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Executive Summary

To present a more unified picture of the long-term future potential for algal biofuels and the
goals that must be met to reach that potential, four national laboratory algae modeling groups
collaborated to harmonize respective models for resource assessment, techno-economic analysis,
and life-cycle analysis of algal biomass production and conversion processes. In contrast to prior
harmonization studies that this group has previously conducted, which focused on establishing
benchmarks attributed to current performance at the time, the primary intent of the present
harmonization study was to project these models to forward-looking targets that must be
achieved to improve economic and environmental sustainability metrics towards more viable
levels in the future, within limitations for location availabilities identified by resource assessment
modeling and thus national-scale fuel output potential (i.e., billion gallons gasoline equivalent
per year, BGGE/yr).

Based on constraints imposed by screening criteria (most notably including CO: sourcing by
advanced carbon capture and transport of flue gas point sources, and availability of fresh or
saline water resources to support cultivation demands), the resource assessment (RA) modeling
identified 2.7 MM acres of total available cultivation area located across southern latitudes of the
contiguous United States best suited for algal biomass production on fresh water, and 7.1 MM
acres for cultivation in saline water. At an individual farm size of 5,000 acres, this translates to
532 freshwater farms or 1,414 saline farms. At a targeted annual average cultivation productivity
of roughly 26 g/m?*/day over the selected site consortia, the algal biomass production and
harvesting cost was modeled at $472/ton on average over all freshwater sites (ash-free dry
weight [AFDW] basis; varying from $443-$522/ton by individual location), which collectively
yielded roughly 104 MM tons/year of algal biomass. For the saline case at similar productivity
levels, the algal biomass costs were higher at $655/ton on average (varying between $617-
$684/ton), attributed to increased costs for salt handling and disposal, but with substantially
higher national-scale biomass potential at 235 MM tons/year given increased access to saline
water resources beyond freshwater constraints.

The resulting biomass yield/cost outputs were evaluated through two conversion pathway
models, namely combined algae processing (CAP) and hydrothermal liquefaction (HTL), which
in turn were also configured to a set of future technical/process targets to reduce minimum fuel
selling prices (MFSPs) toward future goals. In the CAP pathway, this was done by considering
multi-product biorefinery concepts producing fuels alongside high-value coproduct
opportunities, including polyurethanes (produced from a fraction of lipids) and succinic acid
(and related derivatives, produced via fermentation of algal sugars) as proof-of-concept examples
among numerous other bioproduct options. The latter coproduct was only included under the
saline case to offset higher saline biomass costs, while sugars were converted to fuels in the
freshwater case. Techno-economic modeling generated curves for yield outputs versus modeled
MFSPs over various scenarios. In summary, the CAP freshwater case with coproduction of
polyurethanes alongside fuels was estimated to enable roughly 1, 4, or 8 BGGE/yr fuels (based
on three scenarios for polyurethane market volume capacities) at a modeled MFSP near or below
$2/GGE. After reaching saleable product volume limits, the process reverted to making fuels
alone without the coproduct, which translated to an overall fuel output ranging between 10 and
11 BGGE/yr at a weighted average MFSP between $4.20/GGE and $5.68/GGE. In the saline



CAP case, the combination of polyurethane and succinic acid classes of coproducts enabled up to
5 BGGE/yr of fuels at a similar $2/GGE MFSP value, when considered within maximum market
volume thresholds for both example coproduct types, after which point the process again
reverted to fuel production alone, which translated to overall fuel outputs between 25 and 28
BGGE/yr at weighted average MFSPs between $6.04 and $7.45/GGE. While the above
coproduct scenarios considered thresholds at 100% of current market volumes, the intent is not
to imply algal coproducts completely subsuming entire product market shares, but rather to
understand tradeoffs between coproduct and biofuel output volumes and costs based on selected
example coproducts as proof-of-concept for such multi-fuel/product algal biorefineries.

In the HTL pathway, costs were reduced by blending algae with lower-cost woody biomass to
mitigate seasonal variations and by recovering HTL phase aqueous material for conversion to
additional fuel. For the freshwater HTL case, up to 21 BGGE/yr biofuels could be produced
nationally (including contributions from both freshwater algae and woody co-feed biomass, with
algae contributing about 75 wt% to the yearly average blended feed) for a cumulative weighted
average fuel cost of $3.68/GGE, assuming a woody feedstock cost of $84/dry ton. Using the
same basis, the saline HTL case produces 56 BGGE/yr (including the wood contribution to the
feedstock) at a fuel cost of $4.53/GGE. Doubling the conversion plant scale by bringing in more
wood reduces the combined feedstock cost, and would enable meeting a $3/GGE MFSP for the
fresh water case, but not the saline case. The latter would require considerably more woody
biomass co-feed. Further reduction in the MFSP could be achieved through the use of locally
available, lower cost terrestrial biomass or alternative waste biomass sources, as well as
producing chemical coproducts rather than fuel from HTL aqueous carbon. These options should
be considered in future studies by coupling algae and terrestrial biomass resource assessment.

The well-to-wheel (WTW) greenhouse gas (GHG) emissions, fossil energy demand, and
freshwater use were determined for CAP (with and without the coproducts) and HTL conversion,
integrated with the front-end algae farm model. For the CAP pathway, the overall average GHG
emissions for the freshwater cases varied widely between -29.3 and 54.6 g-CO2¢/MJ dependent
on coproduct market capacity, which represents 131% and 42% reduction relative to petroleum
diesel at 94.3 g-CO2e/MJ. The CAP saline cases varied from -512 to 55.0 g-CO2e/MJ overall
average GHG emissions. In both cases, the negative GHG values are attributed to maximum
inclusion of coproducts, generating sizeable displacement credits relative to petrochemical
products (which are energy- and GHG-intensive to produce in the case of these product
examples) as well as for sequestering biogenic carbon in the bioproduct, and the positive GHG
values are attributed to modeled scenarios that exhaust the markets for those given coproducts
and revert back to producing only fuels. Thus, this highlights that coproducts (including other
options beyond the proof-of-concept example products evaluated here) will be necessary in order
to meet both cost and GHG goals, and alternatively if GHG goals cannot be met without
coproducts, it would not be a realistic scenario anyway as the biorefinery would not otherwise be
economically viable. GHG emissions estimates for HTL were less variable because they do not
include coproducts, with an average over the full site consortium of 39.7 and 39.5 g-CO2e/M]J for
the freshwater and saline cases, respectively, exceeding 50% GHG emission reductions relative
to petroleum diesel. In all conversion pathways, CO2 sourcing choice and associated energy
demand can have substantial impacts on overall system GHG emissions, thus this is an important
metric for continued analysis moving forward. Fossil energy consumption values generally
followed similar trends as GHG emissions. Freshwater use varies greatly by location and

Vi



scenario, with the CAP scenarios using more water than HTL (per GGE of fuel produced), and
arid locations using substantially more water than humid/high-precipitation locations (driven by
pond evaporation losses). While the higher water evaporation/consumption rates in arid locations
may be solved by focusing on saline water rather than freshwater resources, the TEA showed
that this incurs non-negligible penalties in costs, both for lining the ponds as well as for
disposing of significant volumes of salt blowdown waste to maintain tolerable salt levels (which
again is much more significant in arid locations with high net evaporation rates).

In all, while based on a number of scenarios for technical goals not yet demonstrated but
plausible to achieve over coming years, the harmonized outputs indicate promising potential for
algal biofuels to make a significant contribution to the U.S. fuels market, based on substantial
quantities of biomass (104—235 MM tons/yr) projected to be available at costs below $700/ton
(generally below $500/ton for freshwater cultivation). Recent legislation extending CO2
utilization credits to algae help to reduce these costs further, with a brief analysis included at the
end of the report around the implications on biomass and fuel costs. While these algal biomass
costs are still significantly higher than terrestrial biomass cost targets, the potential for high fuel
yields and/or high-value tailored coproducts from algal biomass is shown here to provide
plausible paths to achieve future targets for cost and sustainability metrics at meaningful
volumes.

vii
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Introduction

In 2012, the U.S. Department of Energy’s (DOE’s) Bioenergy Technologies Office (BETO)
assembled an informal consortium of algae modeling teams from Pacific Northwest National
Laboratory (PNNL), National Renewable Energy Laboratory (NREL), and Argonne National
Laboratory (ANL) focused respectively on resource assessment (RA)/growth modeling, process
and techno-economic analysis (TEA) modeling, and life-cycle analysis (LCA) modeling for algal
biofuel systems, in order to better integrate and harmonize key modeling assumptions around
consistent parameters and to ensure the outputs of the respective models “spoke the same
language” in reflecting a common basis. This activity was initiated in November 2011 with a
harmonization workshop, which solicited inputs from key stakeholders across the algae R&D
community, to identify gaps and areas where improved assumptions were required. The 2012
effort culminated in a harmonization report [1], focused on RA, TEA, and LCA implications
attributed to benchmark technologies envisioned to support a cumulative 5 billion gallons per
year (BGY) algal fuel production output at national-scale, via open pond algae cultivation,
dewatering to 20 wt% solids, and conversion to fuels via extraction and upgrading of lipids.
Subsequently, a similar exercise was repeated in 2013 but focused on algal conversion to fuels
via hydrothermal liquefaction (HTL), with PNNL’s algae TEA team added to the harmonization
group for this focus area [2].

While the 2012 and 2013 harmonization efforts did achieve their primary objective to place all
independent models on a common footing with respect to key modeling inputs such as spatially
and temporally specific cultivation parameters (e.g., seasonal productivities specific to individual
algae farm locations), process pathway configurations, unit-level operating conditions, and
yields, they were still a largely hypothetical exercise based on assumptions and available
literature data which was limited at the time (particularly with respect to outdoor/commercially
relevant operations spanning cultivation through conversion to fuels). Additionally, the primary
focus of both harmonization efforts was on establishing benchmarks intended to reflect expected
current technology performance at the time, without considering longer-term technology
development potential and associated cost/sustainability improvements.

