0008 0.0305 0.5130
SO, 0.0059 0.0003 0.0012 0.0074
co 0.0435 0.0006 0.0031 0.0472
vocC 0.3810 1.59E-05 3.72E-05 0.3810
PM 0.0010 0.0001 0.0004 0.0015

358 g CO, equivalents per kilowatt hour (CO,e [kWh) as reported in
[40] for a life cycle 517 MW NGCC base load facility with a net HHV
efficiency of 50.2%. Generally, life cycle emissions (i.e., including all
stages of gas production and distribution) have been reported for
natural gas combustion turbines from 487 to 987 gCO,e/kWh
[41,42] and 306 to 681 for combined cycle plants [31,36,40-48]
(Table 2).

Direct pollutant emissions from natural gas plants include NOy,
CO, VOC, PM, SO, and potentially hazardous air pollutants (HAP)
including formaldehyde [52,53]. Generally, emissions of SO, and PM
are low, while emissions of NOy and CO require emissions control
including combustion design and SCR [36]. Average NOy emission
rates from an existing fleet of NGCC plants measured under EPA
reporting requirements were 0.0635 g/kWh, equivalent to a reduc-
tion of 92.7% from average U.S. coal-, oil-, and natural gas-fired
plants [48]. Similar to GHG impacts, it is estimated that growth in
the fraction of domestic gas generation in place of coal from
1995-2012 reduced CO, (23%), NOy, (40%), and SO, (44%) emissions
from U.S. fossil-fuel power plants [33]. With SCR and/or lean pre-
mixed combustion emissions of NOy for large gas turbines are often
well below 10 parts per million (ppm) as seen for the plant in Table 1
[32]. Emissions from an advanced 560 MW NGCC plant at a capacity
factor of 85% with best available control technology (BACT) achieved
requirements from the 2006 New Source Performance Standards (i.
e., 2.5 ppm volumetric dry referenced to 15% O,) via a combination
of dry low-NOy burner combustion and SCR systems with actual
emissions measured at 0.0139g NO,/kWh [36]. Emissions of addi-
tional pollutants including SO,, PM, and mercury were negligible.
Demonstrating variation with specific plant characteristics and
others, direct pollutant emissions from the 555 MW NGCC plant in
[49] were reported at 0.0305 g NO,/kWh.

These values generally represent a reduction from coal (i.e., from
current and advanced coal plants in [40]) but are higher than other
alternative technologies including renewables, nuclear power, and

Table 2

Reported life cycle greenhouse gas for various generation technol-
ogies operating on natural gas. NG CT: Natural Gas Combustion
Turbine. NG CC: Natural Gas Combined Cycle. LNG CT: Liquefied
Natural Gas Combustion Turbine. LNG CC: Liquefied Natural Gas
Combined Cycle.

Technology  Life Cycle GHG [gCO,e/kWh]  References
NG CT 487 to 987 [41,42]

NG CC 306 to 681 [31,36,40—48]
LNG CT 607 to 651 [50,51]

LNG CC 428 to 523 [42,50,51]
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Table 3

National average GHG and criteria air pollutant emission factors (g/kWh) for U.S. generation in 2010.
Adapted from Reference [59]. IGCC: Integrated gasification combined cycle, IGCC: Integrated Gasification
Combined Cycle, CC: Combined Cycle, ICE: Internal combustion engine.

Technology CO, Emissions [gCO,e/kWh]  NOy [g/kWh] SOy [g/kWh]  PM; ;5 [g/kWh]
Coal Steam Turbine 997 1.14 3.19 0.19

Coal IGCC 980 0.12 0.04 0.72

NG CC 441 0.12 0.004 0.0009

NG Gas Turbine 652 0.35 0.02 0.04

NG Steam Turbine 638 0.86 0.17 0.04

NGICE 619 3.08 0.006 0.47

Table 4

Direct Emissions for advanced coal power plants. Adapted from References [60,61,64]. A-USC: Advanced ultra-
supercritical, CFBC: Circulating Fluidized Bed Combustion, IGCC: Integrated gasification combined cycle, IGFC:

Integrated gasification fuel cell, PC: Pulverized Coal.

Technology CO, Emissions [gCO,e/kWh]  NOy [g/kWh] SOy [g/kWh]  PM; ;5 [g/kWh]
Sub-critical 850-1000 0.5-1.5 0.5-0.7 0.1
Ultra-supercritical PC 740834 <0.16-0.42 <0.06-0.42 <0.042

CFBC 880-900 <0.84 <0.16-0.42 <0.21
A-USCPC 670-767 <0.16-0.42 <0.06-0.42 <0.042

IGCC 670-846 0.1-0.13 0.01-0.06 <0.0042
IGFC 500-550 <0.13 <0.06 <0.0042
Oxy-combustion 720 — — —

the deployment of CCS, e.g., see [10,54—56]. Solely considering direct
emissions, natural gas represents an option for GHG emissions miti-
gation and potential AQ improvements if replacing coal plant opera-
tion, particularly in the near-term, and it is this ability that has led to
the proposition as a bridge fuel to future, cleaner technologies
[57,58]. The carbon content for natural gas is roughly half that of
coal per unit of energy, and gas-fired technologies generally have
higher efficiencies and reduced emissions of major pollutant and
HAP species, including mercury, NO, CO, SO, and PM [34,40,57].
Table 3 contains the national average GHG and pollutant emission
factors for 2010 U.S. generation. Current coal integrated gasification
combined cycle (IGCC) facilities emit NO at similar levels to NGCC
and reduced levels from simple cycle natural gas turbines, but rep-
resent only 0.1% of coal combustion technologies relative to steam
turbines. Similarly, averaging of historical emissions data on exist-
ing U.S. power plants shows that coal-fired plants emit approxi-
mately double the CO, of both NGCT and NGCC plants [33]. This
trend is also evident in emission projection data as transitions to
natural gas from higher GHG intensity fossil fuels contribute to
energy related CO, emissions slightly declining in total from 2005
to 2040 [29].

Advanced coal generation strategies could potentially improve
efficiencies and reduce emissions from current coal technologies,
including ultra- and advanced ultra-supercritical technologies (A-
USC), fluidized bed combustion (FBC), oxy-combustion, and various
IGCC configurations [60—62]. Advanced coal concepts also include
CCS to reduce CO, emissions, however CCS is considered and dis-
cussed in Section 4.3 as CCS is also applicable to natural gas

Heat/Steam
Gas Turbine Steam Turbine

Gasification Unit Fuel Gas

Fuel Cell System
MCFC or SOFC

l l l

Electricity

Fuel: Coal, biomass, etc.

Electricity Electricity

Fig. 1. Simple diagram of an integrated gasification fuel cell (IGFC) concept for coal
power generation. Adapted from [60]. SOFC: Solid Oxide Fuel Cell, MCFC: Molten Car-
bonate Fuel Cell.

generation. The use of fuel cells to convert syngas to electricity
(IGFC) can further reduce emissions and may represent the lowest
emitting coal pathway if CCS is also integrated (Table 4). Fig. 1 dem-
onstrates a simple diagram of an IGFC strategy for coal conversion,
although other fuels including biomass are also suitable. These strat-
egies can reduce GHG and pollutant emissions significantly from
current coal generation methods, e.g., sub- and supercritical pulver-
ized coal plants (Table 4). IGCC can potentially represent the cleanest
pathway for coal generation [63]. However, emission rates of GHG
and pollutants are higher for technologies requiring significant
advancement prior to commercialization compared to NGCC plants
already commercially deployed and economically competitive, e.g.,
the plant discussed in [49]. Advancements may also be made with
regards to natural gas technologies following similar trajectories to
those for coal, and it is likely that natural gas will continue to pro-
vide emission reductions and AQ improvements if displacing coal
generation in future years.

Impacts must also be considered within the context of regional
variation in the composition of generator networks that comprise
regional electrical grids, as this is a direct determinant of overall
emissions and AQ impacts. Emission rates of CO,e, NOy, and SO, for
current electricity generation types are shown in Table 5 for the U.S.
average and a sampling of regional grids, including the Western
Electricity Coordinating Council California (WECC CA) region, Elec-
tric Reliability Council of Texas (ERCOT), and ReliabililtyFirst Corpo-
ration West (RFC West) including most of Indiana and Ohio and
parts of several other states including Pennsylvania, West Virginia,
Virginia, and Kentucky. When compared to the direct emission from
the NGCC plant described in [49], deploying NGCC generation would

Table 5

Emission rates in grams/kWh of electricity generation for the U.S.
average and regional electrical grids. Data from eGRID 2012 [66].
*Direct plant emissions from 555 MW NGCC plant from [49].

Region/Source Prominent State(s) CO%e NO, SO,
U.S. Average All 517 043 0.86
WECC CA California 296 0.15 0.09
ERCOT Texas 520 0.28 0.87
RFC West Indiana, Ohio, etc. 628 0.55 1.54
NGCC* —_ 393 0.03 .003
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Table 6
Potential methane emission from the natural gas system. From U.S. EPA [90].

Sector Potential Emissions [kilotons] Key Sources

Production 4710 Gathering and boosting stations, pneumatic devices, pipeline leaks, well pad equipment, liquid unloadings
Processing 445 Compressors, plant fugitives, flares, dehydrators, pneumatic devices, blowdowns, venting

Transmission & Storage 1688 Compressors (exhaust and fugitive), pipeline venting and leaks, pneumatic devices,

Local Distribution 480 Pipeline leaks, customer meters, upset events, routine maintenance

achieve GHG reductions in all regions except WECC CA (largely due
to a lack of coal and higher levels of renewable generation in this
region). Additionally, emissions of NOy and SO, are significantly
lower for NGCC than the average for all regions including WECC CA.
Thus, deploying a NGCC plant could potentially achieve GHG reduc-
tions in most regions of the U.S., but not in California, while also
reducing pollutant emissions from current generation. Pollutant
emission reductions would be larger for generation in the RFC West
and ERCOT territory, with lesser benefits in California. Therefore, the
use of gas generation for AQ and GHG mitigation is more favorable
in certain U.S. regions that others, highlighting both the regional
nature of electricity generation and AQ concerns. It should also be
noted that average emissions do not necessarily represent generation
impacted by natural gas plants, and marginal emissions are a more
appropriate method of comparing regional grid emissions [65].

The common understanding that natural gas represents an
opportunity for AQ and GHG co-benefits relative to coal is confirmed
by the literature. In recent years coal and natural gas have experi-
enced divergent trends in response to low natural gas prices [67]
and the development of environmental regulations targeting the
emissions of coal power plants and it is expected that natural gas
will surpass coal as the dominant power sector fuel by 2035 [29].
Indeed, this displacement has helped contribute to reductions in pol-
lutant and GHG emissions from the U.S. electricity sector in recent
years [68]. Replacing coal- with gas-fired power generation yields
reductions in direct pollutant and HAP emissions potentially trans-
lating to improvements in ambient primary and secondary pollutant
concentrations, including ozone and PM [34]. Atmospheric modeling
has shown that reductions in SO, from natural gas displacement of
coal can reduce regional PM concentrations via PM sulfate mecha-
nisms [69]. Reductions of HAP including mercury, acid gases, metals
and metalloids, dioxins and furans will provide immediate health
benefits to populations impacted by coal power plant emissions
[68]. Also, improving the performance of emission control technol-
ogy on current coal plants can provide benefits to ground-level pol-
lution, including ozone and PM [70].

2.1. Emissions from natural gas life cycle stages

Emissions from additional life cycle stages associated with natu-
ral gas production and distribution must be accounted for to
completely assess GHG and AQ impacts of gas generation. The
infrastructure associated with the production, storage, and distribu-
tion of natural gas to end-users is an extensive and complex sys-
tem. Using terminology from [53,71], the life cycle stages of natural
gas include pre-production, gas production, transmission, distribu-
tion and storage, and well production end-of-life, with all stages
generating emissions of GHG and pollutants [72]. Pre-production
includes all aspects of site exploration, clearing, and road construc-
tion, drilling, hydraulic fracturing, and well completion [53]. The
production stage includes the recovery, compression, and process-
ing of gas to ensure pipeline quality standards are met, with emis-
sions occurring from compressors, pumps, heaters, leaks, venting
and flare activity, and other maintenance processes [73]. The trans-
mission, storage, and distribution of natural gas include the translo-
cation of processed gas to end-users including long distance
pipelines and local distribution networks.

Direct emissions (also termed fugitive emissions or leakage)
occurring throughout the natural gas supply chain are a key determi-
nant of climate impacts for power generation as the primary constit-
uent of natural gas is methane, a potent climate forcing gas®
[74—76]. A variety of techniques and methods have been used to
characterize upstream methane emissions; including engineering
analyses and quantification via both bottoms-up and top-down
approaches [77—80]. However, the current understanding of direct
methane emissions contains a substantial degree of uncertainty
which complicates a thorough understanding of technology impact
when operating on natural gas [72,77].

Available life cycle studies generally demonstrate an improve-
ment from coal even if higher GHG intensity liquefied natural gas
(LNG) is utilized as a fuel (Table 2). However, it has been suggested
that life cycle (i.e., well construction through end use) methane leak-
age estimates are higher than previously thought [81]. Natural gas
electricity generation may reduce GHG emissions on all time scales
relative to coal if methane leakage rates do not exceed 3.2% of total
system production [72]. Current and projected expansion in U.S. nat-
ural gas supplies from non-traditional reserves, including those
associated with hydraulic fracturing, could also impact the climate
benefit potential of natural gas. Unconventional gas resources (e.g.,
shale gas) have been estimated to have leakage rates potentially
30-50% higher than conventional gas with GHG emissions that
could exceed those from coal over a 20-year interval [22]. Some esti-
mates have reported that generation even from conventional gas
may not reduce GHG emissions relative to coal in the same period
[82]. However, others have questioned these conclusions citing an
overestimation of leakage rates, the short-period of global warming
potential (20-years) used for the assessment of methane impacts,
and the lack of accounting for additional benefits during conversion
[83]. Life cycle GHG emissions from the production of Marcellus
shale natural gas reported a 3% increase from traditional gas and
20-50% decrease from coal depending on plant efficiencies and nat-
ural gas emissions variability [84]. Moreover, it has been reported
that unconventional gas may have a lower GHG footprint per mega-
joule (MJ) than conventional gas [85]. A summary of available litera-
ture estimates that emissions from the natural gas supply chain total
76.2 g CO,eq/kWh which, if included, still results in less net emis-
sions than coal when added to direct emission estimates for most
natural gas pathways [86]. A comprehensive review of the literature
concerning estimation of the GHG footprint of the domestic natural
gas production and distribution system, including traditional and
unconventional reserves, is beyond the scope of this work and can
be found in [75, 85-87].

Shown in Table 6, quantitatively domestic methane emissions are
dominated by sources in the production and transmission and stor-
age sectors, with key sources including gathering and boosting sta-
tions, pneumatic device vents, compressors (both fugitive and
exhaust), and pipeline venting and leaks. Methane is the primary
GHG of concern for all life cycle stages of natural gas infrastructure
except generation/end-use, where CO, is the most important
(Table 7). Pneumatic controllers are an important source of direct
methane emissions and are present in nearly all sectors of the

3 It is of interest to note that this characteristic of the fuel itself being an important
GHG is unique among common fossil fuels
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Table 7

Associated emissions and AQ concerns from life cycle stages for natural gas power generation. Adapted from [53,91]. **Note that impacts of

highest concern are in bold**.

Life Cycle Stage GHG Pollutant Emissions Potential AQ Concerns

Preproduction Methane NO,, VOC, PM, 5, SO,, HAPs Regional ozone and PM, localized HAP
Production Methane NO,, VOC, PM, s, SO,, HAPs Regional ozone and PM, localized HAP
Transmission, Distribution, and Storage =~ Methane NO,, VOC, PM, 5, Regional ozone if emissions in urban areas
Use/Generation Methane, CO, NO,, CO, SO,, PM, HAPs Regional ozone and PM

Well Production End-of-Life Methane

natural gas system, including production [88]. For the transmission,
storage, and distribution of natural gas, the predominant GHG of
concern is methane released from numerous sources including
faulty piping and valves, pneumatic controllers, and unburned meth-
ane in the exhaust of powered compressor stations [89]. Similarly,
methane emissions associated with gas leakage from plugged or
abandoned wells, in-well production and/or in-well end-of-life
stages are a concern.

Similarly, pollutant emissions from life cycle stages of natural gas
recovery and production can lessen the expected AQ benefits of nat-
ural gas replacement of coal and impact human health [91]. Table 7
summarizes emissions of concern and potential AQ impacts from
different life cycle stages. Emissions from pre-production include
CO,, PM, 5, NOy, and VOC from mobile source on- and off-road diesel
engines and PM;o from road dust and tire/brake wear. Emissions
from drilling and hydraulic fracturing including engines operating
on diesel and/or natural gas have been shown to be a significant
[92]. Releases of CO,, methane, VOC, NOy, SO,, hydrogen sulfide and
various HAP occur during drilling and well completion processes
[53,91]. For wells undergoing hydraulic fracturing emissions of
methane, VOC, and HAP are possible from flowback, i.e., the return
of fluids and solids to the surface with produced water and gas [93].
Production sites and compressor stations have been associated with
high levels of VOC, NO,, PM,5, and SO, [53,91]. A key source of
methane, VOC, and HAP emissions is liquid unloading processes
[78,94] including fugitive emissions from tanks [93]. Additional
emissions (e.g., NOy, CO,, CO) accrue from pumping stations (typi-
cally gas turbine powered compressors), let-down stations (which
burn natural gas to overcome Joule-Thomson cooling), and other
natural gas-fired equipment in the transmission, storage and distri-
bution system [95].

Understanding AQ impacts from gas production from both con-
ventional and unconventional resources is challenging as emissions
from these processes vary in composition, magnitude, and duration,
and depend upon numerous factors including raw gas composition,
extraction technique, and handling approach [93]. Due to numerous
factors including the diffuse nature of some sources, different raw
gas compositions, and variation in emissions controls, the AQ
impacts from production have been reported as very significant,
minor, or none [53]. The pre-production phase can last weeks to
months, while production can persist years to decades, requiring
that the impacts must also be considered temporally. Development
of new well sites can produce harmful effects locally while avoiding
major regional impacts. The extraction and production of gas has
been linked with notable emissions of ozone precursor emissions
including NO, and VOC [91,96], the novel existence of ground-level
ozone concentrations in excess of NAAQs [22], and detrimental

Table 8

health effects from exposure to associated air emissions [97]. In par-
ticular, areas of gas production in Texas, Utah, Wyoming, and Colo-
rado have been associated with ozone and other AQ issues occurring
from the release of NOy, methane, CO,, and other VOC from process-
ing plants and diesel truck exhaust [98—102]. In counties supporting
high levels of gas production total NO, emissions can be
20-40 times higher than permitted levels for a single, minor source
[91]. Emissions from compressor engines and flaring have been
reported to significantly increase (i.e., 6—10 ppb) ambient ozone
downwind of a hypothetical gas processing facility [103]. Thus, a
comprehensive view of AQ effects from transitions to natural gas
must also account for potential worsening of AQ in regions support-
ing gas development, in addition to improvements from sites of
power generation. Considering this, a regional assessment of
increased natural gas use in the Texas power sector accounting for
perturbations at both the generator and production level has
reported net reductions in NOy and SO, and net increases in VOC
emissions; translating to modest reductions in ozone (0.2 to 0.7 ppb)
and PM, s (0.1 to 0.7 pg/m>) [69]. The study concluded that direct
plant emission reductions were capable of offsetting emission
increases at gas production sites. This again should be evaluated in
the context of coal generation offsets, which for the Texas grid, for
example, are significant. Similar impacts may not be observed
depending upon the composition of a region's generator mix, which
highlights again the regional nature of AQ impacts.

It should also be considered that the importation of natural gas
may also have different environmental impacts than those from
domestic reserves. While the current availability of domestic gas
averts the need for significant importation (i.e., U.S. natural gas net
imports fell to a record low in 2016 [104]), future demands could
require the U.S. to do so. In fact, the U.S. is likely to become a net
exporter of LNG in coming years [105]. Imported gas has a higher
emission footprint than domestically produced gas due to the addi-
tional life cycle stages required including liquefaction, transport, and
regasification [49]. Often transport is accomplished via ocean trans-
port on LNG tanker ships which are high emitting if operating on
heavy fuel oils [106]. Table 8 demonstrates the emission burdens
associated with the acquisition and transport of domestic and
imported NG. Imported natural gas is assumed to be foreign offshore
gas extraction, followed by liquefaction, ocean transport via LNG
tanker, regasification and pipeline transport to the NGCC facility.
Imported gas is associated with higher emissions of GHG due to
emissions occurring during liquefaction, transport, and regasifica-
tion. Contrastingly, emissions of air pollutants including NO, and
SO, vary with some domestic pathways having higher associated
emissions. Thus, changes in the origin of natural gas supply may shift
impacts on AQ and GHG.

Emissions from raw material extraction and transport of NG from domestic and imported sources in g/kg delivered.

Adapted from Reference [49].

Emission  Conventional Onshore  Conventional Offshore Barnett Shale  Tight Gas Imported Offshore
CO,e 733 345 702 696 930

NOx 0.0395 0.00122 0.0300 0.0393 0.00156

SO, 0.000275 0.0000602 0.000129 0.00118 0.000214
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The potential implications of direct methane emissions from the
natural gas system further reduce optimism for from a climate miti-
gation perspective. These concerns are heightened due to current
uncertainty regarding methane emissions from the natural gas sys-
tem [72,107]. Indeed, the rapid rise in production of gas from uncon-
ventional reserves in some ways has exceeded the ability of
researchers to understand and predict potential impacts [53]. This
has led to significant variations and uncertainty in the literature, e.
g., life cycle GHG emission estimates that conflict significantly in
magnitude [22,82,83,85,108-110]. If leakage is underreported and/
or increased, direct emissions of methane could even reduce the
expected GHG reductions reported here. This trend has been demon-
strated in recent studies indicating that upstream methane emis-
sions may offset the carbon mitigation potential of natural gas
relative to other fossil fuels [76,111]. To address this, significant
research efforts are underway in the U.S. including a comprehensive
initiative involving 16 independent studies aimed at quantifying and
identifying emissions of methane across all areas of the oil and gas
supply chain [112].

Conversely, if significant progress is made in controlling and
reducing system-wide methane emissions in the U.. the carbon
intensity of gas generation may improve. In recent years the U.S. EPA
has taken several regulatory actions aimed at reducing methane emis-
sions from the oil and gas industry including New Source Perfor-
mance Standards from new, reconstructed, and modified sources
[113]. Additionally, the Natural Gas STAR Methane Challenge Program
was launched to encourage U.S. oil and gas companies to make more
specific and transparent commitments to reducing methane emis-
sions [114]. Historical evaluation of EPA programs and policies to
reduce methane emissions demonstrated successful abatement [115].

However, the potential for worsening of ozone and HAP levels at
sites of gas recovery and production should also be considered
alongside the direct emission impacts of natural gas generation.
Unconventional gas recovery also carries other environmental risks
including the high consumption [98] and contamination of fresh
water resources [116,117] including drinking water supplies [118]
with the potential for harmful human health impacts [119]. There-
fore technology lock-in associated with the construction of new nat-
ural gas generation technologies, including advanced NGCC, should
be considered with importance in GHG and AQ mitigation planning.
And the evolution of the natural gas system that should be promoted
by policy must include measures to prevent leakage in upstream
operations, in transmission and distributions systems, and in cus-
tomer-side of the meter and end-use applications. The evolution
could also include substitution of lower global warming potential
(GWP) fuel to lower the impacts of any remaining leakage.

3. Emission reductions from advanced conversion technologies
Emissions from natural gas generation can be reduced further via

the use of advanced conversion devices. The preceding discussion
was primarily focused on existing technologies used in large,
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centralized power plants. However, conversion can be accomplished
with devices that have higher efficiencies and the potential for very
low emissions — including advances in NGCC technologies, fuel cells,
micro-turbines, and hybrid fuel cell/heat engine plants [120]. Such
methods can provide pathways for natural gas generation to fulfill
valuable energy services while minimizing emissions — including
providing efficient and low-impact generation that can facilitate the
complementary balancing of renewable resources, defer investment
in electrical infrastructure, and/or provide ancillary services to the
grid. Additionally, these devices can operate on natural gas in the
near- to mid-term and renewable fuels and blends in the mid- to
long-term providing a link from fossil to renewable fuel systems. For
example, fuel cells can operate on conventional natural gas, fossil
and renewable hydrogen, and biogas with a flexibility that allows for
important opportunities to reduce emissions.

An additional key characteristic for advanced systems includes
the ability to provide CCHP as this attribute displaces the fuel and
emissions that would otherwise be associated with (1) boilers and
furnaces (in the case of using the thermal energy directly as heat),
and (2) the displaced electricity to drive chillers (in the case of using
the thermal energy for cooling) [121]. The resultant effect is to
reduce CO, emissions, criteria pollutant emissions, and the demand
on fuel reserves. Potential CCHP devices include fuel cells and fuel
cell-heat engine hybrid systems, gas turbines including microtur-
bines, steam turbines, and reciprocating engines. Cost and perfor-
mance parameters for CCHP devices are provided in Table 9. A
detailed overview of CCHP technologies can be found in [35].
Changes can also be made to the paradigm of natural gas electricity
generation, transmission, and distribution with potential for emis-
sions and AQ benefits. A primary example includes transitions from
the centralized model of power generation involving large power
plants located far from population centers requiring electricity
transmission over long distances to distributed generation (DG)
involving electricity production at or near the point-of-use [122]. In
addition to avoiding losses during transmissions, DG benefits include
potentially lower costs, reduced emissions, higher power quality,
reliability, and security [123]. DG also enhances the ability for CCHP
inclusion in system design, e.g., centralized NGCC can also provide
CCHP but are often located far from population centers or other sites
of heating or cooling demand.

3.1. Advanced conversion technologies

Steam turbines are typically matched to solid fuel boilers, indus-
trial waste heat, or integrated with a gas turbine as a bottoming
cycle to create combined cycles. Typical capacities for steam turbines
range from 50 kW to several hundred MW in large centralized power
plants. Steam turbine benefits include high fuel flexibility, high reli-
ability and equipment lifetime, and flexibility of design. Reciprocat-
ing engines represent a mature and commercially available heat
engine technology that make up over half of existing CCHP systems
in the U.S [35]. Reciprocating engines can operate with either spark

Cost and performance parameters for self-generation CCHP Devices. Data adapted from [35,127,128]. LPG: Liquefied Petroleum Gas.

Fuel Cell & Hybrid Systems Recip. Engine Steam Turbine Gas Turbine Microturbine
Electric Efficiency (HHV) 30-65% 27-41% 5-40% 24-36% 22-28%
Net CCHP Efficiency (HHV) 55-90% 77-80% Approx. 80% 66-71% 63-70%
Typical Capacity (MW) 02-28 0.005 - 10 0.5 — hundreds 0.5 - 300 0.08 -1
Power Density (kW/m?) 5-20 35-50 > 100 20-500 5-70
Part-load Potential Good OK OK Poor OK
CCHP Installed Cost (S/kW) 5000-6500 1500-2900 670-1100 1200-3300 2500-4300
Non-fuel O&M Cost(S/kWh) 0.032-0.038 0.009-0.025 0.006-0.01 0.009-0.013 0.009-0.013
Start-up Period 15 min - 3 hrs - 2 days (by type) 10 seconds — 15 min 1h-1day 2min-1hr 60 sec
Potential Fuels NG, H,, biogas, propane, methanol NG, biogas, LPG, sour gas, All NG, biogas, NG, biogas, sour gas,

industrial waste gas, synthetic gas liquid fuels




70 M.A. Mac Kinnon et al. / Progress in Energy and Combustion Science 64 (2018) 62—92

Table 10
Typical operating characteristics and applications of fuel cell types. *Refers to direct use of fuel. External reformer allows all to operate on natural gas. **Operating on
natural gas.
Fuel Cell Type Avg.Size [kW]  Potential Fuels* Operating Temp [°F] ~ Electrical Efficiency [%]**  Generation
Solid Oxide (SOFC) 700-1000 NG, H,, Biogas ~1800 60% Utility/central DG, CCHP
Molten Carbonate (MCFC) 600-700 NG, H,, Biogas, Syngas ~1200 50% Utility/central DG, CCHP
Alkaline (AFC) 90-100 H, 225-475 60% Military/space
Proton Exchange Membrane (PEMFC) 80 H, 175-200 30-40% DG/backup
Phosphoric Acid (PAFC) 150-250 NG, H,, Biogas 350-400 40% Utility/DG CCHP

ignition or compression ignition and can range from very small
(0.005 MW) to large (80 MW) systems, although typical CCHP sys-
tems sizes range from 0.005 — 10 MW. Benefits of reciprocating
engines include low investment and operating cost, high flexibility,
reliability and availability, high part-load efficiencies, load following
capabilities, and fast start-up times. Drawbacks of reciprocating
engines include the need for regular service due to moving parts,
noisy operation, and elevated emissions of criteria pollutants and
GHGs. Gas turbines have been used for stationary power generation
for many decades and range in size from 500 kW to hundreds of
MW. Typically, for CCHP applications, the most economic size range
is 5-MW to the hundreds of MW-scale [35]. Gas turbines have lower
emissions than other common fossil combustion heat engines but
often still require clean-up or emissions control strategies including
lean pre-mixed combustion and/or SCR to meet permitting require-
ments for continuous operation. Typically gas turbines used as CCHP
are best suited for processes with a need for high temperatures (i.
e., [nbw> steam production) [124]. Microturbines are small (typically
60-1000 kilowatt (kW)) gas turbine power plants that can be com-
bined with a bottoming steam turbine cycle or operated as a stand-
alone Brayton cycle. Microturbines and offer the benefits of simple
design, compact size, low vibration and noise, and no required cool-
ing [35]. Downsides of microturbines include high costs, low flexibil-
ity, and low electrical efficiencies, particularly at part load [124].
Typically, relative to NGCC plants, microturbine systems operating
on natural gas must be integrated with CCHP to achieve reductions
in GHG and must be integrated with SCR to achieve very low criteria
pollutant emissions [35,125,126].

Fuel cells represent an advanced conversion technology with the
potential to allow natural gas to be used in energy systems with
very low emissions of GHG and pollutants. Fuel cell systems can
operate on natural gas both directly and indirectly as natural gas can
be converted to hydrogen through steam methane reformation
(SMR). Fuel cells differ fundamentally from combustion in that they
convert fuel chemical energy directly to electricity and heat by elec-
trochemical reactions that are similar in concept to battery electro-
chemical reactions. An overview of fuel cell types and characteristics
is provided in Table 10. Fuel cell systems have been produced using
various materials sets (e.g., solid metal oxides (SOFC), molten carbo-
nates (MCFC), phosphoric acid (PAFC), and proton exchange mem-
branes (PEMFC)) [129] with high electrical efficiencies (up to > 60%)
[130,131] and very low pollutant emissions operating on natural gas
— even at the distributed scale [130,132]. Fuel cells are applicable for
CCHP applications and have flexibility with regards to fuel, size, sit-
ing, and application choices [133]. This flexibility allows fuel cell sys-
tems to operate on a range of gaseous fuels, including hydrogen,
natural gas directly, renewable fuels such as biogas and renewable
hydrogen [134], or syngas produced from coal in tandem with CCS
[135]. This flexibility allows for mixtures of fuels to be used with the
particular benefit of facilitating biogas supplementation of natural
gas (or vice versa) and the transition from natural gas to renewable
gaseous fuels of various types.

