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Data Sources. We determine US ethanol biorefinery location and
near-term production capacity based on data from the Renewable
Fuels Association (1). Saline aquifer storage capacity and location
are derived from v1502 of the National Carbon Sequestration
database (NATCARB) (2). We adopt existing pipeline rights of
way as defined by the National Pipeline Mapping System for our
candidate CO2 transmission network (3, 4). We assume a 10%
cost of capital and a 20-y project lifetime. We adjust capital costs
of pipelines to 2014 using US Bureau of Labor Statistics cost
indices and the costs of storage using the IHS Upstream Capital
Cost Index.

Calculation of Market Size and Carbon Intensity in California LCFS.
We estimate the market size and overall abatement that ethanol
with CCS can provide in California through 2030 based on de-
mand forecasts, fuel blending constraints, proposed standards,
and lifecycle assessment. Specifically, we adapt California Air
Resources Board (ARB) April 2015 assumptions about gasoline
demand, growth of ethanol blending, and rates of improvement in
carbon intensity of biofuels from the ARB’s Illustrative Com-
pliance Scenario for the LCFS (5). We assume that 2020–2025
trends assumed by ARB continue through 2030.
Calculating the quantity of abatement possible from ethanol

with CCS requires knowledge of (i) potential market penetration,
(ii) lifecycle carbon intensity of ethanol with CCS, and (iii)
2030 targets for the LCFS. First, we assume that all California
ethanol demand can be met by ethanol with CCS. As discussed
elsewhere in this paper, LCFS abatement credit prices will likely
incentivize installation of CCS on existing biorefineries and can
likely incentivize transport of ethanol to California from out-of-
state producers. Nevertheless, we do not assume that low-carbon
ethanol demand increases as a result of market forces. Second,
we assume that adoption of CCS on ethanol can, on average,
reduce its lifecycle carbon intensity by 32 gCO2-eq/MJ as esti-
mated elsewhere (6). As a result, we estimate that ethanol with
CCS has a carbon intensity of 25 gCO2-eq/MJ in 2030. Third, we
evaluate three scenarios for 2030 carbon intensity targets in the
LCFS: 10, 12, and 20% reduction from a 2010 baseline. California’s
2017 Climate Change Scoping Plan examines 10, 18, and 25% re-
duction from a 2010 baseline by 2030.
In total, we estimate that biorefineries can contribute roughly

1.5 billion gallons/y of ethanol with CCS to the California market
through 2030. While the supply of ethanol with CCS may be larger,
other limitations, like fuel blending constraints, may prevent further
supplies from being used for LCFS compliance. Depending on the
2030 target, annual abatement from this supply is between 7 and 8
MtCO2/y in 2030. As California aims to reduce its total emissions
by 40% from 1990 levels in 2030, ethanol CCS can contribute 4–
5% to California’s 2030 goal (7). As the total production capacity
for ethanol with CCS from existing biorefineries is 15.8 billion
gallons/y, remaining ethanol can be used to meet decarbonization
goals in other jurisdictions outside California.

International Context. Our analysis—along with others—suggests
that other countries could adopt CCS at ethanol biorefineries,
likely at low costs. Globally, fermentation released 76 MtCO2 in
2016 (8). Many regions producing ethanol, including Brazil, China,
Canada, and the EU, are colocated with sedimentary basins suit-
able for geologic sequestration (9). Preliminary work suggests an
overlap between sugarcane biorefineries and storage locations in
Brazil, which produce 28 MtCO2/y from fermentation (10, 11).

Indeed, Brazil proposed a large-scale CCS demonstration at a
sugarcane biorefinery in the state of Sao Paolo in 2010, which was
abandoned due to a lack of domestic financial support. Policy
support may be necessary to deploy CCS on ethanol in these
countries.

Discussion of Technological Readiness. Deployment of CCS at
biorefineries is technically mature. Capture, compression, de-
hydration, transportation, and sequestration of fermentation CO2
streams use existing technologies already deployed at commer-
cial scales in the United States (12–14). For instance, the largest
compressor deployed in our analysis is a commercially available
3.8-MW unit (15). By comparison, the largest compressor at the
Illinois industrial CCS project was 2.4 MW. Similarly, we assess
pipeline costs using widely used X70 steel (16). Most importantly,
we do not rely on widespread deployment of costly or unproven
solvents, sorbents, or membranes for commercial-scale CO2 cap-
ture (17).