Over subsequent years since 2013, significant progress has been made in better understanding
“real-world” operations for both producing and converting algal biomass to fuels and other
products, with a growing number of credible data points in the literature that better inform
modeling inputs for technology choices, operating conditions, and yields [3-7]. Concomitantly
the models themselves have improved with respect to the level of detail and modeling rigor in
their ability to accommodate such experimental data as well as to project out to future targets [8-
13]. In light of these improvements and to enable a better understanding of algal biofuel
resource, economic, and sustainability metrics, BETO instructed the harmonization team to
reassemble in 2017 and update the harmonization models to reflect recent learnings, as the
subject of the present analysis. However, rather than repeating a benchmarking exercise as was
the focus of the prior analyses, the scope of the new harmonization update was focused primarily
on orienting the models toward future goals with the intent to understand the currently estimated
potential for algal biofuel costs (minimum fuel selling prices, or MFSPs), environmental
sustainability (as indicated by greenhouse gas emissions, or GHGs), and national-scale fuel
output (BGY) when subject to realistic resource constraints in the RA model (including land



availability, fresh versus saline water sourcing, and CO: availability from existing point sources
as key considerations for future commercial scale-up). As such, this analysis documents a
number of aspirational objectives that must be demonstrated in the future in order to achieve
simultaneous cost and GHG reduction goals at reasonable fuel scales.

The remainder of this report documents key updates to the respective model framework inputs
relative to the prior 2012-2013 harmonization activities and resultant outputs for algae farm
resource siting and cultivation productivity targets (RA), algal biomass yields and costs (algae
farm TEA), algal biofuel yields and costs (NREL combined algae processing [CAP] TEA and
PNNL HTL TEA), and supply chain sustainability metrics (LCA). The overall structure of the
model linkages remains the same as in prior analyses, i.e. (1) the RA model identifies the most
optimum farm locations based on overlaid screening criteria and predicts site- and season-
specific cultivation productivities at each farm; (2) the individual farm sites are aggregated into
“representative averages’ across distinguished site groupings and the resulting average seasonal
productivities are input to the TEA farm models; (3) the biomass outputs and costs calculated
from the TEA farm models for the representative site groups are sent to the conversion models
(including both CAP and HTL conversion in this study) to calculate fuel yields and MFSPs; and
(4) the farm and conversion process model input/output inventories are furnished to ANL to
calculate overall life-cycle metrics. The primary output of this effort is to quantify the future
potential MFSP and GHG emissions for both conversion pathways alongside their respective
cumulative BGY fuel outputs, and to understand how they might vary at lower or higher
cumulative BGY yields, as a means to estimate the total U.S. fuel potential that may be produced
from algae at economically viable and environmentally sustainable levels in the future.

Summary of Model Inputs/Framework

Overall Modeling Basis: CO2 Sourcing Considerations

Relative to the earlier harmonization activities, a number of key additional constraining factors
have been added to the present exercise with respect to algae farm siting considerations, notably
including waste CO: availability from existing point sources (further details for resource
assessment inputs are summarized in the following section). This spurred a question early on in
establishing the basis for the overall approach to CO:z sourcing, which has recently become
evident as a major factor in commercializing algal biofuels moving forward [14]. Based on
recent key analyses, primarily the NREL 2016 Algae Farm Design Report [9] and the
ORNL/BETO 2016 Billion-Ton Report Algae chapter [12], sourcing CO2 via bulk flue gas
transport from co-located power plants and other sources carries several technical, logistical, and
scalability hurdles that are highly dependent on the CO2 concentration in the bulk flue gas and
could significantly hinder the practical deployment of algal farms in supporting commodity-scale
fuel outputs (i.e., >5 BGY) — summarized as follows:

a) Technical: Based on discussions with a number of external engineering consultants
[15,16], large flue gas compressors of the size envisioned here (i.e., an order of 80 MW
maximum instantaneous power demand) may not allow for power cycling on/off between
daytime and nighttime, as the amount of required torque for a cold startup could place
major burdens on the electrical grid given a four- to six-fold higher current draw versus
steady-state operation [17]. There may be options to circumvent this issue, but if not, this



b)

would require running the compressor throughout a 24-hour day to maintain pressure; the
compressor could likely be turned down to a degree at night, but if based on a centrifugal
compressor, the turndown capability is low. In NREL’s 2016 algae farm design report, it
was assumed the compressor could be turned down by roughly 15% at night [9], which
over a 24-hour day translated to more power to compress the given amount of CO: than
was originally generated at the power plant to deliver that amount of CO2, which would
incur major penalties for LCA.

Logistical: To deliver the flue gas from the farm gate to individual ponds at low
pressures, a large and complex network of 4-5 ft flue gas ducts and blowers would be
required to route the flue gas long distances throughout the farm to individual ponds. This
is both logistically impractical and significantly more capital cost-intensive than smaller
pipelines generally less than 1 ft in diameter to carry pure COz2 at high pressures (i.e.,
attributed to supercritical carbon capture of power plant flue gas off site). Again, NREL’s
algae farm design case estimated a roughly eightfold higher capital cost for on-farm flue
gas pipeline distribution relative to high-purity/high-pressure CO2, which would be
magnified given that the installed capital costs would only be utilized 50% of the time
(daylight hours). More details behind points a—b (summarized here) can be found in
Section 6.1 of the design report [9].

Scalability: Based on the findings documented in the 2016 Billion-Ton Report Algae
chapter [12], which constrained resource assessment modeling to co-located flue gas
availability from coal and natural gas power plants and ethanol production facilities, the
resulting cost versus biomass yield curves indicate limited potential for national
scalability of algal biomass output under this co-location constraint. Namely, Figure 1
shows yield curves for a “future” technology scenario (centered around a 25 g/m*/day
cultivation productivity target — similar to the targets in this exercise) as presented in that
report, overlaid by a threshold of $700/ton biomass cost as a rough estimate for the
maximum plausible biomass cost that could still potentially enable achieving BETO’s
fuel cost goals of $2/GGE (though would still require aggressive strategies for co-
processing with other feedstocks or pursuing high-value coproducts). At this upper limit,
the combined national biomass potential is roughly 17 MM tons/year for the freshwater
case, or roughly 12 MM tons/year for the saline case (coal power plant plus ethanol plant
curves, excluding natural gas which was not found in the study to enable economical CO2
supply for the future scenario given lower flue gas CO2 concentrations); which in turn,
based on projected CAP and HTL conversion target yields [18], would translate to 1.2—
2.7 BGY fuel yield potential for the freshwater case, or 0.8—1.8 BGY for the saline case.
With recent BETO focus primarily on saline cultivation moving forward to avoid
freshwater competition, this implies that the maximum national-scale fuel potential
for algal biofuels is less than 2 BGY when constraining algae farm CO; sourcing to
co-located bulk flue gas transfer from nearby power plant and ethanol point
sources. This falls short of BETO’s ultimate vision of 5 BGY as an opportunity for algal
biofuels to make a meaningful contribution to the U.S. fuel pool (roughly 210 BGGE/yr

[19]).
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Figure 1. Cumulative cost versus yield curves for national-scale biomass potential (future
productivity targets) as presented in the Billion-Ton Report Algae chapter [12]; overlaid with
$700/ton maximum biomass cost cutoffs

In light of the above considerations, the team made the decision to base the present
harmonization analysis on an alternative CO:2 sourcing approach via flue gas carbon capture
(CC) primarily from coal power plants (the largest source of CO2 emissions in the U.S.) and to a
lesser degree other COz2 sources (i.¢e., ethanol production, refineries, cement processing plants).
CC approaches solve all three of the above-noted issues, as essentially all energy requirements
for carbon capture are taken at the power plant, which produces high-purity CO: at supercritical
pressures. The pressurized CO2 may then be transported to the farm as well as within the farm
through significantly smaller and correspondingly cheaper pipelines, and high-pressure transport
of high-purity COz2 allows for substantially expanding the economical transport range, thus
unlocking the algae farms from being co-located on flat, low-value land in immediate proximity
to the waste COz point sources. However, prior TEA and LCA modeling work has shown that
current “1%-generation” CC technologies such as standard MEA amine scrubbing are too
expensive and energy-intensive to enable either cost or sustainability goals for an integrated algal
biofuels system. As such, a key stipulation underpinning this assessment is the successful future
deployment of “2™-generation” CC technologies that are currently being researched by other
organizations including DOE’s National Energy Technology Laboratory (NETL) programs,
which project future cost targets of $40/tonne captured COz in the 20202025 timeframe [20].



The present analysis thus assumes $40/tonne CO: cost at the coal power plant source (reflective
of the original DOE-NETL basis), subsequently scaled to $50/tonne COz2 for cement production
and pulp and paper manufacturing, and $20/tonne CO2 for ammonia, ethanol, hydrogen, and
petrochemical production. Additional costs are calculated for variable transport distances to each
individual algae farm as documented in the next section.

Finally, the associated parasitic energy demands attributed to such 2"%-generation CC
technologies were furnished by NETL researchers as 0.63 MJe/kg-COz (representing the power
plant’s net electricity output loss that would be incurred as a result of implementing the CC
system) [21]. This value was evaluated initially through ANL’s LCA model and found to result
in overall GHG emissions that did not quite achieve the 50% GHG reduction goals (relative to
petroleum diesel), based on previous target models for HTL/CAP configurations that were
coupled with upstream cultivation [18]. However, if the pond circulation (paddlewheels,
previously shown to contribute substantially to system energy demands [1]) were also shut down
at night, the GHG reductions did surpass the 50% target (recognizing that the present analysis
subsequently targets alternative HTL and CAP processing schemes relative to the prior Multi-
Year Program Plan (MYPP) pathways in order to achieve more aggressive cost targets here).
Thus, this represents a second future stipulation that the present analysis calls for, namely that
pond circulation/paddlewheels must be shut down at nighttime to conserve power and associated
GHG emission penalties. There is some precedent for this strategy already known to have been
implemented without noticeable degradation to overall biomass productivity or quality; this has
been primarily observed under the ATP? Consortium’s [22] advanced field study trials at the Cal-
Poly testbed site, which evaluated this approach against 24-hour circulation without noticeable
performance differences, as well as information furnished by Global Algae Innovations (GAI)
who indicated similar results [9].