The one step of transforming chemical to electrical energy, as
compared to the multi-step process used by combustion devices of
chemical to thermal to mechanical to electrical, typically results in
high electrical efficiencies for fuel cells via avoided losses at each

conversion step. Fuel cell systems have demonstrated electrical effi-
ciencies from 30% to levels exceeding 60% even in the single digit
kW size class range [130,131]. This is substantially higher than elec-
trical efficiencies that can be attained by heat engines at the DG scale
as seen in Table 9. For example, reciprocating engines range from
27-41%, steam turbines from 5-40%, gas turbines from 24-36%,
and microturbines from 22—-28% [35]. As the amount of CO, gener-
ated per kWh of electricity produced is inversely proportional to the
electrical efficiency, fuel cells emit less CO, per kWh of electricity
produced than other electricity generating technologies using the
same fuel. The inclusion of CCHP can increase all DG technology effi-
ciencies substantially, to achieve 55—80% [35] and, with a judicious
design, exceeding even 90% (mixed heat and electrical efficiency)
[4]. Furthermore, CO, can be reasonably recovered from exhaust,
particularly if the anode exhaust is not after-burned with the cath-
ode exhaust, allowing for a further reduction in GHG emissions. This
could also allow fuel cells to be incorporated with natural gas tur-
bine cycles to produce high efficiency, low carbon power [136].

An additional distinction of fuel cell systems is the ability to pro-
vide hydrogen fuel as an output when operating on hydrocarbon
fuels. This allows fuel cells to operate as tri-generation systems pro-
ducing electricity, heat, and hydrogen [137]. Incorporating hydrogen
production further increases the energy efficiency of the system and
provides additional energy benefits — including the potential produc-
tion of fuel for zero-emission hydrogen fuel cell electric vehicles. An
important pathway for GHG and AQ co-benefits includes the opera-
tion of tri-generation fuel cell systems on biogas as this allows for a
means of coupling very low or even net negative emission strategies
in the power generation sector to the transportation sector [138].

Hybrid fuel cell-heat engine plants integrate a high temperature
fuel cell (SOFC or MCFC) with a heat engine (e.g., gas turbine, recip-
rocating engine) to achieve even higher efficiency than a fuel cell
alone (converting fuel cell heat to useful work) [139]. A basic sche-
matic is provided in Fig. 2 for a hybrid fuel cell gas-turbine system.
By utilizing energy synergies between the fuel cell and heat engine
(e.g., fuel cell waste heat is turned into useful electrical work and
compression power, and higher pressure operation increases fuel
cell electricity production efficiency) enhanced performance is
achieved. These emerging power plants are being developed by sev-
eral manufacturers and have been shown to achieve very high elec-
trical efficiencies [140-142] with ultra-low emissions even at

FUEL
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Fig. 2. Basic design concept of a gas turbine fuel cell hybrid power plant. Reprinted
from [140] with permission of Elsevier.
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distributed power sizes [140], and with dynamic dispatch character-
istics [141,143].

However, fuel cell technologies face challenges for complete
commercialization. High initial investment and installation costs
must be reduced in order for fuel cells to compete with strong mar-
ket competition from other CCHP technologies [144]. Specifically,
the cost of fuel cell systems and components must be reduced [145].
Fundamental improvements are also needed to address reliability,
durability, and fuel supply concerns to effectively permit expanded
use of fuel cells [146]. High temperature fuel cells, including many of
those suitable for the services discussed here, are limited by materi-
als requirements, mechanical issues, reliability concerns, and techni-
cal issues such as thermal expansion matching [131]. Low
temperature fuel cells also face materials and durability concerns
[147]. Therefore, while fuel cells offer a generation pathway for nat-
ural gas with high environmental benefits, progress is needed in
techno-economic areas to facilitate wide-spread adoption.

3.2. Advanced conversion device emissions

Table 11 shows emissions for five commercially available turbine
systems both with and without SCR and CO oxidation ranging from
3 to 45 MW that have been compiled from vendor data [32]. At the
DG scale, gas turbine systems have the potential for emission reduc-
tions from coal generation with or without the addition of CCHP.
Additionally, the use of CCHP achieves additional reductions in CO,
via offset of natural gas boiler operation necessary to provide equiv-
alent heat.

Due to the electrochemical reactions fuel cells can reduce criteria
pollutants (compared to the high temperature combustion of fuel in
air) and due to the high electrical efficiency of fuel cells (especially
compared to heat engines in the DG size class and including CCHP)
they can also reduce GHG emissions [132]. The primary electricity
generation process of fuel cells does not mix fuel with air and keeps
temperatures low resulting in criteria pollutant emissions that are
extremely low and, if the fuel input is hydrogen, only water vapor is
produced in the exhaust. If the fuel is natural gas or another hydro-
carbon fuel, the fuel processing subsystem required to facilitate elec-
trochemical reactions in high temperature fuel cells is the sole
source of CO, that is emitted along with very low levels of criteria
pollutants [35]. Fuel cell system operation on biogas results in near
net zero emission of carbon and fuel cell operation on renewable
hydrogen (e.g., produced through renewable electrolysis) results in
zero emission of carbon. Emissions of CO, from high temperature
fuel cells operating directly on natural gas are significantly lower

Table 11

Emissions from commercially available distributed-scale gas turbines
with and without CCHP. Adapted from [32]. *Net CO, includes the offset
of emissions required from boilers to provide the same amount of heat
for cooling and heating.

System Emissions [g/kWh]

1 2 3 4 5
Uncontrolled
NOx 0594 0295 0313 0259 0.236
co 0726 0299 0318 0263 0.240
NMHC 0.041 0.036 0.036 0.032 0.027

With SCR and CO oxidation

NOy 0.041 0.023 0.023 0023 0.023
co 0.050 0.023 0.023 0.023 0.023
NMHC 0.036 0.027 0.032 0.027 0.009
Emissions of CO,

Generation CO, 756 626 662 544 503

Net CO, with CCHP* 361 302 313 290 296
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Fig. 3. CO, emissions from current and advanced coal and natural gas generation and
various types of fuel cells with and without CCHP including Solid Oxide (SOFC), Mol-
ten Carbonate (MCFC), and Phosphoric Acid (PAFC). Conventional Coal and NG GT rep-
resentative of 2010 U.S. generation technology averages [59], IGCC from [60], NGCC
from [49], Fuel cells from Reference [35].
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Fig. 4. NO, emissions from current and advanced coal and natural gas generation and
stationary fuel cells. Conventional Coal and NG GT representative of 2010 U.S. genera-
tion technology averages [59], IGCC from Reference [60], NGCC from [49], Fuel cells
from [35].

than current and advanced coal technologies and current simple
cycle natural gas turbines with or without the additional emission
reductions from CCHP (Fig. 3). Relative to NGCC plants, SOFC can
provide a reduction without the use of CCHP while PAFC and MCFC
achieve a reduction from NGCC plants if CCHP is included. Advanced
MCFC systems that include two fuel cell stacks in one system can
achieve performance that is comparable to the SOFC performance
shown in Fig. 3.# Similarly, Fig. 4 displays the emissions of NO, per
kWh for both traditional and advanced heat engines using coal and
natural gas, and stationary fuel cells operating on natural gas. Fuel
cell conversion results in negligible emissions relative to other gen-
eration technologies including very low emissions of NO, and CO,
and negligible SO and PM [35,148]. Fuel cells achieve comparable or
reduced CO, emissions compared to NGCC, and significantly reduced
pollutant emissions, even at the distributed scale and without any
after-treatment or other emissions control devices. If CO, capture is
included GHG benefits from fuel cells would further increase.

Fig. 5 displays the CO, and NO, emissions of CCHP technologies
relative to the NGCC described in Reference [49]. With appropriately
designed and operated systems, including emissions control tech-
nologies, CCHP devices can provide lower emission rates than cur-
rent natural gas generation. Emissions of NOy from fuel cells are
significantly lower than all other options and require no emission

4 http://www.fuelcellenergy.com/wp-content/uploads/2017/02/Product-Spec-Sure
Source-4000.pdf.
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Fig. 5. Emissions of CO, and NOy from self-generation CCHP devices relative to a cur-
rent NGCC plant. Data for NGCC from Reference [49], Data for CCHP technologies from
[35].

control device or strategy [35]. Gas turbine NOy emissions have a
large range but typical commercial systems generate 0.07 to
0.11 g/kWhr with lean premixed burners and the inclusion of SCR
can further reduce emissions by 80 to 90% [35]. Microturbines oper-
ating on natural gas can achieve low NO, emissions with lean pre-
mixed combustion at full load [35]. However, emissions commonly
increase during operation at part load with implications for comple-
mentary generation or dynamic operation to support distributed
loads. Reciprocating engines have the potential for high emissions,
including NOy, depending upon the type of engine used. Smaller
scale engines utilizing rich burn combustion and catalytic after treat-
ment can emit 0.027 g/kWh while larger lean burn systems may
emit 0.36 g/kWhr in the absence of SCR. Steam turbine emissions
depend directly on fuel choice with natural gas systems ranging sig-
nificantly. With CCHP, combustion devices in DG applications could
provide a GHG and AQ benefit via reduced emissions of both CO,
and NO,. Contrastingly, fuel cells with CCHP achieve significant
reductions in emissions from all combustion devices without the
need for post-conversion emission control strategies.

4. Low-carbon generation options

A diverse range of generation strategies exist that offer the
potential for meeting future electricity demands in tandem with
reduced emissions. Low-carbon generation technologies and fuels
include renewable energy resources such as wind, solar, geothermal,
ocean, hydropower, and biopower, nuclear energy, and fossil genera-
tion equipped with CCS. Methods to reduce electricity demand via
improvements in the efficiency of power generation, transmission,
distribution and end-use of electricity can result in less primary gen-
eration; lowering total fuel consumption and reducing emissions
while meeting demands. Moreover, many studies have demon-
strated that no one technology can provide the necessary reductions,
and that a portfolio of low-carbon strategies will be required to meet
climate goals [11,149,150]. The following section presents a brief
review of the literature regarding the emissions and potential AQ
impacts of additional low-carbon generation strategies including
renewable pathways, nuclear, and CCS. While additional options
exist, those selected for review herein are commonly considered for
GHG mitigation, are currently at or near technological maturity lev-
els portending significant potential expansion in capacity in the
short- to mid-term, and are supported by a depth of available litera-
ture regarding impacts.

4.1. Renewable electricity

Technologies comprising renewable pathways are diverse and
wide ranges are reported for different indicators including cost, per-
formance, and environmental impact [151]. In general, renewable
technologies have higher associated costs and lower power densities
than current fossil fuels and many, including wind and solar, are
inherently variable (diurnally, seasonally) requiring the co-deploy-
ment of complementary technologies to achieve acceptable sys-
tems-level dynamics (balancing of generation with fluctuations in
load demand) [150,152,153]. Many locations with high resource
potential are not adjacent to population centers, necessitating
upgrade of existing and/or construction of new transmission infra-
structure [154,155]. Due to these and other challenges, dramatically
increasing the capacity of renewable power could require changes to
current U.S. electrical grids to appropriately manage the intermit-
tency, spatial distribution, and scalability of resources [16,54,156], e.
g., requiring increased installed capacities, transmission infrastruc-
ture, and energy storage [11].

Hydropower is a mature technology that is associated with low
emissions of GHG and criteria pollutants in operation [41]. Emissions
from hydropower plant construction and lifetime are known to be
much lower than those from fossil fuel power plants, although habi-
tat impacts and direct GHG emissions from the degradation of bio-
genic carbon and reduced CO, uptake in hydropower reservoirs is
important to consider [43]. For example, methane emissions from
water storage reservoirs serving hydroelectric generators may result
in a higher carbon footprint for hydropower than previously thought
[157]. When reservoir emissions are included the global average
emissions from hydropower are estimated to be 85 gCO,/kWh and
3 gCH4/kWh with a multiplicative uncertainty factor of 2 [158].
Constructing additional large-scale domestic hydropower plants is
limited by high costs, siting limitations, habitat and other environ-
mental impacts [159,160]. Therefore, typically small hydropower
plants, often utilizing run-of-the-river approaches, are considered
for renewable resource expansion in the U.S. with no harmful AQ
impacts likely from such projects [161].

Power generation from solar energy commonly includes both
photovoltaic (PV) and various forms of concentrated solar power
(CSP). Estimates of the GHG intensity of solar PV electricity are
reported in the range of 19-95g CO,eq/kWh for various thin film
PVs (e.g., CdTe, a-Si, CIS) and 20-104 g CO,eq/kWh for crystalline
technologies (e.g., m-Si), although prospective advances in
manufacturing could reduce emissions [43,50,162—172]. A critical
review of the literature reported a range of 1-218 g CO,eq/kWh
with a mean value of 49.91 g CO,eq/kWh [173]. Emissions vary with
respect to characteristics of individual technologies (e.g., achieved
efficiencies, required manufacturing processes) and regional deploy-
ment (e.g., insolation, meteorology) which impact total emissions
and power output. Though life cycle emissions for PV are among the
highest for renewable technologies the bulk of reported values are
considerably lower than any coal or natural gas technology. Though
less information is available for CSP, studies have reported a range of
12-284 g CO,e/kWh for various technologies with values in the
upper range representing facilities incorporating natural gas-fired
complimentary generation [174—179]. Highlighting the impact of
any gas generation to total emissions, studies reported a range of
30-149 g CO,e/kWh for parabolic trough technology when 3-25%
natural gas back up was considered and 26—-28 g CO,e/kWh for solar
only processes [178,180]. Life cycle emissions for a 50 MW trough
plant with 7.5 hours of TES were reported at 33 g CO,e/kWh [177],
which is similar to the reference plant design in [178]. Life cycle
GHG emissions for CSP technologies are impacted by plant design,
including utilized cooling technologies, fuel and operating character-
istics of any backup generation, and heat transfer medium [178].
Despite having life cycle emissions in the higher range for
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renewables, particularly if gas-fired backup is utilized, CSP emissions
are roughly 3 to 7% of gas- and coal-fired generation [55].
Deployment of solar PV and CSP is not expected to have any neg-
ative AQ impacts directly. Solar power technologies lack point-of-
use pollutant emissions and life cycle pollutant emissions are largely
determined by manufacturing, transport and installation processes,
including the technologies used to meet energy demands of these
parts of the life cycle [56]. Rates of SO, emissions for PV installations
in the U.S. have been reported to vary from 158 to 540 mg/kWh
across different technologies [56]. A review of PV production data
from 2004 to 2006 from four major commercial PV types (multicrys-
talline silicon, monocrystalline silicon, ribbon silicon, and thin-film
cadmium telluride) reported a range of SO, emissions from 0.158 to
0.378 g/kWh [167]. Life cycle emissions of NOy for PV technologies
are reflected by the grid mix of utilized energy in material produc-
tion and have been estimated to total between 0.040 to 0.26 g/kWh
[56,167]. A review of 5 life cycle assessments (LCA) for PM emissions
associated with PV electricity generation in the U.S. found only one
that was greater than 100 mg/kWh, reported to be 0.610 g/kWh [56].
Estimates in the upper range represented an area with low insola-
tion rates and a greater reliance on coal for electricity generation,
and regions with more favorable solar resources or cleaner electrical
grids have lower emissions. It is estimated that a minimum of
89-98% of air emissions (GHGs, criteria pollutants, heavy metals,
and radioactive species) associated with electricity generation could
be avoided if electricity generated from PV replaces average grid
electricity [167]. Localized impacts are possible if PV manufacturing
facilities are located in urban air sheds and emissions from industry
related activities should be considered. However, the majority of
current global production occurs outside of the U.S. [181]. Life cycle
emissions are reduced when PV is manufactured close to the point
of deployment, with estimates in the literature suggesting that emis-
sions from transport of PV panels to site locations represents a sig-
nificant contribution [182,183]. While it is possible that natural gas
back-up generation integrated into some CSP plants could produce
direct emissions, the spatial and temporal operation of such facilities
reduce the potential for worsening of urban AQ. Areas with high CSP
potential are often in remote locations and many current and pro-
posed CSP facilities are located far from population centers.
Conversion of wind energy into electricity through devices
including wind turbines is well recognized as an environmentally
beneficial source of power [184]. Wind power has the technical
potential to contribute large amounts of electricity to the future U.S.
grid [10,16,185] and could off-set substantial amounts of CO, emis-
sions [150]. On the other hand, wind power is one of the most unpre-
dictable, uncontrollable, intermittent and highly dynamic of
renewable resources [186]. Thus, wind power requires complemen-
tary storage and dispatchable technologies to handle large amounts
of wind penetration. Wind generated electricity entails very low
GHG emissions with estimates for wind turbines ranging from 3—40
and 3-22 CO,e/kWh for onshore [41,50,187-194| and off-shore
[170,187,189,194-197] respectively, although turbine technology
improvements could further reduce net emissions. Life cycle emis-
sions are site specific and dependent on many factors including tur-
bine size, wind conditions, and turbine lifetime. Relative to an
average value for fossil energy generation, total avoided GHG emis-
sions have been estimated at 35,265 and 122,961 tons for a 850 kW
and 3.0 MW turbine over a 20-year service life, respectively [188].
Pollutant emissions associated with life cycle stages of wind power
are also amongst the lowest of assessed technologies, estimated to
total less than 100 mg/kWh for SO,, NOy, and PM [56]. No large-scale
emissions of HAPs or other compounds of concern have been
reported for wind turbine manufacturing or installment. Studies of
high levels of wind power deployment have also reported important
reductions in total NOy and SO, [39] and wind farms have been esti-
mated to reduce SO,, NO, and PM, s from natural gas power plants

[198]. It has been estimated that wind power has the ability to pro-
vide significant human health benefits from reductions in ambient
PM, 5 levels [198]. The ability to provide utility-scale power with
very low emissions yields significant GHG and AQ mitigation poten-
tial and justification of wind-related government subsidies often site
the societal benefits of reducing air pollution [199].

Conventional geothermal is a commercially proven technology
that can be used for power generation, heat pumps, or other direct
uses. Three major conventional geothermal technologies utilized to
provide power include dry/direct steam plants, flash steam plants,
and binary-cycle plants. Additionally, enhanced geothermal systems
(EGS), involving the use of advanced drilling and fluid injection
methods to add water and permeability in locations where heat is
available, could increase potential resource availability. Life cycle
emissions for all geothermal generation forms are reduced from coal
and gas [200]. Estimates range from 5-57 g CO,e/kWh for various
plant designs [50,193,201,202]. Some hydrothermal reservoirs con-
tain trace amounts of dissolved GHGs which are released to the
atmosphere from direct and flash steam geothermal plants [203].
Though emissions of lithospheric CO, can be significant; emissions
vary widely with respect to particular geothermal fields and average
emissions are still much lower than any fossil energy source (see
Table 12). Binary-cycle plants utilize a closed loop cycle and lack air
emissions. An estimate of CO, emissions from geothermal power,
including all stages from plant construction to decommissioning,
reported emissions of 5.6 g CO,/kWh, however the value did not
include emissions associated with operation, which have been esti-
mated to be about 30 g CO,/kWh [193]. Fugitive CO, emissions are
also a concern; however a study of emissions from hot dry-rock geo-
thermal electricity calculated a CO, emissions factor of 37.8 g CO,/
kWh including fugitive emissions [170]. Direct pollutant emissions
from geothermal generation, including NOy and SO, are low com-
pared to fossil generation and expansion of geothermal power is not
expected to be associated with any AQ concerns [200]. Indeed, geo-
thermal power has been shown to provide significant reductions in
air emissions relative to coal and natural gas [204]. Previous AQ con-
cerns caused by hydrogen sulfide emissions associated with geother-
mal generation have been successfully mitigated by commercially
available control technologies. It is expected that geothermal tech-
nology will move away from hydrothermal towards larger EGS
developments which have reduced environmental risks. Geothermal
power derived from closed loop binary-cycle plants produce no air
emissions of criteria pollutants and can be considered a direct emis-
sions free source of electricity.

Generation pathways with fuels derived from biomass sources
(i.e., organic material produced by a biological process) are an attrac-
tive renewable option due in part to the flexibility of energy provi-
sion, which includes many different feedstocks with opportunities
and availabilities across a broad range of geographic areas [205]. Pro-
spective resources include wood and woody wastes, trees, plants,
grasses, aquatic plants and algae, agricultural residues, industrial
wastes, sewage sludge, animal wastes, organic waste materials and
municipal solid wastes (MSW) [206]. A key distinction differentiates
dedicated energy crops (DEC) grown intentionally for use as an

Table 12
Life cycle emissions from geothermal power plants. Adapted from Reference [200].

Plant Type CO; [g/kWh] SO, [g/kWh] NOy [g/kWh] PM [g/kWh]

Geothermal 27.2 0.1588 0 0
(Flash-steam)

Geothermal 40.3 0.000098 0.000458 negligible
(The Geysers)

Geothermal 0 0 0 negligible

(binary-cycle)
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energy resource from those available in waste or residue streams.
Biomass-derived gasses (biogas) with energy potential can be pro-
duced via intentional or unintentional aerobic or anaerobic digestion
or fermentation of biodegradable organic matter including manure,
sewage sludge, and MSW [207]. Major sources of available waste
streams suitable for digestion include wastewater treatment plants
(WWTP), agricultural activities, and industrial wastes. Biogases
range in composition, but generally are 50—80% methane, with CO,
largely providing the balance, and have significant energy value
[208]. Additionally, small amounts of nitrogen, oxygen, hydrogen
sulfide and a variety of organic and element-organic compounds are
present which can lead to emissions of criteria pollutants and HAP
depending on chosen conversion device [209].

Fundamental generation strategies include direct combustion,
co-firing, gasification, and pyrolysis. Current biopower systems most
often include direct combustion of resources, e.g., solid biomass
combustion for heat to produce high-pressure steam which is
expanded through a generation turbine [210]. Feedstocks can be co-
fired with fossil fuels in traditional power plants, displacing some
fraction of the original fossil generation, e.g., solid biomass co-firing
with coal, biogas co-firing with natural gas [211]. Gasification has
been proposed as a method for effectively converting biomass into a
useful fuel for power generation, CCHP applications, hydrogen pro-
duction, and liquid fuel production [212]. Gasification differs from
combustion in that solid fuels are partially oxidized in an oxygen
starved environment at high temperatures to produce carbon char,
and a flexible fuel gas composed of hydrogen, CO, CO,, and methane
[213]. Differing from gasification, pyrolysis is conducted around
500°C without any oxygen and can produce solid (char), liquid (tar),
and gas products [213]. Gasification pathways can improve genera-
tion by employing gas-Brayton cycles in higher efficiency turbine
engines, e.g., applications of biomass integrated gasification (BIGCC)
in gas-turbine plants, but are currently limited by cost and require
further development and demonstration at commercial scale [214].
Similarly, biogas fuels are often utilized directly as a fuel for combus-
tion with common technologies including reciprocating engines and
turbines. Additional conversion devices for biogas are the same as
those for natural gas, and include direct chemical conversion via fuel
cells [207]. Common conversion devices (e.g., reciprocating engines)
are commercially available at the distributed and utility-scale, but
generally entail lower efficiencies and higher pollutant emissions
[215]. Gaseous fuels can also be upgraded and injected into existing
natural gas pipelines to provide a source of renewable methane
which can be utilized flexibly in numerous applications [216,217].

Life cycle GHG assessments conducted for biopower using
biomass waste residues, DECs reported reductions in GWP from
coal and NGCC plants, including the potential for net negative
emissions [218]. Co-firing with coal reduces CO, emissions rela-
tive to firing with coal alone, but not compared to NGCC, and
could be an effective near term GHG mitigation strategy
[219,220], particularly if advanced coal technologies are utilized
[221]. Impacts for DEC are difficult to interpret as required
changes in land- and water resource-use affect a variety of com-
plex sequences including food resources, hydrologic cycles, bio-
diversity, emissions from upstream processes, and others,
leading to dramatic variation in GHG estimates even for the
same DEC [222]. Biomass residue is preferable to DEC in terms of
net energy ratio and GHG emissions across feedstock and conver-
sion technology pathways [218,223]. Feedstocks derived from
waste/residue streams can achieve substantial GHG reductions
via offset of traditional waste management practices that can
result in emissions of gasses with higher GWP than CO, includ-
ing methane and N,0, e.g., avoidance of methane via decomposi-
tion and/or treatment of feedstocks. Very low GHG emissions for
woody biomass relative to fossil generation have been reported
using a dynamic LCA approach, however biomass pathway

emissions were higher than other renewable sources [170]. Still,
pathways with appropriately selected DECs grown on specific
land categories have the potential to sequester carbon [224,225].
The use of some DECs, including food crops, limit GHG benefits
and greater reductions are attained from waste products or low-
input, high diversity perennial plants grown on degraded or mar-
ginal lands [226,227]. In light of these and other environmental
concerns associated with DECs (land-use, water resources, soil,
aquatic toxicity, competition with food, etc.), it has been pro-
posed that only certain feedstocks be considered for renewable
biopower including perennial plants grown on degraded lands
abandoned from agricultural use, crop residues, sustainably har-
vested wood and forest residues, double crops/mixed cropping
systems, and municipal and industrial wastes [228].

Biogas generation pathways (e.g., the treatment of animal
manure using anaerobic digestion, collection and utilization of land-
fill gas) can dramatically reduce GHG via offset of the direct release
of methane and other emissions and demand for grid electricity and
process heat, displacing emissions from conventional energy path-
ways. The environmental impact from biogas systems is beneficial
on a life cycle basis, with indirect environmental benefits (e.g.,
reduced emissions of ammonia (NH3) and methane) sometimes in
excess of direct benefits (e.g., reduced emissions of CO, and pollu-
tants from biogas conversion) [229]. For example, traditional
manure disposal methods (e.g., lagoons, outdoor storage) generate
and emit methane and N,O during the decomposition process. Simi-
larly, landfill gas is comprised of 50—80% methane and the utiliza-
tion via the installation of conversion technologies, largely as a
result of regulations addressing recovery for flaring or energy use,
has resulted in significant GHG emission reductions in the U.S. [230].
Emissions from biogas energy pathways vary significantly depend-
ing on properties of digested raw material, efficiency and character-
istics of gas production, deployed end-use technology, efficiency of
generation (electricity and thermal), and others, including the utili-
zation of by-product heat [231]. The fuel-cycle emissions from bio-
gas systems can vary by a factor of 3—4, and even by up to 11, for
different systems providing equivalent energy [232]. A major deter-
minant of GHG emissions from biogas systems are any emissions of
methane due to leakage or venting, which if present, can add sub-
stantial warming potential [232]. Emphasizing the carbon mitigation
potential of biogas fuels, Fig. 6 shows carbon intensities of CNG pro-
duced from biogas pathways relative to domestic fossil resources
including high solids anaerobic digestion, animal waste, WWTP,
and landfill production methods. The ability to offset the release of
methane allows all biogas pathways to achieve net negative carbon

Well-to-Pump Carbon Intensities
I High Solids AD to CNG
I A nimal Waste to CNG
I VW TP to CNG
I -ndifill Gas to CNG
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Fig. 6. Well-to-pump carbon intensities for compressed natural gas derived from var-
ious biogas feedstocks and conventional natural gas. CA reformulated gasoline also
shown for comparison. Values calculated using the CA-GREET 2.0 Tier 2 model [233].
WWTP =waste water treatment plant, NA=North American, AD =anaerobic
digestion.
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Table 13
Life cycle GHG emissions for biopower pathways.
Biopower Pathway LCA GHG Emissions  References
[g CO.eq/kWh]
Total -1368-360 [41,170,234-251]
Woody Crops 4-360 [170,237,238,245,247—-250]
Waste Stream —633-320 [170,236-239,241-251]
Direct Combustion 22-120 [235-240]
Engine 14-110 [41,234]
Deployment with CCS ~ —594—(—1368) [251,252]

intensities, although it should be noted that values do not include
emissions from the point-of-conversion.

Table 13 provides a summary of life cycle GHG emissions
reported for a range of biopower pathways. The potential for offset
from waste stream resources results in the possibility of very low to
even net-negative emissions depending on the resource and conver-
sion pathway. The results also highlight the significant variation pos-
sible with DEC, potentially resulting in emissions at levels
comparable to advanced natural gas generation and with other envi-
ronmental concerns. Therefore, DEC biopower pathways must be
developed carefully to achieve GHG and AQ benefits.

Biopower is distinct from other renewable resources in that some
pathways (e.g., combustion and gasification) have direct pollutant
emissions including PM, CO, VOC, NO,, SOy, acid gasses, and heavy
metals comparable to or in excess of natural gas generation. Pollut-
ant emissions generated per unit energy are relate directly to the
specific pathway and vary with respect to consumed feedstock,
utilized conversion technology, the use of co-deployed pollutant
controls, and others. Variation in resource types, characteristics (e.g.,
energy, ash, and moisture content), utilized conversion technologies,
and end-uses yield a range of generated emissions. Direct pollutant
emissions from conventional solid biomass combustion are gener-
ally favorable to coal, but often higher than natural gas.
[218,253-255]. Biopower pathways with fluidized bed or gasifica-
tion emit NOy similar to NGCC plants, however emissions are higher
if SCR is used in NGCC [218,219,256]. In addition to direct facility
emissions, upstream emissions occur as a result of activities required
to produce, process, and transport feedstock to facility locations
[257]. When emissions are considered over a life cycle, species-level
increases and decreases are observed relative to conventional fossil
generation [218,258,259]. However, in contrast to GHGs, the
regional nature of AQ dictates spatial and temporal emission pat-
terns as the determinants of impacts and biopower systems require
evaluation on a site-specific basis, rather than solely a life cycle
approach. Introducing a biopower facility results in the introduction
of an emissions source into a region which could have detrimental
impacts on regional- and local-scale PM and ozone concentrations,
as well as levels of HAP. For assessment of regional AQ impacts it is
also necessary to develop an understanding spatially and temporally
for emissions both directly from source contributors (e.g., exhaust of
conversion devices, machinery used to collect/transport feedstock)
and from those avoided (e.g., decomposition, flaring) in entirety.
Therefore, biopower systems can have multi-faceted impacts on
emissions and AQ when compared to reference fossil systems.

