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List of Acronyms
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Abstract

The abundance of low-cost natural gas in the United States contributed to lower market price,
reduced dependence on imported oil, and the decoupling of the price of natural gas from that of
petroleum. These changed market conditions tend to favor the use of natural gas in many sectors,
including transportation applications, especially for medium- and heavy-duty vehicles with high
annual miles traveled. In addition, escalating pressure on the transportation sector to reduce
petroleum consumption, greenhouse gas (GHG) emissions, and criteria pollutant emissions
suggests that a favorable policy environment may support alternative fuels. These policy
influences are particularly pronounced in California, where severe NOx reduction requirements,
the zero emission vehicle mandate, the Low Carbon Fuel Standard, California’s aggressive GHG
reduction goal for 2050 (80% GHG emissions reductions by 2050), and favorable customer
perception are positioning California as an early mover in the adoption of alternative fuel
vehicles.

In this context, however, one concern over the long-term viability of natural gas as a
transportation fuel is the uncertainty of whether low-carbon natural gas (LCNG) supplies will be
substituted for fossil natural gas to reduce the environmental burden of the transportation sector
and transition toward a sustainable future in line with long-term GHG reduction goals. LCNG
can be produced from a variety of sources, such as anaerobic digestion biogas (e.g., landfill gas,
wastewater treatment plant, or agricultural waste), gasification of woody and herbaceous
biomass, and methanation of low-carbon hydrogen.

This report improves the understanding of the long-term techno-economic potential of LCNG
supply pathways by exploring transportation market adoption potential through 2030 in
California. Techno-economic assessments of fourteen different pathways are proposed to
compare the resource availability, capacity, cost, and GHG emissions of select LCNG production
pathways. The study analyzes the use of fuel from these pathways in light-, medium-, and heavy-
duty vehicle applications. Economic and lifecycle GHG emissions analyses suggest that landfill
gas resources are an attractive and relatively abundant resource from a cost and GHG reduction
potential, followed by wastewater treatment plants and gasification of woody and herbaceous
biomass coupled to methanation. Total LCNG production potential in California is assessed to be
in line with total natural gas demand for transportation, and could result in a successful scenario
for future natural gas vehicle adoption by 2030 across light-, medium-, and heavy-duty vehicle
markets (~110 trillion Btu/year).
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1 Introduction and Background

The decline of natural gas prices in the United States—following recent advancements in
extraction technology that significantly increased the domestic economically recoverable natural
gas resources—favors the adoption of natural gas vehicles compared to conventional gasoline or
diesel vehicles. The decoupling of natural gas and crude oil price projections, due in part to
abundance of domestic natural gas resources in the United States, suggests significant
opportunities for near-term and potentially long-term competitive advantage for natural gas as a
transportation fuel. In addition, escalating pressure on the transportation sector to reduce
petroleum consumption, GHG emissions, and criteria pollutant emissions suggests that a
favorable policy environment may support alternative low-carbon fuels. These policy influences
will be particularly pronounced in Southern California markets, due to severe NOx reduction
requirements as well as the zero emission vehicles mandate, the Low Carbon Fuel Standard, and
California’s aggressive GHG reduction goal for 2050 (80% GHG emissions reductions by 2050
[California Office of the Governor 2015]). In this context, one of the concerns of an increased
market share for natural gas as a transportation fuel is the degree to which production can be
decarbonized to meet long-term GHG reduction goals.

LCNG—a gas with the same basic characteristics of natural gas but with a lower carbon
content—can be obtained by either replacing or supplementing fossil natural gas with hydrogen
produced from renewable energy sources (e.g., electrolysis using electricity from renewable
sources) or with renewable biogas (e.g., bio-methane from the anaerobic digestion of biomass
waste). Renewable biogas can be produced from a variety of sources, most notably urban and
agricultural wastes, providing potential additional co-benefits such as waste management.

Transportation application has been suggested as a final use for LCNG, given the limited
alternatives available to decarbonize that sector. Several studies have looked at the potential for
using bio-methane as a transportation fuel, showing promising potential and identifying a
development path with relatively low financial and technical risks (Ahman 2010; Mintz et al.
2010; Thamsiriroj, Smyth, and Murphy 2011; Han, Mintz, and Wang 2011; Patterson et al.
2011). Bio-methane has the potential to deliver greater environmental benefits than either
biodiesel or first generation bioethanol (Smyth, Murphy, and O’Brien 2009; Murphy and Power
2009). Bordelanne et al. (2011) show that bio-methane brings the GHG emission levels, over the
course of the vehicle life cycle, down to more than 80% compared to a gasoline vehicle.
However, to take advantage of existing infrastructure, bio-methane needs to be upgraded to
adequate quality before injection into existing pipelines or use in CNG applications. Ultimately,
LCNG use for transportation applications faces the same obstacle as CNG, most notably lack of
refueling infrastructure and barriers to transition away from well-established and affordable
petroleum-based liquid fuels.

This report improves the understanding of the long-term techno-economic potential of LCNG
supply pathways by examining transportation market adoption potential through 2030 in
California. Techno-economic assessments are proposed to compare the resource availability,
capacity, cost, and GHG emissions of several LCNG production pathways. The study also
analyzes the use of fuel from these pathways in light-, medium-, and heavy-duty vehicle
applications.
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The remainder of this report is organized as follows:

e Section 2 describes fourteen alternative pathways to produce LCNG and identifies five
that promise significant GHG emission reductions that are analyzed in more detail in the
remainder of the report.

e Section 3 analyzes the availability of different feedstock options in California for the
selected LCNG pathways.

e Section 4 compares the potential supply of LCNG fuels to projected transportation fuel
demand in California, based on recent estimates.

e Section 5 estimates the well-to-wheels emissions of LCNG for different pathways based
on CA-GREET 2.0 (CARB 2016).

e Section 6 analyzes the economics of producing and dispensing LCNG for the selected
pathways.

e Section 7 provides concluding remarks, a summary, and suggestions for future work.
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2 Low-Carbon Natural Gas Pathways