Beyond this key consideration for CO2 sourcing as the underlying basis for the harmonization
approach, other inputs specific to each respective model are documented in the following
sections.

Resource Assessment

Based on discussions between the PNNL Biomass Assessment Tool (BAT) and NREL TEA
teams, updated screening criteria were defined for the RA model as relevant to the NREL farm
model and to reflect current-state progress in the modeling since the 2012/2013 model
harmonization effort. An overview of the assumptions and approaches is presented in Table 1.



Table 1. Resource Assessment Assumptions and Approaches Used in the 2017 Model

Harmonization Effort

Model/Analysis Component

2017 Model Harmonization (RA)

Land Screening

Defined by screening parameters documented in Wigmosta et al. [23] and
within the BT16 report [12]. The major difference from the 2012/2013 Model
Harmonization is removal of all forested lands from consideration.

Minimum Production Area

5,000 acres (vs. 1,200 acres in previous harmonization efforts)

Meteorology

33-year 1/8° gridded time-series (NLDAS2) (vs. CLIGEN stochastic weather
in previous harmonization efforts)

Pond Model

Variable depth based on providing best productivity rates; most often at 15-
cm (vs. single strain in 30-cm deep open pond in previous harmonization
efforts)

Growth Model

-Freshwater strain rotation for maximum productivity including (Chlorella
sorokiniana DOE 1412 [warm season]; Kirchneriella cornuta [Monoraphidium
sp.] [cold season]); Scenedemus obliquus [freshwater, brackish water, all

year])

-Saline water strain rotation for maximum productivity including (Picochlorum
sp. LANL [warm season]; Nannochloropsis salina [marine, warm season])

-PNNL Microalgae Growth Model [24-26]

-Productivity linearly scaled to an increased mean annual rate of
25 g/m2-day (based on sites located around Gulf Coast and Florida)

-Minimum annual productivity threshold of 20 g/m?-day
-Harvest to maintain 0.5 g/L biomass pond concentration

-Previous harmonization efforts featured a single strain in 30-cm deep open
ponds

CO2 Co-Location

-COz2 sourced from coal-fired power plants, natural gas power plants, cement
plants, fertilizer and ammonia plants, other chemical plants such as hydrogen
production, petroleum and natural gas processing, pulp and paper mills, and
metal production

- Assumes 80% capture of total supply at source
-Carbon capture and transport at high pressure

-New CO: location-allocation/supply-demand model to route pipes from CO2
sources to pond targets

- New CO: transport model where pipe size and pump stations dynamically
determined and costed based on total supply and transport distance

-Economic cutoff of $55/tonne for CO2 capture and transport
-No COz availability screening was done in prior BETO harmonization efforts

Water Supply

-Long-term mean monthly flows based on National Hydrography Dataset
(NHDPIlus v2.1) using the Enhanced Runoff Method (EROM)

-Available water supply constrained to withdrawing 5% or less of the mean
annual flow based on HUC-6 level estimates from the National Hydrography
Dataset

-A future water supply scenario (and now available) constraint is to replace
the 5% mean annual flow rule in previous harmonization studies with Tennant
(1976) [27] lower bound of optimal flow (60% in-stream flow for high- and low-
flow periods) for HUC-8 level sub-basin

Water Allocation

-Water allocation based on site-by-site long-term mean annual water
accounting with each HUC-6 with water supply provided at 5% of mean
annual flow with priority selection given to highest producing sites. Candidate
production sites were excluded if water resource was exhausted supplying
higher-productivity sites.




Land Screening

The multi-criteria land suitability model for open pond siting is largely similar to what is
described in Wigmosta et al. [23] and DOE [12], but an updated description is included here for
completeness. The fundamental criteria for conterminous United States (CONUS) screening
included lands with slopes <1% that exclude agricultural production land; deciduous, coniferous
and mixed forests; federal and state protected areas such as national and state parks; wilderness
areas, wildlife refuges, wetlands, riparian areas, and other areas that are deemed environmentally
sensitive; developed and urban areas; and existing open water bodies. An additional screening
criterion implemented under this study was to limit the contiguous land area to a 5,000-acre
minimum, where previously, this was based on 1,200 acres. The 5,000 acre algal production
facility was proposed by Davis et al. [9] as a production scale that realizes a better economy-of-
scale than the more traditionally modeled 1,000/1,200 acre facility. An earlier preliminary
analysis suggested that there are enough contiguous 5,000-acre areas within CONUS to justify
further modeling, where a total area of 6,161,925 hectares was found to be potentially suitable
with a median individual area of 9,588 acres. Once water and COz transport constraints were
applied, a total 3.7 million hectares were found for saline water sites and 0.89 million hectares
for sustainable freshwater. An example of the screening areas is provided in Figure 2. Sites are
generally chosen to have at least 5,000 acres of cultivation area available; however, in the TEA
farm model, locations in excess of 5,000 acres are broken up into multiple units (i.e., all facilities
evaluated in the TEA are based on a single 5,000-acre farm with resulting biomass outputs
delivered to a single dedicated conversion facility). In the future, a separate land screening that
includes microalgae production on agricultural land with the explicit consideration of replacing
terrestrial-grown proteins should be conducted to understand tradeoffs in energy, resource
requirements, and economics; however, the screening in this study remains consistent with past
studies that provide a direct biomass cultivation to energy-production (i.e., liquid transportation
fuels) specific focus.

Meteorology

A departure from past modeling efforts includes a change in the meteorological forcings to drive
the open pond temperature and biomass growth model. We implemented and used a gridded
time-series meteorological dataset (Phase 2 of the North American Land Data Assimilation
System, or NLDAS-2) for all potential farm sites in the U.S. This provides meteorological
forcing data at a 1/8° spatial resolution at an hourly time-step from January 1, 1979, to current;
however, this analysis carries the time series through to 2012, for a representative total of 33
years. Additional meteorological time-series updates are in progress to add years through 2016 to
capture meteorological events of interest at specific locations. To preserve the spatial fidelity of
the meteorological forcing data and thus spatially and temporally resolute biomass productivity,
the 5,000-acre land suitability sites were resolved into finer modeling units that better matched
the NLDAS data. These model units are represented by the hexagonal model grid trimmed to the
multi-criteria suitable land areas shown in Figure 2.
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Figure 2. Example land suitability, hexagonal model grid, resulting potential biomass production,
and CO: resources within north-central Florida prior to modeled CO: allocations.

Open Pond Model

The open pond temperature model is identical to what is described in Wigmosta et al. [23] and
Perkins and Richmond [28], with the exception that a pond/soil heat-exchange routine was
implemented to better represent the open pond water temperature throughout the model time-
series. The open pond model was run hourly at each potentially suitable site for 33 years with a
1-year spin-up to allow the pond/soil heat-exchange to stabilize. BAT modeled thermal
properties at a range of pond depths have been previously validated against open pond
observations. Three pond depths—15-, 20-, and 25-cm—were run with the intent of identifying
and selecting the best biomass productivity rates on a monthly time-step as described below and
follows depths that have experimentally been shown to improve performance and can scale-up
[29,30]. Thus, pond depths can vary from month to month on a site-specific basis in response to
meteorological conditions, pond temperature, light attenuation through the water column,
biomass concentrations and resulting strain productivity. Each run provides the water
temperature and evaporative loss at an hourly time-step, and is post-processed to determine net
water use including direct precipitation inputs to the ponds. This information also provides the
foundation for the saline-based blowdown calculations.
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Figure 3. Example differences in BAT-modeled water temperature as a function of depth (left) and
biomass productivities under baseline condition (fixed depth and strain; gray) and under rotation
condition (varying depth and strain rotation; green).

Biomass Growth Model

For this analysis, we implemented the PNNL Microalgae Growth Model [24-26] to provide
model parameterizations based on extensive growth experiments for three freshwater and two
saline strains. The PNNL Microalgae Growth Model was developed for predicting biomass
productivity in outdoor ponds under nutrient-replete conditions and diurnally fluctuating light
intensities and water temperatures. It can be run in batch and continuous culture mode at
different culture depths and, in addition to incident sunlight and water temperature data, requires
the following experimentally determined strain-specific input parameters: growth rate as a
function of light intensity and temperature, biomass loss rate in the dark as a function of
temperature and light intensity during the preceding light period, and the scatter-corrected
biomass light absorption coefficient.

It is assumed that light and temperature are the key and instantaneous determinants of microalgae
growth and productivity, and that no other factors such as nutrients, CO2, and mixing (i.e., mass-
transfer) are limiting. Furthermore, it is assumed that the culture pH remains constant via
feedback-controlled CO: addition and that there is no growth inhibition by photosynthetic
oxygen or other compounds.

The growth model was developed for open ponds where the majority of light attenuation occurs
only in the vertical direction. The vertical water column is divided into a user defined number of
layers, typically 50—100. It also assumes water temperature is spatially uniform over the entire
water column in a given time-step. The biomass concentration in each layer is assumed to
increase exponentially from B(?) to B(t+A4t) during time interval A¢ as follows [25]:

B(t+At) = B(t)- e*™ (Eq. 1)
where u is the specific growth rate (day™) in the respective volume layer.