With similarity to natural gas, advanced conversion devices can
support biomass and biogas fuel pathways. The most common tech-
nology for power generation of biogas resources currently is a recip-
rocating engine, largely due to lowest costs. However, the high
emissions associated with such devices can cause difficulties meet-
ing permitting requirements [260]. In particular, the use of fuel cells
to directly convert chemical energy from biogas resources into
power, heat, and fuels represents an opportunity to reduce emis-
sions [261]. Suitable gaseous fuels include biogases and syngas

produced from gasification of solid biomass. In addition to low emis-
sions, benefits of using biogas in high temperature fuel cells include
high electrical efficiencies, water neutrality, and the generation of
multiple useful products via tri-generation systems (e.g., waste heat,
industrial steam, hydrogen) [262]. Fuel cells have been demon-
strated with landfill gas [263,264], anaerobic digester gas from
municipal WWTPs [265] and agricultural wastes [262]. However,
the use of biogas in high temperature fuel cells requires additional
considerations with a notable example being the clean-up of fuel
contaminants which can degrade key components of fuel cells
including the stack and fuel reformer, even at trace levels [266].
The cost of clean-up can represent a significant portion of overall
cost from such systems [267]. Advances in the materials science of
adsorption systems are needed to develop cost-effective purifica-
tion of biogas including reducing reactor volumes within systems
[266]. Other advanced conversion technologies suitable for biogas
applications that offer potentially improved environmental perfor-
mance include Stirling engines, organic Rankine cycle, and micro
gas turbines [231].

4.2. Nuclear power

Nuclear power is the largest current source of domestic low-car-
bon power by a wide margin [29]. Electricity generated via nuclear
processes is a proven, readily available generation strategy which
requires no further technological advances prior to large-scale
deployment and has reasonable economic competitiveness relative
to fossil fuels and the other mitigation options considered [268,269].
However, considerable barriers exist to expansion of nuclear capac-
ity including initial investment costs, lack of waste disposal pro-
grams, weapons proliferation concerns, and, perhaps most
prominently, societal concerns regarding the safety of nuclear
energy leading to social opposition to existing and planned nuclear
plant operation [270,271]. Advanced nuclear technologies offer the
potential for improved safety and security, and reduced cost and
waste generation. Third- and fourth- generation reactor designs
could alleviate challenges associated with nuclear power including
generating little to no long-lived waste, lower life cycle GHG emis-
sions, lower capital costs for plant construction, and no production
of weapons grade material [55]. A complete description of different
advanced nuclear fuel cycles is outside the scope of this work and a
detailed overview can be found in References [55,272].

Nuclear generation produces electricity with very low life cycle
GHG emissions relative to coal power plants [55]. Estimates vary
with respect to specific plant types and fuel cycles but are consis-
tently reported as comparable to some renewable technologies, and
1 to 2 orders of magnitude lower than fossil technologies (see
Table 14) [273]. A comprehensive review reported a central value
for the carbon intensity of nuclear energy of 10 g CO,eq/kWh with
an uncertainty range of 5 to 17g CO,eq/kWh [274]. An assess-
ment of 103 life cycle studies reported a mean value of 66¢g
CO,eq/kWh with the bulk of GHG emissions occurring upstream
of the operational stage [166,275]. Additional studies have
shown a range of carbon intensities with values as low as 1.4

Table 14
Reported life cycle GHG emissions for various nuclear power technologies and
reductions from average coal and gas technologies.

Plant Type LCA Emissions [g CO,e/kWh] References
Boiling Water Reactor 3.7-11 [41,50,284]
Pressurized Water Reactor 3.9-220 [41,276,278,280]
Fast Breeder Reactor 0.8-0.9 [276]

Fusion 23-44 [285]

Light Water Reactor 3.5-55 [41,279,286]
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and as high as 288 g CO,eq/kWh [41,43,44,50,166,273,275—282].
A subset of reported values and the reduction from both average
coal and gas generation is provided in Table 14. Variation gener-
ally results from different enrichment methods and fuel cycles
(e.g., once-through vs. recycled) and the carbon intensity of elec-
tricity used during various life cycle stages. Differences can be
attributed to assumptions regarding the carbon intensity of the
regional power grid, deployed enrichment path (e.g., centrifuga-
tion vs. diffusion), and chosen LCA methodology [279]. In
response to uncertainty in reported emissions, Nian et al., (2014)
proposed a value of 22.8 g CO,eq/kWh using a new LCA method-
ology, roughly 2.5% from the median of globally reported LCA
results [283]. It should be noted that even when considering the
higher range of reported values nuclear power offers consider-
ably lower GHG emissions than any other fossil option, including
advanced coal and natural gas technologies.

Nuclear generation is devoid of direct pollutant emissions —
though emissions occur from up- and down-stream life cycle stages
including construction, fuel enrichment and transportation, and
others. However, the magnitude of indirect emissions is comparable
to those from renewables and the avoidance of direct emissions
could significantly improve AQ, particularly in the displacement of
current or new coal-fired capacity [34]. Reported life cycle pollutant
emissions for a nuclear power plant are significantly lower than coal
and natural gas [287]. Using the estimates for coal power from [54],
nuclear power offers reductions of 95 to > 99% in SO,, and 80% to
>99% in NO, for conventional and advanced coal generation. In addi-
tion, nuclear power can achieve emission benefits relative to gas-
fired plants, e.g., reductions in NOy of 86% to 96% [54]. Similarly,
reported PM, s emissions for nuclear plants are approximate to a
reduction of 54 to 68% from natural gas and over four orders of mag-
nitude less than coal [54].

Reductions in precursor emissions from coal and natural gas gen-
eration support the conclusion that increasing capacities of nuclear
power would contribute to reductions in ground-level concentra-
tions of primary and secondary pollutants. With similarity to GHG
impacts, contributions to regional AQ improvements would be maxi-
mized by the displacement of coal generation. However, even the
offset of natural gas generation could offer GHG and AQ co-benefits
due to the low embodied emissions associated with nuclear energy.
A factor that should be considered is the spatial discrepancy in life
cycle emission profiles for nuclear relative to fossil which could have
implications for AQ impacts, e.g., in regions supporting uranium
mining or enrichment. Though a lack of robust modeling studies pre-
vents an accurate quantification of impacts on ozone and PM, s,
replacing coal and gas in many regions of the U.S. would likely be
beneficial to both. The importance of GHG and AQ improvements
achieved through nuclear power have been demonstrated via
human health impact assessments [288]. Using historical produc-
tion and global projection data; it is estimated that replacing fos-
sil fuel combustion with nuclear power has prevented an average
of 1.84 million air pollution-related deaths and could prevent up
to 7.04 million deaths by 2050 [289]. In addition, achieved GHG
emission savings are estimated to be 64 gigatonnes (Gt) CO,-eq
with reductions potentially rising to 240 Gt CO,-eq by 2050.
Notably, a transition to natural gas may not mitigate climate
concerns and could result in more air pollution-related human
mortality events compared to nuclear power [289].

4.3. Carbon capture and storage (CCS)

CCS involves the separation, removal, transport, and storage of
CO, from energy-related processes in appropriate sinks including
deep saline formations, depleted oil and gas reservoirs, un-minable
coal beds, shale basins, and others. Potential opportunities for CCS
deployment include large fossil fuel energy facilities (e.g., coal- or

gas-fired power plants), biomass energy facilities, major industrial
sources (e.g., cement production facilities), synthetic fuel plants, and
fossil-based hydrogen production facilities. A full review of the tech-
nologies, processes, and challenges associated with CCS is outside
the scope of this work and can be found in [40,290,291]. Interest in
CCS strategies often stems from the fact that large-scale deployment
could facilitate GHG mitigation in tandem with the continued use of
coal as it is cost-effective with large, proven domestic reserves
[290,292]. Given the projected growth of fossil generation to meet
increasing regional power demands [29], CCS has been acknowl-
edged as an important technology in decarbonizing the U.S. power
system [290]. Indeed deep GHG reductions may only be achieved if
existing coal and gas plants are retrofitted with CCS technologies or
retired [10].

Current CCS technology has the ability to capture approximately
80-90% of CO, produced during generation with the IPCC reporting
85% reductions in CO, per kWh for new PC or NGCC plants [293].
This value assumes secure storage with no leakage compared to a
plant without CCS [149]. CCS processes are energy intensive necessi-
tating additional fuel consumption for equivalent electrical output
relative to a facility not equipped with CCS. This results in additional
emissions of CO, and pollutants (essentially the energy used repre-
sents a loss in net efficiency of the plant) — although additional CO,
is also captured with 90% efficiency [294]. Decreased efficiencies
vary across technologies including NGCC (—11-22%), pulverized
coal (—24-40%), and IGCC (—14-25%) plants [295]. Advanced tech-
nologies can reduce efficiency penalties and provide the potential
for synergies. IGCC integration with CCS is technically attractive as
CO; can be captured prior to combustion, with the concentration of
the CO, in the syngas produced during gasification ranging from 30%
to 32% allowing for more efficient collection [296]. Therefore, the
net impacts of CCS must account for the efficiency penalty, capture
efficiency, and additional life cycle emissions including leakage dur-
ing storage. Studies have indicated that fugitive emissions and un-
captured indirect emissions could be substantial — about 10% of
combustion emissions [149]. Using this value and assuming 30%
more fuel is required, 90% capture of emissions is then equivalent to
a net CO, emissions reduction of 76% from a given source. Also, fuel
cell technologies that use hydrogen from fossil fuels that used CCS
and integrated gasification fuel cell (IGFC) cycles have shown very
high fuel-to-electricity conversion efficiency and low to zero effi-
ciency penalty compared to systems without CCS [135].

A summary table of CO, emission impacts reported in the litera-
ture is provided in Table 15. The effectiveness of CCS varies with
regard to specific plant configurations and fuels. For a 90% CO, cap-
ture efficiency GHG emissions are reduced by 75-84%, with IGCC
technology favorable to NGCC [46]. However, despite reduced CCS
performance, NGCC plants continue to have lower life cycle GHG
emissions compared to traditional coal-fired technologies due the
reduced carbon content of natural gas and higher net plant efficien-
cies [297]. Studies examining PC plants with CCS have demonstrated
71% decreases in GWP and up to a 79% GHG emissions reduction for
PC utilizing lignite coal [252,297,298]. A review of PC coal-fired
plants with post-combustion capture reported life cycle emissions
from 79 to 275 gC0O,eq/KWh, relative to a range of 690 to 1100
gC0,eq/kWh without CCS [299]. For IGCC plants with pre-combus-
tion CCS, reported emissions ranged from 110 to 181 g CO,eq/kWh
versus 666 to 870 g CO,eq/KWh for plants lacking capture. Oxyfuel
power plants with CCS are reported to have life cycle emissions
between 25 and 176 g CO,eq/kWh. NGCC installing post-combustion
capture are reported to have emissions ranging from 75 to 245¢g
CO,eq/KWh with a reduction from non-capture plants of 51 to
80% [46,252]. The estimates at the lower range result from assump-
tions regarding emissions occurring during upstream fuel extraction,
production, and transport (e.g., methane leakage) which could
potentially lessen the benefits of natural gas CCS application. This
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Table 15

Emission impact of CCS from coal and natural gas power plants. PC: Pulverized Coal, SCPC: Supercritical Pulverized Coal.
Technology CO, CO, NOy SO, P.M. References

[Per kWhr] [Life Cycle]

PC -82to—-84%  —75to—89% +13t0+79%  —96 to +20% —29to —-35%  [46,299-301]
SCPC -72t0 -87% — +25 to +44% —61to-95% —35to—-49%  [46,301,302]
IGCC —-81to—-88% —79to-83% —16to+20%  +10to+19% —0to —41% [46,299,301,302]
NGCC -59t0-83% —51to-80% —50to+17%  +0to+100% —42 to +25% [46,299-303]

could be particularly relevant if, as discussed previously, non-con-
ventional gas sources continue to meet a growing portion of domes-
tic gas reserves. High estimates for coal-fired power are similar to
advanced NGCC without capture, demonstrating the mitigation
potential of CCS if coal continues to meet an important fraction of
the domestic energy mix.

Shown in Table 15, equipping different plant technologies with
CCS can both increase and decrease levels of emitted pollutant spe-
cies by different mechanisms, and impacts must be considered by
specific technology, fuel, and pollutant species. With similarity to
GHG, additional pollutant emissions are generated from efficiency
penalties associated with energy required for CCS processes includ-
ing SO,, NOy, VOC, and PM - although such emissions are subjected
to installed control technologies. Thus, most emission rates of pollu-
tants (i.e., emissions per unit primary energy input) are expected
to remain equal or be reduced by other mechanisms. However,
increases in total pollutant emissions (i.e., emissions per electricity
output) could result from increased total energy input [304]. The
increase in total emissions for all pollutants could be assumed to be
approximately proportional to the efficiency penalty associated with
a given CCS technology. This could mean for example, that emissions
of NOx may not increase from an individual power plant but increase
from the power generation sector as a whole via reduced efficiencies
across the power plant fleet [300]. Note that fuel cell technologies
that include CCS are particularly attractive from both a GHG and AQ
emissions perspective, due in-part to the fundamental difference of
fuel cell technology which maintains a separate compartment and
flow for the fuel and oxidant, which makes CCS more efficient [305].

Thus, CCS deployment has the potential to worsen or improve
regional or local AQ while providing substantial GHG mitigation,
making it somewhat unique among considered strategies. The com-
plex impacts of various CCS technologies on pollutant emissions
make it challenging to assess definitively, as AQ impacts will be spe-
cific to technology type in regards to plant design and capture strat-
egy, and to the utilized fuel(s). A study of the Dutch power sector
reported that the introduction of CCS (post- and pre-combustion)
increased emission of NOy, PM, and NHs, but significantly reduced
SO, [291]. Similar results were demonstrated for deployment of
three major capture systems (post- and pre-combustion and oxyfuel
combustion) with impacts varying with respect to specific

Table 16

technology deployed (e.g., SO, reduced 27 to 41%, impacts on NOy
varying from —20 to +15%, and PM ranging from —59 to +26%) [304].
Increased emissions could be particularly important with regards to
the formation of ozone and PM, 5 as the largest reported increases
are for NO,, a precursor emission for both species. Contrastingly, SO,
emissions are expected to be significantly reduced as a result of CCS
utilization and could provide benefits to PM, 5 levels due to reduced
sulfate PM formation and others including acid rain. The technol-
ogy-driven nature of impacts gives value towards pursuing
advanced generation technologies such as IGCC, IGFC, or fuel cells if
CCS is deployed at a large-scale. It should also be considered that
related pathways for carbon management including CO, re-utiliza-
tion to embed CO, in a commercial products (e.g., synthetic fuels
and chemicals, concrete curing) are advancing and may play a role
in future GHG mitigation efforts [306,307]. Thus, tradeoffs and syn-
ergies exist with regards to GHG and AQ impacts across different
CCS applications, both with regards to technologies and fuels.

4.4. Regional AQ and GHG implications of low-carbon generation
options

It is important then, to measure the performance of current natu-
ral gas conversion technologies and infrastructure against current
alternatives and to measure future natural gas and infrastructure
use against future alternatives. The majority of renewable pathways
on a life cycle basis produce very low-carbon power relative to natu-
ral gas and provide additional environmental benefits e.g., emission
reductions for most renewable technologies exceed 80% even com-
pared to a state-of-the-art NGCC without CCS (Table 16). Thus, it is
also important to establish and support (e.g., policy, incentives) a
vision for the evolution of the natural gas system to one that ulti-
mately supports renewable electricity and a 100% renewable gas
delivery system. Undeniably, the optimal sustainability goal for
energy systems is to source all primary energy from renewable
resources and convert such energy with zero GHG, and zero pollut-
ant emissions, environmental disruption, water demand, or waste.
While reduced significantly from coal generation, even the best cur-
rent natural gas generation options produce emissions of CO, and
pollutants at levels that contribute to climate and regional AQ con-
cerns [34]. The carbon footprint of both conventional and advanced

Life cycle GHG emissions for renewable resources relative to state-of-the-art NGCC. *Assumed at 358 gCO2e [kWh

from Reference [308].

Renewable Technology =~ LCA Emissions (g CO,e/kWh)  Reduction From NGCC* References

Wind (offshore) 3-22 94-99% [44,170,187,189,194—197]
Wind (onshore) 3-40 89-99% [41,50,187-194]
Solar-PV Thin Film 19-95 73-95% [163,167-169,309]
Solar-PV Crystalline 20-104 71-94% [50,162,164,168,170—-172]
Solar-CSP 12-241 33-97% [174-179]

Geothermal 5-57 84-99% [50,193,201,202]
Ocean-tidal and wave 2-56 84-99% [193,310,311]
Hydropower 1-39 89-99% [41,44,312-315]
Biopower —633-360 0-277% [41,170,234-251]
Biopower with CCS —1368 to —594 266-482% [251,252]
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fossil natural gas generation is greater than many other low-carbon
strategies including nuclear power and most renewable resources.
Therefore, long-term sustainability requires that the natural gas sys-
tem evolve to support and complement other zero GHG and zero AQ
emissions technologies.

In addition, the majority of the so-called “advanced” natural gas
technologies presented herein (e.g., fuel cell systems) have no or
very low point-of-use pollutant emissions and can potentially offer
regional AQ benefits as they become part of the natural gas system
evolution. Fig. 7 shows the relative potential for GHG mitigation and
regional AQ improvement for current and advanced natural gas gen-
eration methods operating on fossil natural gas, and the other low-
carbon generation strategies considered here. Intermittent renew-
able resources including wind and solar have high potential for GHG
and AQ co-benefits, particularly if advanced zero- and near-zero
complementary generation strategies are used. Similarly, nuclear
power generation, while it has the challenges discussed previously,
represents an option for GHG mitigation and AQ improvement that
is greater than advanced natural gas generation. Biopower strategies
offer the potential for the highest GHG benefits (i.e., potentially net-
zero or net-negative emissions) and very high AQ benefits due to the
ability to offset emissions from traditional management practices
and energy conversion methods. However, this requires careful
design of conversion pathways as the potential for direct emissions
and other impacts from biogas and biomass resource pathways can
result in detrimental AQ impacts. The deployment of CCS technolo-
gies may reduce GHG emissions from coal plants relative to natural
gas generation without CCS, but the commercial success of CCS
would likely facilitate the use with NGCC as well. The AQ impacts of
CCS are not necessarily beneficial with conventional technologies (e.
g., PC and NGCC plants) due to the potential for AQ emissions
increases associated with efficiency losses. The opportunity for natu-
ral gas generation to provide AQ benefits together with GHG reduc-
tions when using CCS is most significant for advanced generation
methods. For example, fuel cell systems can incorporate CCS with
much lower efficiency penalty compared to traditional generation
due to separated fuel and oxidant compartments. In addition, fuel
cells, advanced NGCC, and CCHP strategies are associated with
higher potential for AQ benefits than CCS of traditional technologies
and some biopower pathways. However, the challenge of attaining
deep GHG reductions while still using fossil gas supply limits the
mitigation potential of such devices. It is therefore reasonable to
select renewable resources or even nuclear power generation as a
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Fig. 7. Relative potential for GHG mitigation and AQ improvement for current and
advanced natural gas generation utilizing fossil natural gas resources and additional
low-carbon generation methods.

preferred GHG mitigation and AQ improvement strategy when
directly comparing emissions and other environmental impacts. The
role of the natural gas system then is to evolve to increasingly sup-
port the limitations of these zero emissions technologies.

Additionally, understanding implications for regional AQ is not as
straight forward due to the complexity associated with the forma-
tion and fate of atmospheric pollution. The dynamics of formation
are complex and predicting how technologically-driven pollutant
emissions translate to changes in ground-level concentrations is
challenging. Strategies to reduce GHG emissions will also affect
regional sources of pollutants and vice versa. Such shifts could be in
quantity (i.e., net reduction or increase) and/or chemical composi-
tion (i.e., different pollutant species) and/or dynamics (i.e., time
series of release). Ambient concentrations are determined by multi-
ple factors, including the quantity, location, and timing of direct
emissions from sources, and various atmospheric processes includ-
ing transport, dilution, deposition, and chemical reaction. Emission
impacts in the electricity sector directly depend upon the displaced
generation source which is complicated by variations in technolo-
gies, fuels, and demands that comprise regional power grids. Fur-
thermore, spatial and temporal shifts in emission patterns can
influence the formation and fate of secondary pollutants that carry
human health consequences, including ozone and PM, 5, with multi-
faceted atmospheric chemistry that ultimately determines the for-
mative species level impacts. Additionally, emissions themselves are
insufficient to create AQ problems, which require certain features of
regional geography and meteorology coupled with population expo-
sure. As a result, AQ conditions are dependent upon natural factors,
including topography, meteorology, biogenic emissions and climate;
in addition to the local emissions signature associated with anthro-
pogenic sources. Thus, predicting how technologically-driven pollut-
ant emissions impacts translates to changes in atmospheric
concentrations requires more than a simple emissions quantification
and comparison, even at the life cycle level, as this fails to capture
these important sources of impact.

Using ozone as an example, NO emitted as nitric oxide (NO) rap-
idly reacts in the atmosphere to produce nitrogen dioxide (NO;),
which further reacts with VOC in the presence of sunlight via a series
of photochemical reactions involving hydroxyl-, peroxy-, and alkoxy
radicals to form oxidants including ozone and peroxyacetyl nitrate
(PAN) [316]. Additionally, regions can be either NOx- or VOC-limited
(generally VOC-limited areas encompass urban centers with high
anthropogenic emissions and NOy-limited areas include rural loca-
tions) which directly impacts resulting variations in ground-level
ozone from the initial reductions or increases in emissions
[317,318]. Similarly multifaceted relationships exist between direct
emissions and atmospheric PM concentrations [319,320]. Thus, pre-
dicting how implementation of a generation strategy will impact
ozone or PM based off approximations of emission reductions or
increases is quite limited. In fact, a thorough assessment of such
impacts requires characterization of technological information to
develop detailed spatially and temporally resolved pollutant emis-
sion fields to serve as input for atmospheric models that can account
for chemical and physical atmospheric processes, e.g., mixing, trans-
port, and photochemistry [321].

While many studies have been conducted for the power sector
utilizing atmospheric modeling, e.g., for DG implementation
[123,322,323], coal power plants [34,69,70| and others [102,324],
additional assessments are needed to further understand AQ impacts
that result from changes in emissions. Therefore, a significant
research need exists for studies involving realistic scenarios of vari-
ous future power generation mixes across a range of possible socio-
economic and techno-economic drivers. Emissions should be
resolved spatially and temporally, and would be best if attained via
modeling that accounts for the dynamic dispatch of generators and
utility grid network constraints within a specified network, as well
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Fig. 8. Impact of grid integration of increasing penetrations of intermittent renewables into the California electrical grid. Reprinted from [327] with permission of Elsevier.

as dynamic emissions rates from all incorporated generators. Finally,
three dimensional AQ models should be utilized to quantify and
assess resulting changes in atmospheric pollutant concentrations
(including secondary pollutant formation and transport phenomena)
that result from the technological changes considered.

5. Support of renewable resources to achieve emission
reductions

Natural gas is unique amongst fossil fuels with regards to the
benefits of complementing renewable resource integration. These
benefits include (1) the dynamic ramping ability of modern natural
gas power generation methods, (2) low criteria pollutant and GHG
emissions relative to other fossil fuel generation methods, particu-
larly during dynamic operation, (3) technical ease with which
renewable fuel alternatives such as biogases can be substituted, and
(4) potential for transition to 100% renewable fuel (e.g., biogas,
renewable hydrogen) injection, storage, and delivery in the future.

5.1. Low- and zero-emission complementary generation

Increasing the capacity of renewable resources will require over-
coming challenges associated with electricity system incorporation.
The existing structure of the U.S. and regional electrical grids and
the nature of renewable resources (e.g., many with characteristic
intermittencies, uncontrollability, etc.) cause difficulties for manag-
ing load balancing and other key operational parameters that can
result in undesirable outcomes, e.g., enhanced power curtailment,
increased costs, and large required installed capacities [325]. This is
particularly true regarding the integration of high levels of wind and
solar generation in terms of systems-level operation [153,325].
Wind and solar resources are characteristically intermittent at mul-
tiple time scales (e.g., hourly, daily, seasonally) and complementary
strategies are needed to ensure satisfactory systems-level operation
— most notably balancing generation with demand. Grid operation
must accommodate all load demand conditions irrespective of the
availability of renewable power and, due to the rapidity at which
intermittent resources come online and/or dropout, additional
reserve capacity and ramping capabilities must be constantly avail-
able [326]. As a result, high penetration of renewable power dictates
rapid responses by controllable generators (mostly fossil fueled
today) and energy storage or other complementary technologies.
Regardless of the amount of each complementary technology
deployed it is likely that high penetration of wind and solar power
will lead to greater dynamic operation of existing fossil generators.

In California, natural gas power plants are most often used to
provide the complementary generation needed to balance renew-
ables and load including those with load-following or peaking capa-
bilities® [38]. In other regions of the U.S. such capabilities may be
required from generators with higher emission rates than natural
gas plants, including coal power plants. Natural gas load following
and peaker plants are often simple cycle steam or combustion gas
turbines with lower efficiencies and higher emissions than baseload
plants [66]. Natural gas baseload generation is often provided by
higher efficiency and lower emitting NGCC. Consequences of wind
and solar integration can include increased load following and peak-
ing generation accompanied by a decrease in generation from base-
load generators visible in the modeled generator-level impacts from
increasing integration of wind and solar resources in the California
grid presented in Fig. 8. Additionally, increasing levels of curtailed
generation are observed that could have economic and energy con-
sequences.

The system-wide impacts related to intermittencies of renewable
integration can have unwanted and unforeseen GHG and pollutant
emission impacts, in addition to the positive benefits of offsetting
direct emissions from fossil generators [328]. Emission rates of GHG
and pollutants per unit energy of electricity from natural gas power
plants increase during dynamic operation events including cycling,
ramping and start/stop conditions [329,330]. Ramping has deleteri-
ous impacts on plant efficiency (and thus emissions) by two mecha-
nisms — (1) heat rates are higher for ramping resources at full load
relative to units designed to be operated at fixed levels of output and
(2) the operation of gas plants at partial load results in a higher heat
rate relative to full load operation [331]. All of the described stages
of dynamic operation (i.e., start/stop, cycling, ramping) result in pol-
lutant and GHG emissions that otherwise would not have been gen-
erated. The large-scale electrification of energy systems could
potentially exacerbate the issues previously mentioned by increas-
ing the size and altering the shape of the load. Therefore, it is not
accurate to assume that increasing the levels of intermittent renew-
ables will have no detrimental AQ impacts as utility grid network
integration of these resources requires balancing power that
includes emissions from fossil generators that could potentially
reduce expected emissions benefits or even yield localized increases
in emissions from certain power plants [328,332-335].

5 Such plants are typically associated with marginal generation or the last plants to
come online in the loading order. Marginal generation is typically impacted by renew-
able resource integration.
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Future complementary generation can be provided by
advanced technologies and strategies in place of current fossil
complementary generation to improve efficiencies and avoid
undesirable emission impacts. Fig. 9 displays the emissions of NOy
per unit energy for traditional and advanced heat engines and fuel
cells operating on natural gas that represent potential technolo-
gies for load balancing intermittent renewables in place of natural
gas load following and peaking units in California. Emissions of
NO, from NGCC are much lower than both — particularly for new
state-of-the-art NGCC relative to existing load following and peak-
ing generation. Load following and peaking plants may also
require up to several hours to start or stop and therefore often
must be run (i.e., cycled) to be ready for any renewable generation
drop off. Contrastingly, if available renewable generation increases
then the available output from gas generators may be unutilized
even though they continue to operate. Therefore, increasing the
amount of total generation from load following and peaking plants
at the expense of baseload plants (as shown in Fig. 8) can result in
additional GHG and pollutant emissions [336]. In contrast, fuel
cell generation results in negligible emissions relative to other
devices including combustion turbines, microturbines, reciprocat-
ing engines and NGCC. Technologies utilizing combustion (i.e.,
reciprocating engines, combustion turbines, microturbines) can
also operate with lower emissions than load-following and peak-
ing generation but may require pollutant control technologies to
achieve minimum emission limits. For example, microturbines
must be integrated with CCHP to achieve reductions in GHG, and
must be integrated with SCR technology to achieve low criteria
pollutant emissions [35,125,126].

Fuel cells can deliver peaking or intermediate load-following
service, which can prevent the need for new transmission and dis-
tribution infrastructure and provide peaking capacity in emissions
and/or electricity infrastructure constrained areas. Fuel cells have
been evaluated for providing grid support in energy systems with
very high levels of intermittent resources [338] including a 100%
renewable energy system in support of climate mitigation [339].
Future fuel cell or fuel cell hybrid systems can provide load follow-
ing capabilities in tandem with low emissions with proper system
and control configurations [340]. Clusters of 10—100 MW scale fuel
cells installed at distribution substations have been proposed as a
method of supporting high penetrations of intermittent renewables
through the provision of baseload and load following services with
very low NOy and CO, [38]. Fuel cells can also be integrated in the
residential sector to support and complement solar PV deployment
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Fig. 9. Emissions of NOy from natural gas power generation devices to provide load
balancing services for intermittent renewable resource integration. Data for NGCC
from [36,40,337], data for fuel cell, combustion turbine, reciprocating engine, and
microturbine from [35], data for load following and peaker plants from [38].

[341]. Power conditioning inverters in fuel cell systems that are
needed to transform DC electricity into AC can be used for system
power factor correction and voltage support. The load-following
capabilities of fuel cells are particularly important in regions with
projected increases in intermittent wind and solar power genera-
tion that will necessitate increasing amounts of clean, efficient,
load-following power generation. This would maximize the GHG
reductions of renewable resources while limiting any negative
effects on regional AQ that the renewable intermittencies would
otherwise introduce.

Therefore, emissions must be considered at the systems-level
rather than simply comparing life cycle or direct emissions at the
point-of-generation. For example, while it is certain that renewables
must play a central role in a sustainable energy system, large-scale
integration in regional energy systems is not a simple matter. This is
particularly true for wind and solar power, which are likely to com-
prise the largest portion of future renewable capacity in most
regions around the world with potential unforeseen electrical grid
impacts including sites of emissions increases leading to AQ worsen-
ing. For example, emissions of NOy and VOC from conventional load
following and peaking generation could contribute to increases in
ground-level ozone concentrations in regions adjacent to power
plants. Similarly, direct and secondary emission impacts could drive
increases in ground level concentrations of PM. Thus, in the
absence of enhanced flexibility and intelligence of the grid and
the presence of low or zero-emitting and controllable comple-
mentary strategies, high levels of renewable integration could
yield some localized worsening in regional AQ. This must be con-
sidered in the context that overall AQ impacts of high renewable
power use will be largely beneficial as a result of net emission
reductions compared to fossil generation. Therefore, the worsen-
ing described herein is directly referencing localized areas
around impacted fossil generators that would be forced to oper-
ate in a highly dynamic fashion to complement renewable inter-
mittencies. This scenario could have particular importance in
many urban areas due to high population exposure and for
regions currently experiencing challenges meeting ambient air
quality standards. Similarly, the GHG impacts of renewables will
almost certainly result in net reductions in emissions — but the
total reduction could be increased and AQ benefits preserved if
emissions from complementary generation could be avoided or
minimized.