Significant research and development, demonstration, and analytical works have been completed
on a wide range of conventional and advanced LCNG pathways for use in transportation
applications (i.e., compressed natural gas vehicles). These include supplemented use, in which
biogas or hydrogen produced by electrolysis utilizing renewable energy sources (“low-carbon
hydrogen™) is blended into the natural gas delivery infrastructure for use in vehicles and other
end-uses (Melaina et al. 2013), as well as dedicated delivery systems, which directly provide
LCNG fuel to vehicles and other consumers. This study analyzes a range of potential pathways
for reducing the carbon intensity of natural gas, depicted in Figure 1, including:

e Anaerobic digestion biogas upgraded to pipeline quality gas and injected in the pipeline
network. This upgraded biogas, also called renewable natural gas, is comprised primarily
of methane and carbon dioxide. Besides pipeline injection, renewable natural gas could
be collected and delivered with compressed gas tube trailers to retail stations, but this
option is not included in this analysis. Renewable natural gas can be produced from a
variety of pathways:

o Wastewater treatment plant (WWTP) anaerobic digestion (Pathway 1). Solids
from WWTPs are concentrated to generate sludge, which is converted to biogas in
an anaerobic digester and subsequently upgraded to pipeline quality gas.

o Landfill gas (Pathway 2). Biogas produced by anaerobic digestion of organic
material in landfills is captured and subsequently upgraded to pipeline quality gas.

o Agricultural waste or livestock manure anaerobic digestion (Pathway 3).
Agricultural wastes (such as poultry, cattle, and hog manure) are converted into
biogas within an anaerobic digester, which is subsequently upgraded to pipeline
quality gas. CA-GREET 2.0!, the life-cycle assessment tool used in this study,
accounts for GHG emissions based on baseline animal manure configuration.
Note that analysis of this pathway was bifurcated to represent two types of
anaerobic digesters currently used. In one case, anaerobic digesters' products are
currently vented to the atmosphere (Pathway 3a). Due to the high GHG potential
of methane, reducing methane emissions from such systems by capturing and
using methane previously vented allows for significant GHG emissions
reductions. The second case (Pathway 3b) involves a digester with flared exhaust.
This type of digester yields lower GHG reductions as methane emissions are not
avoided by the LCNG production process.

e asification of woody and herbaceous biomass, such as agricultural residues, urban wood
waste, and woody forest biomass. While other biomass resources can also be used in
gasification processes, the present analysis considers woody and herbaceous biomass as
most representative for this pathway. The syngas produced (a mixture primarily of carbon
monoxide and hydrogen) can be converted to different energy carriers for final use:

o Methane—produced by gasifying biomass to syngas and then converting the
syngas into methane in a methanation reactor, followed by direct injection into

! Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) model (ANL 2015), relying
on updated and regionalized results from the California GREET 2.0 model (CARB 2016).

3

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



natural gas pipelines (Pathways 4 and 5, for current and future technology cost,
respectively).

o Hydrogen—produced by gasifying biomass to syngas followed by a shift reaction
to increase hydrogen content. Hydrogen is then blended into natural gas pipelines
at low volumes: 5% or less (Pathways 12 and 13, for current and future
technology cost, respectively).

e Methane produced from low-carbon hydrogen. Hydrogen produced in a central facility by
electrolysis using electricity produced from renewable sources is converted into methane
by combination with carbon dioxide in a methanation reactor and injected into natural gas
pipelines (Pathways 6 and 7, for current and future technology cost, respectively).

e Low-carbon hydrogen blend. Hydrogen produced by electrolysis using electricity
produced from renewable sources is injected into natural gas pipelines or blended with
natural gas vehicle fuel. Low-carbon hydrogen can be produced with different pathways:

o Central electrolysis—electrolyzing water centrally (for example, near a grid
substation) and injecting hydrogen into natural gas pipelines at about 5% by
volume (Pathways 10 and 11, for current and future technology cost,
respectively).

o Distributed electrolysis—electrolysis at retail fueling stations and blending the
hydrogen with compressed natural gas (CNG) at about 20% by volume?
(Pathways 8 and 9, for current and future technology cost, respectively).

e Conventional CNG (Pathway 14). This is the baseline pathway using fossil natural gas
against which the other pathways are compared.

2 Some commercial blends of compressed hydrogen and natural gas for transportation fuel have been called
Hythane.
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Figure 1. Diagram of LCNG pathways studied

Table 1 provides cost and GHG emissions metrics for the fourteen pathways and the
conventional CNG baseline.? Estimates for LCNG plant capacity and up-front plant costs as well
as resulting cost per million British thermal units (MMBtu) and gallon of gasoline equivalent
(gge) of final product are shown for each of the pathways. Well-to-wheels GHG emissions are
shown on a grams of CO» equivalent per gasoline gallon equivalent (g/gge) basis. Each pathway
has different average plant capacity due to the assumed technologies used. For example,
livestock manure anaerobic digesters tend to be relatively small compared to biomass
gasification plants or central electrolysis plants, due to the nature of the processes involved and
the feedstock used. Costs refer to N'-of-a-kind plants benefitting from economies of scale and
streamlined permitting and installation processes. For each pathway, GHG emissions are
calculated using the CA-GREET 2.0 (CARB 2016). Cost of fuel production and other metrics,
including capacity and conversion efficiency, were derived using the U.S. Department of
Energy’s (DOE) Hydrogen Analysis (H2A) model (DOE 2015), which provides a detailed and
standardized financial framework that can be applied consistently to multiple fuel products and
supply pathways. Note that the central electrolysis with CO2 methanation pathways (6 and 7) do
not have a GHG emissions estimate because the carbon dioxide source is undefined and its
carbon intensity basis is uncertain (see Appendix A for additional details). These two pathways
are not considered further in this report.

3 Note that the fourteen potential pathways for reducing the carbon intensity of natural gas shown in the table are
numbered 1 through 13. Pathway 3 is subdivided into two pathways, 3a and 3b, for a total of fourteen LCNG
pathways. Item number 14 in the table is the baseline case of conventional CNG, against which the preceding
fourteen pathways are compared.
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Table 1. LCNG Plant Capacity and Cost, Production Cost (for Point of Production, Not Including
Distribution and Retail Costs), and Well-to-Wheels GHG Emissions for Different LCNG Pathways

WWTP sludge digester &
injection in pipelines

Landfill gas cleanup &
injection in pipelines

Agricultural anaerobic
3a | digester & pipeline injection
(vented)

Agricultural anaerobic
3b | digester & pipeline injection
(flared)

Biomass gasification to

4 syngas & methanation (CT)?