Since the application of Eq. 1 requires knowledge of the specific growth rate at the particular
temperature and light intensity within each layer, it is necessary to know how u varies with
temperature and light intensity. In dilute cultures with minimum self-shading, the specific growth



rate of microalgae can be experimentally determined as a function of temperature and light as
follows:

u=FT,I) (Eq. 2)

where, f(T,1) is the two-dimensional array (or surface) of specific growth rates measured for
different combinations of temperature and light intensity values. Since each microalgae strain
has a unique response to light (i.e., compensation light intensity, saturating light intensity, and
photo-inhibition) and temperature (i.e., optimum temperature and temperature tolerance range),
the function £(7,1) is strain-specific and must be experimentally determined prior to running the
model. It is assumed that individual cells respond instantaneously to the new light conditions as
they enter each successive volume layer and that they exhibit the corresponding experimentally
determined specific growth rate for that particular light intensity. This response has been verified
in the laboratory by measurements of conventional P-I curves that clearly indicate that changes
in light intensity produce immediate changes in photosynthetic oxygen evolution.

Since biomass loss overnight due to dark respiration can have a significant, negative effect on
biomass productivity, it is necessary to know the rate of biomass loss (udart) in the absence of
light (/=0) as a function of temperature (7) and the average light intensity (Zavg) to which the cells
were exposed in the mixed pond culture during the preceding day [31,25]:

H gark :f(T’ Iavg) (Eq. 3)

lavg 1s calculated by averaging light attenuation profiles in the water column culture for each
time-step (4¢) over the entire day preceding the night in which biomass loss due to dark
respiration occurred. Biomass loss rates in the dark (uqart) as a function of temperature and
average light intensity were independently determined in laboratory experiments.

All strains were run for each potential site using the hourly pond temperature model results and
strain-specific parameterizations as input. As a further step, we implemented site-specific algal
strain rotation (per source water type) to reduce the seasonality effects in productivity and
ultimately increase annual yield. We used three freshwater and two saline water strains:

e freshwater:

o Chlorella sorokiniana (DOE 1412 [warm season])

o Kirchneriella cornuta (Monoraphidium sp. [cold season])

o Scenedemus obliquus (freshwater, brackish water, and all-year).
e Saline water:

o Picochlorum sp. (LANL [warm season])

o Nannochloropsis salina (marine and warm season).

All strains were parameterized for the PNNL Microalgae Growth Model. At each location,
separate hourly runs were made for each strain and 3 pond depths (15-, 20-, and 25-cm) for a
period of 33 years. Then, for each location, the strain/depth combination that produced the
greatest biomass for a given month was ultimately selected and used. For freshwater, this
included evaluating nine possible combinations of strain and pond depth, for each month. For
saline, this resulted in six possible combinations. Typically, rotation between strain and depth
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only occurred once a year at the transition between warm and cooler months and the most
frequently occurring pond depth amongst all sites and strains was 15 cm. Strain rotation logistics
are not explicitly considered in the models, but may be timed to coincide with a planned
shutdown for pond cleaning (as part of the 35 day/year downtime), or introduced at the
appropriate point and allowed to become the dominant strain for the seasonal period. Biomass
harvesting was dynamic and assumed this took place once pond concentrations reached 0.5 g/L.
(fixed constant in all seasons and pond depth scenarios).

While the pond and biomass production models simulate site-specific hourly conditions 365 days
a year for 33 years, we post-processed the data to assume a 330-day operation (consistent with
[9]). The reduction in biomass was adjusted (post-process) on a seasonal basis to distribute
offline days throughout the year. To estimate future improvements in productivity (moving
beyond today’s performance levels), hourly production at each site was linearly scaled to achieve
a targeted mean annual biomass productivity value of 25 g/m?/day over the Gulf Coast region
and Florida (the highest productivity sites) under the 330-day operating scenario. This scaling
method maintains climate/location driven differences in productivity between sites and provides
a simple multiplier of how much current biomass productivities need to improve to achieve
future targets. The biomass productivity scale-up factor varied across water source and
depth/strain rotation scenarios, up to 2.9 (i.e. ~3x current productivity rates in order to achieve
the targeted mean annual productivity of 25 g/m?/day) with saline cases generally requiring a
larger degree of improvement relative to at least currently-parameterized strains’ performance.
After productivity scaling, sites that did not meet the mean-annual productivity threshold of at
least 20 g/m?/day were eliminated. The 20 g/m?*/day productivity was considered as a minimum
economic threshold. In most cases, the implementation of this threshold eliminated sites at more
northerly latitudes that would be subject to unproductive cold pond temperatures and frequent or
major freezes in the winter, which would render large-scale open pond operations impractical;
however, some manual removal of sites was necessary under the saline strain cases due to the
high scale-up factor to achieve the minimum productivity levels.

Water Supply and Demand

Water supply analysis conducted for this effort is consistent with the past BETO model
harmonization efforts and BT16 [12]. For the freshwater, a 5% of mean annual flow constraint at
the HUC-6 watershed scale is used to assess the total available water supply for potential algal
production sites located within a given HUC-6 watershed boundary. The net water demand, as
determined by modeled rates of evaporation and incoming precipitation, is used in a basic water
accounting method. The water supply is allocated to the sites with the highest algae productivity
within a given watershed first and then proceeds in a high-to-low biomass productivity rank-
ordering of sites until the allocated supply is exhausted. Any sites that could not be supplied with
water are eliminated from further consideration. An updated sustainable water supply based on
the Tennant [27] rule of using the lower bound of optimum environmental flows (considered
under low-flow and high-flow seasons) at the HUC-8 sub-basin scale (finer resolution than
HUC-6) would further constrain sites, but this analysis was not available in time for this work. It
should be noted that this water constraint does not consider specific existing water rights and
allocations that could potentially impede water use in some locations.

For saline water, volumetric constraints are not a foreseeable limitation, thus sites were
constrained using direct availability (i.e., assumes a new well is drilled at the potential site) of
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non-competitive saline water [32]. For saline scenario blowdown calculations performed within
the TEA, an input saline concentration of 7.7 g/L. with a maximum pond concentration strain
tolerance of 40 g/L is established (applied universally across all sites). Further study is warranted
to consider source water salinities on a more individual location basis, to distinguish brackish
versus saline water cultivation evaluated across different strain salinity limits. For the saline
runs, the net water demand is adjusted based on saline-influenced evaporative losses.

CO:2 Supply and Demand

We used the PNNL Biomass Assessment Tool (BAT) [23,32-34] to conduct a CONUS-wide
simulation of potential algae production in open ponds using fresh and saline water and
associated strains with COz supplied via carbon capture from existing, non-competitive,
stationary waste sources including coal-fired power plants, natural gas power plants, ethanol
production facilities, cement plants, fertilizer and ammonia plants, other chemical plants such as
hydrogen production, petroleum and natural gas processing, pulp and paper mills, and metal
production. The managed addition of CO:z for microalgae cultivation is demonstrated to enhance
growth rates and therefore, overall biomass production. Commercially provided and truck/rail-
delivered COz2 has been the common approach for operational facilities; however, the cost for
this supply can account for ~20%—-30% of the total operating costs (~$30-100/t COz), depending
on the operational configuration. With the estimated 4.3 billion tons of CO2 emissions per year in
the U.S., there is significant potential for waste COz utilization (Table 2). The use of carbon
capture in this work expands the range of possible CO2 sources, not so much with respect to total
quantity of COz, as the BT16 [12] included ~84% of total CONUS CO: supply, but rather with
respect to increased co-location/spatial access for more economical transport over greater
distances. It is also noted that no CO2 source was used that had an existing use already
documented.

Table 2. CONUS Stationary Waste CO2 Sources (2012-2015, ranked by order of emissions)

CO:2 Source # of Facilities U.S. Emissions (million metric tons/yr)
Coal-Fired Power Plant 1,339 2,677
Metal Production 294 525
Natural Gas-Fired Power Plant 1,774 394
Chemigal Plgnts a.nd Herogen 611 315
Production (including refineries)

Ethanol Production Plant 317 140
IIz:eotgoelglsjirrr:gand Natural Gas 1,489 113
Cement Plants 181 83
Pulp and Paper Mills 227 38
Fertilizer/Ammonia Plants 48 25
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For this analysis, CO2 supply was driven by annual estimates derived from NETL’s NATCARB
v.1502 [35] and Middleton et al. [36] (Figure 4). While the scope of the current analysis is based
on annually available CO: supply, a new capability has been developed within the BAT to model
hourly CO2 supply (Figure 5) and associated hourly CO2 demand based on algal productivity
rates (Figure 6) that reflect diurnal and intra-annual supply variations. This is particularly
important to reflect CO2 availability in the electricity-generation sector for which coal-fired
power plants are the dominant source of waste CO2 in the U.S. (Table 2) and will be
implemented nationally in future analyses.

Sources and Annual Production of CO;

Source CO2 (tonnefyr)

AG PROCESSING ° 500-411,492
CEMENT PLANT O 411,493 - 1,265,190
ELECTRICITY 1,285.191 - 2,542,500
ETHANQL 2,542,501 - 4,332,201
FERTLEZER 4332202 - 6,528,037 N
PETROLEUM/NATURAL Gas < 8:628,038-9,999,087
 REFINERIES/ICHEMICAL 9,999,088 - 14,737,333
UNCLASSIFIED
14,737,334 - 25,588,702

Figure 4. CO: point source emissions and associated total annual output for 2012-2013 [35,36]
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Figure 5. BAT-modeled hourly CO: emissions data from the Stanton Energy Center, Florida
(Orlando Utilities Commission), including the coal-fired Units 1 and 2, and the combined-cycle
natural gas plant, Stanton A
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Figure 6. CO2 availability and hourly AFDW biomass production for Chlorella at a 25-cm pond
depth at 1,000-acre unit farm for April 18, 2012

For the 2017 Model Harmonization analysis, we are considering all key sources of waste CO: at
once, thus, the most cost-effective sources of CO: are supplied first, followed by additional
sources as required to fulfill the needs of a production site. Thus, multiple CO2 sources can meet
the need of a given site, or a single CO2 source may feed multiple production sites.