5.1.1. Other low- and zero-emission complementary generation

In terms of providing complementary generation, energy stor-
age technologies are a key strategy in support of renewable inte-
gration. Energy storage, which also represents a complementary
option for balancing intermittent resources, also can potentially
reduce GHG emissions from natural gas by 21-98% with life
cycle emissions ranging from 6-292 gCO,/kWh [312]. A wide
range of technologies are available or under consideration for
the support of renewable energy, with a comprehensive over-
view provided in [342]. It is well understood that energy storage
has the potential to support renewable energy and provide envi-
ronmental benefits [343]. Energy storage devices are more
responsive than conventional generators and costs are becoming
more competitive with other sources of generation [344]. Fur-
ther, they can provide emission benefits as many have very low
to no emissions during operation, e.g., batteries, flywheels.
Energy storage can then have GHG and AQ benefits by reducing
emissions associated with load balancing and spinning reserve
via replacement of required fossil fuel backup generators
[345,346]. Energy storage can also reduce emissions by time-
shifting loads away from peak demand, reducing generation
from peaking and load following plants in place of base-load
generation [347]|. The following pathways are recommended for
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providing dispatchable power to support renewables in [348],
and would likely provide very low to zero emission complemen-
tary generation with AQ and GHG benefits.

e Expand the use of high-capacity batteries including the develop-
ment and commercialization of advanced technologies such as
solid state and flow batteries, supercapacitors and super con-
ducting magnetic energy storage.

e Develop high-capacity compressed air storage resources includ-
ing underground caverns where geologically and technically fea-
sible.

e Expand the use of thermal energy storage mechanisms including
molten salts, solids, and other high heat capacity media, or via
phase change.

e Construct high-capacity pumped-hydro storage facilities where
feasible.

¢ Develop large-scale flywheels for direct storage and recovery of
kinetic energy.

However, large-scale deployment of energy storage faces bar-
riers including, among others, economics, regulatory and utility
structures, and siting of facilities [349—-351]. These barriers com-
plicate an understanding of when and how the very large capaci-
ties needed to match increasing levels of renewables will become
available. Therefore, while providing complementary generation
from advanced strategies, including energy storage, represents an
important and valuable long-term goal, natural gas generation is
currently the most feasible method of balancing fluctuating renew-
able power with load and may continue to be so in the near- to
mid-term.

Further, energy storage may not always be the environmentally
preferred option for providing reserves if not managed properly,
even if it is assumed to have no operational emissions [352]. For
example, if energy storage enables system operators to use lower
cost generation with higher emissions that would otherwise not be
possible due to reserve requirements [353]. Analyzation of adding
energy storage to a power system concluded emission impacts
were highly case-dependent [354]. In systems with high renewable
penetration levels and significant curtailment energy storage did
provide emission reductions. However, in other systems emission
impacts were reported to be positive, neutral, or negative. It should
be noted that the most appropriate comparison for the discussion
here is the high renewable integration scenario and the use of oth-
erwise curtailed power. In such a case energy storage is likely to
provide emission reduction benefits by making available renewable
electricity to meet demand otherwise satisfied by dispatchable
generation.

Additional options for low environmental impact complementary
generation includes Smart Grid technologies, demand response,
clean dispatchable power generation, and other strategies including
transportation sector integration through vehicle-to-grid services.
Smart Grid technologies offer benefits relative to the current grid;
including improving power quality and reliability, reducing costs,
improving efficiency and conservation, facilitation of increased
renewable resources, and advanced technology penetrations, and
enabling enhanced supply- and demand-side energy management
[355]. Implementation of Smart Grid technologies can have impor-
tant direct GHG and pollutant emissions benefits by improving sys-
tems-level efficiency, thus reducing levels of necessitated
generation [356—-358]. Vehicle-to-grid strategies also can provide
emission benefits, essentially functioning as a form of battery energy
storage [359]. As with other forms of energy storage, these strategies
will require further advancement, both techno-economically and in
social acceptance, but represent an optimal method of providing
complementary generation in place of fossil fuels.

5.2. Low carbon renewable fuel storage and transmission

An additional avenue of support for renewable resources in pur-
suit of GHG and AQ reductions includes the use of existing natural
gas infrastructure to transport, store, and distribute renewable gas-
eous fuels with two prominent examples including biogas and
hydrogen sourced from renewable resources. Within the U.S. a
robust and established infrastructure network exists to support the
natural gas industry, including greater than 300,000 miles of trans-
mission pipelines, gathering systems, storage sites, processing
plants, and distribution pipelines [25]. Gaseous fuels can be
upgraded and injected into existing natural gas infrastructure to pro-
vide a source of flexible fuel which can be utilized in various end-use
applications [216,217]. The use of renewable gaseous fuels as energy
resources is desirable due to potentially net-zero GHG intensities,
reduced pollutant emissions and additional energy and environmen-
tal benefits [360]. In addition to directly providing fuels for energy
services, use of low-carbon pipeline fuels can provide additional
emission reductions, e.g., avoidance of emissions associated with the
construction or expansion of transmission infrastructure for hydro-
gen or electricity. The use of renewable gaseous fuels can further
support and enhance other forms of renewable energy including
renewable power generation from intermittent resources. Relative
to renewable resources and electrification alone, the addition of
low-carbon gaseous fuels distributed via existing natural gas pipe-
lines is complementary in meeting future GHG mitigation goals by
[361]:

e Assisting in reducing emissions from sources that experience
greater challenges to electrifying (e.g., industrial process heat-
ing, heavy duty vehicles, aircraft).

Supporting intermittent renewable power integration by pro-
viding a form of energy storage amenable to large-scale energy
magnitude and long-duration storage to balance load and
demand.

Offsetting the need for new infrastructure (e.g., electric trans-
mission wires) construction by enabling continued use of exiting
gas pipelines.

Enabling widespread use of the renewable low-emissions fuel in
all sectors of the economy due to the pervasiveness of the natu-
ral gas grid.

Helping reduce technological risk and improve flexibility for
decision makers.

Therefore, the natural gas system inherently possesses features
that are, and will be, valuable to ultimate sustainability, perhaps
offering the only technically feasible option (and certainly one of the
most cost effective options) for achieving massive and long-term
storage of renewable electricity, and achieving 100% emissions-free
energy conversion in all sectors of the economy and especially the
challenging sectors (e.g., heavy duty transport and industry).

5.2.1. Renewable fuel injection in the grid

The potential for increased biogas resources is significant e.g.,
biogas generation could potentially be expanded to provide 3 to 5%
of the total domestic natural gas market [362]. Following clean-up
for compounds including siloxanes and hydrogen sulfide, biogas is
notably similar to fossil natural gas in chemical composition (i.e., a
renewable biological source of methane) enabling direct inter-
changeability in the natural gas system for sources of demand.
Upgraded biogas can readily be injected into the existing natural gas
system, facilitating the storage, transport, and distribution of a
renewable gaseous fuel. This further allows for biogas to be trans-
ported to numerous possible end-uses with potential for higher
value than that which is available only local to the biogas resource
sites [363]. For example, pipeline biogas could supply a portion of
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the resources utilized by a centralized NGCC with benefits of scale
including reduced emissions [260] and potentially lower cost rela-
tive to generation on-site at resource locations, although economics
and emission impacts of biogas utilization strategies are complex
and depend on many factors [360,362,364]. However, the expanded
use of biogas in the U.S. would benefit from nuanced policies and
programs supporting site-specific evaluations and actions, as
opposed to generic approaches [360].

Biogas is generally 55—65% methane with the remainder com-
posed of CO,, fractions of water vapor, traces of hydrogen sulfide
and hydrogen, and other contaminants including siloxanes. An
important step in facilitating long distance transport from an eco-
nomic and energy sensibility standpoint is increasing the energy
content [365]. Additionally, attaining pipeline quality gas for injec-
tion represents a techno-economic hurdle for biogas at present. Bio-
gas composition and quality differ across sources of origin (e.g.,
landfills, manure digesters, gasifiers, etc.) with implications for vari-
ous end-uses [366]. This requires site- and case-specific selection of
upgrading technologies dependent on factors including product
purity and impurities, methane recovery and loss, upgrading effi-
ciency, and investment and operating costs [367]. Regulatory and
technical standards associated with the acceptance of biogas into
pipelines differ by state and country. For example, California gas
contaminant standards for investor-owned utility gas are compara-
ble to other States and have been found to be reasonably achievable
using conventional gas clean-up technologies [368]. Contrastingly,
minimum energy content standards are higher than other locations,
and the majority of conventional and emerging biogas upgrading
technologies may not provide acceptable gas [368]. Additionally bio-
gas cleaning and upgrading costs can be high, resulting in the eco-
nomic unfeasibility of pipeline injection for low quantity biogas
producers operating small anaerobic digestion systems. To address
this issue, the following recommendations were put forth in a report
to the California Energy Commission as an example of potential
research and regulatory steps in support of biogas utilization and
gas grid injection [368]:

e Reduce the energy content requirements for pipeline biome-
thane from 990 to 960—-980 Btu/scf on a HHV basis.

e Collect data on concentrations of contaminants of concern in
current California natural gas supply including instate and
imported sources.

e Address costs and provide financial support and incentives for
biogas upgrading and pipeline interconnection and for small-
scale DG systems.

e Develop a streamlined application process (e.g., standardized
forms, agreements) to minimize time and resources spent by all
parties.

Hydrogen can be produced with very low emissions from a
diverse selection of renewable pathways including by electrolysis
from electricity generated by wind and solar technologies, the proc-
essing of biogas resources, and via direct solar water splitting in a
process called artificial photosynthesis [369]. Although not renew-
able, hydrogen could also be produced from additional low-carbon
pathways including cogeneration of electricity and hydrogen via
high-temperature nuclear reactors and fossil pathways with the
inclusion of CCS, e.g., coal gasification and SMR of natural gas [370].
Even the most common current method for producing hydrogen,
SMR of natural gas, provides a relatively low GHG and AQ emissions
pathway to produce a fuel that has no GHG and no AQ emissions in
its end use in a fuel cell, for example [371]. While current hydrogen
production methods generally rely upon fossil pathways, progres-
sive shifts towards renewable and other low-carbon strategies can
allow for the production of hydrogen in increasingly sustainable
methods.

A notable hydrogen strategy for both the production of very low-
carbon fuels and the support of intermittent renewable integration
is the electrolysis of water via otherwise curtailed renewable elec-
tricity (most often wind and solar power), a concept often referred
to as power-to-gas (P2G) [372]. Generally, the P2G strategy is a
means of linking the electrical grid and the natural gas grid by con-
verting electricity (typically surplus renewable electricity) into a
grid compatible gaseous fuel [373]. An overview of P2G system inte-
gration with renewable electricity is shown in Fig. 10. Excess avail-
able wind and solar power can be fed to battery energy storage for
short-term storage, or sent to an electrolyzer to produce renewable
hydrogen, which better enables long-term and massive energy stor-
age. Produced hydrogen can then be stored in dedicated facilities
and used on-site when needed in stationary and mobile applications
achieving emission reductions. For example, hydrogen can be used
to power fuel cell electric vehicles with negligible pollutant emis-
sions in place of petroleum-fueled vehicles or utilized in stationary
fuel cells to efficiently generate on-site power and heat. Hydrogen

ELECTRIC GRID
ATATAT AT AT ¥y

Matural Gas Pipelines and Storage Facilities

Fig. 10. Overview diagram of Power-to-Gas strategies enabling the storage, transport, and potential end-uses of renewable electricity as a natural gas grid compatible fuel.
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may also be injected into the natural gas system directly, or reacted
with an external carbon source in a methanation reaction to produce
renewable methane. Similarly to hydrogen, this renewably produced
methane can be injected into existing natural gas storage and distri-
bution grids, used on-site as a stationary generation or vehicle fuel,
or utilized in other established natural gas end-uses.

An important ability of P2G is the potential to support the
deployment of electrical systems with very high levels of renewable
electricity (e.g., 85%) by providing a means of long-term energy stor-
age potentially from the sub-megawatt to gigawatt power scale and
comprising up to 10s of terawatt hours of energy [374,375]. Addi-
tionally, electrolyzers utilized in P2G systems can provide grid func-
tions including rapid demand or supply response, spinning reserve,
and frequency and voltage regulation. Typically, the most commonly
considered renewable energy source for P2G systems is wind and
solar power that become difficult to otherwise manage at high use
levels [372]. P2G can facilitate hydrogen production during periods
of excess renewable generation that would otherwise be curtailed,
which assists in addressing the spatial and temporal challenges dis-
cussed for renewable energy [375]. Additional benefits of P2G in
energy storage include siting flexibility, sub-second response times,
and minimal adverse environmental impact in both the production
and end-use of the renewable fuel, especially if the hydrogen is con-
verted ultimately to electricity in a fuel cell for either transportation
or stationary power applications [376].

The injection of hydrogen directly (i.e., without methanation)
into the existing natural gas system is being considered as a means
of facilitating the production, storage, and transport of large quanti-
ties of a renewable fuel that can be used as an energy source by a
range of zero-emitting end-use devices [133,377]. Use of the existing
natural gas system also represents a solution to the key barrier of
current lack of hydrogen infrastructure [378]. However, due to the
differences in chemical properties between hydrogen and natural
gas, concerns exist including safety, leakage rate and dispersion, and
materials degradation including embrittlement of pipeline steel
[379]. The amount of hydrogen allowable in the natural gas system
varies by region and typically ranges from 0 to 12% by volume [373].
However, the majority of these concerns are being actively
addressed through various research and development projects
around the world and it is possible that in the future hydrogen may
be injected at increasingly higher concentrations as mixed with nat-
ural gas.

Methanation of hydrogen to produce synthetic methane has
some advantages over simply utilizing hydrogen, namely the ability
to serve as drop-in fuel with regards to current infrastructure and
use in existing natural gas consuming technologies. Essentially, syn-
thetic methane is completely usable in the existing, technically
mature natural gas infrastructure, e.g., can be feasibly injected into
existing natural gas grids without many of the challenges associated
with hydrogen [380]. This results in economic benefits as no new
investments are required for transport, storage, and utilization, but
also is beneficial in avoiding issues of obtaining permission from
authorities and general public acceptance [381]. Different methods
for methanation include both biological and catalytic rectors with
implications for achievable gas quality, reactor volume, and the com-
plexity of process technology required [373].

Major technical and economic barriers exist for P2G that must be
overcome, however. For example, though water electrolysis has
existed commercially for several decades only approximately 4% of
global hydrogen supply is derived from such pathways [382]. Con-
sidering electrolysis, improvements in efficiency during transient
operation and reductions in capital cost are needed [373]. Currently,
alkaline electrolysis is the lowest cost and most reliable technology,
but has limited efficiency improvement and cost reduction potential.
PEM electrolysis can offer improved transient performance and
have a simple modular design, but cost reduction and technical

improvement including membrane lifetime of PEM electrolyzers is
needed. Similarly, solid oxide electrolysis can offer the benefits of
very high efficiencies but will require further technical development
prior to commercialization including increased lifetime [383]. If
hydrogen storage is utilized this can also contribute to high costs
[384]. Methanation as a viable commercial step would benefit from
techno-economic advancement including an improved understand-
ing of dynamic reactor operation, advancement in cool fixed-bed
reactors, and others [373,385].

An additional issue associated with injection of both biogas and
hydrogen into the existing natural gas supply is the potential impact
on end-use combustion performance [385]. Current end-use devices
(e.g., turbines, engines, industrial burners, residential and commer-
cial appliances) are optimized for use on pure natural gas. Altering
the composition of the supplied fuel could result in alterations to
key parameters including heating value, Wobbe-index, knock phe-
nomena, flame stability, blow off limits, and flashback [385]. Given
the scope of this review, perhaps the most important concern is
associated with potential changes in emissions. Impacts on criteria
pollutants will vary for systems depending on many factors includ-
ing gas composition, end-use device geometry, operational parame-
ters, presence of clean-up technologies, etc. One concern is increases
in NO, from the addition of hydrogen, although this could also
reduce hydrocarbon and CO, emissions [386]. However, if device
operation is controlled properly NO, emissions could be maintained
at equivalent levels [387,388] or even reduced due to leaner com-
bustion [389]. Impacts may also be multi-faceted with regards to dif-
ferent pollutants. For example, adding hydrogen to natural gas had a
range of impacts on NO,, NO, and N,O emissions from an industrial
boiler, including inverse relationships between species for some
operating conditions [390]. These results highlight the complicated
nature and lack of current understanding of emission impacts from
end-use devices due to the blending of renewable fuels. Further
studies are needed for stationary power generation technologies
under a range of operating conditions and different renewable fuel
blends. Studies should also be undertaken elucidating the AQ
impacts from economy-wide scenarios of renewable gas blending in
future years using atmospheric modeling. Results from such assess-
ments can provide insights into end-use device management to min-
imize AQ degradation, potentially through policy mechanisms and
other programs.

6. Discussion, analysis, and recommendations

Within this review we have demonstrated that natural gas gener-
ation and the natural gas system could play several important roles
in supporting sustainable energy strategies over time that can
achieve the GHG reductions and AQ improvements sought by soci-
ety, most notably by maximizing the emission benefits of renewable
resources. Natural gas generation can support transitions to renew-
able resources by (1) use in advanced conversion devices to provide
complementary grid services efficiently and with very low emissions
to maximize the benefits of intermittent renewable resources, and
(2) natural gas generation and the existing natural gas system can
support the use of renewable gaseous fuels with high energy and
environmental benefits. This is because advanced conversion devices
(including fuel cells [391]) can operate on natural gas and renewable
gaseous fuels, including blends, with very low direct pollutant emis-
sions and the existing natural gas system can support the produc-
tion, storage, and distribution of renewable gaseous fuels. The ability
of hydrogen to be produced via a range of pathways, including from
multiple renewable feedstocks, and to be used by high efficiency
and zero-emitting fuel cell devices in a diverse a range of applica-
tions across all economic sectors (e.g., transportation, power genera-
tion, industry, the built environment) raises the possibility of energy
systems with essentially produce negligible emissions of both GHG
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and pollutants [392]. Advanced conversion technologies can thus
provide renewable energy pathways that achieve very high GHG and
AQ co-benefits [393]. Within this section, we propose a pathway for-
ward for natural gas power generation to achieve AQ and GHG bene-
fits within the broader context of sustainable energy systems and
we describe required research objectives.

6.1. Towards a sustainable domestic gas system

Appropriate design, management and evolution of the natural
gas system could produce a valuable resource for achieving a sus-
tainable and 100% renewable energy conversion system including
maximizing the GHG and AQ benefits of renewable power and
fuels. The near- to mid-term use of natural gas in environmentally
beneficial methods coupled with a managed evolution to renew-
able gaseous fuels could facilitate economically and technically fea-
sible pathways to the long-term goal of a truly sustainable energy
future characterized by fully renewable energy systems. The judi-
cious use of natural gas to complement renewable intermittency,
the increasing injection of renewable gaseous fuels into the current
supply, and the evolution of infrastructure to reduce leakage and
enable renewable fuel use (including hydrogen) throughout com-
prise a likely means of reducing the carbon intensity of gaseous
fuels and a potential method of complete conversion of the natural
gas system in the long-term. In Fig. 11, a potential evolution of gas
resources, gas conversion strategies, and intermittent renewable
complementary generation strategies are proposed to accomplish
these aims.

It should be noted that electrification of end-uses in tandem with
provision of renewable electricity should be pursued with priority
due to the efficiency benefits relative to hydrogen/fuel cell strate-
gies. Indeed, electrification in tandem with renewable power gener-
ation and other very low-carbon forms of energy is known to be
an essential strategy in achieving deep carbon reductions and
AQ improvements targeted for future sustainability [11,17-19,394].
However, a renewable gaseous fuel system could support large-scale

electrification in many ways, including providing a means of energy
for end-uses that are difficult to electrify, e.g., aircraft, ocean going
vessels, industrial applications. At the same time, the evolving
natural gas infrastructure can provide services for large-scale and
long-term storage, energy transmission amongst regions, and energy
distribution to almost all end-uses throughout society. These
services are valuable and cannot be simply replaced if the system is
abandoned.

Nonetheless, a transition of the natural gas system of the type
envisioned here is no simple matter and requires societal and tech-
nological advancements, innovation, and evolution. A significant set
of research and development topics will have to be successfully
addressed, and technologies and solutions must be developed to
enable the transition as described in Fig. 11. Representative areas of
research that are needed are presented in Table 17. The research
areas are informed by the current review paper and are not compre-
hensive nor exhaustive, but rather illustrative of the broad set of
needs.

In the near-term, natural gas supply will continue to predomi-
nate from fossil fuel pathways. Blends with fossil natural gas could
feasibly reach 10—12% using existing infrastructure without modifi-
cation, but will be technically limited as the initial supplies will
largely arise from existing biogas resources (e.g., maximum potential
for biogas has been estimated at 3 to 5% of national gas supply
[362]). In the mid-term, the blending of renewable fuels up to or
exceeding half of total supply should be pursued. This will require
an amount of renewable gas production likely to represent a signifi-
cant portion of total biogas resources and necessitate large-scale
production of other renewable pathways including P2G and gasifica-
tion of solid biomass. Therefore, the expansion of bulk gaseous
renewable fuel production should receive a policy focus designed to
reduce costs, improve technical feasibility, and quantify and achieve
energy and environmental benefits in complete system applications.
However, total demand for utility gas may be reduced through
wide-spread electrification of end-use sectors thereby reducing the
amount of renewable gas required for production. Research at this
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Fig. 11. Proposed steps towards transitioning from a fossil to completely renewable gaseous fuel system that minimizes GHG emissions and AQ impacts.
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stage should focus on the economics and technical feasibility of
advanced renewable gas production methods including artificial
photosynthesis, nuclear generation methods, high temperature
electrolysis, and others. The ultimate goal long-term will be 100%
renewable gas that is produced, stored, transmitted, and distributed
in the utility gas network. To accomplish this, bulk production of
hydrogen will be required with the majority likely originating from
P2G using the massive amount of peak renewable power that must
be generated to meet all of societies energy demands. This may rep-
resent an important synergy with the electricity sector, as a goal for
100% renewable electricity will entail significant amounts of inter-
mittent wind and solar that would otherwise be curtailed. Additional
fuel production should be accomplished primarily through renew-
able pathways including artificial photosynthesis, solar water-
splitting, etc.

Conversion methods should seek transitions away from devices
utilizing combustion to electrochemical conversion such as that of
fuel cells, fuel cell hybrid systems, and batteries. Commercially
available stationary fuel cell systems and fuel cell hybrid systems
should be prioritized over NGCC and other combustion technolo-
gies. However, it is likely that NGCC and other clean natural gas
power plants will continue to make up some portion of generation
in at least the near- to mid-term. Major efforts should continue to
identify and limit leakage from the natural gas system, as well as
to identify potential impacts of renewable fuel blending on leak-
age rates. The region of deployment must be considered in tech-
nology choice. Regions with current or planned coal generation
will benefit from the use of even conventional NGCC, while
regions already utilizing significant amounts of natural gas gener-
ation, e.g., California, should seek transitions to advanced devices
including fuel cells. Also, impacts of renewable fuel blends on the
performance and emissions from end-use devices should be pur-
sued. An additional area of research should focus on identifying
and prioritizing the best uses of renewable gas in the near-term

Table 17

due to limited supply and varying opportunities for electrification
in end-use sectors.

Complementary generation for renewable balancing should
focus on utilizing advanced NGCC in the near-term, as these are
commercially available, have favorable economics, and reason-
ably low emissions relative to other fossil options. Additionally,
advanced low-emitting peaker plants exist that can significantly
reduce emissions from current peaking generation. In the mid-
to long-term, complementary generation for renewable resources
should be accomplished via advanced energy storage to the max-
imum possible extent, with fuel cells and fuel cell hybrid sys-
tems providing the remainder. Additionally, Smart grid and
related strategies should again be pursued with high priority due
to the synergistic and beneficial interactions with integrating
higher levels of renewable generation, particularly those with
intermittencies. A research focus is needed for developing
advanced complementary strategies with low- to zero-emissions
including fuel cell systems such as those described in [38], P2G
systems, advanced energy storage that can technically and eco-
nomically provide terawatt-hour-scale storage, and advancement
of other load management services including vehicle-to-grid,
demand response, and others.

Due to the inherent energy and environmental benefits that
are possible, use of biogas resources for energy (rather than no
collection or flaring) should be targeted with priority [395].
However, as discussed in Section 4.4, AQ emissions from current
conversion methods can represent a major barrier to enhanced
deployment levels. For example, while cost effective, reciprocat-
ing engines have difficulty meeting stringent AQ emissions per-
mitting requirements, which can prevent new projects or even
limit the operation of existing systems [396]. In the near-term
then, gas clean-up and injection into the existing gas grid should
be pursued as a means of immediately reducing the carbon
intensity of the gas system while avoiding permitting challenges.

Representative areas of research to support GHG and AQ Co-benefits of a 100% renewable gas system.

Natural Gas System

o Identification of methane emissions sources and potential mitigation

Representative Research Topics: leakage identification and quantification; leakage mitigation

measures in the existing natural gas system

o Impacts of renewable fuel blending at high levels in the natural
gas system, e.g., emission rates, materials impacts, safety, emissions
and effects on end-use devices

o Pipeline and other infrastructure impacts of renewable fuels and
the management and replacement schedules that are required

technologies; natural gas infrastructure materials science research for long-life renewable
gas compatibility; combustion and electrochemical conversion of natural gas/renewable gas
mixtures and pure renewable gas; strategies for reducing emissions from conversion tech-
nologies; infrastructure (pipes, fittings, regulators, compressors, etc.) renewable gas com-
patibility; infrastructure degradation understanding; degradation mitigation strategies;
high efficiency compression (e.g., electrochemical compression); leak detection (e.g., odor-

ants, sensors) science and engineering; pipeline & infrastructure conversion/modification
approaches for gradually accommodating more renewable fuels

Conversion Technologies

o Barriers to the implementation and operation of zero and ultra-low
emissions renewable gas conversion technologies (e.g., biogas/natural
gas mixture combustion impacts)

Representative Research Topics: lower pollutant emissions of natural gas combustion;
enable renewable gas and mixed renewable/natural gas combustion with low emissions;
enable transitions of natural gas end-uses to increasingly use renewable gas (in mixtures)

¢ Technological development and commercial maturity of fuel cell
systems and hybrid fuel cell heat engine systems (e.g., dynamic
flexibility of fuel cell and heat engine systems to complement renewable
intermittency)

Renewable Fuel Production

and ultimately pure renewable gas; advance and enable highly dynamic dispatch of high
temperature fuel cell systems (SOFC, MCFC) and other controllable low emissions power
generators; biomass and biogas compatibility of fuel cell systems; integrated ultra-high
efficiency hybrid SOFC and MCFC gas turbine (GT) systems; integrated hybrid SOFC and

MCEFC chiller systems; electrochemical polygeneration of hydrogen, heat, power, cooling;

o Optimal uses and pathways for biogas resources, e.g., transportation vs.
power generation

e Technical and economic feasibility of large-scale P2G systems integration
at the regional and national scale

¢ Technological development of advanced renewable fuel conversion
methods

Representative Research Topics: systems engineering and utility network analyses for

integrated renewable electricity, renewable gas, and renewable transportation
pathways; lower cost alkaline and proton exchange membrane electrolysis

(e.g., noble metal use reduction, corrosion suppression, smaller balance of plant);
develop higher efficiency solid oxide electrolysis (SOE) systems; develop molten
carbonate electrolysis (MCE) systems; develop reversible SOE and MCE fuel cell
systems; SOE and MCE degradation mechanisms; dynamic operation and thermal
management of SOE and MCE systems; co-electrolysis of CO, and steam to produce
renewable methane; artificial photosynthesis; heat-based or heat assisted (e.g., solar
thermal, nuclear) hydrogen production; novel rate structures and policies for access
to and use of otherwise curtailed renewable electricity
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Barriers to the deployment of advanced conversion technologies
including fuel cells and micro-turbines should be addressed in
the to support the commercialization of such systems in the
near- to mid-term, as the use of distributed technologies with
very low emissions to convert biomass and biogas fuels on-site
represents a key opportunity to maximize GHG and AQ benefits
of renewable resources [207].

References

[1] Bernstein L, Bosch P, Canziani O, Chen Z, Christ Renate, Davidson O, et al. Con-

tribution of working groups I, Il and III to the fourth assessment report of the

intergovernmental panel on climate change Climate change 2007: Synthesis

report. Cambridge, United Kingdom: Cambridge University Press; 2008.

Stern NH, Peters S, Bakhshi V, Bowen A, Cameron C, Catovsky S, et al. Stern

review: The economics of climate change, 30. Cambridge, United Kingdom:

Cambridge University Press; 2006.

Climate change 2007: Mitigation IPCC. Contribution of working group III to the

fourth assessment report of the inter-governmental panel on climate change

Climate change 2007: Mitigation In: Metz B, Davidson OR, Bosch PR, Dave R,

Meyer LA, editors. Contribution of working group III to the fourth assessment

report of the inter-governmental panel on climate change. Cambridge, United

Kingdom and New York, NY, USA: Cambridge University Press; 2007.

[4] OECD. OECD environmental outlook to 2050: the consequences of inaction.
OECD Publishing: Paris; 2012 http://dx.doi.org/10.1787/9789264122246-en.

[5] U.S. EPA. The benefits and costs of the clean air act from 1990 to 2020: Sum-
mary report. Available at: http://www.epa.gov/cleanairactbenefits/feb11/sum-
maryreport.pdf; 2011.

[6] Davis SJ, Cao L, Caldeira K, Hoffert MI. Rethinking wedges. Environ Res Lett
2013;8:011001.

[7] Bell ML, Davis DL, Cifuentes LA, Krupnick AJ, Morgenstern RD, Thurston GD.
Ancillary human health benefits of improved air quality resulting from climate
change mitigation. Environ Health 2008;7:41.

[8] Nemet G, Holloway T, Meier P. Implications of incorporating air-quality co-ben-
efits into climate change policymaking. Environ Res Lett 2010;5:014007.

[9] U.S. EPA. Inventory of U.S. greenhouse gas emissions and Sinks: 1990-2010.
Washington, D.C.: U.S. Environmental Protection Agency; 2012. Available at:
http://www.epa.gov/climatechange/emissions/downloads12/US-GHG-Inven-
tory-2012-ES.pdf.

[10] National Research Council. America's energy future: technology and transfor-
mation. Washington D.C.: Committee On America's Energy Future; 2009.

[11] Williams JH, DeBenedictis A, Ghanadan R, Mahone A, Moore ], Morrow WR,
et al. The technology path to deep greenhouse gas emissions cuts by 2050: the
pivotal role of electricity. Science 2012;335:53-9.

[12] Sioshansi FP. Carbon constrained: The future of electricity generation. Electric ]
2009;22:64-74.

[13] Aarons K. Carbon pollution standards for existing power plants: Issues and
options. Center for Climate and Energy Solutions; 2014.

[14] Ryerson T, Trainer M, Holloway ], Parrish D, Huey L, Sueper D, et al. Observa-
tions of ozone formation in power plant plumes and implications for ozone
control strategies. Science 2001;292:719-23.

[15] U.S. EPA. National emissions inventory data & documentation. Washington, D.
C.: U.S. Environmental Protection Agency; 2005. Available at https://www.epa.
gov/sites/production/files/2015-11/documents/nei_point_2005_9-10.pdf.

[16] Mai T, Wiser R, Sandor D, Brinkman G, Heath G, Denholm P, et al. Renewable
electricity futures study, 1. Golden, CO.: Exploration of High-Penetration
Renewable Electricity Futures. National Renewable Energy Laboratory (NREL);
2010.