5 Biomass gasification to
syngas & methanation (FT)b

6 Central electrolysis with CO2
methanation (CT)°

7 Central electrolysis with CO2
methanation (FT)°

8 Distributed electrolysis & tank
blending (20% by vol.) (CT)

9 Distributed electrolysis & tank
blending (20% by vol.) (FT)

10 Central electrolysis & pipeline
blending (5% by vol.) (CT)

11 Central electrolysis & pipeline
blending (5% by vol.) (FT)

12 Gasification to H2 & pipeline
blending (5% by vol.) (CT)

13 Gasification to H2 & pipeline

blending (5% by vol.) (FT)

14 | Conventional CNG (Baseline)

a CT represents current technology
b FT represents future technology

¢ Pathways 6 and 7 use “byproduct” CO2, with an unspecified GHG basis.
d Henry Hub natural gas spot price for 2015 from EIA (2016).

67

120

10

10

784

782

272

272

100

100

16,355

16,355

47,114

46,969

4.03

8.95

2.79

2.79

121.09

129.75

118.89

57.41

3.23

1.40

102.60

41.40

125.84

118.08

20.63

3.84

10.01

10.01

16.54

15.32

40.68

32.98

14.28

13.78

12.79

12.68

12.44

12.40

2.62¢

2.35

0.44

1.89

1.75

4.64

3.76

1.63

1.57

1.46

1.45

1.42

1.41

0.30¢

2,119

2,874

(27,913)

10,358

1,278

1,278

8,679

8,679

9,042

9,042

9,067

9,067

9,163

For each of the gasification and electrolysis pathways, metrics in Table 1 are shown in pairs for
current technology (CT) as well as future technology (FT), based upon specific DOE technology
improvement goals (note that costs will change across these pairs of pathways, while other
technology assumptions and GHG emissions remain constant). For cases in which hydrogen is
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blended with natural gas, the values shown refer to the final blended product; for example,
Pathway 6 metrics refer to the characteristics of a product that is 5% hydrogen and 95%
conventional natural gas by volume.* Figure 2 shows the relative GHG reductions compared to
CNG (Baseline, assumed at 9,163 g/gge according to CA-GREET 2.0.) versus the production
cost for each LCNG pathway considered.

100% T %
(0] L
2 L
3 L 3a — Ag. digester
= i (vented) 1-WWTP
= 80% T 405% @
P I 2 — Landfill gas
o ) -
i) [ 4 — Gas. & methanation
o 60% (1
o L
s 5 —Gas. & methanation
§ i (FT)
O 40% + 11 —Centr Elect 5%
c
o blend (FT)
5 12 —Gas. 5% H2 (CT) 10 — Centr Elect 5%
© L
@ 20% T blend (CT)
2 - Lower GHG )
) 3 13 —Gas. 5% H2 (FT) 8 — Distr'Elect 20%
@ i T GQ/ blend (CT)
,,E, 0% -+ Baseline CNG GHG
e 3b —Ag. digester 9 _Tftrjl(eli)zc}%
o . Higher GHG (flared) "

-20% B S R i o

$0.00 $0.50 $1.00 $1.50 $2.00 $2.50

LCNG Production Cost [$/gge]

Figure 2. GHG emissions reduction (compared to conventional CNG) and production cost for
different LCNG pathways

Based on these assumptions, low-level blending of hydrogen with conventional natural gas
(Pathways 8-13) never leads to significant GHG emission reductions—these pathways have
carbon intensities very similar to conventional CNG. In addition, the CA-GREET 2.0 carbon
intensity for agricultural manure digestion for flared digesters (Pathway 3b) shows higher GHG
emissions relative to conventional CNG. However, digesters with vented configurations
(Pathway 3a) show very good GHG reduction potential, due to reduced methane emissions that
would otherwise be vented into the atmosphere (note that this configuration is not widely
adopted).

Five pathways show a GHG-reduction potential compared to CNG greater than 50%: three
digester gas pathways (Pathways 1, 2, and 3a), and the current and future pathways for woody
and herbaceous biomass gasification followed by methanation (Pathways 4 and 5).° Given these
promising reductions in carbon intensity, we focus on these five low-GHG pathways in the
remainder of this report. These pathways, including the conventional CNG baseline, will
hereinafter in this report be referred to as follows:

e WWTP (1)

4 For a discussion of hydrogen blending and natural gas, see Melaina et al. (2013).
3> Note that Pathways 4 and 5 differ only in their estimated production cost and have identical emissions profiles.
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e Landfill gas (2)

o Ag. waste digester, vented (3a)

e Ag. residue gas. (4&5)

e Urban wood waste gas. (4&5)

e Woody forest biomass gas. (4&5)
e (NG Baseline (14).

8
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3 Feedstock Availability

Pathways 4 and 5 rely on gasification of woody and herbaceous biomass. Projected biomass
resource data, taken from the Billion Ton Update study for the year 2030 (DOE 2011), are used
to determine the potential contribution of the these LCNG pathways selected in California and to
quantify the availability and geographic distribution of the various feedstock types that may be
used in each pathway. For this study we analyzed resources at all price points to determine the
total resource potential for LCNG production. The resources considered include several woody
and herbaceous feedstocks:
e Agricultural residues
o Barley straw
o Corn stover
o Oat straw
o Sorghum stubble
o Wheat straw
o Annual energy crops
o Perennial grasses
e Urban wood waste

o Wood waste from construction, repairing, remodeling, and demolition

o Wood components of municipal solid waste (MSW), such as packaging for
durable goods, and yard trimmings

e  Woody biomass—forests
o Wood and bark residue from secondary milling operations
o Forest residues attributed to conversion of land to other uses
o Conventional wood
o Logging residues
o Forest thinning
o Treatment thinning (residues from thinning in low-productivity forests).