The total hourly carbon demand, based on a 330-day operation and scaled-up productivity under
the freshwater and saline biomass scenarios described previously, is calculated by:

D

co2= (Eq. 4)

BxWcpio
Eco2*Wcco2
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Where,

Dco2= CO, demand (kg/hr)

B = AFDW biomass (kg/hr)

Wesio = Carbon fraction in biomass (0.55)
Ecoz = CO, utilization efficiency (0.75)
Wecoz = Carbon fraction in CO, (0.273)

The total CO:2 supply provided through carbon capture is assumed at 80% of reported annual
total supply and the calculated site-level biomass productivity-based CO2 demand provide the
basis for the CO2 accounting and selection model. The CO: utilization efficiency value would
benefit from a sensitivity analysis using more conservative values (Eco2 < 0.75) to understand
effects of sites that are excluded, but was beyond the scope of the current effort. A new BAT
CO:s2 transport and allocation model was developed specifically for the 2017 Model
Harmonization effort to account for carbon capture, compression, and transport from COz source
to the production site. The key equations and parameters used are established from literature
values as described below.

The COz transport model is first established using a location-allocation spatial network model.
This type of modeling has often been used for performing logistics analysis, competitive siting of
businesses, or defining optimal locations for critical resources such as emergency response (i.e.,
paramedic, fire stations, hospitals, etc.), where the basic premise is having a facility of some
capacity that can serve required demands. In the case of COz transport, the “facility” is defined
as a stationary CO2 source with a capacity or supply of CO2 at 80% of the total reported annual
release. The demand locations are defined as the centroids within the hexagonal cells
representing the algal production sites, where the actual CO2 demand is defined for each
hexagonal cell as defined in Eq. 4 and is conceptually represented in Figure 7. Note the straight-
line connections between the CO2 source and the algal production sites provide a visual
representation of the linkages and not the actual pipeline route calculated.

Figure 7. Representation of CO2 delivery from CO2 source (blue point) to production sites. The
straight allocation lines are only visual and do not represent the actual pipeline route taken.
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The routing network was established using national right-of-way datasets that provide a potential
pipeline pathway between the stationary CO2 source and the algal production sites. Because
many of the algal production sites may not have a nearby right-of-way, a “snapping tolerance”
was established to extend the routes to areas where no known right-of-way exists. The location-
allocation spatial network model was established as a “maximum coverage” type model [37-39];
with a finite cost formulated by:

o { (Eq. 5)
Maximize zZ = z a;y;

i€l

Subject to:
y, < Z x; Viel (Eq. 6)
JEN;
Z xj =P (Eq.7)
JEJ
xj,yiEO,l VjEj,iEI,SSNi,xi,yi
Where,

I = Set of algal production sites with defined CO, demand

J =Set of point source CO; sites with a defined CO; supply

P = Total number of point source CO; sites to be used (we considered all available)
x; = 1 if point source CO; site used at j, otherwise is 0

y; = 1 if algal production site i can be supplied with CO,, otherwise is 0

S = Impedance cutoff of $55/tonne delivered CO; (considers CapEx and OpEx costs)
N; = Set of all possible point source CO; sites that can service algal production sites i
a;=The total population of CO, demand from the algal production sites i

Thus, the intent of Eq. 5 is to maximize the number of algal production sites (and their specific
CO2demand) that can be supplied by point source COz2; Eq. 6 indicates the potential for CO2
demand to be met, provided that COz can be supplied with the $55/tonne impedance cutoff (S);
and Eq. 7 gives the total number of point source CO: sites that can be used. The notion is to
establish CO2 sourcing to as many production sites as possible within the constraints of available
COz supply and a $55/tonne total delivery cost (impedance cutoff). In cases where there was
available CO: supply, but costs exceeded $55/tonne, these sites were eliminated from further
consideration, and CO2 was allocated to other algal production sites, if possible. This approach
also ensures a spatial and cost-optimized solution, thus if a site has the option to receive CO2
from two or more suppliers, the least expensive transport option is used. A single CO2 source can
supply multiple algal production sites provided the CO2 supply is sufficient. In this case, a
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prioritization analysis is applied where the total CO2 supply is routed to the least-expensive
locations first, and continues until the COz supply is exhausted.

To establish the transport costs, the location-allocation model provides the final solution for total
pipeline distance in miles. The other factors that are considered to establish the maximum
$55/tonne total delivery cost include the pipe diameter (thus impacting the cost of pipe); the
pipeline material, labor, and construction costs; the pipeline maintenance costs; and the carbon
capture cost as determined by the CO2 source. We assume a 30-year operational design. The
calculated pipeline diameter is established using a constant velocity liquid COz-specific energy
balance assuming upstream and downstream pressures are constant [40,41] (thus no explicit
consideration of CO2 storage via line packing is included) and is formulated by:

1
b - { —64Z22,,R*T2,, frm?L } /s (Eq. 8)
' nZ[MZaveRTave(pg - p%) + 29PZM?(h, — hy)]

Where,

D; = Internal pipeline diameter (m)

Zave = Average fluid compressibility

R = Universal gas constant (Pa m3/mol K)

T,ve = Average fluid temperature (K)

fr = Fanning friction factor

m = Design mass flow rate (kg/s)

L = Pipeline length (m)

M = Molecular weight of the stream (kg/kgmol)

p = Pressure at points 1 (upstream) and 2 (downstream) (Pa)
g = Acceleration due to gravity (m/s?)

P,,e = Average pressure across the pipeline (Pa)

h = Pipeline elevation at points 1 (upstream) and 2 (downstream) (m)

The average pipeline pressure (P,,.) is calculated as [40]:

b2P1 ) (Eq.9)

2
Poe == -
ave 3 (p2+p1 D, + 11

And the Fanning friction factor is approximated by [42]:

S/Dl._s.ozl (E/DL. 13)

37  Re 8|37 "Re

/b, 5.02
37 Re

= —2.010g{

1 } (Eq. 10)
2fr

Where,

€ = Pipe roughness (mm) (used 0.0457 mm for steel pipe, as noted in McCoy and Rubin [41])
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The Reynolds number, Re, is defined by:

oo M (Eq. 11)
unD;

Where,
u = Fluid viscosity (Pa s)

Additional details can be examined in McCoy and Rubin [41].

The pipeline cost model was established based on Parker [43] where a regression cost model is
based on published capital costs of natural gas lines across the country from 1991 to 2003. These
costs are represented by materials, labor, construction costs, right-of-way, and miscellaneous
costs. Their year 2000 dollars were adjusted to 2014 dollars. These are formulated as follows:

Materials
Crmar = [330.5 * D? + 687 * D; + 26960] = L + 35000 (Eq. 12)

where D is the nominal pipeline diameter (inches), and L is total pipeline length (miles).

Labor

Ciapor = [343 * D? + 2074 * D; + 170013] = L + 185000 (Eq. 13)
Construction

Ceonst = [674 * D? + 11754 * D; + 234085] * L + 405000 (Eq. 14)
Right-of-Way

Crow = [577 * D? + 29788] * L + 40000 (Eq. 15)
Miscellaneous

Cmisc = [8417 * D + 7324] * L + 95000 (Eq. 16)

Pipeline operating and maintenance (O&M) costs were established from McCoy and Rubin [41]
which were ultimately established from Bock et al. [44]. The original 1999 dollars used in Bock
et al. [44] were adjusted to 2014 dollars.

The carbon capture costs used here were simplified per estimated ranges, cost adjustments, and
future projections in [45,46], Gerdes et al. [47], Rubin et al. [48], and [20]. It should be noted
that most of the carbon capture costs have been established for power plants; however, limited
cost data are available for industrial processes such as chemical production, ethanol, hydrogen,
etc. While the COz stream coming from these sources is at a much higher purity, the costs are
predominantly associated with CO2 compression. The literature also notes that for smaller
volume CO2 medium-purity sources such as cement plants, the economies of scale aren’t
achieved, thus may still be more expensive than a lower-purity CO2 source with overall greater
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volume. The carbon capture costs for sources identified and used in this study are summarized as

follows:
CO; Source Cost (S/metric tonne)
Petrochemical Production/Petroleum Refining $20
Hydrogen/Ammonia Production $20
Coal Power Plant $40
Natural Gas Power Plant S50
Cement Plant $50
Petroleum/Natural Gas Processing S50
Pulp & Paper Manufacturing $50

In summary, the CO: transport and allocation model provides a source to farm cost that includes:

Carbon capture cost in $/metric tonne based on the CO: source (all capture estimates are
based on future forward-looking cost targets, with the dominant number of sources
pivoting around the DOE/NETL target of $40/tonne CO2 for coal-fired power plant 2"-
generation capture technologies to be demonstrated by the 2020-2025 timeframe [20],
and then scaled to cost estimates for other point sources).

CO2 transport cost in $/tonne based on total CO2 to move and distance to move, which is
reflected in the pipe size, and if necessary, additional pump/compression stations.

Total combined carbon capture and transport cost for use in the TEA model. As a final
screening prior to passing the resource analysis outputs to the TEA, if the delivery of CO2
to a site exceeded a total of $55/tonne, the site was eliminated, to prevent this element
from becoming prohibitively expensive in its contribution to overall biomass cost.

o During final preparation of this report, in February 2018 a budget bill was passed
that extended tax credits for CO: utilization (inclusive of algae) which would
reduce COz costs by $35/ton ($39/metric tonne) [49]. Implications of this
scenario are briefly discussed in the Results section.
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TEA: Algae Farm Model

The TEA approach combines results from the BAT Team’s resource assessment to develop
process models for site groupings, starting with process flow diagrams, for both facility front-end
cultivation and dewatering and back-end algal biomass conversion to fuels and coproducts. We
use Aspen Plus to calculate rigorous material and energy balances for the processes designed.
The calculated mass and energy balances then feed into sizing capital equipment and
determining operating costs, which ultimately translate into TEA cash flow calculations to
estimate minimum biomass selling price (MBSP) or minimum fuel selling price (MFSP)
associated with a 10% internal rate of return (IRR). The general scheme for the cultivation
process model is described below.