[17] McCollum D, Yang C, Yeh S, Ogden ]. Deep greenhouse gas reduction scenarios
for California - strategic implications from the CA-TIMES energy-economic sys-
tems model. Energy Strat Rev 2012;1:19-32.

[18] Morrison GM, Yeh S, Eggert AR, Yang C, Nelson JH, Greenblatt JB, et al. Compari-
son of low-carbon pathways for California. Clim Change 2015;131:545-57.

[19] Yang C, Yeh S, Zakerinia S, Ramea K, McCollum D. Achieving California's 80%
greenhouse gas reduction target in 2050: technology, policy and scenario anal-
ysis using CA-TIMES energy economic systems model. Energy Policy
2015;77:118-30.

[20] Erickson P, Kartha S, Lazarus M, Tempest K. Assessing carbon lock-in. Environ
Res Lett 2015;10:084023.

[21] Jacoby HD, O'Sullivan FM, Paltsev S. The Influence of Shale Gas on US Energy
and Environmental Policy. Econ Energy Environ Policy 2012;1.

[22] Howarth RW, Ingraffea A, Engelder T. Natural gas: Should fracking stop? Nature
2011;477:271-5.

[23] Conley S, Franco G, Faloona I, Blake D, Peischl ], Ryerson T. Methane emissions
from the 2015 Aliso Canyon blowout in Los Angeles, CA. Science
2016;351:1317-20.

[24] IEA, Energy and Air Pollution. International Energy Agency. (2016). Available at:
https://www.iea.org/publications/freepublications/publication/WorldEner-
gyOutlookSpecialReport2016EnergyandAirPollution.pdf; 2016.

[25] Moniz EJ, Jacoby HD, Meggs A, Armtrong R, Cohn D, Connors S, et al. The future
of natural gas. Cambridge, MA: Massachusetts Institute of Technology; 2011.

[26] Brown SP, Krupnick A, Walls MA. Natural gas: a bridge to a low-carbon future.
Washington DC: RFF Issue brief 09-11 Resources for the Future; 2009.

[2

[3

[27] Tour JM, Kittrell C, Colvin VL. Green carbon as a bridge to renewable energy. Nat
Mater 2010;9:871-4.

[28] Medlock Il KB. Modeling the implications of expanded US shale gas production.
Energy Strat Rev 2012;1:33-41.

[29] U.S. EIA. Annual energy outlook 2014: with projections to 2040. Energy infor-
mation administration. U.S. Department of Energy; 2014. Available at: http://
www.eia.gov/forecasts/aeo/er/pdf/0383er%282014%29.pdf.

[30] Kehlhofer R, Rukes B, Hannemann F, Stirnimann F. Combined-Cycle gas & steam
turbine power plants. Tulsa: PennWell Corporation; 2009.

[31] Spath PL, Mann MK. Life cycle assessment of a natural gas combined-cycle
power generation system. National Renewable Energy Laboratory; Golden, CO,
(2000). Report No.: NREL/TP-570-27715.

[32] ICF International. Section 3. Technology characterization - combustion turbines
catalog of CHP technologies. U.S. EPA, U.S. DOE. (2015). Available at: https://
www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_tech-
nologies_section_3._technology_characterization_-_combustion_turbines.pdf.

[33] de Gouw ] PD, Frost G, Trainer M. Reduced emissions of CO,, NO,, and SO, from
US power plants owing to switch from coal to natural gas with combined cycle
technology. Earth's Fut 2014;2:75-82.

[34] Jaramillo P, Griffin WM, Matthews HS. Comparative life-cycle air emissions of
coal, domestic natural gas, LNG, and SNG for electricity generation. Environ Sci
Technol 2007;41:6290-6.

[35] Darrow K, Tidball R, Wang ], Hampson A. Catalog of CHP technologies. (2015).
Available at http://www.epa.gov/sites/production/files/2015-07/documents/
catalog_of_chp_technologies.pdf.

[36] DOE/NETL. Cost and performance baseline for fossil energy plants, vol. I (2007).
Report No.: DOE/NETL-2007/1281, Available at http://www.netl.doe.gov/KMD/
cds/disk50/NGCC%20Plant%20Case_FClass_051607.pdf.

[37] U.S. EPA. AP-42: compilation of air emission factors, vol. I, 3.1: Stationary Gas
Turbines. Available: http://www3.epa.gov/ttnchiel/ap42/ch03/final/c03s01.
pdf.

[38] Shaffer B, Tarroja B, Samuelsen S. Dispatch of fuel cells as transmission inte-
grated grid energy resources to support renewables and reduce emissions.
Appl Energy 2015;148:178-86.

[39] Energy GE. Western wind and solar integration study. Golden, Colorado:
National Renewable Energy Laboratory; 2010 NREL/SR-550-47434.

[40] Rubin ES, Rao AB, Chen C. Comparative assessments of fossil fuel power plants
with CO2 capture and storage. In: Proceedings of 7th international conference
on greenhouse gas control technologies (GHGT-7), 1; 2005. p. Vancouver,
Canada, 285-94.

[41] Dones R, Bauer C, Bolliger R, Burger B, Faist Emmenegger M, Frischknecht R,
et al. Life cycle inventories of energy systems: results for current systems in
Switzerland and other UCTE countries, 2007, Data v2.0. ecoinvent report No. 5.
Swiss Centre for Life Cycle Inventories, Available at: http://ecolo.org/docu-
ments/documents_in_english/Life-cycle-analysis-PSI-05.pdf.

[42] Wibberley L, Nunn J. Coal in a sustainable society. Brisbane, Queensland, Aus-
tralia: Australian Coal Association Research Program; 2001. Available at: http://
www.egcfe.ewg.apec.org/publications/proceedings/CoalFlow/ThaiSeminar_
2000/4-3%20L_Wibberley.pdf.

[43] Dones R, Heck T, Hirschberg S. Greenhouse gas emissions from energy systems:
comparison and overview. Energy 2004;100:2300.

[44] Dones R, Heck T, Bauer C, Hirschberg S, Bickel P, Preiss P, et al. ExternE-Pol
externalities of energy: extension of accounting framework and policy applica-
tions. Paul Scherer Institute; 2005. ENG1-CT-2002-00609. Available at: http://
www.externe.info/externe_2006/expolwp6.pdf.

[45] Meier PJ, Wilson PP, Kulcinski GL, Denholm PL. US electric industry response to
carbon constraint: a life-cycle assessment of supply side alternatives. Energy
policy 2005;33:1099-108.

[46] Odeh NA, Cockerill TT. Life cycle GHG assessment of fossil fuel power plants
with carbon capture and storage. Energy Policy 2008;36:367-80.

[47] Riva A, D'Angelosante S, Trebeschi C. Natural gas and the environmental results
of life cycle assessment. Energy 2006;31:138-48.

[48] Calpine. Available at: http://dksteam.calpine.com/about/EHS_Emission_Per-
formance.pdf.

[49] National Energy Technology Laboratory. Life cycle analysis: natural gas com-
bined cycle (NGCC) power plant. DOE/NETL-403-110509. National Energy
Technology Laboratory, (2012).

[50] Hondo H. Life cycle GHG emission analysis of power generation systems: Japa-
nese case. Energy 2005;30:2042-56.

[51] Uchiyama Y. Life cycle analysis of electricity generation and supply systems:
net energy analysis and greenhouse gas emissions. In: Proceedings of the elec-
tricity, health and the environment: comparative assessment in support of
decision making. International Atomic Energy Agency (IAEA), 16-19 October
1995 Vienna, Austria; 1996.

[52] Zhang H, Li], Ying Q, Guven BB, Olaguer EP. Source apportionment of formalde-
hyde during TexAQS 2006 using a source-oriented chemical transport model. ]
Geophys Res: Atmosp 2013;118:1525-35.

[53] Moore CW, Zielinska B, Pétron G, Jackson RB. Air impacts of increased natural
gas acquisition, processing, and use: a critical review. Environ Sci Technol
2014.

[54] National Research Council. Electricity from renewable resources: status, pros-
pects, and impediments. Washington D.C.: National Academies Press; 2010.

[55] Kharecha PA, Kutscher CF, Hansen JE, Mazria E. Options for near-term phaseout
of CO, emissions from coal use in the United States. Environm Sci Technol
2010;44:4050-62.


http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0001
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0001
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0001
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0001
http://dx.doi.org/10.1787/9789264122246-en
http://dx.doi.org/10.1787/9789264122246-en
http://dx.doi.org/10.1787/9789264122246-en
http://www.epa.gov/cleanairactbenefits/feb11/summaryreport.pdf
http://www.epa.gov/cleanairactbenefits/feb11/summaryreport.pdf
http://www.epa.gov/cleanairactbenefits/feb11/summaryreport.pdf
http://www.epa.gov/cleanairactbenefits/feb11/summaryreport.pdf
http://www.epa.gov/cleanairactbenefits/feb11/summaryreport.pdf
http://www.epa.gov/cleanairactbenefits/feb11/summaryreport.pdf
http://dx.doi.org/10.1787/9789264122246-en
http://www.epa.gov/cleanairactbenefits/feb11/summaryreport.pdf
http://www.epa.gov/cleanairactbenefits/feb11/summaryreport.pdf
http://www.epa.gov/climatechange/emissions/downloads12/US-GHG-Inventory-2012-ES.pdf
http://www.epa.gov/climatechange/emissions/downloads12/US-GHG-Inventory-2012-ES.pdf
https://www.epa.gov/sites/production/files/2015-11/documents/nei_point_2005_9-10.pdf
https://www.epa.gov/sites/production/files/2015-11/documents/nei_point_2005_9-10.pdf
https://www.epa.gov/sites/production/files/2015-11/documents/nei_point_2005_9-10.pdf
https://www.iea.org/publications/freepublications/publication/WorldEnergyOutlookSpecialReport2016EnergyandAirPollution.pdf
https://www.iea.org/publications/freepublications/publication/WorldEnergyOutlookSpecialReport2016EnergyandAirPollution.pdf
http://www.epa.gov/climatechange/emissions/downloads12/US-GHG-Inventory-2012-ES.pdf
http://www.epa.gov/climatechange/emissions/downloads12/US-GHG-Inventory-2012-ES.pdf
http://www.eia.gov/forecasts/aeo/er/pdf/0383er%282014%29.pdf
http://www.eia.gov/forecasts/aeo/er/pdf/0383er%282014%29.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies_section_3._technology_characterization_-_combustion_turbines.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies_section_3._technology_characterization_-_combustion_turbines.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies_section_3._technology_characterization_-_combustion_turbines.pdf
http://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies.pdf
http://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies.pdf
http://www.netl.doe.gov/KMD/cds/disk50/NGCC%20Plant%20Case_FClass_051607.pdf
http://www.netl.doe.gov/KMD/cds/disk50/NGCC%20Plant%20Case_FClass_051607.pdf
http://www3.epa.gov/ttnchie1/ap42/ch03/final/c03s01.pdf
http://www3.epa.gov/ttnchie1/ap42/ch03/final/c03s01.pdf
http://www3.epa.gov/ttnchie1/ap42/ch03/final/c03s01.pdf
https://www.epa.gov/sites/production/files/2015-11/documents/nei_point_2005_9-10.pdf
https://www.epa.gov/sites/production/files/2015-11/documents/nei_point_2005_9-10.pdf
http://ecolo.org/documents/documents_in_english/Life-cycle-analysis-PSI-05.pdf
http://ecolo.org/documents/documents_in_english/Life-cycle-analysis-PSI-05.pdf
http://ecolo.org/documents/documents_in_english/Life-cycle-analysis-PSI-05.pdf
http://ecolo.org/documents/documents_in_english/Life-cycle-analysis-PSI-05.pdf
http://www.egcfe.ewg.apec.org/publications/proceedings/CoalFlow/ThaiSeminar_2000/4-3%20L_Wibberley.pdf
http://www.egcfe.ewg.apec.org/publications/proceedings/CoalFlow/ThaiSeminar_2000/4-3%20L_Wibberley.pdf
http://www.egcfe.ewg.apec.org/publications/proceedings/CoalFlow/ThaiSeminar_2000/4-3%20L_Wibberley.pdf
http://www.externe.info/externe_2006/expolwp6.pdf
http://www.externe.info/externe_2006/expolwp6.pdf
http://dksteam.calpine.com/about/EHS_Emission_Performance.pdf
http://dksteam.calpine.com/about/EHS_Emission_Performance.pdf
http://dksteam.calpine.com/about/EHS_Emission_Performance.pdf
http://dksteam.calpine.com/about/EHS_Emission_Performance.pdf
https://greet.es.anl.gov/publication-electricity-13
https://greet.es.anl.gov/publication-electricity-13
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapHighEfficiencyLowEmissionsCoalFiredPowerGeneration_WEB_Updated_March2013.pdf
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapHighEfficiencyLowEmissionsCoalFiredPowerGeneration_WEB_Updated_March2013.pdf
http://www.epa.gov/energy/egrid-2012-summary-tables
http://www.epa.gov/energy/egrid-2012-summary-tables
https://www.ceres.org/resources/reports/benchmarking-air-emissions-of-the-100-largest-electric-power-producers-in-the-unites-states-2015
https://www.ceres.org/resources/reports/benchmarking-air-emissions-of-the-100-largest-electric-power-producers-in-the-unites-states-2015
https://www.ceres.org/resources/reports/benchmarking-air-emissions-of-the-100-largest-electric-power-producers-in-the-unites-states-2015
https://www.iea.org/publications/freepublications/publication/WorldEnergyOutlookSpecialReport2016EnergyandAirPollution.pdf
https://www.iea.org/publications/freepublications/publication/WorldEnergyOutlookSpecialReport2016EnergyandAirPollution.pdf
http://dx.doi.org/10.1080/10962247.2016.1230564
http://dx.doi.org/10.1080/10962247.2016.1230564
http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2014-Main-Text.pdf
http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2014-Main-Text.pdf
https://www3.epa.gov/airquality/oilandgas/2014papers/20140415pneumatic.pdf
https://www3.epa.gov/airquality/oilandgas/2014papers/20140415pneumatic.pdf
https://www.epa.gov/sites/production/files/2017-02/documents/3._6_natural_gas_systems_annex_2017-2-10_.pdf
https://www.epa.gov/sites/production/files/2017-02/documents/3._6_natural_gas_systems_annex_2017-2-10_.pdf
http://www.eia.gov/forecasts/aeo/er/pdf/0383er%282014%29.pdf
http://www.eia.gov/forecasts/aeo/er/pdf/0383er%282014%29.pdf
https://www3.epa.gov/ttnchie1/conference/ei19/session8/barilan.pdf
https://www3.epa.gov/ttnchie1/conference/ei19/session8/barilan.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies_section_3._technology_characterization_-_combustion_turbines.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies_section_3._technology_characterization_-_combustion_turbines.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies_section_3._technology_characterization_-_combustion_turbines.pdf
https://www3.epa.gov/airquality/oilandgas/2014papers/20140415liquids.pdf
https://www3.epa.gov/airquality/oilandgas/2014papers/20140415liquids.pdf
https://www3.epa.gov/airquality/oilandgas/2014papers/20140415liquids.pdf
https://www.eia.gov/naturalgas/importsexports/annual/
https://www.eia.gov/naturalgas/importsexports/annual/
https://www.eia.gov/naturalgas/importsexports/annual/
http://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies.pdf
http://www.epa.gov/sites/production/files/2015-07/documents/catalog_of_chp_technologies.pdf
http://www.netl.doe.gov/KMD/cds/disk50/NGCC%20Plant%20Case_FClass_051607.pdf
http://www.netl.doe.gov/KMD/cds/disk50/NGCC%20Plant%20Case_FClass_051607.pdf
http://www3.epa.gov/ttnchie1/ap42/ch03/final/c03s01.pdf
http://www3.epa.gov/ttnchie1/ap42/ch03/final/c03s01.pdf
https://www.edf.org/sites/default/files/methane_studies_fact_sheet.pdf
https://www.edf.org/sites/default/files/methane_studies_fact_sheet.pdf
https://www.edf.org/sites/default/files/methane_studies_fact_sheet.pdf
https://www.epa.gov/controlling-air-pollution-oil-and-natural-gas-industry
https://www.epa.gov/controlling-air-pollution-oil-and-natural-gas-industry
https://www.epa.gov/natural-gas-star-program
https://www.epa.gov/natural-gas-star-program
https://www.epa.gov/natural-gas-star-program
https://www.epa.gov/natural-gas-star-program
http://ecolo.org/documents/documents_in_english/Life-cycle-analysis-PSI-05.pdf
http://ecolo.org/documents/documents_in_english/Life-cycle-analysis-PSI-05.pdf
http://www.egcfe.ewg.apec.org/publications/proceedings/CoalFlow/ThaiSeminar_2000/4-3%20L_Wibberley.pdf
http://www.egcfe.ewg.apec.org/publications/proceedings/CoalFlow/ThaiSeminar_2000/4-3%20L_Wibberley.pdf
http://www.egcfe.ewg.apec.org/publications/proceedings/CoalFlow/ThaiSeminar_2000/4-3%20L_Wibberley.pdf
https://pubs.usgs.gov/fs/2009/3032/
https://pubs.usgs.gov/fs/2009/3032/
http://www.externe.info/externe_2006/expolwp6.pdf
http://www.externe.info/externe_2006/expolwp6.pdf
http://www1.eere.energy.gov/manufacturing/distributedenergy/pdfs/chp_report_12-08.pdf
http://www1.eere.energy.gov/manufacturing/distributedenergy/pdfs/chp_report_12-08.pdf
http://www1.eere.energy.gov/manufacturing/distributedenergy/pdfs/chp_report_12-08.pdf
http://www.ge.com/sites/default/files/GE_FuelCells.pdf
http://www.ge.com/sites/default/files/GE_FuelCells.pdf
http://www.nyiso.com/public/webdocs/media_room/publications_presentations/Other_Reports/Other_Reports/A_Review_of_Distributed_Energy_Resources_September_2014.pdf
http://www.nyiso.com/public/webdocs/media_room/publications_presentations/Other_Reports/Other_Reports/A_Review_of_Distributed_Energy_Resources_September_2014.pdf
http://dksteam.calpine.com/about/EHS_Emission_Performance.pdf
http://dksteam.calpine.com/about/EHS_Emission_Performance.pdf
http://www.fuelcellenergy.com/assets/PID000156_FCE_DFC3000_r3_hires.pdf
http://www.fuelcellenergy.com/assets/PID000156_FCE_DFC3000_r3_hires.pdf
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020389
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020389
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020389
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020389
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020389
http://css.snre.umich.edu/sites/default/files/css_doc/CSS05-09.pdf
http://css.snre.umich.edu/sites/default/files/css_doc/CSS05-09.pdf
http://css.snre.umich.edu/sites/default/files/css_doc/CSS05-09.pdf
http://www.seas.columbia.edu/clca/papers/21-EUPVSC-Alsema-DeWild-Fthenakis.pdf
http://www.seas.columbia.edu/clca/papers/21-EUPVSC-Alsema-DeWild-Fthenakis.pdf
http://www.seas.columbia.edu/clca/papers/21-EUPVSC-Alsema-DeWild-Fthenakis.pdf
http://esu-services.ch/fileadmin/download/06_XII_Photovoltaic-v2.2plus.pdf
http://esu-services.ch/fileadmin/download/06_XII_Photovoltaic-v2.2plus.pdf
http://www.needs-project.org/RS1a/RS1a%20D12.2%20Final%20report%20concentrating%20solar%20thermal%20power%20plants.pdf
http://www.needs-project.org/RS1a/RS1a%20D12.2%20Final%20report%20concentrating%20solar%20thermal%20power%20plants.pdf
http://www.needs-project.org/RS1a/RS1a%20D12.2%20Final%20report%20concentrating%20solar%20thermal%20power%20plants.pdf

M.A. Mac Kinnon et al. / Progress in Energy and Combustion Science 64 (2018) 62—92 87

[56] National Research Council. Electricity from renewable resources: Status, pros-
pects, and impediments. Washington, D.C.: America's Energy Future Panel on
Electricity from Renewable Resources; 2010.

[57] Jenner S, Lamadrid AJ. Shale gas vs. coal: Policy implications from environmen-
tal impact comparisons of shale gas, conventional gas, and coal on air, water,
and land in the United States. Energy Policy. 2013;53:442-53.

[58] Schrag DP. Is shale gas good for climate change? Daedalus 2012;141:72-80.

[59] Cai H, Wang M, Elgowainy A, Han ]. Updated Greenhouse gas and criteria air
pollutant emission factors of the U.S. Electric generating units in 2010. Chicago,
IL: Argonne National Laboratory; 2013. Available at: https://greet.es.anl.gov/
publication-electricity-13.

[60] International Energy Agency. Technology roadmap: high-efficiency. Paris,
France: Low-Emissions Coal-Fired Power Generation; 2012. Available at:
https://www.iea.org/publications/freepublications/publication/TechnologyR-
oadmapHighEfficiencyLowEmissionsCoalFiredPowerGeneration_WEB_Upda-
ted_March2013.pdf.

[61] EPRI. Advanced coal power systems with CO, Capture: EPRI's coalfleet for
tomorrow vision — 2011 update: A summary of technology status and research,
development, and demonstrations. Palo Alto, CA: Electric Power Research Insti-
tute; 2011.

[62] Franco A, Diaz AR. The future challenges for “clean coal technologies”: joining
efficiency increase and pollutant emission control. Energy 2009;34:348-54.

[63] Beér JM. Combustion technology developments in power generation in
response to environmental challenges. Progr Energy Combust Sci 2000;26:
301-27.

[64] Rao AB, Rubin ES. A technical, economic, and environmental assessment of
amine-based CO, capture technology for power plant greenhouse gas control.
Environ Sci Technol 2002;36:4467-75.

[65] Siler-Evans K, Azevedo IL, Morgan MG. Marginal emissions factors for the US
electricity system. Environ Sci Technol 2012;46:4742-8.

[66] U.S EPA. The emissions and generation resource integrated database (eGRID)
2012 Available at http://www.epa.gov/energy/egrid-2012-summary-tables;
2015.

[67] Lu X, Salovaara ], McElroy MB. Implications of the recent reductions in natural
gas prices for emissions of CO, from the US power sector. Environ Sci Technol
2012;46:3014-21.

[68] Bradley M], Associates. Benchmarking air emissions of the 100 largest electric
power producers in the United States. Available at: https://www.ceres.org/
resources/reports/benchmarking-air-emissions-of-the-100-largest-electric-
power-producers-in-the-unites-states-2015; 2015.

[69] Pacsi AP, Alhajeri NS, Zavala-Araiza D, Webster MD, Allen DT. Regional air qual-
ity impacts of increased natural gas production and use in Texas. Environ Sci
Technol 2013;47:3521-7.

[70] Vinciguerra T, Bull E, Canty T, He H, Zalewsky E, Woodman M, et al. Expected
ozone benefits of reducing NOx emissions from coal-fired electricity generating
units in the Eastern United States. ] Air Waste Manag Assoc 2016. doi: 10.1080/
10962247.2016.1230564.

[71] Branosky E, Stevens A, Forbes S. Defining the shale gas life cycle: A framework
for identifying and mitigating environmental impacts. Washington, DC: World
Resources Institute; 2012.

[72] Alvarez RnA, Pacala SW, Winebrake JJ, Chameides WL, Hamburg SP. Greater
focus needed on methane leakage from natural gas infrastructure. Proc Nat
Acad Sci 2012;109:6435-40.

[73] Allen DT, Torres VM, Thomas ], Sullivan DW, Harrison M, Hendler A, et al. Meas-
urements of methane emissions at natural gas production sites in the United
States. Proc Nat Acad Sci 2013;110:17768-73.

[74] Bauen A, Hart D. Assessment of the environmental benefits of transport and
stationary fuel cells. ] Power Sources 2000;86:482-94.

[75] Brandt A, Heath G, Kort E, O'Sullivan F, Petron G, Jordaan S, et al. Methane leaks
from North American natural gas systems. Science 2014;343:733-5.

[76] Tong F, Jaramillo P, Azevedo IM. A comparison of life cycle greenhouse gases
from natural gas pathways for medium and heavy-duty vehicles. Environ Sci
Technol 2015;49:7123-33.

[77] Miller SM, Wofsy SC, Michalak AM, Kort EA, Andrews AE, Biraud SC, et al.
Anthropogenic emissions of methane in the United States. Proc Nat Acad Sci
2013;110:20018-22.

[78] Allen DT, Sullivan DW, Zavala-Araiza D, Pacsi AP, Harrison M, Keen K, et al.
Methane emissions from process equipment at natural gas production sites in
the United States: Liquid unloadings. Environ Sci Technol 2014;49:641-8.

[79] Karion A, Sweeney C, Pétron G, Frost G, Michael Hardesty R, Kofler ], et al. Meth-
ane emissions estimate from airborne measurements over a western United
States natural gas field. Geophys Res Lett 2013;40:4393-7.

[80] U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emis-
sions and Sinks: 1990-2012. U.S. Environmental Protection Agency. (2014).
Available at: http://www.epa.gov/climatechange/Downloads/ghgemissions/
US-GHG-Inventory-2014-Main-Text.pdf.

[81] Wigley TM. Coal to gas: the influence of methane leakage. Climatic Change
2011;108:601-8.

[82] Howarth RW, Santoro R, Ingraffea A. Methane and the greenhouse-gas footprint
of natural gas from shale formations. Climatic Change 2011: 1-12.

[83] Cathles III LM, Brown L, Taam M, Hunter A. A commentary on "The greenhouse-
gas footprint of natural gas in shale formations" by RW Howarth, R. Santoro,
and Anthony Ingraffea. Climatic Ch 2012;113:525-35.

[84] Jiang M, Griffin WM, Hendrickson C, Jaramillo P, VanBriesen ], Venkatesh A. Life
cycle greenhouse gas emissions of Marcellus shale gas. Environ Res Lett
2011;6:034014.

[85] Burnham A, Han J, Clark CE, Wang M, Dunn JB, Palou-Rivera I. Life-cycle green-
house gas emissions of shale gas, natural gas, coal, and petroleum. Environ Sci
Technol 2011;46:619-27.

[86] Balcombe P, Anderson K, Speirs ], Brandon NP, Hawkes A. The natural gas sup-
ply chain: the importance of methane and carbon dioxide emissions. ACS Sus-
tain Chem Eng 2016.

[87] Weber CL, Clavin C. Life Cycle Carbon Footprint of Shale Gas: Review of Evi-
dence and Implications. Environ Sci Technol 2012;46:5688-95.

[88] U.S. EPA. oil and natural gas sector pneumatic devices. U.S. environmental pro-
tection agency office of air quality planning and standards (OAQPS) Available
at:  https://www3.epa.gov/airquality/oilandgas/2014papers/20140415pneu-
matic.pdf; 2014.

[89] Hendrick MF, Ackley R, Sanaie-Movahed B, Tang X, Phillips NG. Fugitive meth-
ane emissions from leak-prone natural gas distribution infrastructure in urban
environments. Environ Pollut 2016;213:710-6.

[90] U.S. EPA. Annex 3.6: Methodology for estimating CH4 and CO, emissions from
natural gas systems. Annexes to the inventory of US GHG emissions and sinks
Available at: https://[www.epa.gov/sites/production/files/2017-02/documents/
3._6_natural_gas_systems_annex_2017-2-10_.pdf; 2016.

[91] Litovitz A, Curtright A, Abramzon S, Burger N, Samaras C. Estimation of regional
air-quality damages from Marcellus Shale natural gas extraction in Pennsylva-
nia. Environ Res Lett 2013;8:014017.

[92] Bar-llan A, Grant ], Parikh R, Morris R, Sgamma K, Moore T, et al. A comprehen-
sive emissions inventory of upstream oil and gas activities in the Rocky Moun-
tain States. ENVIRON International Corporation, Western Energy Alliance, and
Western Governors' Association Western Regional Air Partnership (WRAP);
2006. Available at: https://www3.epa.gov/ttnchiel/conference/ei19/session8/
barilan.pdf.

[93] Field R, Soltis ], Murphy S. Air quality concerns of unconventional oil and natu-
ral gas production. Environ Sci Process Impacts 2014;16:954-69.

[94] US. EPA. 0Oil and Natural Gas Sector Liquids Unloading Processes. U.S.
environmental protection agency office of air quality planning and standards
(OAQPS). Available: https://www3.epa.gov/airquality/oilandgas/2014papers/
20140415liquids.pdf; 2014.

[95] Zimmerle DJ, Williams LL, Vaughn TL, Quinn C, Subramanian R, Duggan GP,
et al. Methane emissions from the natural gas transmission and storage system
in the United States. Environ Sci Technol 2015;49:9374-83.

[96] Gilman ], Lerner B, Kuster W, De Gouw ]. Source signature of volatile organic
compounds from oil and natural gas operations in northeastern Colorado. Envi-
ron Sci Technol 2013;47:1297-305.

[97] McKenzie LM, Witter RZ, Newman LS, Adgate JL. Human health risk assessment
of air emissions from development of unconventional natural gas resources. Sci
Total Environ 2012;424:79-87.

[98] Kargbo DM, Wilhelm RG, Campbell DJ. Natural gas plays in the Marcellus shale:
Challenges and potential opportunities. Environ Sci Technol 2010;44:5679-84.

[99] Schnell RC, Oltmans SJ, Neely RR, Endres MS, Molenar ]V, White AB. Rapid pho-
tochemical production of ozone at high concentrations in a rural site during
winter. Nature Geosci 2009;2:120-2.

[100] Carter WP, Seinfeld JH. Winter ozone formation and VOC incremental reactiv-
ities in the upper green river basin of wyoming. Atmos Environ 2012;50:255-
66.

[101] Rappengluck B, Ackermann L, Alvarez S, Golovko |, Buhr M, Field R, et al. Strong
wintertime ozone events in the upper green river Basin, wyoming. Atmosp
Chem Phys Discuss, 13; 2013. p. 201317953-8005.

[102] Edwards P, Young C, Aikin K, deGouw ], Dube W, Geiger F, et al. Ozone photo-
chemistry in an oil and natural gas extraction region during winter: simulations
of a snow-free season in the Uintah Basin, Utah. Atmosph Chem Phys
2013;13:8955-71.

[103] Olaguer EP. The potential near-source ozone impacts of upstream oil and gas
industry emissions. ] Air Waste Manag Assoc 2012;62:966-77.

[104] U.S. EIA. U.S. natural gas imports & exports 2016. Washington, DC: Energy
Information Administration; 2017. Available at https://www.eia.gov/natural-
gas/importsexports/annual/.

[105] Abrahams LS, Samaras C, Griffin WM, Matthews HS. Life cycle greenhouse gas
emissions from US liquefied natural gas exports: implications for end uses.
Environ Sci Technol 2015;49:3237-45.

[106] Burel F, Taccani R, Zuliani N. Improving sustainability of maritime transport
through utilization of Liquefied Natural Gas (LNG) for propulsion. Energy
2013;57:412-20.

[107] Allen DT. Atmospheric emissions and air quality impacts from natural gas pro-
duction and use. Annual Rev Chem Biomolecular Eng 2014;5:1-594.

[108] Hauck M, Steinmann Z, Laurenzi I, Karuppiah R, Huijbregts M. How to quantify
uncertainty and variability in life cycle assessment: the case of greenhouse
gas emissions of gas power generation in the US. Environm Res Lett
2014;9:074005.