Feedstock resources for anaerobic digestion biogas (Pathways 1, 2, and 3a) were also considered,
even though data availability was limited. A recent study reports current resource potential
(Murray et al. 2014), which was disaggregated on a per-county level for the purpose of this study
(this resource estimation could be improved for future studies, in particular considering future
projections). Three categories of anaerobic digestion gas are considered in this analysis:

e Waste water treatment plant sludge (WWTP)

e Landfill gas

e Agricultural waste (e.g., poultry, cattle, hog manure).
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Table 2 reports the resource potential of each of these feedstock types in California. Woody
biomass from cellulosic sources and anaerobic digestion biogas from livestock manure are the
largest resources, at about 30 trillion Btu/year (note that for livestock manure the share of vented
vs. flared configuration is not available). Next are woody biomasses from forests and landfill
anaerobic digestion gas, at about 20 trillion Btu/year, and anaerobic digestion biogas from
WWTP sludge, at about 10 trillion Btu/year. Herbaceous biomass from agricultural residues
provides the smallest resource at less than 1 trillion Btu/year. In addition to its low abundance,
agricultural residue has relatively poor economics owing to its low energy density: commercial
gasification and incineration processes typically avoid this feedstock in favor of woody
feedstock, if available. In the future, purposely grown biomass (e.g., switchgrass) could represent
a significant source of biomass for LCNG production.

Table 2. Total Availability of Select LCNG Feedstock Types in California

Resource LCNG Potential (trillion Btu/year)
Urban wood waste 29.62
Agricultural waste 28.74
Woody forest biomass 21.23
Landfill gas 20.85
WWTP 10.91
Agricultural residue 0.81

Figure 3 maps the potential availability of each resource in California by county. Agricultural
waste is the dominant resource in much of the agricultural-intensive Central Valley, whereas
woody forest biomass is most abundant in Northern California and urban wood waste is the
largest resource in much of Southern California. Landfill gas and WWTP sludge are also
abundant near population centers, and the proximity to the final use point makes them, along
with urban wood waste, particularly attractive resources for early applications.
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Figure 3. California’s LCNG feedstock resources by county and feedstock type

The shades of blue on the chart denote the total availability potential of LCNG for each county.
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4 Projected Transportation Fuel Demand Analysis

Four vehicle classes are considered to determine the potential demand for compressed natural
gas (CNQ) for use in transportation applications: light-duty vehicles (LDVs), medium-duty
vehicles (MDVs), heavy-duty vehicles (HDVs), and buses. We drew our estimate of natural-gas-
vehicle sales potential in California from a recent report prepared by E3 (2014) and used a
spatially detailed vehicle stock model to project CNGV fuel demand in 2030 (the Scenario
Evaluation and Regionalization Analysis model (SERA) (Melaina 2015). The SERA model
disaggregates the projection from E3 (2014) to a per-county fuel demand based on vehicle age®
and fuel economy. Table 3 shows the resulting projected CNGV vehicle stock, vehicle miles
traveled (VMT), efficiency, and consumption in 2030 as predicted by the modeling adopted in
this report. LDVs constitute about two-thirds of the total 1.9 million CNGVs on the road in
California by 2030, but account for only about one third of annual fuel consumption. Conversely,
MDVs and HDVs—which are driven more than LDV and have much higher fuel
consumption—constitute about one-third of total CNGVss but are responsible for about two-
thirds of the total fuel consumption.

Table 3. Projected California CNG Vehicles Stock, Miles Traveled, Fuel Efficiency, and
Consumption in 2030

Buses 35,000 33.65 400 13.2 32,000,000 1.8% 2.8%
Heavy duty 91,000 36.95 1,200 6.3 194,000,000 4.6% 17%
vehicles (HDV)
Medium duty 547,000 37.04 7,400 13.4 554,000,000 28% 48%
vehicles (MDV)
Light duty 1,310,000 31.45 15,000 39.9 377,000,000 66% 33%

vehicles (LDV)

Figure 4 shows the distribution of projected CNG consumption by county and vehicle type,
which is well correlated with population density (not shown in Figure 4).

¢ Since vehicles tend to be driven less as they age.
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Figure 4. Projected natural gas consumption for transportation applications in 2030 by county and
vehicle type

The shading of the underlying map denotes the relative fuel demand for each county.

A comparison of the potential for LCNG production in California to the quantity of demand
projected by E3 (2014) is shown in Figure 5. While demand appears to be higher than supply
availability identified in this study, as additional pathways for LCNG are developed in the future,
it may be possible to provide sufficient LCNG to match the demand quantified in the E3 (2014)
report with regional production. Import of LCNG from other regions outside of California, while
not considered in this report, might also be a valuable and low-cost solution to match the high
demand for low-carbon fuels in California.
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Figure 5. Potential LCNG supply and CNG demand for transportation applications in California

California shows significant heterogeneities in terms of geography and demographics. The
northern part of the state has significantly greater availability of LCNG feedstock resources,
while the market demand for transportation fuels in significantly higher in Southern California,
due higher population density. This discrepancy is illustrated in Figure 6, where pie chart sizes
indicate the magnitude and proportion of LCNG supply (green) and demand (red), and the
shading of counties indicates the relative shortfall or surplus in supply in each county.

14

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



Shortfall / surplus (Supply-Demand, MMBtu/year) s I ®
-15,000,000 S : 5,000,000 b .

LCNG Supply and Demand [MMBtu/year]

1,000,000 ® .
10,000,000 2
20,000,000
= 30,000,000 i ) ° ®
j o
e =
LCNG Supply and Demand [MMBtu/year] o 1 A .
B LCNG Supply e SO AT
B LCNG Demand (Transportation) o' \ v o
o o | a =
- L B
TR ) .
g -
0L © -,
o
By o
o o] @
L O ‘
) = @
o,
\ O °

Figure 6. Supply and demand for LCNG transportation applications in California by county

Demand is determined by the sum of all vehicle categories considered, and LCNG supply reflects the five
high-GHG emissions-reduction pathways identified (Pathways 1, 2, 3a, 4, and 5).