Determination of Storage Costs. Saline aquifer storage capacity and
location are derived from v1502 of the NATCARB (2). We
evaluate only “assessed” geologic storage resources with meaningful
values for thickness and in which CO2 would exist as a dense liquid or
supercritical fluid. Density of the injected CO2 at reservoir conditions
was estimated using a cubic equation of state with Peng–Robinson
parameters (18). We assumed a 0.5 net-to-gross ratio to estimate
net thickness of the reservoir from the reported total thickness.
Estimated values were used where storage resources were missing
depth, reservoir temperature or pressure, total dissolved solids
content of the formation water, or porosity. Following this process,
we found that 162,000 of the total 187,000 database entries, each
of which represents a 10 × 10-km area in a storage reservoir,
contained data sufficient to estimate storage cost. (In addition, we
corrected for incorrectly formatted porosity values reported by two
of the regional carbon sequestration partnerships.)
Using reservoir data from the NATCARB database, we then

assess sequestration costs for each 10 × 10-km area in each
storage resource, which include the cost of site characterization based
on areal footprint, well drilling and completion, injection equipment,
operating and maintenance costs, and ongoing monitoring and
verification costs. This is based on methods in refs. 19 and 20.
Specifically, we calculate the levelized cost of sequestration based
on the following formula:

Cseqð$=tonÞ=CRC×
�
Cwell,D&C +Cwell,equip +Cwell,O&M

�.

qwell,max +CRC×Cchar=qannual +Cmon,

where

CRC = capital recovery factor,

Cwell,D&C = cost of drilling and completion,

Cwell,equip = cost of well equipment,

Cwell,O&M = cost of well operation and maintenance,

qannual = annual injection volume (at reservoir conditions),

Cchar = site characterization costs,

Cmon = monitoring costs, and

qwell, max = maximum well injection rate.
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Costs are taken from ref. 20 and updated to 2014 US dollars
(USDs) using the IHS Upstream Capital Cost Index. We assume
that themaximumwell injection rate is 1MtCO2/y. Characterization
costs depend on the size of the aerial footprint. We apply an ap-
proximation for the maximum plume radius, rmax, from ref. 21:

Ccharð$Þ=Careal,char × λc × qannual × t
�ðϕ× b× λwÞ,

where

Careal,char = specific site characterization costs,

qannual = annual injection volume (at reservoir conditions),

λc = phase mobility of CO2(ratio of relative permeability to
fluid viscosity),

λw = phase mobility of brine,

t = period of injection,

ϕ = porosity, and

b = thickness of CO2 layer.

The physical properties required to estimate the viscosity
needed for the phase mobilities of CO2 and brine were esti-
mated using the correlations of Chung et al. (22) and Batzle
and Wang (23), respectively. We assumed relative perme-
ability end points of one for both CO2 and brine. We include a
fixed cost of $52 million per site to account for development
costs based on ref. 15. We assume a cost of monitoring, ver-
ification, and liability of $0.19/tCO2 (2014).
To reduce computational constraints, the gridded 10 × 10-km-

resolution NATCARB data were then aggregated to 100 ×
100-km grid cells while maintaining each unique aquifer layer as
identified by resource, basin, and depth. However, this results in
more than 39,000 individual layers and up to 445 layers per grid
cell. To further reduce complexity, the mean injection cost for
each resource is calculated and weighted by sequestration ca-
pacity. Thus, individual resources within each grid cell are rep-
resented by unique injection costs and capacities. The resulting
dataset includes 2,216 unique resources within 436 grid cells with
up to 23 resources per grid cell.

Determination of Pipeline Costs. We use the method and default
assumptions outlined byMcCoy and Rubin (24) to calculate the
maximummass flowrate for a nominal pipeline size (NPS) for a
set pressure drop per unit length as provided in Table S1.
Notably, we assume that commonly available X70 line pipe is
used with a design factor of 0.72 (per the US Code of Federal
Regulations) for the calculation of pipe wall thickness, and
pressure drop is 35 kPa/km, which is well within the optimal
range suggested by Knoope et al. (16).
We then used the model recommended by Knoope et al. (16) to

calculate materials, labor, rights of way, and miscellaneous costs
associated with pipeline construction. We convert the 2010 Euro
costs presented therein to USD using the average 2010 exchange
rate and then rebase the costs to 2014 USD using appropriate US
Bureau of Labor Statistics cost indices.

System Boundaries Used in Scenario Design.We consider two credit
scenarios: sequestration and abatement. Sequestration credits
(dollars per tCO2 sequestered) award credit based on the
amount of CO2 permanently sequestered, while abatement
credits (dollars per tCO2 abated) award credit based on the

lifecycle amount of CO2 abated via CCS. The amount of CO2
abated is equal to that sequestered less the direct and indirect
(i.e., electricity generation) emissions resulting from capture
and compression. Average electricity grid emissions factors
for North American Electric Reliability Corporation subregions
were used to estimate the emissions from energy consumption
for each biorefinery. Sequestration credits emulate existing
CCS tax credits, which the current US Congress has proposed
to strengthen, while abatement credits emulate tradeable climate
policy instruments, such as credit prices in an LCFS, which reward
lifecycle CO2 emissions reductions. While ethanol producers may
be able to claim both sequestration and abatement credits simul-
taneously, we study these credits independently. System bound-
aries for sequestration and abatement credits are shown in
Fig. S3.

Model Formulation.
Sets.

Parameters.

Scalars.

Variables.

Sets are as follows.

n Nodes
d Pipeline diameter
r Injection resource
Arc(n,n) Potential pipeline rights-of-way connecting nodes
Sink(n,r) Mapping set representing injection nodes
Facility(n) Mapping set representing existing biorefineries

Parameters are as follows.