[109] Howarth RW, Santoro R, Ingraffea A. Venting and leaking of methane from
shale gas development: response to Cathles et al. Climatic Change
2012;113:537-49.

[110] O'Sullivan F, Paltsev S. Shale gas production: potential versus actual greenhouse
gas emissions. Environ Res Lett 2012;7:044030.

[111] Tong F, Jaramillo P, IsM Azevedo. Comparison of life cycle greenhouse gases
from natural gas pathways for light-duty vehicles. Energy Fuels 2015;29:6008-
18.

[112] Environmental Defense Fund. Methane research: the 16 study series. Available
at https://www.edf.org/sites/default/files/methane_studies_fact_sheet.pdf.


http://smartgreenscans.nl/publications/deWildScholten-2011-Environmental-profile-of-PV-mass-production-presentation.pdf
http://smartgreenscans.nl/publications/deWildScholten-2011-Environmental-profile-of-PV-mass-production-presentation.pdf
http://smartgreenscans.nl/publications/deWildScholten-2011-Environmental-profile-of-PV-mass-production-presentation.pdf
http://www.dlr.de/tt/desktopdefault.aspx/tabid-2885/4422_read-6558
http://www.dlr.de/tt/desktopdefault.aspx/tabid-2885/4422_read-6558
http://www.dlr.de/tt/desktopdefault.aspx/tabid-2885/4422_read-6558
http://milne.ruc.dk/imfufatekster/pdf/334.pdf
https://greet.es.anl.gov/publication-electricity-13
https://greet.es.anl.gov/publication-electricity-13
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapHighEfficiencyLowEmissionsCoalFiredPowerGeneration_WEB_Updated_March2013.pdf
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapHighEfficiencyLowEmissionsCoalFiredPowerGeneration_WEB_Updated_March2013.pdf
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapHighEfficiencyLowEmissionsCoalFiredPowerGeneration_WEB_Updated_March2013.pdf
https://www1.eere.energy.gov/geothermal/pdfs/future_geo_energy.pdf
https://www1.eere.energy.gov/geothermal/pdfs/future_geo_energy.pdf
https://www1.eere.energy.gov/geothermal/pdfs/future_geo_energy.pdf
https://www1.eere.energy.gov/geothermal/pdfs/future_geo_energy.pdf
http://www.charleswmoore.org/pdf/Environmental%20Guide.pdf
http://www.charleswmoore.org/pdf/Environmental%20Guide.pdf
https://pdfs.semanticscholar.org/e4ad/95ccff670460606ad0b45ef6d2f6136cb139.pdf
https://pdfs.semanticscholar.org/e4ad/95ccff670460606ad0b45ef6d2f6136cb139.pdf
https://pdfs.semanticscholar.org/e4ad/95ccff670460606ad0b45ef6d2f6136cb139.pdf
https://www.researchgate.net/publication/43095783_Anaerobic_digestion_of_organic_solid_waste_for_energy_production
https://www.researchgate.net/publication/43095783_Anaerobic_digestion_of_organic_solid_waste_for_energy_production
https://www.researchgate.net/publication/43095783_Anaerobic_digestion_of_organic_solid_waste_for_energy_production
http://www.osti.gov/bridge/purl.cover.jsp?purl=/1036091/
http://www.osti.gov/bridge/purl.cover.jsp?purl=/1036091/
http://www.epa.gov/energy/egrid-2012-summary-tables
http://www.epa.gov/energy/egrid-2012-summary-tables
http://www.nrel.gov/docs/fy03osti/33123.pdf
http://www.nrel.gov/docs/fy03osti/33123.pdf
http://www.nrel.gov/docs/fy03osti/33123.pdf
https://www.ceres.org/resources/reports/benchmarking-air-emissions-of-the-100-largest-electric-power-producers-in-the-unites-states-2015
https://www.ceres.org/resources/reports/benchmarking-air-emissions-of-the-100-largest-electric-power-producers-in-the-unites-states-2015
https://www.ceres.org/resources/reports/benchmarking-air-emissions-of-the-100-largest-electric-power-producers-in-the-unites-states-2015
http://www.nrel.gov/docs/fy03osti/33502.pdf
http://www.nrel.gov/docs/fy03osti/33502.pdf
http://www.nrel.gov/docs/fy03osti/33502.pdf
http://dx.doi.org/10.1080/10962247.2016.1230564
http://dx.doi.org/10.1080/10962247.2016.1230564
http://www.arb.ca.gov/fuels/lcfs/ca-greet/ca-greet.htm
http://www.arb.ca.gov/fuels/lcfs/ca-greet/ca-greet.htm
http://www.arb.ca.gov/fuels/lcfs/ca-greet/ca-greet.htm
http://www.needs-project.org/2009/Deliverables/RS1a%20D13.2%20Final%20report%20on%20Biomass%20technologies.pdf
http://www.needs-project.org/2009/Deliverables/RS1a%20D13.2%20Final%20report%20on%20Biomass%20technologies.pdf
http://www.needs-project.org/2009/Deliverables/RS1a%20D13.2%20Final%20report%20on%20Biomass%20technologies.pdf
http://www.forestry.gov.uk/pdf/fr_ceb_0303.pdf/$FILE/fr_ceb_0303.pdf
http://www.forestry.gov.uk/pdf/fr_ceb_0303.pdf/$FILE/fr_ceb_0303.pdf
http://www.forestry.gov.uk/pdf/fr_ceb_0303.pdf/$FILE/fr_ceb_0303.pdf
http://www.nrel.gov/docs/fy04osti/32575.pdf
http://www.nrel.gov/docs/fy04osti/32575.pdf
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020307
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020307
http://www.needs-project.org/RS1a/RS1a%20D14.2%20Final%20report%20on%20nuclear.pdf
http://www.needs-project.org/RS1a/RS1a%20D14.2%20Final%20report%20on%20nuclear.pdf
http://www.needs-project.org/RS1a/RS1a%20D14.2%20Final%20report%20on%20nuclear.pdf
http://scientificbulletin.upb.ro/rev_docs_arhiva/full8515.pdf
http://scientificbulletin.upb.ro/rev_docs_arhiva/full8515.pdf
http://scientificbulletin.upb.ro/rev_docs_arhiva/full8515.pdf
http://escholarship.org/uc/item/9vr8s1bb
http://escholarship.org/uc/item/9vr8s1bb
http://escholarship.org/uc/item/9vr8s1bb
https://archive.uea.ac.uk/~e680/energy/energy_links/nuclear/EPD_Doc_-_Final.pdf
https://archive.uea.ac.uk/~e680/energy/energy_links/nuclear/EPD_Doc_-_Final.pdf
https://archive.uea.ac.uk/~e680/energy/energy_links/nuclear/EPD_Doc_-_Final.pdf
http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2014-Main-Text.pdf
http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2014-Main-Text.pdf
http://web.mit.edu/coal
http://web.mit.edu/coal
http://www.rivm.nl/bibliotheek/digitaaldepot/BOLK_I_CCS_Final.pdf
http://www.rivm.nl/bibliotheek/digitaaldepot/BOLK_I_CCS_Final.pdf
https://www.ipcc.ch/pdf/special-reports/srccs/srccs_wholereport.pdf
https://www.ipcc.ch/pdf/special-reports/srccs/srccs_wholereport.pdf
https://www.ipcc.ch/pdf/special-reports/srccs/srccs_wholereport.pdf
http://www.belfercenter.org/publication/coupling-co2-capture-and-storage-coal-gasification-defining-sequestration-ready-igcc-0
http://www.belfercenter.org/publication/coupling-co2-capture-and-storage-coal-gasification-defining-sequestration-ready-igcc-0
http://www.belfercenter.org/publication/coupling-co2-capture-and-storage-coal-gasification-defining-sequestration-ready-igcc-0
https://www.osti.gov/scitech/servlets/purl/1016012-JLjxFs/
https://www.osti.gov/scitech/servlets/purl/1016012-JLjxFs/
https://www.osti.gov/scitech/servlets/purl/1016012-JLjxFs/
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Life%20Cycle%20Analysis/Technology-Assessment-Compilation-Report.pdf
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Life%20Cycle%20Analysis/Technology-Assessment-Compilation-Report.pdf
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Life%20Cycle%20Analysis/Technology-Assessment-Compilation-Report.pdf
https://energy.gov/sites/prod/files/2016/07/f33/Conversion%20of%20Waste%20CO2%20and%20Shale%20Gas%20to%20High-Value%20Chemicals.pdf
https://energy.gov/sites/prod/files/2016/07/f33/Conversion%20of%20Waste%20CO2%20and%20Shale%20Gas%20to%20High-Value%20Chemicals.pdf
https://www3.epa.gov/airquality/oilandgas/2014papers/20140415pneumatic.pdf
https://www3.epa.gov/airquality/oilandgas/2014papers/20140415pneumatic.pdf
http://www.eupvsec-proceedings.com/proceedings?paper=5312
http://www.eupvsec-proceedings.com/proceedings?paper=5312
http://www.eupvsec-proceedings.com/proceedings?paper=5312
https://www.epa.gov/sites/production/files/2017-02/documents/3._6_natural_gas_systems_annex_2017-2-10_.pdf
https://www.epa.gov/sites/production/files/2017-02/documents/3._6_natural_gas_systems_annex_2017-2-10_.pdf
http://escholarship.org/uc/item/8jh5x7z4
http://escholarship.org/uc/item/8jh5x7z4
http://escholarship.org/uc/item/8jh5x7z4
https://www3.epa.gov/ttnchie1/conference/ei19/session8/barilan.pdf
https://www3.epa.gov/ttnchie1/conference/ei19/session8/barilan.pdf
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=5607275
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=5607275
https://www3.epa.gov/airquality/oilandgas/2014papers/20140415liquids.pdf
https://www3.epa.gov/airquality/oilandgas/2014papers/20140415liquids.pdf
http://www.nrel.gov/grid/wwsis.html
http://www.nrel.gov/grid/wwsis.html
http://www.nrel.gov/grid/wwsis.html
https://docs.wind-watch.org/liik-emissionsreduction.pdf
https://docs.wind-watch.org/liik-emissionsreduction.pdf
https://docs.wind-watch.org/liik-emissionsreduction.pdf
http://www.energy.ca.gov/2014publications/CEC-200-2014-005/CEC-200-2014-005.pdf2014
http://www.energy.ca.gov/2014publications/CEC-200-2014-005/CEC-200-2014-005.pdf2014
http://www.energy.ca.gov/2014publications/CEC-200-2014-005/CEC-200-2014-005.pdf2014
https://web.stanford.edu/group/emf-research/new-emf.stanford.edu/files/docs/273/Novan_IEW_Presentation.pdf
https://web.stanford.edu/group/emf-research/new-emf.stanford.edu/files/docs/273/Novan_IEW_Presentation.pdf
http://www.ieaghg.org/docs/General_Docs/Reports/2012-03.pdf
http://www.ieaghg.org/docs/General_Docs/Reports/2012-03.pdf
http://www.ieaghg.org/docs/General_Docs/Reports/2012-03.pdf
https://www.ice-energy.com/wp-content/uploads/2016/04/cesa_peaker_vs_storage_2010_06_16.pdf
https://www.ice-energy.com/wp-content/uploads/2016/04/cesa_peaker_vs_storage_2010_06_16.pdf
https://www.ice-energy.com/wp-content/uploads/2016/04/cesa_peaker_vs_storage_2010_06_16.pdf
https://www.law.berkeley.edu/files/Power_of_Energy_Storage_July_2010.pdf
https://www.law.berkeley.edu/files/Power_of_Energy_Storage_July_2010.pdf
https://www.law.berkeley.edu/files/Power_of_Energy_Storage_July_2010.pdf
http://www.energy.ca.gov/2011publications/CEC-500-2011-047/CEC-500-2011-047.pdf
http://www.energy.ca.gov/2011publications/CEC-500-2011-047/CEC-500-2011-047.pdf
http://www.energy.ca.gov/2011publications/CEC-500-2011-047/CEC-500-2011-047.pdf
http://www.energy.ca.gov/2011publications/CEC-500-2011-047/CEC-500-2011-047.pdf
http://large.stanford.edu/courses/2012/ph240/doshay1/docs/EPRI.pdf
http://large.stanford.edu/courses/2012/ph240/doshay1/docs/EPRI.pdf
https://www.eia.gov/naturalgas/importsexports/annual/
https://www.eia.gov/naturalgas/importsexports/annual/
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_SG_Book_Single_Pages%281%29.pdf
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_SG_Book_Single_Pages%281%29.pdf
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_SG_Book_Single_Pages%281%29.pdf
https://www.smartgrid.gov/files/The_Green_Grid_Energy_Savings_Carbon_Emission_Reduction_En_200812.pdf
https://www.smartgrid.gov/files/The_Green_Grid_Energy_Savings_Carbon_Emission_Reduction_En_200812.pdf
https://www.smartgrid.gov/files/The_Green_Grid_Energy_Savings_Carbon_Emission_Reduction_En_200812.pdf
http://origin-qps.onstreammedia.com/origin/multivu_archive/ENR/1241844-Decarbonizing-Pipeline-Gas.pdf
http://origin-qps.onstreammedia.com/origin/multivu_archive/ENR/1241844-Decarbonizing-Pipeline-Gas.pdf
https://nicholasinstitute.duke.edu/sites/default/files/publications/ni_r_14-02_full_pdf.pdf
https://nicholasinstitute.duke.edu/sites/default/files/publications/ni_r_14-02_full_pdf.pdf
https://nicholasinstitute.duke.edu/sites/default/files/publications/ni_r_14-02_full_pdf.pdf
https://nicholasinstitute.duke.edu/sites/default/files/publications/ni_r_14-02_full_pdf.pdf
https://www.iea-biogas.net/files/daten-redaktion/download/publi-task37/upgrading_rz_low_final.pdf
https://www.iea-biogas.net/files/daten-redaktion/download/publi-task37/upgrading_rz_low_final.pdf
https://www.iea-biogas.net/files/daten-redaktion/download/publi-task37/upgrading_rz_low_final.pdf
http://biomass.ucdavis.edu/files/2015/10/Biogas-Cleanup-Report_FinalDraftv3_12Nov2014-2.pdf
http://biomass.ucdavis.edu/files/2015/10/Biogas-Cleanup-Report_FinalDraftv3_12Nov2014-2.pdf
https://californiahydrogen.org/sites/default/files/CHBC%20Hydrogen%20Energy%20Storage%20White%20Paper%20FINAL.pdf
https://californiahydrogen.org/sites/default/files/CHBC%20Hydrogen%20Energy%20Storage%20White%20Paper%20FINAL.pdf
https://californiahydrogen.org/sites/default/files/CHBC%20Hydrogen%20Energy%20Storage%20White%20Paper%20FINAL.pdf
https://www.edf.org/sites/default/files/methane_studies_fact_sheet.pdf

88 M.A. Mac Kinnon et al. / Progress in Energy and Combustion Science 64 (2018) 62—92

[113] U.S. EPA. Controlling air pollution from the oil and natural gas industry. Avail-
able at https://www.epa.gov/controlling-air-pollution-oil-and-natural-gas-
industry.

[114] U.S EPA. EPA's voluntary methane programs for the oil and natural gas industry.
Available at https://www.epa.gov/natural-gas-star-program.

[115] Melvin AM, Sarofim MC, Crimmins AR. Climate benefits of US EPA programs
and policies that reduced methane emissions 1993—-2013. Environ Sci Technol
2016;50:6873-81.

[116] Soeder DJ, Kappel WM. Water resources and natural gas production from the
marcellus shale. Reston, Virginia: US Department of the Interior. US Geological
Survey; 2009. Available at: https://pubs.usgs.gov/fs/2009/3032/.

[117] Rozell DJ, Reaven S]. Water pollution risk associated with natural gas extraction
from the Marcellus Shale. Risk Anal 2012;32:1382-93.

[118] Osborn SG, Vengosh A, Warner NR, Jackson RB. Methane contamination of
drinking water accompanying gas-well drilling and hydraulic fracturing. Proc
Nat Acad Sci 2011;108:8172-6.

[119] Colborn T, Kwiatkowski C, Schultz K, Bachran M. Natural gas operations from a
public health perspective. Human Ecol Risk Assess An Int ] 2011;17:1039-56.

[120] Beér JM. High efficiency electric power generation: The environmental role.
Progress Energy and Combust Sci 2007;33:107-34.

[121] Shipley MA, Hampson A, Hedman MB, Garland PW, Bautista P. Combined heat
and power: Effective energy solutions for a sustainable future. Oak Ridge
National Laboratory (ORNL); 2008. ORNL/TM-2008/224. U.S. Department of
Energy. Available http://[www1.eere.energy.gov/manufacturing/distributede-
nergy/pdfs/chp_report_12-08.pdf.

[122] Allison JE, Lents J. Encouraging distributed generation of power that improves
air quality: can we have our cake and eat it too? Energy Policy 2002;30:737-
52.

[123] Rodriguez M, Carreras-Sospedra M, Medrano M, Brouwer J, Samuelsen G, Dab-
dub D. Air quality impacts of distributed power generation in the South Coast
Air Basin of California 1: Scenario development and modeling analysis. Atmosp
Environ 2006;40:5508-21.

[124] Alanne K, Saari A. Sustainable small-scale CHP technologies for buildings: the
basis for multi-perspective decision-making. Renewable Sustain Energy Rev
2004;8:401-31.

[125] Moore M]. Micro-turbine generators. United Kingdom: John Wiley & Sons;
2002

[126] Barsali S, De Marco A GiglioliR, Ludovici G, Possenti A. Dynamic modelling of
biomass power plant using micro gas turbine. Renew Energy 2015;80:806-18.

[127] Owens B, McGuinness J. GE-Fuel Cells: the power of tomorrow. General Electric
Company; 2015. Available: http://www.ge.com/sites/default/files/GE_Fuel-
Cells.pdf.

[128] DNV GL. A review of distributed energy resources. Available at: http://www.
nyiso.com/public/webdocs/media_room/publications_presentations/Other_Re-
ports/Other_Reports/A_Review_of_Distributed_Energy_Resources_September_
2014.pdf; 2014.

[129] Brouwer J. "Fuel Cells," Chapter 10. In: Kreider Jan, Borbeley Ann-Marie, editors.
Distributed generation. Boca Raton, Florida: CRC Press, Inc.; 2001.

[130] Larminie ], Dicks A, McDonald MS. Fuel cell systems explained. New York:
Wiley; 2003.

[131] O'Hayre RP, Cha S-W, Colella W, Prinz FB. Fuel cell fundamentals. New York:
John Wiley & Sons; 2006.

[132] Ellis MW, Von Spakovsky MR, Nelson DJ. Fuel cell systems: efficient, flexible
energy conversion for the 21st century. Proc IEEE 2001;89:1808-18.

[133] Brouwer J. On the role of fuel cells and hydrogen in a more sustainable and
renewable energy future. Current Appl Phys 2010;10:59-S17.

[134] Yi Y, Rao AD, Brouwer ], Samuelsen GS. Fuel flexibility study of an integrated
25 kW SOFC reformer system. ] Power Sources 2005;144:67-76.

[135] Mu L, Rao AD, Brouwer ], Samuelsen GS. Design of highly efficient coal-based
integrated gasification fuel cell power plants. ] Power Sources 2010;195:5707-
18.

[136] Campanari S, Chiesa P, Manzolini G, Bedogni S. Economic analysis of CO, cap-
ture from natural gas combined cycles using molten carbonate fuel cells. Appl
Energy 2014;130:562-73.

[137] Margalef P, Brown TM, Brouwer ], Samuelsen S. Efficiency comparison of tri-
generating HTFC to conventional hydrogen production technologies. Int ]
Hydrog Energy 2012;37:9853-62.

[138] Kast JF. Dynamic modeling, design, and performance evaluation of large scale
high temperature fuel cell tri-generation systems thesis. Irvine, CA: University
of California, Irvine; (2014).

[139] Roberts R, Brouwer J. Dynamic simulation of a pressurized 220 kW solid oxide
fuel-cell-gas-turbine hybrid system: modeled performance compared to mea-
sured results. | Fuel Cell Sci Technol 2006;3:18-25.

[140] Samuelsen S, Brouwer ]. Fuel Cell/Gas Turbine Hybrid. Encyclopedia Electro-
chem Power Sources 2009: 124-34.

[141] Costamagna P, Magistri L, Massardo A. Design and part-load performance of a
hybrid system based on a solid oxide fuel cell reactor and a micro gas turbine. ]
Power Sources 2001;96:352-68.

[142] Chan S, Ho H. Modelling of simple hybrid solid oxide fuel cell and gas turbine
power plant. ] Power Sources 2002;109:111-20.

[143] Mueller F, Jabbari F, Brouwer J. On the intrinsic transient capability and limita-
tions of solid oxide fuel cell systems. ] Power Sources 2009;187:452-60.

[144] Ellamla HR, Staffell I, Bujlo P, Pollet BG, Pasupathi S. Current status of fuel cell
based combined heat and power systems for residential sector. ] Power Sources
2015;293:312-28.

[145] Epping Martin K, Kopasz JP, McMurphy KW. Status of fuel cells and the chal-
lenges facing fuel cell technology today. Fuel cell chemistry and operation.
American Chemical Society; 2010. p. 1-13.

[146] Elmer T, Worall M, Wu S, Riffat SB. Fuel cell technology for domestic built envi-
ronment applications: state of-the-art review. Renewable Sustain Energy Rev
2015;42:913-31.

[147] Dubau L, Castanheira L, Maillard F, Chatenet M, Lottin O, Maranzana G, et al. A
review of PEM fuel cell durability: materials degradation, local heterogeneities
of aging and possible mitigation strategies. Wiley Interdisciplinary Rev: Energy
Environ 2014;3:540-60.

[148] FuelCell Energy. 2.8 Megawatts DFC3000. Available at: http://www.fuelcelle-
nergy.com/assets/PID000156_FCE_DFC3000_r3_hires.pdf; 2016.

[149] Greene DL, Boudreaux PR, Dean DJ, Fulkerson W, Gaddis A, Graham RL, et al.
Energy assurance: Essential energy technologies for climate protection and
energy security. Oak Ridge National Laboratory (ORNL); 2009 ORNL/TM-2009/
314.

[150] EPRI. The Power to Reduce CO2 Emissions: The Full Portfolio — 2009 Technical
Report, Palo Alto, CA: Electronic Power Research Institute; 2009. Available at:
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?Produc-
tId=000000000001020389.

[151] Prakash R, Bhat IK. Energy, economics and environmental impacts of renewable
energy systems. Renew Sustain Energy Rev 2009;13:2716-21.

[152] Kyle GP, Clarke L, Smith SJ. The value of advanced technologies in the US build-
ings sector in climate change mitigation. In: Proceedings of the 2008 ACEEE
Summer Study on Energy Efficiency in Buildings. Pacific Northwest National
Laboratory (PNNL); 2008.

[153] Verbruggen A, Fischedick M, Moomaw W, Weir T, Nadai A, Nilsson L], et al.
Renewable energy costs, potentials, barriers: Conceptual issues. Energy policy
2010;38:850-61.

[154] Olson A, Orans R, Allen D, Moore ], Woo CK. Renewable portfolio standards,
greenhouse gas reduction, and long-line transmission investments in the
WECC. Electr ] 2009;22:38-46.

[155] Schumacher A, Fink S, Porter K. Moving beyond paralysis: How states and
regions are creating innovative transmission policies for renewable energy
projects. Electr ] 2009;22:27-36.

[156] Liserre M, Sauter T, Hung JY. Future energy systems: Integrating renewable
energy sources into the smart power grid through industrial electronics. Ind
Electron Mag IEEE 2010;4:18-37.

[157] Deemer BR, Harrison JA, Li S, Beaulieu JJ, DelSontro T, Barros N, et al. Green-
house gas emissions from reservoir water surfaces: a new global synthesis. Bio-
Science 2016;66:949-64.

[158] Hertwich EG. Addressing biogenic greenhouse gas emissions from hydropower
in LCA. Environ Sci Technol 2013;47:9604-11.

[159] Ansar A, Flyvbjerg B, Budzier A, Lunn D. Should we build more large dams? The
actual costs of hydropower megaproject development. Energy Policy
2014;69:43-56.

[160] Sovacool BK, Nugent D, Gilbert A. Construction cost overruns and electricity
infrastructure: an unavoidable risk? Electr ] 2014;27:112-20.

[161] Kosnik L. The potential for small scale hydropower development in the US.
Energy Policy 2010;38:5512-9.

[162] Alsema E. Energy pay-back time and CO2 emissions of PV systems. Progr Photo-
voltaics: Res Appl 2000;8:17-25.

[163] Pacca S, Sivaraman D, Keoleian G. Life cycle assessment of the 33 kW photovol-
taic system on the Dana Building at the University of Michigan: Thin film lami-
nates, multi-crystalline modules, and balance of system components. Ann
arbor, MI: Center for Sustainable Systems, University of Michigan; 2006. Report
No. (CSS05-09. Available at: http://css.snre.umich.edu/sites/default/files/
css_doc/CSS05-09.pdf.

[164] Fthenakis V, Alsema E. Photovoltaics energy payback times, greenhouse gas
emissions and external costs: 2004—early 2005 status. Progr Photovoltaics: Res
Appl 2006;14:275-80.

[165] Alsema E, de Wild-Scholten M, Fthenakis V. Environmental impacts of PV elec-
tricity generation-a critical comparison of energy supply options. In: Proceed-
ings of the the 21st European Photovoltaic Solar Energy Conference; 2006.
Available at: http://www.seas.columbia.edu/clca/papers/21-EUPVSC-Alsema-
DeWild-Fthenakis.pdf.

[166] Weisser D. A guide to life-cycle greenhouse gas (GHG) emissions from electric
supply technologies. Energy 2007;32:1543-59.

[167] Fthenakis VM, Kim HC, Alsema E. Emissions from photovoltaic life cycles. Envi-
ron Sci Technol 2008;42:2168-74.

[168] Raugei M, Frankl P. Life cycle impacts and costs of photovoltaic systems: Cur-
rent state of the art and future outlooks. Energy 2009;34:392-9.

[169] Raugei M, Bargigli S, Ulgiati S. Life cycle assessment and energy pay-back time
of advanced photovoltaic modules: CdTe and CIS compared to poly-Si. Energy
2007;32:1310-8.

[170] Pehnt M. Dynamic life cycle assessment (LCA) of renewable energy technolo-
gies. Renew Energy 2006;31:55-71.

[171] Stoppato A. Life cycle assessment of photovoltaic electricity generation. Energy.
2008;33:224-32.

[172] Jungbluth N, Stucki M, Frischknecht R, Biisser S. Photovoltaics. Ecoinvent: swiss
centre for life cycle inventories. Switzerland: Dubendorf; 2009. Available:
http://esu-services.ch/fileadmin/download/06_XII_Photovoltaic-v2.2plus.pdf.

[173] Nugent D, Sovacool BK. Assessing the lifecycle greenhouse gas emissions from
solar PV and wind energy: a critical meta-survey. Energy Policy 2014;65:229-
44,


https://www.epa.gov/controlling-air-pollution-oil-and-natural-gas-industry
https://www.epa.gov/controlling-air-pollution-oil-and-natural-gas-industry
https://www.epa.gov/natural-gas-star-program
https://link.springer.com/content/pdf/10.1007/978-3-319-03995-4.pdf
https://link.springer.com/content/pdf/10.1007/978-3-319-03995-4.pdf
https://link.springer.com/content/pdf/10.1007/978-3-319-03995-4.pdf
https://pubs.usgs.gov/fs/2009/3032/
https://ecommons.cornell.edu/handle/1813/36524
https://ecommons.cornell.edu/handle/1813/36524
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0107
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0107
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0107
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0108
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0108
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0109
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0109
http://www1.eere.energy.gov/manufacturing/distributedenergy/pdfs/chp_report_12-08.pdf
http://www1.eere.energy.gov/manufacturing/distributedenergy/pdfs/chp_report_12-08.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0111
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0111
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0111
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0112
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0112
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0112
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0112
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0113
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0113
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0113
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0114
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0114
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0115
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0115
http://www.ge.com/sites/default/files/GE_FuelCells.pdf
http://www.ge.com/sites/default/files/GE_FuelCells.pdf
http://www.nyiso.com/public/webdocs/media_room/publications_presentations/Other_Reports/Other_Reports/A_Review_of_Distributed_Energy_Resources_September_2014.pdf
http://www.nyiso.com/public/webdocs/media_room/publications_presentations/Other_Reports/Other_Reports/A_Review_of_Distributed_Energy_Resources_September_2014.pdf
http://www.nyiso.com/public/webdocs/media_room/publications_presentations/Other_Reports/Other_Reports/A_Review_of_Distributed_Energy_Resources_September_2014.pdf
http://www.nyiso.com/public/webdocs/media_room/publications_presentations/Other_Reports/Other_Reports/A_Review_of_Distributed_Energy_Resources_September_2014.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0118
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0118
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0119
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0119
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0120
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0120
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0121
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0121
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0122
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0122
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0123
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0123
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0124
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0124
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0124
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0125
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0125
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0125
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0126
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0126
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0126
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0127
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0127
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0127
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0128
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0128
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0128
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0129
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0129
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0130
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0130
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0130
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0131
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0131
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0132
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0132
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0133
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0133
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0133
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0134
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0134
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0134
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0135
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0135
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0135
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0136
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0136
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0136
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0136
http://www.fuelcellenergy.com/assets/PID000156_FCE_DFC3000_r3_hires.pdf
http://www.fuelcellenergy.com/assets/PID000156_FCE_DFC3000_r3_hires.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0138
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0138
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0138
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0138
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020389
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020389
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0140
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0140
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0141
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0141
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0141
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0141
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0142
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0142
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0142
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0143
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0143
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0143
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0144
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0144
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0144
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0145
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0145
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0145
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0146
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0146
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0146
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0147
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0147
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0148
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0148
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0148
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0149
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0149
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0150
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0150
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0151
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0151
http://css.snre.umich.edu/sites/default/files/css_doc/CSS05-09.pdf
http://css.snre.umich.edu/sites/default/files/css_doc/CSS05-09.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0153
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0153
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0153
http://www.seas.columbia.edu/clca/papers/21-EUPVSC-Alsema-DeWild-Fthenakis.pdf
http://www.seas.columbia.edu/clca/papers/21-EUPVSC-Alsema-DeWild-Fthenakis.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0155
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0155
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0156
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0156
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0157
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0157
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0158
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0158
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0158
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0159
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0159
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0160
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0160
http://esu-services.ch/fileadmin/download/06_XII_Photovoltaic-v2.2plus.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0162
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0162
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0162

M.A. Mac Kinnon et al. / Progress in Energy and Combustion Science 64 (2018) 62—92 89

[174] Martin JA. A total fuel cycle approach to reducing greenhouse gas emissions:
Solar generation technologies as greenhouse gas offsets in US utility systems.
Solar Energy 1997;59:195-203.

[175] Weinrebe G, Bohnke M, Trieb F. Life cycle assessment of an 80 MW SEGS plant
and a 30 MW Phoebus power tower. Solar Eng 1998: 417-24.