Considerations on likely early adopters for LCNG are also important. MDV, HDV, and bus
fleets appear to be good options for LCNG use, since such fleets are typically operated from
central hubs and have relatively high annual vehicle miles traveled. Moreover, investments in
CNG infrastructure for one or more fleets can benefit from predictable utilization rates. Fleets
tend to maximize utilization rates and lower investment risk for fleet fueling infrastructure
compared to public retail stations relying primarily on less predictable LDV demand. Economies
of scale offer additional advantages for fleet applications. Lastly, fleet fueling infrastructure may
not require fast fueling capability, which could lower the infrastructure cost even further.
Existing CNG fueling infrastructure supporting long-distance HDVs also offers early market
opportunities for LCNG. Determining the relative economic effectiveness of this infrastructure
development approach would require additional analysis. For the present analysis, infrastructure
requirements are determined on a capacity and demand basis, with sufficient allocation of
refueling station capacity determined as a function of total projected fleet demand.

Markets for LCNG would take time to fully develop, and as with any resource-constrained
system, it is likely that lowest-cost resources would be developed first. As demand continues to
grow, subsequent tiers of higher-cost resources would be developed. Initially, investors would
look for the lowest-cost pathways for producing LCNG and the highest price that can be served
by the business. In Southern California, the demand for fuel is high, as is the pressure for
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improving air quality and reducing GHG emissions. Businesses operating vehicles in this area
are being encouraged to reduce their emissions and may have more incentives to secure clean
fuels. Based upon the analysis results shown in Figure 6, Southern California has a long-term
projected shortfall in LCNG supply, though it does have substantial local resources. While
transport of natural gas is relatively inexpensive due to a well-established pipeline infrastructure,
some supply-chain costs could be reduced by utilizing resources close to the demand point. Thus,
it is likely that near-term CNG infrastructure projects could accommodate LCNG produced
within the same county, especially with systems relying on truck delivery. However, as local
supplies are depleted, farther (and more expensive) resources may be exploited. Figure 7 shows
the long-term discrepancy between counties with surplus or shortfall of supplies, indicated by the
area of the rings superimposed over each county. The balance of this surplus and shortfall is
identical, in aggregate, to the stacked bar charts shown in Figure 5. Counties with demand
greater than their supply of LCNG are considered to have a shortfall of resources, indicated by
red rings in Figure 7. Green rings denote counties with potential surplus for LCNG. As discussed
above, in a fully developed market and at scale, an extensive LCNG supply network would likely
require some long distance transport of the fuel when less expensive local resources have been
fully developed. As such, large volumes of LCNG may eventually be transported from counties
with significant surplus to counties with significant shortfall. Identifying an economically
efficient transition for the deployment of such a network, however, would require additional
analysis.

Several aspects ease the issues related to geographical discrepancies between supply demand: (1)
distribution infrastructure for natural gas already exists and is well developed in California; (2)
while this analysis focuses on use of LCNG for transportation, many other uses can be
envisioned that would utilize surpluses locally; and (3) policies allowing trade of LCNG
certificates can enable regions with excess supply to sell LCNG credits to regions with shortfalls.
The surplus LCNG can then be used for other local purposes. Such a credit system would
alleviate costs associated with dedicated long-distance movement of LCNG. Finally, while
California has a demand advantage (due to low-carbon and clean air policies), other locations
may have lower supply costs. This study focuses on the California market only; however, LCNG
production outside California could provide low-cost LCNG and ease supply chain issues.
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Figure 7. Supply and demand for LCNG
Red denotes LCNG supply shortfall and green denotes LCNG supply surplus.
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5 Well-to-Wheels Emissions

Well-to-wheels (WTW) emissions are an indicator of a vehicle’s cumulative emissions on a per-
mile-traveled basis, including emissions attributed to fuel production, processing, and
distribution (well-to-tank, WTT) as well as emissions from vehicle operation or tailpipe
emissions (tank-to-wheels, TTW). WTW studies have been proposed both to assess different fuel
pathways (Wang 1996; Brinkman et al. 2005; Edwards, Larive, and Beziat 2011; Waller et al.
2014), including CNG, and to compare the same pathways in different scenarios and regions
(Orsi et al. 2016).

This section reports a detailed WTW comparative analysis, based on the CA-GREET 2.0 model
(CARB 2016), focusing on the five LCNG pathways identified that allow for significant GHG
emission reductions compared to conventional CNG. Figure 8 shows the well-to-tank GHG
emissions of these selected LCNG pathways compared with conventional fossil CNG, on a
grams per-gge energy basis.’

CNG Baseline (14) 9,163

Ag. residue gas. (4&5)

Woody forest biomass gas. (4&5)
Urban wood waste gas. (4&5)

WWTP (1)
Landfill gas (2)
Ag. waste digester, vented (3a) -
0 2,000 4,000 6,000 8,000 10,000

WTT GHG emissions g/gge

Figure 8. Well-to-tank GHG emissions of conventional CNG and selected LCNG pathways

7 Gasification pathways shown in Figure 8 use detailed process analysis for the Fischer-Tropsch pathway as a
surrogate (the difference between producing LCNG via gasification and methanation or producing synthetic diesel
via Fischer-Tropsch is only the last unit operation, which is closely analogous in terms of GHG contribution).
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Figure 9 shows the comparison of WTW emissions (in grams of GHGs per mile driven) for each
vehicle class, reflecting fuel economy differences between vehicle classes.

HDV GHG emmissions (g/mile)

4406 |
32
L. . 32
LDV GHG emmissions (g/mile) 3%
2
MDV GHG emmissions (g/mile)
-2089
Bus GHG emmissions (g/mile)
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-500 0 500 1000 1500 2000
Bus GHG emmissions MDV GHG LDV GHG emmission$DV GHG emmissions
(g/mile) emmissions (g/mile) (g/mile) (g/mile)
B CNG Baseline (14) 694 686 230 1446
OAg. residue gas. (4&5) 97 96 32 202
W Woody forest biomass gas. (4&5) 97 96 32 202
OUrban wood waste gas. (4&5) 97 96 32 202
WWTP (1) 161 159 53 335
O Landfill gas (2) 218 215 72 454
B Ag, Waste digester, vented (3a) -2115 -2089 -700 -4406

Figure 9. Well-to-wheels GHG emissions of conventional and low-carbon fuel pathways for
various transportation applications

Note: Fuel efficiency assumptions are listed in Table 3.