TO ALGAE BIOMASS
CONVERSION |

A200: INOCULUM | NUTRIENTS
SYSTEM

BLOWDOWN
DISPOSAL

ALGAL
BIOMASS

/ y

A100: BIOMASS
»> PRODUCTION

» A500: DEWATERING »|  A600: STORAGE

y

A400: MAKEUP

A300: CO, DELIVERY WATER + ON-SITE
CIRCULATION TO/

FROM DEWATERING

co2
MAKEUP WATER

Figure 8. Block-flow diagram of the open pond algae farm model

The NREL algae farm design report described in detail the notional algae cultivation system
envisioned for future n-plant design [9]. To summarize, a base case farm facility contains 5,000
cultivation acres. This size farm area was selected based on optimal economy of scale
considerations, with a sensitivity analysis in the above-cited report indicating a biomass cost
penalty of roughly $100/ton for a 1,00- acre farm (which becomes further magnified through
downstream conversion models given compounding economy of scale effects there as well).
Figure 8 shows a general block-flow diagram of the process. One hundred-acre (cultivation area)
modules (located in A100) are parceled out across the facility with a gradual terraced layout.
Grading costs are included based on a starting 1% slope grade over the full farm site area (this
was not adjusted in the present work for specific individual site locations). For the freshwater
scenarios, we maintain the assumption of minimally lined ponds (liners only located in targeted
areas of the ponds for erosion control) as discussed in the design report. For the saline scenarios,
while certain locations may also potentially allow for unlined saline ponds (which in reality
would be dependent on both local soil conditions and governing regulatory/permitting policies),
without a more detailed study on local soil and groundwater characteristics for each site location,
in the present work we conservatively assume that the ponds are fully lined for protection of
surrounding land and groundwater (this provides an upper bound for algal biomass costs relative
to the lower bound set by unlined freshwater cultivation). The ponds are 10-acre paddlewheel
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driven raceways with costs and circulation power demands based on an average of four vendor-
provided cases as documented in the algae farm design report. As noted previously,
paddlewheels are targeted to run for 12 hours per day with nighttime shutdown to reduce power
usage given the strong influence this parameter has on the LCA, resulting in a power demand of
27.8 kWh/ha/day. Fully lined ponds in the saline case would likely affect the hydrodynamics and
reduce the circulation power demand, but this was not adjusted in this case. The inoculum
system was also maintained consistently with the algae farm design report, utilizing tubular
photobioreactors, covered 2-acre raceway ponds, and fully lined 2-acre ponds, sized based on a
targeted 20 days between re-inoculation events for any given pond (i.e., re-inoculating 5% of the
overall farm pond volume every day, with the maximum design basis set based on summertime
productivities; winter productivities would be lower, but so would the frequency of culture
crashes and thus a longer period between re-inoculations).

As described above, pure COz (produced from carbon capture of flue gas from coal-fired power
plants and other point sources) is transported to the farm gate via a high-pressure pipeline. The
BAT Team'’s analysis provided the cost of off-site CO: transport and the cost of the carbon
capture on a dollar per metric ton basis (discussed above). A pipeline network within the facility
brings the CO2 from a storage tank to individual ponds as described in the algae farm design
report. Although the design report had originally targeted 90% utilization of the delivered CO: to
the ponds, this study takes a more conservative approach and reduces that parameter to 75%
utilization efficiencys; this is still a widely-debated metric regarding maximum possible retention
efficiency, but upon further discussions with other experts [50] and review of literature [51,52],
75%—-90% retention efficiencies in the pond culture do appear theoretically possible given
optimal pond design, i.e., channel velocities and sump locations appropriately matched to algal
growth rates and CO2 uptake demands, coupled with optimal pH and alkalinity conditions in the
pond (these considerations will be the subject of more detailed analysis moving forward), thus
75% is used as a target goal for optimally designed systems at scale-up. Beyond CO2 carbon
capture, other means of delivering CO: to algae ponds are also possible and are the subject of
ongoing research, including direct atmospheric CO2 capture [53] or scrubbing into a bicarbonate
system which may be directly used as the pond cultivation media [54].

The process assumes a continuous mode of cultivation and harvesting to maximize on-stream
utilization of pond capital costs, with a fixed harvest density at 0.5 g/LL from the ponds. Once
harvested, the biomass is routed through three stages of dewatering to reach a final solids content
of 20 wt% (ash free dry weight, or AFDW). First, in-ground settling with a 4-hour residence time
concentrates the biomass from 0.5 g/L to 10 g/L. A hollow-fiber membrane further increases the
solids content to 130 g/L following the settling ponds. Finally, a centrifuge further raises the
final solids content to 200 g/L. Again, all design and cost details attributed to the dewatering
system are further documented in the algae farm design report [9]. As discussed in that report,
the use of in-ground settlers for primary dewatering is assumed as a goal case, based on extreme
cost-minimization that would be required to process such tremendous volumes of water (roughly
450 MM gal/day in peak season) which necessitates a highly cost-effective operation to maintain
economic viability. While there is some data/anecdotal evidence of the efficacy of such an
operation [55,56,51], this will be a key area for further public validation as may warrant BETO
support in the future, e.g. to verify settling times and resultant concentrations for different strains
of interest. Likewise, the secondary membrane dewatering step is based on operational
knowledge furnished by a membrane developer (Global Algae Innovations [57]) but as yet
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without published data to validate; thus again this operation would benefit from further public
verification opportunities around the projected concentration factors and power usage. The
concentrated algae biomass is routed to short-term storage (surge capacity up to 24 hours), with a
1% AFDW loss assumed during storage. The facility also includes design and cost
considerations for water recycle and on-site circulation pipelines. A portion of the clarified
recycle stream from primary dewatering is removed from the system as blowdown to control
buildup of salts to maintain salt levels at the strain tolerance limits in the ponds, primarily an
issue for the saline cases. As noted above, the saline models universally set the incoming makeup
water at 7.7 g/L salts and the tolerance limit at 40 g/L, from which blowdown requirements were
set as a function of seasonal evaporation rates (higher net evaporation translates to higher
blowdown removal). The saline blowdown is disposed of via deep-well saltwater injection, a
practice also employed in hydraulic fracturing technologies for petroleum extraction, at a cost of
$1.50/m? as an average of literature values for an owner-operated injection well located at or
near the farm [58-62]. An alternative approach to employ evaporation ponds and landfilling of
residual inorganics was also considered, but found to be more costly and thus was not pursued.

For the present harmonization work, the primary inputs to the farm model that were integrated
with outputs from BAT included seasonal cultivation productivity, harvest density (always fixed
at 0.5 g/L), net evaporation rate (total evaporation minus precipitation), water source, water
salinity, blowdown rates required to maintain pond salinity limits, CO2 gate cost to the facility
(based on BAT analysis for CO2 source/capture costs and transport distance/cost to the facility),
and number/area of selected sites that met the screening criteria parameters set in the BAT
models. The resulting individual farm locations identified by the BAT model were then collapsed
down into consortia groups, each of which were then averaged for the key TEA input parameters
noted above to constitute an individual “representative site” for each group to be run through the
subsequent TEA and LCA models, similar to the approach taken in prior algae model
harmonizations [1]. The farm model costs do not presently account for any sort of containment
system i.e. in the event of catastrophic weather events or other scenarios where the loss of algal
biomass containment would be unacceptable, for example if engineered strains were utilized.
The costs for such a system would be speculative at this level of analysis detail, and also would
vary by site/region of the country, but this concept warrants investigation in the future.

Also consistent with the NREL algae farm design report, the harvested biomass composition was
set to a future target projection consistent with compositional attributes as have been previously
measured for mid-harvest, high-carbohydrate Scenedesmus (HCSD) [9]. The elemental and
component compositions for this strain are shown below in Table 3. Notably, the lipid content
for this biomass is 26% as free fatty acids (27% as FAME, equivalent to TAG), which is a mid-
level value and is not expected to place unreasonable burdens in simultaneously increasing future
target productivities to the 25 g/m?/day range, given known tradeoffs between productivity and
lipid content. It should be emphasized that the metric of interest here is the composition, not
necessarily the strain, i.e., we are asserting that the future productivity goals are concomitant
with a harvested composition as reflected in Table 3, regardless of the strain(s) employed, or if
employing strain rotation strategies, that the overall average composition of harvested biomass
still reflects these targets. In the case of saline cultivation, the ash content may be higher than
that shown here (which was based on a freshwater trial), but given that all key cultivation
parameters, e.g., productivity and dewatering solids content, are set on an AFDW basis, this
would not impact overall fuel/product yields.
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Table 3. Elemental and Component Compositions Targeted in This Study, Originally Based on
High-Carbohydrate Scenedesmus (HCSD) Biomass (adjusted to 100% mass balance closure for

models) [9].
Elemental (AFDW)
C 54.0%
H 8.2%
O 35.5%
N 1.8%
S 0.2%
P 0.22%
Total 100.0%
Component (dry wt)
Ash 2.4%
Protein 13.2%
FAME lipids as free fatty acids’ 26.0%
Glycerol’ 3.0%
Non-fuel polar lipid impurities 1.0%
Sterols? 1.8%
Fermentable carbohydrates 47.8%
Non-fermentable carbohydrates | 3.2%
Cell mass 1.6%
Total 100.0%

" Lipids originally characterized as triglycerides (1:1 FAME equivalent); adjusted here to free fatty acid (FFA) plus
glycerol (reflective of actual components in pretreated hydrolysate for Scenedesmus biomass).

2 Sterols originally included in “polar lipid impurity” fraction in prior models. Value currently estimated for HCSD,
based on a representative earlier-harvest biomass sample.