[176] Becerra-Lopez HR, Golding P. Dynamic exergy analysis for capacity expansion
of regional power-generation systems: Case study of far West Texas. Energy
2007;32:2167-86.

[177] Viebahn P, Kronshage S, Trieb F, Lechon Y. Final report on technical data, costs,
and life cycle inventories of solar thermal power plants. New Energy Externali-
ties Developments for Sustainability (NEEDS); 2008. Final Report. 502687.
Available at: http://www.needs-project.org/RS1a/RS1a%20D12.2%20Final%
20report% 20concentrating%20solar%20thermal%20power%20plants.pdf.

[178] Burkhardt III JJ, Heath GA, Turchi CS. Life cycle assessment of a parabolic trough
concentrating solar power plant and the impacts of key design alternatives.
Environ Sci Technol 2011;45:2457-64.

[179] Burkhardt II1 JJ, Heath G, Cohen E. Life cycle greenhouse gas emissions of trough
and tower concentrating solar power electricity generation. systematic review
and harmonization. ] Ind Ecol 2012;16:593-5S109.

[180] Crane K, Curtright AE, Ortiz DS, Samaras C, Burger N. The economic costs of
reducing greenhouse gas emissions under a US national renewable electricity
mandate. Energy Policy 2011;39:2730-9.

[181] de Wild-Scholten M. Environmental profile of PV mass production: globaliza-
tion. In: Proceedings of the 26th European photovoltaic solar energy confer-
ence;  2011.  Available at: http://smartgreenscans.nl/publications/
deWildScholten-2011-Environmental-profile-of-PV-mass-production—presen-
tation.pdf.

[182] Ito M, Lespinats S, Merten ], Malbranche P, Kurokawa K. Life cycle assessment
and cost analysis of very large-scale PV systems and suitable locations in the
world. Progr Photovoltaics: Res Appl 2016;24:159-74.

[183] Ito M, Kato K, Komoto K, Kichimi T, Kurokawa K. A comparative study on cost
and life—cycle analysis. Progr Photovoltaics: Res Appl 2008;16:17-30.

[184] Fthenakis V, Kim HC. Land use and electricity generation: A life-cycle analysis.
Renew Sustain Energy Rev 2009;13:1465-74.

[185] Archer CL, Jacobson MZ. Evaluation of global wind power. ] Geophys Res
2005;110:1-20.

[186] Stoutenburg ED, Jenkins N, Jacobson MZ. Variability and uncertainty of
wind power in the California electric power system. Wind Energy 2014;17:
1411-24.

[187] Chataignere A, Boulch D. Wind turbine (WT) systems. Environmental and eco-
logical life cycle inventories for present and future power systems in Europe
(ECLIPSE) 2003. Final Report. Available at: http://www.dlr.de/tt/desktopde-
fault.aspx/tabid-2885/4422_read-6558.

[188] Crawford R. Life cycle energy and greenhouse emissions analysis of wind tur-
bines and the effect of size on energy yield. Renew Sustain Energy Rev
2009;13:2653-60.

[189] Jungbluth N, Bauer C, Dones R, Frischknecht R. Life cycle assessment for emerg-
ing technologies: case studies for photovoltaic and wind power (11 pp). The Int
] Life Cycle Assess 2005;10:24-34.

[190] Jacobson MZ. Review of solutions to global warming, air pollution, and energy
security. Energy Environ Sci 2009;2:148-73.

[191] Khan FI, Hawboldt K, Igbal M. Life cycle analysis of wind-fuel cell integrated
system. Renew Energy 2005;30:157-77.

[192] Martinez E, Sanz F, Pellegrini S, Jimanez E, Blanco ]. Life-cycle assessment of a
2-MW rated power wind turbine: CML method. Int ] Life Cycle Assess
2009;14:52-63.

[193] Rule BM, Worth ZJ, Boyle CA. Comparison of life cycle carbon dioxide emissions
and embodied energy in four renewable electricity generation technologies in
New Zealand. Environ Sci Technol 2009;43:6406-13.

[194] Schleisner L. Life cycle assessment of a wind farm and related externalities.
Renew Energy. 2000;20:279-88.

[195] Kuemmel B, Sorensen B, Nielsen SK. Life-cycle analysis of the total danish
energy system: An assessment of the present danish energy system and
selected future scenarios. Roskilde Universitetscenter. Danish Energy Agency
Contract No.: 1753/040001. (1997). Available at: http://milne.ruc.dk/imfufatek-
ster/pdf/334.pdf.

[196] Dolan SL. Life cycle assessment and energy synthesis of a theoretical offshore
wind farm for Jacksonville, Florida [thesis]. Gainesville (FL): University of Flor-
ida; 2007.

[197] Weinzettel ], Reenaas M, Solli C, Hertwich EG. Life cycle assessment of a floating
offshore wind turbine. Renewable Energy 2009;34:742-7.

[198] McCubbin D, Sovacool BK. Quantifying the health and environmental benefits
of wind power to natural gas. Energy Policy 2013;53:429-41.

[199] Cullen ]. Measuring the environmental benefits of wind-generated electricity.
Am Econ J: Econ Policy 2013;5:107-33.

[200] Tester JW, Anderson B, Batchelor A, Blackwell D, DiPippo R, Drake E, et al. The
future of geothermal energy: impact of enhanced geothermal systems on the
united states in the 21st century. Massachusetts Institute of Technology; 2006.
Available at: https://www]1.eere.energy.gov/geothermal/pdfs/future_geo_
energy.pdf.

[201] Frick S, Kaltschmitt M, Schroder G. Life cycle assessment of geothermal binary
power plants using enhanced low-temperature reservoirs. Energy 2010;35:
2281-94.

[202] Rogge S, Kaltschmitt M. Electricity and heat production from geothermal
energy - an ecologic comparison. Erdoel Erdgas Kohle/EKEP 2003;119:35-40.

[203] Kagel A, Bates D, Gawell K. A guide to geothermal energy and the environment.
Washington D.C.: Geothermal Energy Association; 2007. Available at http://
www.charleswmoore.org/pdf/Environmental%20Guide.pdf.

[204] Kagel A, Gawell K. Promoting geothermal energy: air emissions comparison and
externality analysis. Electr ] 2005;18:90-9.

[205] Milbrandt A. A geographic perspective on the current biomass resource avail-
ability in the united states. Golden, CO: National Renewable Energy Laboratory;
2006. NREL/TP-560-39181. Available at: https://pdfs.semanticscholar.org/
e4ad/95ccff670460606ad0b45ef6d2f6136cb139.pdf.

[206] Caputo AC, Palumbo M, Pelagagge PM, Scacchia F. Economics of biomass energy
utilization in combustion and gasification plants: effects of logistic variables.
Biomass Bioenergy 2005;28:35-51.

[207] Lantz M, Svensson M, Bjornsson L, Brojesson Pl. The prospects for an expansion
of biogas systems in Sweden-incentives, barriers and potentials. Energy policy
2007;35:1830-43.

[208] Rasi S, Veijanen A, Rintala ]. Trace compounds of biogas from different biogas
production plants. Energy 2007;32:1375-80.

[209] Satoto EN. Anaerobic digestion of organic solid waste for energy production.
Karlsruher Institut fiir Technologle (KIT). KIT Scientific Publishing; 2010. Avail-
able at: https://www.researchgate.net/publication/43095783_Anaerobic_di-
gestion_of_organic_solid_waste_for_energy_production.

[210] Bridgwater A. Renewable fuels and chemicals by thermal processing of bio-
mass. Chem Eng ] 2003;91:87-102.

[211] Faaij A. Modern biomass conversion technologies. Mitig Adap Strat Global
Change 2006;11:335-67.

[212] Wang L, Weller CL, Jones DD, Hanna MA. Contemporary issues in thermal gasifi-
cation of biomass and its application to electricity and fuel production. Biomass
Bioenergy 2008;32:573-81.

[213] Digman B, Joo HS, Kim DS. Recent progress in gasification/pyrolysis technolo-
gies for biomass conversion to energy. Environm Progr Sustain Energy
2009;28:47-51.

[214] Bridgwater T. Biomass for energy. Journal of the Sci Food Agric 2006;86:1755-
68.

[215] Finnveden G, Johansson J, Lind P, Moberg A. Life cycle assessment of energy
from solid waste part 1: general methodology and results. J Cleaner Prod
2005;13:213-29.

[216] Han ], Mintz M, Wang M. Waste-to-wheel analysis of anaerobic-digestion-
based renewable natural gas pathways with the GREET model. Argonne
National Laboratory (ANL); 2011. ANL/ESD/11-6. Available at: http://www.osti.
gov/bridge/purl.cover.jsp?purl=/1036091/.

[217] Jury C, Benetto E, Koster D, Schmitt B, ]l Welfring. Life Cycle Assessment of bio-
gas production by monofermentation of energy crops and injection into the
natural gas grid. Biomass Bioenergy 2010;34:54-66.

[218] Bain RL, Amos WA, Downing M, Perlack RL. Biopower technical assessment:
State of the industry and technology. Golden, CO: National Renewable Energy
Laboratory; 2003. NREL/TP-510-33123. Available at: http://www.nrel.gov/
docs/fy03o0sti/33123.pdf.

[219] Mann M, Spath P. A life cycle assessment of biomass cofiring in a coal-fired
power plant. Clean Technol Environ Policy 2001;3:81-91.

[220] Demirbas A. Sustainable cofiring of biomass with coal. Energy Convers Manag
2003;44:1465-79.

[221] Schivley G, Ingwersen WW, Marriott ], Hawkins TR, Skone T]J. Identifying/quan-
tifying environmental trade-offs inherent in GHG reduction strategies for coal-
fired power. Environ Sci Technol 2015;49:7562-70.

[222] Georgescu M, Lobell DB, Field CB. Direct climate effects of perennial bioenergy
crops in the United States. Proc Nat Acad Sci 2011;108:4307-12.

[223] Amos W, Bain R. Highlights of biopower technical assessment: state of the
industry and technology. Golden, CO: National Renewable Energy Laboratory;
2003. NREL/TP-510-33502. Available at: http://www.nrel.gov/docs/fy03osti/
33502.pdf.

[224] Tilman D, Hill J, Lehman C. Carbon-negative biofuels from low-input high-
diversity grassland biomass. Science 2006;314:1598-600.

[225] Tolbert VR, Todd DEJ, Mann LK, Jawdy CM, Mays DA, Malik R, et al. Changes in
soil quality and below-ground carbon storage with conversion of traditional
agricultural crop lands to bioenergy crop production. Environ Pollut 2002;116
(Supplement 1):597-S106.

[226] Searchinger T, Heimlich R, Houghton RA, Dong F, Elobeid A, Fabiosa ], et al. Use
of US croplands for biofuels increases greenhouse gases through emissions
from land-use change. Science 2008;319:1238.

[227] Fargione ], Hill ], Tilman D, Polasky S, Hawthorne P. Land clearing and the bio-
fuel carbon debt. Science 2008;319:1235.

[228] Tilman D, Socolow R, Foley JA, Hill ], Larson E, Lynd L, et al. Beneficial biofuels:
the food, energy, and environment trilemma. Science 2009;325:270-1.

[229] Borjesson P, Berglund M. Environmental systems analysis of biogas systems —
Part II: The environmental impact of replacing various reference systems. Bio-
mass Bioenergy 2007;31:326-44.

[230] Weitz KA, Thorneloe SA, Nishtala SR, Yarkosky S, Zannes M. The impact of
municipal solid waste management on greenhouse gas emissions in the United
States. ] Air Waste Manag Assoc 2002;52:1000-11.

[231] Poeschl M, Ward S, Owende P. Environmental impacts of biogas deployment —
Part I: life cycle inventory for evaluation of production process emissions to air.
] Cleaner Prod 2012;24:168-83.

[232] Borjesson P, Berglund M. Environmental systems analysis of biogas systems-
Part [: Fuel-cycle emissions. Biomass Bioenergy 2006;30:469-85.

[233] CARB. California greenhouse Gas, regulated Emissions, and energy use in trans-
portation. Sacramento, CA: California Air Resources Board; 2015. Version 2.0.


http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0163
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0163
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0163
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0164
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0164
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0165
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0165
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0165
http://www.needs-project.org/RS1a/RS1a%20D12.2%20Final%20report%20concentrating%20solar%20thermal%20power%20plants.pdf
http://www.needs-project.org/RS1a/RS1a%20D12.2%20Final%20report%20concentrating%20solar%20thermal%20power%20plants.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0167
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0167
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0167
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0168
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0168
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0168
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0169
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0169
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0169
http://smartgreenscans.nl/publications/deWildScholten-2011-Environmental-profile-of-PV-mass-production-presentation.pdf
http://smartgreenscans.nl/publications/deWildScholten-2011-Environmental-profile-of-PV-mass-production-presentation.pdf
http://smartgreenscans.nl/publications/deWildScholten-2011-Environmental-profile-of-PV-mass-production-presentation.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0171
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0171
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0171
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0172
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0172
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0173
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0173
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0174
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0174
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0175
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0175
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0175
http://www.dlr.de/tt/desktopdefault.aspx/tabid-2885/4422_read-6558
http://www.dlr.de/tt/desktopdefault.aspx/tabid-2885/4422_read-6558
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0177
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0177
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0177
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0178
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0178
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0178
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0179
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0179
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0180
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0180
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0181
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0181
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0181
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0182
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0182
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0182
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0183
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0183
http://milne.ruc.dk/imfufatekster/pdf/334.pdf
http://milne.ruc.dk/imfufatekster/pdf/334.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0184
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0184
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0184
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0185
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0185
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0186
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0186
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0187
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0187
https://www1.eere.energy.gov/geothermal/pdfs/future_geo_energy.pdf
https://www1.eere.energy.gov/geothermal/pdfs/future_geo_energy.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0189
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0189
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0189
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0190
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0190
http://www.charleswmoore.org/pdf/Environmental%20Guide.pdf
http://www.charleswmoore.org/pdf/Environmental%20Guide.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0192
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0192
https://pdfs.semanticscholar.org/e4ad/95ccff670460606ad0b45ef6d2f6136cb139.pdf
https://pdfs.semanticscholar.org/e4ad/95ccff670460606ad0b45ef6d2f6136cb139.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0194
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0194
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0194
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0195
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0195
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0195
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0196
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0196
https://www.researchgate.net/publication/43095783_Anaerobic_digestion_of_organic_solid_waste_for_energy_production
https://www.researchgate.net/publication/43095783_Anaerobic_digestion_of_organic_solid_waste_for_energy_production
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0198
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0198
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0199
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0199
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0200
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0200
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0200
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0201
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0201
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0201
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0202
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0202
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0203
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0203
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0203
http://www.osti.gov/bridge/purl.cover.jsp?purl=/1036091/
http://www.osti.gov/bridge/purl.cover.jsp?purl=/1036091/
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0205
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0205
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0205
http://www.nrel.gov/docs/fy03osti/33123.pdf
http://www.nrel.gov/docs/fy03osti/33123.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0207
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0207
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0208
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0208
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0209
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0209
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0209
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0210
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0210
http://www.nrel.gov/docs/fy03osti/33502.pdf
http://www.nrel.gov/docs/fy03osti/33502.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0212
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0212
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0213
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0213
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0213
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0213
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0214
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0214
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0214
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0215
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0215
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0216
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0216
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0217
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0217
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0217
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0218
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0218
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0218
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0219
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0219
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0219
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0220
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0220

90 M.A. Mac Kinnon et al. / Progress in Energy and Combustion Science 64 (2018) 62—92

(CA-GREET 2.0). Available at: http://www.arb.ca.gov/fuels/Icfs/ca-greet/ca-
greet.htm.

[234] Dubuisson X, Sintzoff I. Energy and CO, balances in different power generation
routes using wood fuel from short rotation coppice. Biomass Bioenergy
1998;15:379-90.

[235] Hacatoglu K, McLellan PJ, Layzell DB. Feasibility study of a Great Lakes bioen-
ergy system. Bioresour Technol 2011;102:1087-94.

[236] Gartner S. Final report on technical data, costs and life cycle inventories of bio-
mass CHP plants. New Energy Externalities Developments for Sustainability
(NEEDS) Final Report. Project no: 502687. (2008). Available at: http://www.
needs-project.org/2009/Deliverables/
RS1a%20D13.2%20Final%20report%200n%20Biomass%20technologies.pdf.

[237] Fan ], Kalnes TN, Alward M, Klinger ], Sadehvandi A, Shonnard DR. Life cycle
assessment of electricity generation using fast pyrolysis bio-oil. Renew Energy
2011;36:632-41.

[238] Elsayed M, Matthews R, Mortimer N. Carbon and energy balances for a range
of biofuels options. Resources Research Unit, Sheffield Hallam University;
2003. Available at: http://www.forestry.gov.uk/pdf/fr_ceb_0303.pdf/$FILE/
fr_ceb_0303.pdf.

[239] Kirkinen ], Palosuo T, Holmgren K, Savolainen I. Greenhouse impact due to the
use of combustible fuels: life cycle viewpoint and relative radiative forcing
commitment. Environ Manag 2008;42:458-69.

[240] Cherubini F, Bird ND, Cowie A, Jungmeier G, Schlamadinger B, Woess-Gallasch
S. Energy-and greenhouse gas-based LCA of biofuel and bioenergy systems:
Key issues, ranges and recommendations. Resourc Conserv Recycling
2009;53:434-47.

[241] Zhou W, Lou C, Li Z, Lu L, Yang H. Current status of research on optimum sizing
of stand-alone hybrid solar-wind power generation systems. Appl Energy
2010;87:380-9.

[242] Hong SW. The usability of switchgrass, rice straw, and logging residue as feed-
stocks for power generation in East Texas [Thesis]. College Station: Texas:Texas
A&M University; 2007.

[243] Searcy E, Flynn PC. Processing of straw/corn stover: comparison of life cycle
emissions. Int ] Green Energy 2008;5:423-37.

[244] Forsberg G. Biomass energy transport: Analysis of bioenergy transport chains
using life cycle inventory method. Biomass Bioenergy 2000;19:17-30.

[245] Froese RE, Shonnard DR, Miller CA, Koers KP, Johnson DM. An evaluation of
greenhouse gas mitigation options for coal-fired power plants in the US Great
Lakes States. Biomass Bioenergy 2010;34:251-62.

[246] McKechnie ], Colombo S, Chen ], Mabee W, MacLean HL. Forest bioenergy or
forest carbon? Assessing trade-offs in greenhouse gas mitigation with wood-
based fuels. Environ Sci Technol 2011;45:789-95.

[247] Daugherty E, Stripple H. biomass energy systems efficiency: Analyzed through
a life cycle assessment [Thesis], Lund, Sweden: Lund Univesity; 2001.

[248] Yoshida Y, Dowaki K, Matsumura Y, Matsuhashi R, Li D, Ishitani H, et al. Com-
prehensive comparison of efficiency and CO, emissions between biomass
energy conversion technologies-position of supercritical water gasification in
biomass technologies. Biomass Bioenergy 2003;25:257-72.

[249] Heller MC, Keoleian GA, Mann MK, Volk TA. Life cycle energy and environmen-
tal benefits of generating electricity from willow biomass. Renew Energy
2004;29:1023-42.

[250] Roedl A. Production and energetic utilization of wood from short rotation cop-
pice — a life cycle assessment. Int J Life Cycle Assess 2010;15:567-78.

[251] Edenhofer O, Pichs-Madruga R, Sokona Y, Seyboth K, Kadner S, Zwickel T, et al.
Renewable energy sources and climate change mitigation. Special Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press;
(2011).

[252] Spath PL, Mann MK. Biomass power and conventional fossil systems with and
without CO, sequestration—comparing the energy Balance, greenhouse gas
emissions and economics. Golden, CO: National Renewable Energy Lab.; 2004.
NREL/TP-510-32575. Available at: http://www.nrel.gov/docs/fy04osti/32575.
pdf.

[253] Khan A, De Jong W, Jansens P, Spliethoff H. Biomass combustion in fluidized bed
boilers: potential problems and remedies. Fuel Process Technol 2009;90:21-50.

[254] Bain RL, Overend RP, Craig KR. Biomass-fired power generation. Fuel Process
Technol 1998;54:1-16.

[255] Baxter L. Biomass-coal co-combustion: opportunity for affordable renewable
energy. Fuel 2005;84:1295-302.

[256] Demirbas A. Combustion characteristics of different biomass fuels. Progr
Energy Combust Sci 2004;30:219-30.

[257] Thornley P. Airborne emissions from biomass based power generation systems.
Environ Res Lett 2008;3:014004.

[258] Sippula O, Hokkinen J, Puustinen H, Yli-Pirila P, Jokiniemi ]. Particle emissions
from small wood-fired district heating units. Energy Fuels 2009;23:2974-82.

[259] Sippula O, Hokkinen ], Puustinen H, Yli-Pirila P, Jokiniemi ]. Comparison of par-
ticle emissions from small heavy fuel oil and wood-fired boilers. Atmosp Envi-
ron 2009;43:4855-64.

[260] Brzozowski C. Getting the Gas Out. MSW Manag 2014;1:28-34.

[261] Spiegel R], Trocciola ], Preston J. Test results for fuel-cell operation on landfill
gas. Energy 1997;22:777-86.

[262] Trogisch S, Hoffmann ], Daza Bertrand L. Operation of molten carbonate fuel
cells with different biogas sources: A challenging approach for field trials. ]
Power Sourc 2005;145:632-8.

[263] Spiegel R, Preston ], Trocciola J. Fuel cell operation on landfill gas at penrose
power station. Energy 1999;24:723-42.

[264] Spiegel R, Preston J. Technical assessment of fuel cell operation on landfill gas at
the Groton, CT, landfill. Energy 2003;28:397-409.

[265] Spiegel R, Preston ]. Test results for fuel cell operation on anaerobic digester
gas. ] Power Sourc 2000;86:283-8.

[266] Lanzini A, Madi H, Chiodo V, Papurello D, Maisano S, Santarelli M. Dealing with
fuel contaminants in biogas-fed solid oxide fuel cell (SOFC) and molten carbon-
ate fuel cell (MCFC) plants: Degradation of catalytic and electro-catalytic active
surfaces and related gas purification methods. Progr Energy Combust Sci
2017;61:150-88.

[267] Papadias DD, Ahmed S, Kumar R. Fuel quality issues with biogas energy—An
economic analysis for a stationary fuel cell system. Energy 2012;44:257-77.

[268] Vujic ], Antic DP, Vukmirovic Z. Environmental impact and cost analysis of coal
versus nuclear power: The US case. Energy 2012;45:31-42.

[269] Tavoni M, van der Zwaan B. Nuclear versus coal plus CCS: A comparison of
two competitive base-load climate control options. Environ Model Assess
2011;16:431-40.

[270] Funabashi Y, Kitazawa K. Fukushima in review: A complex disaster, a disastrous
response. Bull Atomic Sci 2012;68:9-21.

[271] Wang Q, Chen X, Yi-chong X. Accident like the Fukushima unlikely in a country
with effective nuclear regulation: Literature review and proposed guidelines.
Renew Sustain Energy Rev 2013;17:126-46.

[272] EPRI. Advanced nuclear fuel Cycles- Main Challenges and strategic choices. Palo
Alto, CA: Electric Power Research Institute; 2010.:1020307 Available at: http://
www.epri.com/abstracts/Pages/ProductAbstract.aspx?Produc-
tld=000000000001020307.

[273] Rashad S, Hammad F. Nuclear power and the environment: comparative
assessment of environmental and health impacts of electricity-generating sys-
tems. Appl Energy 2000;65:211-29.

[274] van der Zwaan B. The role of nuclear power in mitigating emissions from elec-
tricity generation. Energy Strategy Rev 2013;4(1):296-301.

[275] Sovacool BK. Valuing the greenhouse gas emissions from nuclear power: a criti-
cal survey. Energy Policy 2008;36:2950-63.

[276] Lecointe C, Lecarpentier D, Maupu V, Le Boulch D, Garzenne C, Richard R, et al.
Final report on technical data, costs and life cycle inventories of nuclear power
plants. New Energy Externalities Developments for Sustainability (NEEDS);
2007. Final Report. 502687. Available at: http://www.needs-project.org/RS1a/
RS1a%20D14.2%20Final%20report%20on%20nuclear.pdf.

[277] Badea AA, Voda I, Dinca CF. Comparative analysis of coal, natural gas, and
nuclear fuel life cycle by chains of electrical energy production. UPB Sci Bull
Series C: Electr Eng 2010;72(2):221-38 ISSN 1454-234x. Available at: http://
scientificbulletin.upb.ro/rev_docs_arhiva/full8515.pdf.

[278] Lenzen M. Life cycle energy and greenhouse gas emissions of nuclear energy: a
review. Energy Convers Manag 2008;49:2178-99.

[279] Fthenakis VM, Kim HC. Greenhouse-gas emissions from solar electric-and
nuclear power: a life-cycle study. Energy Policy 2007;35:2549-57.

[280] Beerten J, Laes E, Meskens G, D'haeseleer W. Greenhouse gas emissions in the
nuclear life cycle: a balanced appraisal. Energy Policy 2009;37:5056-68.

[281] Delucchi M. A lifecycle emissions model (LEM): lifecycle emissions from trans-
portation fuels, motor vehicles, transportation modes, electricity use, heating
and cooking fuels, and materials. Davis: Institute of Transportation Studies.
University of California; 2003. UCD-ITS-RR-03-17. Available at: http://escholar-
ship.org/uc/item/9vr8s1bb.

[282] Warner ES, Heath GA. Life cycle greenhouse gas emissions of nuclear electricity
generation. ] Ind Ecol 2012;16:573-92.

[283] Nian V, Chou S, Su B, Bauly ]. Life cycle analysis on carbon emissions from
power generation — the nuclear energy example. Appl Energy 2014;118:68-
82.

[284] Vattenfall A. Generation nordic certified environmental product declaration,
EPD, of electricity from forsmark nuclear power plant. Stockholm, Sweden;
2007. p. 59. NEI-SE—375.

[285] Tokimatsu K, Hondo H, Ogawa Y, Okano K, Yamaji K, Katsurai M. Evaluation of
CO, emissions in the life cycle of tokamak fusion power reactors. Nuclear Fus
2002;40:653.

[286] Vattenfall A. Summary of vattenfall AB generation nordic certified environmen-
tal product declaration. Stockholm, SwedenStockholm, Sweden: EPD of Elec-
tricity from Ringhals Nuclear Power Plant; 2007. p. 59. NEI-SE-375.

[287] British Energy. Environmental product declaration of electricity from torness
nuclear power station. AEA Technology; 2005. Available at: https://archive.uea.
ac.uk/~e680/energy/energy_links/nuclear/EPD_Doc_-_Final.pdf.

[288] Qvist SA, Brook BW. Environmental and health impacts of a policy to phase out
nuclear power in Sweden. Energy Policy 2015;84:1-10.

[289] Kharecha PA, Hansen JE. Prevented mortality and greenhouse gas emissions
from historical and projected nuclear power. Environ Sci Technol 2013;47
(9):4889-95.

[290] MIT. The future of Coal; options in a carbon-constrained world. Massachusetts
Institute of Technology; 2007. Available at: http://web.mit.edu/coal.

[291] Harmelen T, Koornneef ], Horssen A, Ramirez A, Van Gijlswijk R. The impacts of
CO, capture technologies on transboundary air pollution in the netherlands.
Utrecht, the Netherlands: TNO and University of Utrecht; 2008. Available at:
http://www.rivm.nl/bibliotheek/digitaaldepot/BOLK_I_CCS_Final.pdf.

[292] Chu S. Carbon capture and sequestration. Science. 2009;325:1599.

[293] IPCC. IPCC special report on carbon dioxide capture and storage. In: Metz B, edi-
tor. Available at:, 2005, editor. IPCC special report on carbon dioxide capture
and storage. editor New York: Intergovernmental Panel on Climate Change;
2005. Available at: https://www.ipcc.ch/pdf/special-reports/srccs/srccs_who-
lereport.pdf.


http://www.arb.ca.gov/fuels/lcfs/ca-greet/ca-greet.htm
http://www.arb.ca.gov/fuels/lcfs/ca-greet/ca-greet.htm
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0222
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0222
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0222
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0223
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0223
http://www.needs-project.org/2009/Deliverables/RS1a%20D13.2%20Final%20report%20on%20Biomass%20technologies.pdf
http://www.needs-project.org/2009/Deliverables/RS1a%20D13.2%20Final%20report%20on%20Biomass%20technologies.pdf
http://www.needs-project.org/2009/Deliverables/RS1a%20D13.2%20Final%20report%20on%20Biomass%20technologies.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0224
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0224
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0224
http://www.forestry.gov.uk/pdf/fr_ceb_0303.pdf/$FILE/fr_ceb_0303.pdf
http://www.forestry.gov.uk/pdf/fr_ceb_0303.pdf/$FILE/fr_ceb_0303.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0226
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0226
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0226
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0227
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0227
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0227
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0227
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0228
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0228
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0228
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0229
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0229
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0229
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0230
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0230
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0231
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0231
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0232
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0232
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0232
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0233
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0233
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0233
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0234
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0234
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0235
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0235
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0235
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0235
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0236
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0236
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0236
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0237
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0237
http://www.nrel.gov/docs/fy04osti/32575.pdf
http://www.nrel.gov/docs/fy04osti/32575.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0239
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0239
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0240
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0240
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0241
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0241
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0242
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0242
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0243
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0243
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0244
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0244
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0245
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0245
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0245
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0246
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0247
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0247
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0248
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0248
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0248
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0249
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0249
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0250
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0250
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0251
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0251
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0252
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0252
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0252
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0252
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0252
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0253
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0253
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0254
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0254
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0255
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0255
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0255
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0256
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0256
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0257
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0257
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0257
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020307
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020307
http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001020307
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0259
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0259
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0259
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0260
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0260
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0261
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0261
http://www.needs-project.org/RS1a/RS1a%20D14.2%20Final%20report%20on%20nuclear.pdf
http://www.needs-project.org/RS1a/RS1a%20D14.2%20Final%20report%20on%20nuclear.pdf
http://scientificbulletin.upb.ro/rev_docs_arhiva/full8515.pdf
http://scientificbulletin.upb.ro/rev_docs_arhiva/full8515.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0264
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0264
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0265
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0265
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0266
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0266
http://escholarship.org/uc/item/9vr8s1bb
http://escholarship.org/uc/item/9vr8s1bb
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0268
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0268
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0269
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0269
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0269
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0270
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0270
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0270
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0271
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0271
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0271
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0272
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0272
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0272
https://archive.uea.ac.uk/~e680/energy/energy_links/nuclear/EPD_Doc_-_Final.pdf
https://archive.uea.ac.uk/~e680/energy/energy_links/nuclear/EPD_Doc_-_Final.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0274
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0274
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0275
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0275
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0275
http://web.mit.edu/coal
http://www.rivm.nl/bibliotheek/digitaaldepot/BOLK_I_CCS_Final.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0278
https://www.ipcc.ch/pdf/special-reports/srccs/srccs_wholereport.pdf
https://www.ipcc.ch/pdf/special-reports/srccs/srccs_wholereport.pdf

M.A. Mac Kinnon et al. / Progress in Energy and Combustion Science 64 (2018) 62—92 91

[294] Andress D, Nguyen TD, Das S. Reducing GHG emissions in the United States’
transportation sector. Energy Sustain Devel 2011;15:117-36.