Figure 10 compares the WTW GHG emissions for MDV applications with the corresponding
feedstock availability for each low-carbon pathway, illustrating the tradeoff between a
feedstock’s effectiveness in reducing GHG emissions and its availability in California. For
comparison, CNG MDVs emit approximately 686 g/mile. While resource availability of
agricultural waste in California is estimated at about 29 trillion Btu per year, the share of
digesters with vented exhaust (Pathway 3a) vs. flared emissions (Pathway 3b) is not known.
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Therefore, Pathway 3a is not listed in Figure 10 and agricultural waste or livestock manure
anaerobic digestion (Pathways 3a and 3b) is not further considered in this report.®

Results from Figure 10 show that urban wood waste gasification/methanation is the lowest-
emitting pathway and has the largest resource availability. Woody forest waste and landfill gas
also have large availability in California and show significantly lower emissions compared to
CNG vehicles using fossil natural gas.
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Figure 10. Abundance and well-to-wheels GHG emissions of selected LCNG pathways for different
resource types in California

In Southern California in particular, where demand for LCNG is high, the abundance of urban
wood waste could make it an especially favorable feedstock given its good GHG reduction
potential and high availability that could provide economies of scale to yield favorable
economics. Southern California also has significant landfill and WWTP resources. Overall,
issues related to geographic distance between supply and demand for each resource are mitigated
for all the pathways by pipeline injection of LCNG into the existing natural gas infrastructure.

8 Pathway 3b (Agricultural waste digester, flared) shows GHG emissions that are higher than the CNG baseline in
CA-GREET, and while Pathway 3a (Agricultural waste digester, vented) would allow for significant GHG emission
reductions compared to the CNG baseline—due to capturing and using methane previously vented—the current use
of vented digesters in California is not known and flaring of methane or utilization for heating or other purposes are
considered more common for large agricultural waste treatment facilities.
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6 Economic Analysis

A detailed economic analysis, performed using the H2A discounted cash flow model (DOE
2015), is proposed to calculate the total cost for each LCNG pathway. H2A is based on inputs
including installation, operations and maintenance, and capital cost as well as cost of feedstock,
including feedstock transportation costs. The resulting cost estimate therefore reflects full market
development. Costs for biogas resource (landfill gas, agricultural waste, WWTP sludge) and
woody biomass collection and cleanup are derived from DOE (2011). Capital cost estimates for
gasification and methanation are taken from Apt et al. (2008). Retail station costs are estimated
based on stations funded by the American Recovery and Reinvestment Act. These costs are
similar to those published by Clean Cities (Smith and Gonzales 2014). The following financial
assumptions have been used for the discounted cash flow analysis:

e 10% real, after-tax discount rate (H2A baseline)

e Production: debt/equity ratio = 0 (H2A baseline)

e Retail dispensing: debt/equity ratio = 0.5

e Feedstock costs: weighted-average cost of full resource utilization

e Commodities cost (e.g., electricity): Energy Information Administration projections.

We do not include additional costs for distribution infrastructure: costs are calculated up to a
pipeline injection. Figure 11 shows the production cost of the selected LCNG pathways. These
costs include production and gas clean-up to meet pipeline quality specifications but are not
directly comparable to retail price: additional fuel mark-up is necessary to accommodate expense
recovery of retail capital and operating costs. The weighted-average production cost, based on
feedstock availability, for all the LCNG resources is $1.27/gge.
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1.00

LCNG Production Cost [$/gge]

0.50

0.00

WWTP (1) Landfill gas (2) Urban wood waste Woody forest  Ag. residue gas. (4&5)
gas. (4&5) biomass gas. (4&5)

Figure 11. Production cost of selected LCNG pathways
The MFAST model (Multiple Fuel Financial Analysis Scenario Tool), an internal NREL tool

based on the publically available H2FAST model (NREL 2016), is used to calculate retail prices
for LCNG. MFAST estimates a levelized financial cost of a retail refueling station based on its
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construction, financing, and operation expenses. Operation expenses are computed based on
different levels of demand. The model determines a break-even retail price of fuel on a per-gge
basis such that all costs are covered and equity investors would achieve a return. For this
analysis, we assume an internal rate of return of 10% on an after-tax basis to determine the final
retail price. Table 4 reports costs and operating characteristics for a retail LCNG refueling

station.
Table 4. LCNG Retail Refueling Station Characteristics

Station capacity 70,000 gge/month 30,000 gge/month
Capital cost $1.00 million $0.50 million
Installation cost $0.30 million $0.15 million
Operations and maintenance $0.07 million/year $0.04 million/year
Market Share 20% of all stations 80% of all stations
Fuel dispensed 37% of all fuel 63% of all fuel
Break-even price of dispensed fuel $2.27/gge $2.36/gge
Retail margin (revenue minus fuel cost) $1.09/gge $1.00/gge

For a larger station (i.e., 70,000 gge/month), the retail price required to cover those expenses and
guarantee a 10% return rate to the investors is $2.27/gge. For smaller stations (i.e., 30,000
gge/month) a higher retail price of $2.36 is required. Large stations might serve HDV and some
MDYV demands, while small stations would tend to serve MDV and LDV demands. To calculate
an average retail price for LCNG we assumed that small stations account for 80% of the total
station count, leading to a weighted average $2.30 for LCNG retail sale price (an average retail
margin of $1.05/gge).

Figure 12 reports a breakdown of levelized costs for the two station types considered, as well as
the retail price of fuel (“Sales revenue” in Figure 12) determined by MFAST to guarantee a 10%
return rate based on a 20-year operating life. In analyzing retail station financial performance, we
assume that LCNG delivered to the stations reflects a volume-weighted cost across all pathways
of $1.27/gge, which is the major cost component driving the total retail sale price of
transportation LCNG for transportation applications.
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Levelized value performance for 70,000gge/month station
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Figure 12. Levelized financial analysis for 70,000 gge/month LCNG stations (top) and 30,000
gge/month LCNG stations (bottom)

Note: The difference between the green bar and the sum of the orange bars is the net profit.