CO2capt(n) CO2 captured at each biorefinery (million tons per year)
CO2abate(n) CO2 abated at each biorefinery (million tons per year)
LCcapt(n) Levelized cost of CO2 capture at each biorefinery

($1,000 per million tons)
LCinj(n,r) Levelized cost of CO2 injection at each resource

($1,000 per million tons)
Cdiam(d) Capital cost of each pipeline diameter ($1,000 per km)
Cpipe(n,n,d) Pipeline cost over life of project ($1,000)
Cappipe(d) CO2 capacity for each pipeline diameter (million tons

per year)
Capstor(n,r) CO2 capacity for each storage resource (million tons

per project lifetime)
Dist(n,n) Distance of potential pipeline rights of way (kilometers)

Scalars are as follows.

Pcapt Carbon price ($1,000 per million tons captured)
Pabate Carbon price ($1,000 per million tons abated)
Life Project lifetime
OMpipe Pipeline fixed operation and maintenance

(percentage of capital cost)
CRF Capital recovery factor
Csite Fixed site characterization cost ($1,000 per project)

Variables are as follows.

Cost Total cost over project lifetime ($1,000)
x(n,n) Flow over arc (million tons per year)
y(n,n,d) Usage of arc (binary)
a(n,r) CO2 stored at node n and resource r (million tons per project

lifetime)
f(n,r) Usage of storage resource (binary)
c(n) Adoption of CCS at biorefinery at node n (binary)
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Equations.The objective was to minimize cost over project lifetime.
For abatement credit scenarios,

X
n∈facility

cðnÞ× life×
��
CO2captðnÞ×LCcaptðnÞ

�
− ðCO2abateðnÞ

×PabateÞ
�
+

X
n, r∈sink

�
f ðn, rÞ×Csite + aðn, rÞ×LCinjðn, rÞ

�

+
X

n, n∈arc

X
d

Cpipeðn, n, dÞ× yðn,n, dÞ.

For sequestration credit scenarios,

X
n∈facility

cðnÞ× life×CO2captðnÞ×
�
LCcaptðnÞ−Pcapt

�

+
X

n, r∈sink

�
f ðn, rÞ×Csite + aðn, rÞ×LCinjðn, rÞ

�

+
X

n, n∈arc

X
d

Cpipeðn, n, dÞ× yðn,n, dÞ

subject to
X

r
aðn, rÞ= cðnÞ×CO2captðnÞ× life+

X
arcðm, nÞxðm, nÞ

× life−
X

arcðn,mÞxðn,mÞ× life ðflow  conservationÞ,

aðn, rÞ≤Capstorðn, rÞ× f ðn, rÞ ðstorage  capacity  constraintÞ,

xðn, nÞ≤
X

d
yðn,n, dÞ×CappipeðdÞ ðpipeline  capacity  constraintÞ,

X
d
yðn,n, dÞ≤ 1 ðone  pipeline  per  corridorÞ,

X
n∈facility

ðnÞ×CO2captðnÞ=
X

n,r∈sink

aðn, rÞ
life

ðCO2   capture=storage  equivalencyÞ,

where
Cpipeðn, n, dÞ= ½CdiamðdÞ×Distðn,nÞ�× ½CRF +OMpipe�× life.
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Fig. S1. Optimal supply curve for a CO2 sequestration credit of $60/tCO2 reported at the facility level.
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Fig. S2. Annual producer profits across sequestration scenarios.
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Fig. S3. System boundaries for sequestration (A) and abatement (B) credits. Sequestration credit scenarios award credit based on the amount of CO2 per-
manently sequestered, while abatement credit scenarios award credit based on the lifecycle amount of CO2 abated via CCS, including emissions from capture
and compression.

Table S1. Pipeline costs for each NPS considered in the optimization

NPS
Pipe o.d.
(inches)

Pipe wall
(inches)

Maximum
flow (kt/y)

Material
mass (kg/m)

Material
cost

(USD/m)
Labor cost
(USD/m)

Right-of-
way cost
(USD/m)

Miscellaneous
(USD/m)

Total (2014
USD/km)

3 3.500 0.140 89 7.532 $16.90 $99.87 $10.20 $29.19 $156,167
4 4.500 0.140 181 9.774 $21.93 $128.40 $13.12 $37.58 $201,038
6 6.626 0.185 509 19.104 $42.86 $189.07 $19.32 $57.98 $309,233
8 8.626 0.229 1,022 30.825 $69.16 $246.14 $25.15 $78.82 $419,273
10 10.752 0.276 1826 46.308 $103.90 $306.80 $31.35 $102.68 $544,727
14 14.000 0.348 3,650 75.981 $170.47 $399.48 $40.82 $142.49 $753,266
18 18.000 0.436 7,045 122.518 $274.89 $513.62 $52.48 $197.13 $1,038,117
22 22.000 0.524 11,898 180.087 $404.05 $627.76 $64.14 $257.95 $1,353,907
26 26.000 0.612 18,393 248.687 $557.97 $741.90 $75.81 $324.97 $1,700,636
30 30.000 0.700 26,698 328.319 $736.63 $856.03 $87.47 $398.17 $2,078,304
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