[295] NETL. Improving the efficiency of coal-fired power plants for near term green-
house gas emissions reductions. National Energy Technologies Laboratory. U.S.
Department of Energy; 2010 DOE/NETL-2010/1411.

[296] Discussion Paper, 2005-09 Stephens ]JC. Coupling CO2 Capture and Storage with
Coal Gasification: Defining" Sequestration-Ready" IGCC. In: John F, editor. Dis-
cussion Paper, 2005-09. Available at:, 2005, editor. Belfer Center for Science
and International Affairs. Kennedy School of Government, Harvard University;
2005. Discussion Paper, 2005-09. Available at: http://www.belfercenter.org/
publication/coupling-co2-capture-and-storage-coal-gasification-defining-
sequestration-ready-igcc-0.

[297] Viebahn P, Nitsch ], Fischedick M, Esken A, Schuwer D, Supersberger N, et al.
Comparison of carbon capture and storage with renewable energy technologies
regarding structural, economic, and ecological aspects in Germany. Int ] Greenh
Gas Control 2007;1:121-33.

[298] Pehnt M, Henkel J. Life cycle assessment of carbon dioxide capture and storage
from lignite power plants. Int ] Greenh Gas Control 2009;3:49-66.

[299] Koornneef ], Van Harmelen T, Van Horssen A, Ramirez A. Carbon dioxide cap-
ture and air quality. In: Mazzeo DN, editor. N. Mazzeo (Ed.), Chemistry, emis-
sion control, radioactive pollution and indoor air quality, INTECH Open Access
Publisher. ISBN: 978-953-307-316-3, DOI: 10.5772/18075.

[300] Tzimas E, Mercier A, Cormos CC, Peteves SD. Trade-off in emissions of acid gas
pollutants and of carbon dioxide in fossil fuel power plants with carbon cap-
ture. Energy Policy 2007;35:3991-8.

[301] Sathre R. The role of life cycle assessment in identifying and reducing environ-
mental impacts of CCS. Lawrence Berkeley National Laboratory; 2011. Available
at: https://www.osti.gov/scitech/servlets/purl/1016012-JLjxFs/.

[302] Singh B, Stromman AH, Hertwich EG. Comparative impact assessment of CCS
portfolio: Life cycle perspective. Energy Procedia 2011;4:2486-93.

[303] DOE/NETL. Power generation technology comparison from a life cycle perspec-
tive. Report No.: DOE/NETL-2012/1567. Available at https://www.netl.doe.gov/
File%20Library/Research/Energy%20Analysis/Life%20Cycle%20Analysis/Tech-
nology-Assessment-Compilation-Report.pdf.

[304] Koornneef ], Ramirez A, van Harmelen T, van Horssen A, Turkenburg W, Faaij A.
The impact of CO2 capture in the power and heat sector on the emission of
S02, NOx, particulate matter, volatile organic compounds and NH3 in the Euro-
pean Union. Atmosp Environ 2010;44:1369.

[305] Barelli L, Bidini G, Campanari S, Discepoli G, Spinelli M. Performance assess-
ment of natural gas and biogas fueled molten carbonate fuel cells in carbon
capture configuration. ] Power Sources 2016;320:332-42.

[306] Lim X. How to make the most of carbon dioxide. Nature. 2015;526:628.

[307] US DOE. Conversion of waste CO, and shale gas to high value chemicals. Wal-
tham, MA (United States): Department of energy. Office of Energy Efficiency
and Renewable Energy; 2016. Available at https://energy.gov/sites/prod|/files/
2016/07/f33/Conver-
sion%200f%20Waste%20C02%20and%20Shale%20Gas%20to%20High-Value%20-
Chemicals.pdf.

[308] Rubin ES, Chen C, Rao AB. Cost and performance of fossil fuel power plants with
CO2 capture and storage. Energy Policy 2007;35:4444-54.

[309] Fthenakis V, Kim H, Held M, Raugei M, Krones J. Update of PV energy
payback times and life-cycle greenhouse gas emissions. In: Proceedings of the
24nd european photovoltaic solar energy conference and exhibition; 2009. p.
Hamburg, Germany21-5. Available at: http://www.eupvsec-proceedings.com/
proceedings?paper=5312.

[310] Woollcombe-Adams C, Watson M, Shaw T. Severn Barrage tidal power project:
implications for carbon emissions. Water Environ ] 2009;23:63-8.

[311] Kelly K, McManus M, Hammond G. An energy and carbon life cycle assessment
of tidal power case study: The proposed Cardiff-Weston severn barrage
scheme. Energy 2012.

[312] Denholm P, Kulcinski GL. Life cycle energy requirements and greenhouse gas
emissions from large scale energy storage systems. Energy Convers Manag
2004;45:2153-72.

[313] Horvath A. Decision-making in electricity generation based on global warming
potential and life-cycle assessment for climate change. Energy Policy and Eco-
nomics Working Paper: University of California Energy Institute; 2005. Avail-
able at: http://escholarship.org/uc/item/8jh5x7z4.

[314] Pacca S. Impacts from decommissioning of hydroelectric dams: a life cycle per-
spective. Climatic Change 2007;84:281-94.

[316] Ribeiro FM, da Silva GA. Life-cycle inventory for hydroelectric generation: a
Brazilian case study. ] Cleaner Prod 2009;18:44-54.

[316] Finlayson-Pitts BJ, Pitts JN. Chemistry of the upper and lower atmosphere: The-
ory, experiments, and applications. San Diego, CA: Academic Press; 2000.

[317] Carter WP. Development of ozone reactivity scales for volatile organic com-
pounds. Air Waste 1994;44:881-99.

[318] Jacob DJ, Logan JA, Gardner GM, Yevich RM, Spivakovsky CM, Wofsy SC, et al.
Factors regulating ozone over the United States and its export to the global
atmosphere. ] Geophys Res: Atmosp (1984-2012) 1993;98:14817-26.

[319] Mysliwiec M], Kleeman M]J. Source apportionment of secondary airborne par-
ticulate matter in a polluted atmosphere. Environ Sci Technol 2002;36:5376-
84.

[320] Schell B, Ackermann I, Hass H, Binkowski FS, Ebel A. Modeling the formation of
secondary organic aerosol within a comprehensive air quality model system. ]
Geophys Res D Atmosp 2001;106:28.

[321] Zhang Y, Vijayaraghavan K, Wen XY, Snell HE, Jacobson MZ. Probing into
regional ozone and particulate matter pollution in the United States: 1. A 1

year CMAQ simulation and evaluation using surface and satellite data. ] Geo-
phys Res 2009;114:D22304.

[322] Vutukuru S, Carreras-Sospedra M, Brouwer ], Dabdub D. Future impacts of dis-
tributed power generation on ambient ozone and particulate matter concentra-
tions in the San Joaquin Valley of California. | Air Waste Manag Assoc
2011;61:1319-33.

[323] Carreras-Sospedra M, Vutukuru SK, Brouwer ], Dabdub D. Central power gener-
ation versus distributed generation - an air quality assessment in the South
Coast Air Basin of California. Atmosp Environ 2010;44(26):3215-23.

[324] Ebrahimi S, Mac Kinnon M, Leong K, Sospedra MC, Dabdub D, Samuelsen GS,
et al. GHG emission benefits and air quality impacts of deploying electrification
in California. Sacramento, CA: California Energy Commission; 2015 #500-09-
040Available at.

[325] Xie L, Carvalho P, Ferreira LA, Liu ], Krogh BH, Popli N, et al. Wind integration in
power systems: operational challenges and possible solutions. Proc IEEE
2011;99:214-32. Available at http://ieeexplore.ieee.org/stamp/stamp.jsp?
arnumber=5607275.

[326] GE Energy Consulting. Western wind and solar integration study. Golden, CO:
National Renewable Energy Laboratory (NREL); 2010. NREL/SR-550-47434.
Available at: http://www.nrel.gov/grid/wwsis.html.

[327] Eichman JD, Mueller F, Tarroja B, Schell LS, Samuelsen S. Exploration of the inte-
gration of renewable resources into California's electric system using the holis-
tic grid resource integration and deployment (HiGRID) tool. Energy
2013;50:353-63.

[328] Katzenstein W, Apt ]. Air emissions due to wind and solar power. Environ Sci
Technol 2008;43:253-8.

[329] Liik O, Oidram R, Keel M. Estimation of real emissions reduction caused by wind
generators. In: Proceedings of the International Energy Workshop; 2003. p. Lax-
enburg, Austria, 24-6. Available at: https://docs.wind-watch.org/liik-emis-
sionsreduction.pdf.

[330] Valentino L, Valenzuela V, Botterud A, Zhou Z, Conzelmann G. System-wide
emissions implications of increased wind power penetration. Environ Sci Tech-
nol 2012;46:4200-6.

[331] Nyberg M. Thermal efficiency of gas-fired generation in California: 2014
update. Sacramento, CA: California Energy Commission; 2014. CEC-200-2014-
005. Available at: http://www.energy.ca.gov/2014publications/CEC-200-2014-
005/CEC-200-2014-005.pdf2014.

[332] Mills A, Wiser R, Milligan M, Malley M. Comment on air emissions due to wind
and solar power. Environ Sci Technol 2009;43:6106-7.

[333] Fripp M. Greenhouse gas emissions from operating reserves used to backup
large-scale wind power. Environ Sci Technol 2011;45:9405-12.

[334] Denny E, O'Malley M. Wind generation, power system operation, and emissions
reduction. IEEE Trans Power Syst 2006;21:341-7.

[335] Novan KM. Shifting wind: The economics of moving subsidies from power pro-
duced to emissions avoided. In: Proceedings of the 30th anniversary meeting of
the international energy workshop. Stanford University, Palo Alto, CA; 2011.
Available at https://web.stanford.edu/group/emf-research/new-emf.stanford.
edu/files/docs/273/Novan_IEW_Presentation.pdf.

[336] Inhaber H. Why wind power does not deliver the expected emissions reduc-
tions. Renewable Sustain Energy Rev 2011;15:2557-62.

[337] IEAGHG. Emissions of substances other than CO2 from power plants with CCS.
International Energy Agency; 2012. 2012/03. Available http://www.ieaghg.org/
docs/General_Docs/Reports/2012-03.pdf.

[338] Lund H. Large-scale integration of wind power into different energy systems.
Energy 2005;30:2402-12.

[339] Mathiesen BV, Lund H, Karlsson K. 100% Renewable energy systems, climate
mitigation and economic growth. Appl Energy 2011;88:488-501.

[340] Mueller F, Jabbari F, Gaynor R, Brouwer J. Novel solid oxide fuel cell system con-
troller for rapid load following. ] Power Sources 2007;172:308-23.

[341] Maclay JD, Brouwer J, Samuelsen GS. Dynamic analyses of regenerative fuel cell
power for potential use in renewable residential applications. Int J Hydrog
Energy 2006;31:994-1009.

[342] Lefebvre D, Tezel FH. A review of energy storage technologies with a focus on
adsorption thermal energy storage processes for heating applications. Renew
Sustain Energy Rev 2017;67:116-25.

[343] Serensen BE. Renewable Energy: Physics, engineering, environmental impacts,
economics and planning. New York: Academic Press; 2017.

[344] Luo X, Wang ], Dooner M, Clarke ]. Overview of current development in electri-
cal energy storage technologies and the application potential in power system
operation. Appl Energy 2015;137:511-36.

[345] CESA. Energy storage - a Cheaper and cleaner alternative to natural gas-fired
peaker plants. California Energy Storage Alliance; 2010. Available at https://
www.ice-energy.com/wp-content/uploads/2016/04/cesa_peaker_vs_stor-
age_2010_06_16.pdf.

[346] Sioshansi R, Denholm P. Emissions impacts and benefits of plug-in hybrid elec-
tric vehicles and vehicle-to-grid services. Environ Sci Technol 2009;43:1199-
204.

[347] Lin J. Imperative of energy storage for meeting california's clean energy needs.
Senate Energy, Utilities, and Communications Committee. California Energy
Storage Alliance (CESA); 2010.

[348] Ghoniem AF. Needs, resources and climate change: Clean and efficient conver-
sion technologies. Progr Energy Combust Sci 2011;37:15-51.

[349] Ethan NEIkind, et al. The power of energy Storage: how to increase deployment
in california to reduce greenhouse gas emissions. Berkely, CA: University of Cal-
ifornia, Berkely School of Law; 2010. White paper: Available at https://www.
law.berkeley.edu/files/Power_of_Energy_Storage_July_2010.pdf.


http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0280
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0280
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0281
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0281
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0281
http://www.belfercenter.org/publication/coupling-co2-capture-and-storage-coal-gasification-defining-sequestration-ready-igcc-0
http://www.belfercenter.org/publication/coupling-co2-capture-and-storage-coal-gasification-defining-sequestration-ready-igcc-0
http://www.belfercenter.org/publication/coupling-co2-capture-and-storage-coal-gasification-defining-sequestration-ready-igcc-0
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0283
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0283
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0283
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0283
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0284
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0284
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0285
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0285
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0285
https://www.osti.gov/scitech/servlets/purl/1016012-JLjxFs/
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0287
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0287
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Life%20Cycle%20Analysis/Technology-Assessment-Compilation-Report.pdf
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Life%20Cycle%20Analysis/Technology-Assessment-Compilation-Report.pdf
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Life%20Cycle%20Analysis/Technology-Assessment-Compilation-Report.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0289
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0289
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0289
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0289
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0290
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0290
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0290
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0291
https://energy.gov/sites/prod/files/2016/07/f33/Conversion%20of%20Waste%20CO2%20and%20Shale%20Gas%20to%20High-Value%20Chemicals.pdf
https://energy.gov/sites/prod/files/2016/07/f33/Conversion%20of%20Waste%20CO2%20and%20Shale%20Gas%20to%20High-Value%20Chemicals.pdf
https://energy.gov/sites/prod/files/2016/07/f33/Conversion%20of%20Waste%20CO2%20and%20Shale%20Gas%20to%20High-Value%20Chemicals.pdf
https://energy.gov/sites/prod/files/2016/07/f33/Conversion%20of%20Waste%20CO2%20and%20Shale%20Gas%20to%20High-Value%20Chemicals.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0293
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0293
http://www.eupvsec-proceedings.com/proceedings?paper=5312
http://www.eupvsec-proceedings.com/proceedings?paper=5312
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0295
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0295
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0296
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0296
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0296
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0297
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0297
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0297
http://escholarship.org/uc/item/8jh5x7z4
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0299
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0299
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0300
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0300
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0301
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0301
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0302
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0302
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0303
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0303
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0303
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0304
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0304
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0304
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0305
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0305
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0305
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0306
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0306
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0306
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0306
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0307
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0307
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0307
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0307
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0308
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0308
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0308
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0309
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0309
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0309
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0309
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=5607275
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=5607275
http://www.nrel.gov/grid/wwsis.html
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0312
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0312
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0312
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0312
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0313
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0313
https://docs.wind-watch.org/liik-emissionsreduction.pdf
https://docs.wind-watch.org/liik-emissionsreduction.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0315
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0315
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0315
http://www.energy.ca.gov/2014publications/CEC-200-2014-005/CEC-200-2014-005.pdf2014
http://www.energy.ca.gov/2014publications/CEC-200-2014-005/CEC-200-2014-005.pdf2014
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0317
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0317
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0318
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0318
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0319
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0319
https://web.stanford.edu/group/emf-research/new-emf.stanford.edu/files/docs/273/Novan_IEW_Presentation.pdf
https://web.stanford.edu/group/emf-research/new-emf.stanford.edu/files/docs/273/Novan_IEW_Presentation.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0321
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0321
http://www.ieaghg.org/docs/General_Docs/Reports/2012-03.pdf
http://www.ieaghg.org/docs/General_Docs/Reports/2012-03.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0323
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0323
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0324
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0324
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0325
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0325
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0326
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0326
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0326
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0327
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0327
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0327
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0328
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0328
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0329
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0329
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0329
https://www.ice-energy.com/wp-content/uploads/2016/04/cesa_peaker_vs_storage_2010_06_16.pdf
https://www.ice-energy.com/wp-content/uploads/2016/04/cesa_peaker_vs_storage_2010_06_16.pdf
https://www.ice-energy.com/wp-content/uploads/2016/04/cesa_peaker_vs_storage_2010_06_16.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0331
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0331
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0331
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0332
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0332
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0332
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0333
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0333
https://www.law.berkeley.edu/files/Power_of_Energy_Storage_July_2010.pdf
https://www.law.berkeley.edu/files/Power_of_Energy_Storage_July_2010.pdf

92 M.A. Mac Kinnon et al. / Progress in Energy and Combustion Science 64 (2018) 62—92

[350] Andris Abele EE. Jessica Intrator, byron Washom. 2020 strategic analysis of
energy storage in California. San Diego: University of California, Berkeley
School of Law; University of California, Los Angeles; and University of Califor-
nia; 2011. California Energy Commission. CEC-500-2011-047. Available at:
http://www.energy.ca.gov/2011publications/CEC-500-2011-047/CEC-500-
2011-047.pdf.

[351] Rastler D. Electricity energy storage technology options: a white paper primer
on applications, costs and benefits. Palo Alto, CA; 2010. Electric Power Research
Institute. 1020676. Available at: http://large.stanford.edu/courses/2012/ph240/
doshay1/docs/EPRI.pdf.

[352] Fisher MJ, Apt J. Emissions and economics of behind-the-meter electricity stor-
age. Environ Sci Technol 2017;51:1094-101.

[353] Lin Y, Mathieu ]JL, Johnson JX. Stochastic optimal power flow formulation to
achieve emissions objectives with energy storage. In: Proceedings of the power
systems computation conference (PSCC), 2016. [EEE; 2016. p. 1-7.

[354] Lin Y, Johnson JX, Mathieu JL. Emissions impacts of using energy storage for
power system reserves. Appl Energy 2016;168:444-56.

[355] Harris C, Meyers JP. Working Smarter, Not Harder: An Introduction to the
“Smart Grid. Electrochem Soc Interface 2010;19(3):45-8.

[356] DOE. The smart Grid: an introduction. U.S. Department of Energy; 2008. Avail-
able at: http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_
SG_Book_Single_Pages%281%29.pdf.

[357] Hledik R. How green is the smart grid? Electr ] 2009;22:29-41.

[358] EPRI The green Grid: energy savings and carbon emissions reductions enabled
by a smart grid 2008 Available at: https://www.smartgrid.gov/files/The_
Green_Grid_Energy_Savings_Carbon_Emission_Reduction_En_200812.pdf.

[359] Tarroja B, Zhang L, Wifvat V, Shaffer B, Samuelsen S. Assessing the stationary
energy storage equivalency of vehicle-to-grid charging battery electric vehicles.
Energy 2016;106:673-90.

[360] Chai X, Tonjes DJ, Mahajan D. Methane emissions as energy reservoir: Context,
scope, causes and mitigation strategies. Progr Energy Combust Sci 2016;56:33-
70.

[361] E3. Decarbonizing pipeline gas to help meet california's 2050 greenhouse gas
reduction goal. San Francisco, CA: Energy and Environmental Economics, Inc.;
2014. Available at http://origin-qps.onstreammedia.com/origin/multivu_arch-
ive/ENR/1241844-Decarbonizing-Pipeline-Gas.pdf.

[362] Murray BC, Galik CS, Vegh T. Biogas in the United States: an assessment of mar-
ket potential in a carbon-constrained future. Durham, NC: Duke University;
2014. NI R 14-02. Available at: https://nicholasinstitute.duke.edu/sites/default/
files/publications/ni_r_14-02_full_pdf.pdf.

[363] Persson M, Jonsson O, Wellinger A. Biogas upgrading to vehicle fuel standards
and grid injection. IEA Bioenergy Task 372006. (2007). Available at: https://
www.iea-biogas.net/files/daten-redaktion/download/publi-task37/upgrading_
rz_low_final.pdf.

[364] Lombardi L, Carnevale E, Corti A. Greenhouse effect reduction and energy
recovery from waste landfill. Energy 2006;31:3208-19.

[365] Appels L, Baeyens ], Degreve J, Dewil R. Principles and potential of the anaerobic
digestion of waste-activated sludge. Progr Energy Combust Sci 2008;34:755-
81.

[366] Rasi S, Lantela J, Rintala J. Trace compounds affecting biogas energy uti-
lization—A review. Energy Convers Manag 2011;52:3369-75.

[367] Sun Q, Li H, Yan J, Liu L, Yu Z, Yu X. Selection of appropriate biogas upgrading
technology-a review of biogas cleaning, upgrading and utilization. Renew Sus-
tain Energy Rev 2015;51:521-32.

[368] Ong MD, Williams RB, Kaffka SR. Comparative assessment of technology
options for biogas Clean-up. California Energy Commission; 2015. CEC-500-11-
020. Available:  http://biomass.ucdavis.edu/files/2015/10/Biogas-Cleanup-
Report_FinalDraftv3_12Nov2014-2.pdf.

[369] Tachibana Y, Vayssieres L, Durrant JR. Artificial photosynthesis for solar water-
splitting. Nat Photon 2012;6:511-8.

[370] Barreto L, Makihira A, Riahi K. The hydrogen economy in the 21st century: a
sustainable development scenario. Int ] Hydrog Energy 2003;28:267-84.

[371] Tarroja B, Shaffer B, Samuelsen S. The importance of grid integration for achiev-
able greenhouse gas emissions reductions from alternative vehicle technolo-
gies. Energy 2015;87:504-19.

[372] Gahleitner G. Hydrogen from renewable electricity: An international review of
power-to-gas pilot plants for stationary applications. Int | Hydrog Energy
2013;38:2039-61.

[373] Gotz M, Lefebvre ], Mors F, Koch AM, Graf F, Bajohr S, et al. Renewable Power-
to-Gas: A technological and economic review. Renewable Energy 2016;85:
1371-90.

[374] Carmo M, Fritz DL, Mergel J, Stolten D. A comprehensive review on PEM water
electrolysis. Int ] Hydrog Energy 2013;38:4901-34.

[375] Jentsch M, Trost T, Sterner M. Optimal use of power-to-gas energy storage sys-
tems in an 85% renewable energy scenario. Energy Procedia 2014;46:254-61.

[376] CHBC. Power-to-Gas: the case for hydrogen white paper. California Hydrogen
Business Council; 2015. Available at https://californiahydrogen.org/sites/
default/files/CHBC%20Hydro-
gen%20Energy%20Storage%20White%20Paper%20FINAL.pdf.

[377] Dickinson RR, Battye DL, Linton VM, Ashman PJ. Alternative carriers for remote
renewable energy sources using existing CNG infrastructure. Int | Hydrog
Energy 2010;35:1321-9.

[378] Yang C, Ogden J. Determining the lowest-cost hydrogen delivery mode. Int ]
Hydrog Energy 2007;32:268-86.

[379] labidine Messaoudani Z, Rigas F, Hamid MDB, Hassan CRC. Hazards, safety and
knowledge gaps on hydrogen transmission via natural gas grid: A critical
review. Int ] Hydrog Energy 2016;41:17511-25.

[380] Schaaf T, Griinig J, Schuster MR, Rothenfluh T, Orth A. Methanation of CO,-stor-
age of renewable energy in a gas distribution system. Energy, Sustain Soc
2014;4:2.

[381] Lehner M, Tichler R, Steinmiiller H, Koppe M. Power-to-gas: technology and
business models. Springer; 2014. Available at https://link.springer.com/con-
tent/pdf/10.1007/978-3-319-03995-4.pdf.

[382] Basile A, Iulianelli A. Advances in hydrogen Production, Storage, and distribu-
tion. New York: Woodhead Publishing; 2014.

[383] Zheng Y, Wang ], Yu B, Zhang W, Chen J, Qiao ], et al. A review of high tempera-
ture co-electrolysis of H , O and CO , to produce sustainable fuels using solid
oxide electrolysis cells (SOECs): advanced materials and technology. Chem Soc
Rev 2017;46:1427-63.

[384] Klumpp F. Comparison of pumped hydro, hydrogen storage and compressed air
energy storage for integrating high shares of renewable energies—potential,
cost-comparison and ranking. ] Energy Storage 2016;8:119-28.

[385] Bekkering ], Broekhuis A, Van Gemert W. Optimisation of a green gas supply
chain—A review. Bioresource Technol 2010;101:450-6.

[386] Wang ], Huang Z, Fang Y, Liu B, Zeng K, Miao H, et al. Combustion behaviors of a
direct-injection engine operating on various fractions of natural gas—hydrogen
blends. Int ] Hydrog Energy 2007;32:3555-64.

[387] Ma F, Wang Y, Liu H, Li Y, Wang ], Zhao S. Experimental study on thermal effi-
ciency and emission characteristics of a lean burn hydrogen enriched natural
gas engine. Int ] Hydrog Energy 2007;32:5067-75.

[388] MaF, Wang Y, Liu H, Li Y, Wang ], Ding S. Effects of hydrogen addition on cycle-
by-cycle variations in a lean burn natural gas spark-ignition engine. Int ]
Hydrog Energy 2008;33:823-31.

[389] Park C, Kim C, Choi Y, Won S, Moriyoshi Y. The influences of hydrogen on the
performance and emission characteristics of a heavy duty natural gas engine.
Int ] Hydrog Energy 2011;36:3739-45.

[390] Colorado A, McDonell V, Samuelsen S. Direct emissions of nitrous oxide from
combustion of gaseous fuels. Int ] Hydrog Energy 2017;42:711-9.

[391] Poeschl M, Ward S, Owende P. Environmental impacts of biogas deployment -
Part I: life cycle inventory for evaluation of production process emissions to air.
J Cleaner Prod 2012;24:168-83.

[392] Ogden JM. Prospects for building a hydrogen energy infrastructure. Annual Rev
Energy Environ 1999;24:227-79.

[393] Alves HJ, Bley Junior C, Niklevicz RR, Frigo EP, Frigo MS, Coimbra-Araujo CH.
Overview of hydrogen production technologies from biogas and the applica-
tions in fuel cells. Int ] Hydrog Energy 2013;38:5215-25.

[394] Yang C, McCollum D, McCarthy R, Leighty W. Meeting an 80% reduction in
greenhouse gas emissions from transportation by 2050: A case study in Califor-
nia. Transp Res Part D: Transp Environ 2009;14:147-56.

[395] Borjesson P, Prade T, Lantz M, Bjornsson L. Energy crop-based biogas as vehicle
fuel—the impact of crop selection on energy efficiency and greenhouse gas per-
formance. Energies 2015;8:6033-58.

[396] Hower ], Chianese D. Digester gas combustion. In: Proceedings of the 2012 got
manure trade show and conference. ENVIRON International Corporation; 2014.
Available at https://fecommons.cornell.edu/handle/1813/36524.


http://www.energy.ca.gov/2011publications/CEC-500-2011-047/CEC-500-2011-047.pdf
http://www.energy.ca.gov/2011publications/CEC-500-2011-047/CEC-500-2011-047.pdf
http://large.stanford.edu/courses/2012/ph240/doshay1/docs/EPRI.pdf
http://large.stanford.edu/courses/2012/ph240/doshay1/docs/EPRI.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0337
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0337
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0338
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0338
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0338
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0339
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0339
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0340
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0340
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_SG_Book_Single_Pages%281%29.pdf
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_SG_Book_Single_Pages%281%29.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0342
https://www.smartgrid.gov/files/The_Green_Grid_Energy_Savings_Carbon_Emission_Reduction_En_200812.pdf
https://www.smartgrid.gov/files/The_Green_Grid_Energy_Savings_Carbon_Emission_Reduction_En_200812.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0344
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0344
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0344
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0345
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0345
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0345
http://origin-qps.onstreammedia.com/origin/multivu_archive/ENR/1241844-Decarbonizing-Pipeline-Gas.pdf
http://origin-qps.onstreammedia.com/origin/multivu_archive/ENR/1241844-Decarbonizing-Pipeline-Gas.pdf
https://nicholasinstitute.duke.edu/sites/default/files/publications/ni_r_14-02_full_pdf.pdf
https://nicholasinstitute.duke.edu/sites/default/files/publications/ni_r_14-02_full_pdf.pdf
https://www.iea-biogas.net/files/daten-redaktion/download/publi-task37/upgrading_rz_low_final.pdf
https://www.iea-biogas.net/files/daten-redaktion/download/publi-task37/upgrading_rz_low_final.pdf
https://www.iea-biogas.net/files/daten-redaktion/download/publi-task37/upgrading_rz_low_final.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0348
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0348
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0349
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0349
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0349
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0350
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0350
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0351
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0351
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0351
http://biomass.ucdavis.edu/files/2015/10/Biogas-Cleanup-Report_FinalDraftv3_12Nov2014-2.pdf
http://biomass.ucdavis.edu/files/2015/10/Biogas-Cleanup-Report_FinalDraftv3_12Nov2014-2.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0353
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0353
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0354
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0354
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0355
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0355
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0355
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0356
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0356
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0356
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0357
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0357
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0357
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0358
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0358
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0359
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0359
https://californiahydrogen.org/sites/default/files/CHBC%20Hydrogen%20Energy%20Storage%20White%20Paper%20FINAL.pdf
https://californiahydrogen.org/sites/default/files/CHBC%20Hydrogen%20Energy%20Storage%20White%20Paper%20FINAL.pdf
https://californiahydrogen.org/sites/default/files/CHBC%20Hydrogen%20Energy%20Storage%20White%20Paper%20FINAL.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0361
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0361
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0361
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0362
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0362
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0363
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0363
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0363
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0364
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0364
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0364
https://link.springer.com/content/pdf/10.1007/978-3-319-03995-4.pdf
https://link.springer.com/content/pdf/10.1007/978-3-319-03995-4.pdf
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0366
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0366
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0367
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0367
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0367
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0367
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0368
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0368
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0368
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0369
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0369
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0370
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0370
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0370
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0371
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0371
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0371
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0372
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0372
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0372
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0373
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0373
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0373
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0374
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0374
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0375
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0375
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0375
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0376
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0376
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0377
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0377
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0377
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0378
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0378
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0378
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0379
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0379
http://refhub.elsevier.com/S0360-1285(17)30068-0/sbref0379
https://ecommons.cornell.edu/handle/1813/36524

	The role of natural gas and its infrastructure in mitigating greenhouse gas emissions, improving regional air quality, and renewable resource integration
	1. Introduction and background
	2. Emissions from traditional natural gas generation
	2.1. Emissions from natural gas life cycle stages

	3. Emission reductions from advanced conversion technologies
	3.1. Advanced conversion technologies
	3.2. Advanced conversion device emissions

	4. Low-carbon generation options
	4.1. Renewable electricity
	4.2. Nuclear power
	4.3. Carbon capture and storage (CCS)
	4.4. Regional AQ and GHG implications of low-carbon generation options

	5. Support of renewable resources to achieve emission reductions
	5.1. Low- and zero-emission complementary generation
	5.1.1. Other low- and zero-emission complementary generation

	5.2. Low carbon renewable fuel storage and transmission
	5.2.1. Renewable fuel injection in the grid


	6. Discussion, analysis, and recommendations
	6.1. Towards a sustainable domestic gas system

	References