Figure 13 provides a breakdown of the total retail sale price of the selected LCNG pathways
considering the specific LCNG production cost estimates as well as a retail margin of $1.05/gge
and a carbon tax of $50/ton CO,, assumed to mimic policies such as California’s Low Carbon
Fuel Standard. Under these assumptions, the landfill gas pathway (2) is the lowest-dispensed-
cost LCNG fuel in this analysis, which also provides almost 70% emissions reductions compared
to conventional CNG. Urban wood waste and woody forest biomass gasification (4&S5) also
show relatively low cost, while guaranteeing large availability in California and good GHG
emission reductions compared to fossil CNG and petroleum-derived fuels.
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Figure 13. Breakdown of total LCNG retail sale price for selected pathways

*Projection is based on extrapolation from data used in a staff report by the California Energy
Commission (Bahreinian et al. 2016; van der Werf 2016). Note that the gasoline and CNG baseline prices
include forecasts for the California price of carbon per metric ton under the existing California cap-and-
trade regulation.

Given its role in reducing emissions from transportation and highly concentrated demand,
Southern California can be expected to play an early role in LCNG adoption. Landfill gas shows
the lowest cost and is one of the more abundant potential resources in Southern California, with a
potential of over 20 trillion Btu per year, indicating significant potential for adoption of low-cost
and domestic LCNG that significantly reduce the carbon footprint of transportation. Urban wood
waste gasification followed by methanation (Pathway 4), which offers the highest GHG emission
reduction potential, also shows a relatively low cost and significant availability in Southern
California. Other LCNG pathways have a limited availability in this part of the State, and
WWTP (Pathway 1), while largely available, shows significantly higher cost estimates. Table 5
summarizes the extent of infrastructure that would support the retail dispensing of LCNG in
California for a total of about 1 billion gge/year, including financial analysis of the investment
required to support such infrastructure.

Table 5. Summary of Retail Infrastructure Costs

Station capacity 70,000 gge/month 30,000 gge/month Total
Abundance (% of stations) 20% 80%

Number of stations 303 1,209 1,512
Equipment and installation cost $ 1,316 $ 668

(thousands $ per station)

Equipment and installation cost $ 398,677 $ 807,651 $ 1,206,328

(thousands $ total)
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7 Summary

A variety of LCNG pathways have been examined for a California case study with respect to
life-cycle GHG emissions, resource availability, demand potential from the transportation sector,
and fuel supply economics. To significantly reduce the carbon intensity of natural gas supply,
five key pathways to produce LCNG are identified that offer significant GHG emission
reductions compared to conventional compressed natural gas from fossil fuels, based on an
updated version of the GREET model developed for California. These pathways include:
anaerobic digestion biogas upgraded to pipeline quality gas sourced from (1) WWTP sludge, (2)
landfill gas, and (3) agricultural waste (in a process that is vented, not flared); and gasification
followed by methanation of woody or herbaceous biomass, including agricultural residue, urban
wood waste, and woody forest biomass. These pathways assume direct injection of the produced
LCNG into the existing natural gas distribution infrastructure, while all pathways involving low-
percentage blending of LCNG or hydrogen with fossil natural gas do not achieve significant
GHG emission reductions.

Urban wood waste and agricultural waste have a significant resource potential in California, each
on the order of 29 trillion Btu per year. Resource potential for woody forest biomass and landfill
gas are lower at nearly 21 trillion Btu per year, whereas agricultural residues are much lower at
less than 1.0 trillion Btu per year. These resources are distributed heterogeneously across the
state, with woody forest biomass predominantly in the north, agricultural waste in the Central
Valley, and WWTP, landfill gas, and urban wood waste near large urban centers (Los Angeles
and the Bay Area).

A demand scenario for compressed natural gas vehicles developed by E3 (2014) is adopted as a
reference for potential future market demand from buses, LDVs, MDVs, and HDVs. Total
potential demand from this scenario in 2030 is estimated at 132 trillion Btu per year, which is
only slightly greater than the LCNG supply potential identified (112 trillion Btu per year). In
comparing demand and LCNG production potential, urban centers have a significant local
resource potential but would eventually have to draw from more distant resources in the Central
Valley and Northern California in a fully developed market.

An economic analysis, considering both LCNG production costs and detailed retail station
construction and operation costs, is proposed to evaluate the competitiveness of the different
LCNG pathways identified. Retail station capital costs are shown to be a significant fraction of
total costs, while feedstock costs (driving LCNG production costs) are taken from previous
studies. Under these assumptions, fully developed supply networks could provide LCNG at
competitive retail prices—in most cases under $3.00/gge (the exception being LCNG from
WWTP), which compares favorably with fossil-based conventional CNG at $3.38/gge. The
anaerobic digestion of organic material in landfills (landfill gas, Pathway 2) is identified as the
least-cost pathway among those analyzed, followed by gasification and methanation of urban
woody waste and woody forest biomass (Pathways 4&5). Note that LCNG production costs from
gasification and methanation production pathways (4&5) are expected to improve with future
technological advances in processing, which will only improve their cost advantage.

Given their resource availability and low cost, Pathways 2 and 4&S5 are identified as most-likely
early pathways for decarbonizing natural gas supply in California. Landfill gas (2) offers a GHG
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emission reduction potential of about 67% compared to fossil CNG, while gasification of urban
wood waste and woody forest biomass (4&5) allow for a GHG emission reduction of
approximately 86%.