Considering the targets enumerated above, a number of key hurdles/uncertainties must be
addressed moving forward in achieving the stipulated projections. First and most importantly
from a TEA/LCA driver standpoint, cultivation performance must continue to improve, both
around productivity (moving from the latest “state of technology” benchmarks at roughly 10
g/m*/day [10] up to the 25 g/m?*/day target), as well as compositional quality (moving beyond
nutrient-replete, high-protein/low-carbohydrate and lipid biomass typically associated with
current benchmarks [4] up to compositions closer to that in Table 3 i.e. ~70% carbohydrates plus
lipids). Strain robustness/crash resistance must also continue to improve in order to reflect the
minimal costs projected in the design case for inoculum trains (based on re-inoculating a given
pond once every 20 days or longer). Additionally, the ability to shut pond circulation down at
night without significant impacts to cultivation performance, as well as the ability for harvested
biomass to auto-flocculate under short (<4 hour) settling times up to 10 g/L. and then concentrate
through membranes at concentrations and power demands consistent with GAI inputs will also
be important to further validate publicly at a meaningful scale moving forward. Finally, more in-
depth quantification of CO:z carbon capture integration logistics and scheduling with algal
cultivation systems, including CO: retention efficiencies and uptake rates in the ponds, will be
key to verifying the opportunities for algal carbon capture/utilization and tracking the carbon
dynamics once delivered to the ponds.
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TEA: Combined Algae Processing (CAP) Conversion

The CAP model is based on NREL’s previously documented framework involving low-
temperature biochemical fractionation of algal biomass into its respective constituents (lipids,
carbohydrates, and protein) for subsequent upgrading of each constituent to fuels or products [8].
The biomass is sent through a dilute acid pretreatment operation, which liberates monomeric
sugars and enables effective downstream lipid recovery, with a number of options for conversion
of the sugars as well as lipid fractions (several options also exist for conversion of the protein
fraction, but for the present work we continue to assume anaerobic digestion for the LCA
benefits enabled by nutrient recycles and combined heat and power [CHP] production). In the
present work, given the primary objective described above for this study (to focus on process
needs to achieve MFSP goals while constrained to biomass yields and costs dictated by the RA
outputs), the CAP models are configured for the following product slate:

e Freshwater:
o Lipids (saturated/mono-unsaturated) to fuels via extraction and upgrading
o Unsaturated fatty acids (isolated from lipid fraction) to polyurethane (PU) coproduct
o Sugars to fuels via carboxylic acid intermediates
o Protein to anaerobic digestion/CHP.

e Saline:
o Sugars to succinic acid (SA) coproduct (with market volume boundaries also

considering other derivative components that may be produced from succinic acid)

o All other product trains consistent with freshwater scenario.

The freshwater case is focused on maximizing fuel yields while still enabling sufficient
coproduct revenues from a single example coproduct—polyurethanes—in order to achieve the
$2/GGE target MFSPs, subject to market volume constraints. Polyurethanes represent a large
market on the order of 2.5 MM tonnes/year (U.S. consumption) with a large variety of end-uses
and high value up to $2/Ib or more [63], thus it is an ideal coproduct that NREL has recently
begun to focus on within the CAP process. As will be shown below, coproduction of this product
alongside fuels from the remainder of the lipids and the sugars is projected to enable
achievement of the $2/GGE targets for biomass costs reflective of the freshwater cultivation
scenarios, based on current available information for processing economics of this product
(discussed below). The overall process schematic for the CAP conversion model is summarized
in Figure 9, with more details on model inputs/assumptions discussed below.

Alternatively, as also will be shown below, the saline scenario translates to higher biomass costs
than the freshwater scenario due to the addition of pond liners and blowdown disposal costs.
These costs add roughly $2/GGE to the fuel costs, such that total MFSPs would generally come
out on the order of $4/GGE or higher (depending on the site group) if the same processing
schematic were applied as for the freshwater case, relying on polyurethane coproduct credits
alone. As such, in order to support a path toward reasonable fuel costs in line with the primary
objective of this study, an additional coproduct is introduced—succinic acid—derived via
fermentation of all available biomass sugars but at the expense of fuel yields (via carboxylic
acids as the basis of the freshwater case); thus, the saline case translates to lower overall
GGE/ton fuel yields than the freshwater case when including both polyurethanes and succinic
acid products. Succinic acid is a frequently evaluated bioproduct given its versatility in potential
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product derivatives that may be made from it, such as 1,4-butanediol, maleic anhydride,
tetrahydrofuran, 1,3-butadiene, and numerous other chemicals [64]. While the market for
succinic acid itself is relatively small (36,000 tonnes/year U.S. consumption), the potential
growth for this product is large with a market well over 2 MM tonnes/year when including
potential derivative products [63]. With market values at $1/Ib or more, succinic acid is thus also
an attractive coproduct to consider in cases with high biomass carbohydrate composition as is
assumed here. Thus for the saline case, this second example coproduct is added, also within
market volume constraints. On the latter point, given the relatively modest market for succinic
acid itself (which is merely intended to serve as one example coproduct opportunity among
numerous others that could be derived from sugars), and to better demonstrate the market
application of this type of coproduct, we evaluate the economics of the CAP process reflecting
the costs of production and purification of succinic acid (described below) alongside its market
value, but taking this example concept out through market volume boundaries inclusive of
several additional potential product derivatives. Specifically, we consider the succinic acid
coproduct “class” over total collective market volume limits of:

a) Succinic acid
b) 1,4-butanediol
c) Maleic anhydride
d) Tetrahydrofuran
e) Adipic acid

f) 1,3-butadiene

The cumulative world market volumes for the six products above total 18 MM metric tons per
year or 13.3 MM metric tons of carbon in the coproduct [64-69]. It is recognized that each of the
above five products beyond succinic acid would translate to different final product yields (given
different elemental compositions) and market values, but as a detailed TEA analysis of each
individual coproduct opportunity is beyond the scope of this work, succinic acid yields and
market values are used as a proxy for the other listed derivatives that may be produced from it
for example purposes in demonstrating the value that may be garnered from algal sugars to non-
fuel coproducts. More broadly, we emphasize that for both the freshwater and saline scenarios
evaluated here, we have selected a limited number of specific coproducts (i.e., polyurethanes and
succinic acid “classes” of coproducts) to perform a rigorous TEA analysis in the CAP conversion
models, to serve as proof-of-concept examples of opportunities to reduce MFSPs toward BETO
goals at “meaningful” national-scale potential. While the market volumes for these examples are
relatively large, they are not infinite, and thus we consider the possibility of reducing algal fuel
costs with these example coproducts over various market scenarios (presented in the Results
section) up until cutting off the analysis at the saturation limits for the national-scale consortium
of farm sites identified by the BAT models. In reality, different coproducts would be produced
from different biorefineries (with a large number of other coproduct possibilities that are not
evaluated here [63]).
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Figure 9. Block-flow diagram of the CAP conversion process with coproduct production (A200
sugar conversion block = hydrocarbon fuels via carboxylic acid fermentation and upgrading [freshwater],
succinic acid coproduction [saline]).

For the CAP conversion TEA models, in order to mitigate the impacts of seasonal variability the
dewatered biomass from the farm model is first routed to seasonal storage, similar to concepts
presented in previous work [1,8]. However, rather than the standard dry storage approach that’s
been taken previously, in this work we assume the use of wet storage with in-ground covered pits
consistent with recent studies led by Idaho National Laboratory (INL) [70]. Under this approach,
the wet (20% solids) biomass is routed to covered pits (i.e., with a sealed floating roof to
minimize oxygen) where it is simply stored for later use to be combined with fresh biomass
during lower-productivity seasons. This approach improves the LCA by eliminating the need for
seasonal natural gas drying, and also saves on costly dryer equipment; however, it has been
shown through preliminary storage trials to incur degradation losses on the order of roughly 23%
of the stored biomass over a period of several months. While this is a significant penalty, recent
TEA has shown that as long as overall seasonal variability is not large (on the order of 3:1 or
lower), the amount of biomass stored relative to overall amount of biomass produced is relatively
small, and thus the overall impact on biomass cost is marginal, and in fact better than the impact
on biomass cost for fully burdened expenses in a dry storage approach. Thus, for this work in
CAP conversion we assume wet seasonal storage, with fractional diversions to storage varying
by location according to respective seasonal variances, such that the combined flows through the
CAP process are identical across all four seasons.

The total installed capital cost for the wet storage system is estimated at $140,000/MM gal
volume (for the storage pit with liner), with the assumed degradation losses summarized in Table
4. These losses are consistent with observations at INL, with a roughly 23 wt% loss of whole
algal biomass, primarily converted to several acids as fermentation byproducts plus evolved COa.
The degradation/fermentation process preferentially converts carbohydrates, thus the
intracellular components after storage indicate a lower carbohydrate content and correspondingly
higher values for the other components (given the lack of more detailed compositional analysis,
we only focus on adjusting the major components and did not adjust minor components such as
glycerol and sterols). Ash is not degraded, thus the ash content is enriched after storage. A
potential concern for this approach from an LCA standpoint could be the evolution of CH4 or
N20 as degradation byproducts, which carry substantial GHG penalties if released; however,
INL data has not observed the production of either of those species even though they are
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analyzed for [71]. Thus, this does not appear to be an issue, although could be a concern in a
more aerobic storage environment (i.e. if the cover or seal were significantly compromised).