For a more detailed evaluation of the efforts required to commercialize LCNG in California,
additional work building on the present study is recommended:

¢ (Quantify local and regional feedstock supply curves based on detailed resource cost
analysis as well as their distance from existing natural gas supply infrastructure
(transmission pipelines, etc.).

e (Characterize transition issues associated with the LCNG supply network as demand
increases over time.

e Integrate analysis of life-cycle GHG emissions with respect to byproduct markets,
evolving (e.g., decarbonizing) electricity grids, and anticipated LCNG production and
supply technology improvements over time.

e Perform more detailed financial analyses with respect to investor types, pricing
mechanisms, and policy drivers such as the low carbon fuel standard.

e Assess the potential market and opportunities for national and international trade of
biomass or LCNG for use in transportation applications in California.

e Assess the trade-off in supporting infrastructure deployment between public refueling
stations for LCNG vehicles compared to privately-owned refueling infrastructure for
CNG fleets.
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Appendix A: Production and Utilization Pathways

Seventeen techno-economic pathways were generated for the production of low carbon natural
gas. In general the modeled processes fall within the following categories:

e asification + methanation

¢ Gasification to hydrogen for blending in gas pipelines

e Anaerobic digestion (waste water treatment plant sludge and agricultural)

e Water electrolysis to hydrogen for blending in gas pipelines

e Water electrolysis to hydrogen at retail stations with blending into CNG vehicle tanks.

All pathways based on H2A cases use Version 3.1 of those cases, and they use standard H2A
financial assumptions. Many of the pathways already have peer-reviewed H2A case studies,
which were leveraged. Cases without existing case studies used published process information
that was then processed with the H2A model framework.

Production Technologies
Central Biomass Gasification of Woody Forest Biomass

The current pathway is derived from the H2A case study “Current (2010) Hydrogen from
Biomass via Gasification and Catalytic Steam Reforming.” The future pathway is derived from
the H2A case study “Advanced (2025) Hydrogen from Biomass via Gasification and Catalytic
Steam Reforming.” Both the current and future systems are based on the Battelle/FERCO
indirectly heated biomass gasifier, conventional catalytic steam reforming, water gas shift, and
pressure swing adsorption purification. The indirectly heated biomass gasifier uses hot sand
circulating between the char combustor and the gasifier to provide the heat necessary for
gasification. Steam is used as the fluidizing gas; no oxygen (as pure oxygen or air) is fed to the
gasifier. The biomass feedstock is assumed to be a woody biomass, represented as hybrid poplar.

The current system is assumed to be using technologies available as of 2015. The future system
is considered to be an established “n™ plant design, not a first-of-a-kind or pioneer plant. Each
system is designed to produce about 150,000 kg/day of hydrogen and, with a 90% operating
capacity factor, is assumed to produce about 140,000 kg/day in practice.

The underlying H2A case studies were augmented to analyze either a subsequent methanation
process or blending of hydrogen into natural gas pipelines.

Central Biomass Gasification of Urban Wood Waste

Gasification of urban wood waste obtained from municipal solid waste uses the same models as
biomass gasification. Municipal solid waste content is primarily woody biomass, although its
sourcing is different than fresh-cut forest products. The two pathways are differentiated only by
the different feedstock sourcing.

Anaerobic Digesters (WWTP and Agricultural Waste)

H2A case files were not available for these pathways. Process and cost data were taken from
published studies of the technology, Murray (2014). These pathways utilize biological reactors
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(digesters), which allow naturally occurring bacteria to anaerobically consume hydrocarbons,
lipids, and proteins present in feedstock such as sludge from waste water treatment plants or
manure from agricultural activities. Agricultural waste feedstock considered swine, beef, and
dairy operations. Product gas from a digester contains high levels of CO,, moisture, and sulfur
species, which are removed prior to obtaining pipeline-quality gas. The gas is pressurized and
injected into distribution pipelines. Notably, the gas could also be used on-site for farming
operations and digester temperature maintenance.

Landfill Gas

H2A case files were not available for this pathway. Process and cost data were also sourced from
the Nicholas Report (Murray 2014). Landfill gas is produced when anaerobic bacterial
consumption of organic matter occurs in sealed landfills. The gas has similar composition as an
anaerobic digester but also has a notable additional contaminant of siloxanes. Clean-up of
landfill gas has similar unit operations as that for anaerobic digesters, with an additional handling
for siloxanes. Gas is cleaned, dried, and compressed for injection into pipelines. Note that often
landfill gas is used for on-site power generation and sometimes for export to the grid.

Central Electrolysis

H2A case files were leveraged for central electrolysis. Two published cases were used that
reflect 2010 technology status as well as 2025 DOE technology performance projections.
Electrolysis uses water and electric power to generate hydrogen and oxygen. Generated
hydrogen is dried, compressed, and made ready for either injection into pipelines or for
methanation reactor for further processing.

Distributed Electrolysis

H2A case files were leveraged for distributed electrolysis. Two published cases reflect 2010
technology status as well as 2025 technology projections. Electrolysis uses water and electric
power to generate hydrogen and oxygen.

Conversion Methods (Fuel Pathway)
Blend Hydrogen Into Pipelines up to ~5%

Production pathways that yield pure hydrogen were considered as a means to decarbonize natural
gas in pipelines via direct blending. This concept has been demonstrated in Europe and shows
feasibility for hydrogen blending in pipelines up to as much as 10% without significant impact
on existing natural gas industrial users and consumer appliances. The level of hydrogen blending
is sufficiently low to avoid impact on pipeline and end-use materials. Natural gas odorization is
also unaffected at this low blend level of hydrogen.

Central Thermal Methanation

Methanation pathways were evaluated as well as a back-end process for pathways producing
either pure hydrogen or syngas containing hydrogen and carbon monoxide. Methanation of
hydrogen-producing pathways (electrolysis) requires a supplemental CO, stream to provide
carbon for methane production. Such a stream was not explicitly defined, but was instead
assigned a typical commodity price of $20 per ton. Cost and operating specifications for
methanation were obtained from a DOE/NETL report on the subject, Apt et al. (2008).
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Specifications were incorporated into H2A models to provide integrated process techno-
economic projections.

Blend Hydrogen On Site up to ~20%

Generated hydrogen is dried, compressed, and blended up to 20% by volume in natural gas for
dispensing to CNG vehicles. CNG vehicles have been shown to perform at higher efficiency and
lower emissions with such a blend due to the combustion property improvement from hydrogen
(higher flame speed and advanced ignition timing).
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