Table 4. Input Compositions to CAP Models Before and After Wet Storage Losses (based on raw
HCSD composition as well as adjustments applied to the HCSD baseline to reflect degradation losses as
measured by INL [72])

Raw Algae Wet Storage Algae
Solids content (wt%) 20% 20%

Algae composition (wt%)

Protein 13.2 14.2
FFA 26.0 27.5
Ash 24 3.1
Fermentable carbohydrates 47.8 46.2
Non-fermentable carbohydrates 3.2 1.7
Glycerol 3.0 3.0
Sterol 1.8 1.8
Non-fuel polar lipid impurities 1.0 1.0
Cell mass 1.6 1.6
Sum 100.0 100.0
Whole algal biomass intact after storage (kg) 1.0 0.77
Acid produced per kg of whole algae (after storage)
Succinic acid, kg 0.090
Lactic acid, kg 0.083

Following seasonal storage as warranted, the biomass is routed to the CAP conversion
operations, i.e., dilute acid pretreatment, fermentation, lipid extraction, isolation and upgrading
of poly-unsaturated fatty acids (PUFAs) to polyurethanes, and anaerobic digestion (AD). All
operations that have been previously evaluated and documented will not be repeated here,
namely pretreatment, lipid extraction, lipid hydrotreating, and AD; all design and cost details
associated with those operations are consistent with prior studies [8]. For the remaining
operations (fermentation to carboxylic acids for fuels or succinic acid for coproducts and PUFA
upgrading to polyurethanes), the process inputs/assumptions will be briefly summarized below.

The first “new” CAP operation that has not been previously documented is sugar fermentation to
carboxylic acids for subsequent upgrading to fuels (utilized for the freshwater scenario). This
pathway leverages recent NREL work done under the Biochemical Conversion platform which
has been investigating this route as a promising option for anaerobic fermentation of corn stover
sugars to fuel products [73], and all process inputs/targets are set consistently here for algal
sugars. In prior CAP models, sugars were converted to ethanol, which although allows for a
simple and low-cost route for converting sugars to fuel products, aligns less with BETO
priorities focused on fungible hydrocarbon fuels [18]. Alternatively, fermentation to carboxylic
acid intermediates represents one of several anaerobic approaches to hydrocarbon biofuels (less
costly than aerobic approaches) that recent NREL research is pursuing. In summary, sugars are
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converted in large 1-MM gallon anaerobic fermentation vessels to short carboxylic acids
primarily in the C2—C4 range (acetic and butyric acids), which are continuously removed from
the fermentation broth via extraction across a membrane into a solvent given their toxicity to the
host organism. The acids are recovered from the solvent via distillation, and are then routed to a
number of catalytic upgrading steps consisting of ketonization (yielding primarily C3, CS, and
C7 ketones), condensation, and deoxygenation to finished hydrocarbon fuels primarily in the
C7—-C11 range. The operating conditions, as well as design/cost details, for all biological and
catalytic conversion steps are consistent with recent NREL targets for biochemical conversion
pathways, including a fermentation acids yield of 0.48 g/g available sugars, 1.5-day fermentation
residence time, and complete conversion of intermediate components across each of the
ketonization, condensation, and hydrotreating steps for upgrading of the recovered acids.

Next, the other fermentation case that had not been previously evaluated for algal conversion
until recently is production of succinic acid for sale as a coproduct (utilized for the saline
scenario to offset higher biomass costs, also assumed as a proxy for other related derivative
products as noted above). While this pathway was not originally considered in NREL’s CAP
conversion design report, it was investigated through TEA in more recent work [10]. The details
and assumptions for the succinic acid pathway were set consistently with those utilized in
NREL’s biochemical conversion pathway from corn stover hydrolysate [74]; in summary, the
fermenters, maintained at a pH of 7 with the addition of caustic, are fed with the sugars, as well
as CO2 bubbled at 0.1 VVM (volume per volume per minute) [74]. The succinate organism
(Actinobacillus succinogenes) can convert glucose, mannose, and glycerol [75,76]. Within the
main reactors, 60% of glucose and mannose and 65% of glycerol is converted per-pass into
succinic acid. After fermentation, succinic acid is recovered and purified from other byproducts.
Design and cost details for the purification train were based on guidance from an engineering
subcontractor, and consistent with published work [74]. In the separation, cells and large
particles are removed through ultrafiltration and sent to wastewater treatment. An ion exchange
unit then converts sodium succinate to succinic acid, and a nanofiltration unit provides additional
purification to remove particle fines and impurities that may cause color in the final product.
Finally, a crystallizer produces succinic acid crystals, and approximately 90% of the mother
liquor from crystallization (which contains the unconverted sugars) is recycled back to
fermentation to increase overall sugar conversion. After the recycle, final recovered succinic acid
yield is 0.71 g/g of monomeric sugars and glycerol routed to the succinate fermentation train.

For both the carboxylic acid (fuels) and succinic acid (coproduct) pathways, the presence of
insoluble solids is expected to hinder the fermentation and product recovery operations, thus we
incorporate a solid-liquid separation (SLS) step to remove algal solids from the soluble sugar
stream prior to fermentation. This is accomplished via two-stage centrifugation with a water
wash. Given upper limits on solids content of roughly 30% for the centrifuge cake stream, a
single-stage centrifugation step would lead to large sugar losses on the order of 25%—-30%. Thus,
to minimize those losses, a second centrifugation step is added with the inclusion of a water
wash to re-dilute the solids stream from primary centrifugation; this leads to an overall sugar
recovery of more than 95%.

The final process train requiring further discussion is for polyurethane production, coproduced in
both the freshwater and saline scenarios. Although bio-based PUs have historically been
produced commercially from soybean oil (specifically the unsaturated fatty acids [USFAs]) [77],
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they can also be produced from USFAs of other feedstocks, and are of interest as a product from
algae. The process for creating PUs from algae oil includes five main steps:

USFA separation via urea complexing
Epoxidation of USFA

Ring opening of epoxides to create polyols

b=

Esterification of resulting polyols with glycerol to create higher molecular weight polyols
5. PU production by reacting polyols with toluene diisocyanate (TDI).

In the first step, the USFAs need to be separated from other oil products after hexane extraction.
There are several methods for separation including countercurrent chromatography,
crystallization, distillation of methyl esters, super critical fluid extraction, and urea complexing
(modeled here) [78,79]. In urea complexing, urea reacts with saturated fatty acids (SFAs) to form
solid crystals while keeping USFAs in the non-inclusion fraction [80].The process uses ethanol
as a solvent to carry urea, and mixes the ethanol/urea stream with the oil stream from hexane
extraction in a reactor [80]. At first, the reactor is maintained at 65°C to create a homogenous
mixture of the ethanol, urea, and oil, but the reactor cools to 20°C to facilitate the fractionation
[80]. This method of separation does not recover 100% of the USFAs. In fact, based on examples
from patent literature the separation is dependent on several factors including the carbon chain
length of the fatty acids and the number of double bonds [80]. The model uses a representative
separation for the process as shown in Table 5. Table 5 also shows the fatty acid profile for the
target biomass composition (consistent with HCSD biomass described above) as determined
experimentally (internal data). The FFA, urea, and ethanol feed rates are set based on a mass
ratio of 1:1:5 [80].

Table 5. Fatty Acid Profile and Separation for Urea Complexing

Fatty Acids  Degree of Fatty Acid Profile Percentin Percent in
Carbon Unsaturation (Percent of Urea Complex Non-Inclusion
Number Incoming FFAs)  Stream [80] Fraction [80]
18 2 7.8% 17% 83%

18 3 6.2% 39% 61%

18 1 49.7% 39% 61%

18 0 4.2% 100% 0%

16 1 11.9% 5% 95%

16 0 19.2% 88% 12%

20 0 1.0% 100% 0%

Following the creation of the urea complex, the ethanol containing non-inclusion fraction
undergoes distillation where the ethanol solvent is recovered and recycled back to the reactor
[80]. The USFAs bottoms from the column are washed with warm water (65°C) and enter a
decanter to phase separate the USFAs from any urea that did not complex with the SFA [80].
The purified USFAs then continue to the next process step. At the same time, the urea complex
with the SFAs exiting the reactor is washed with warm water (65°C). The urea separates from the
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SFAs and is contained in the aqueous phase [80]. A decanter separates the SFA fraction [80],
which continues on to hydrotreating and fuel production. In the second step, hydrogen peroxide
reacts with USFA in an epoxidation reaction and converts the double bonds in the USFAs into
epoxide rings. Figure 10 shows the general chemical reaction scheme to produce PU, with the
first reaction being the creation of these epoxidized oils. This is one of several methods that can
produce polyols from fatty acids [81,82]. The epoxidation reaction uses hydrogen peroxide,
acetic acid, and a small amount of sulfuric acid in the presence of an organic solvent [83]. The
amount of makeup acetic acid and hydrogen peroxide is set at 0.5 mols and 1.5 mols per mol of
the USFAs, respectively [83]. The amount of USFA converted to epoxy is set at 89.2% [83].

Following the epoxidation reaction, a weak base is added to the epoxy compound, which reacts
with remaining acetic acid. A wash step combined with a decanter and stripper column removes
non-product residues and water from the epoxy product [84]. Next, the ring is opened in an
oligomerization reactor with methanol, water, and fluoroboric acid [82,85]. The reaction is
exothermic and requires a reactor with a cooling jacket [85]. The reaction goes to completion,
yielding 50% methanol and 50% water-based products. After the reaction the methanol and
water are removed by vacuum stripping from the polyol [85].
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Figure 10. Reaction scheme for USFA to PUs
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Glycerol can be added to the product to add more functional groups and mass to the polyol [82].
An esterification reaction can add glycerol to the acid functional group of the polyol (reaction 3
in Figure 10). The reaction occurs at 180°C and atmospheric pressure with a ZnO catalyst and is
assumed to go to completion [82]. Methanol is used to recover the catalyst [82]. In the final
reaction, polyol from the esterification reaction reacts with TDI to form PU [81,85,86]. PU
selling prices range considerably depending on functionality and if it is a polyester or polyether
polyol. The analysis assumes a selling price of $2.16/1b (20148$) for the PU product based on the
conservative range of prices as published in literature for ester-type PU (ether-type PUs are
known to sell for higher amounts) [63]. It should be noted that bio-based products can have
different properties than their petroleum-based counterparts; for example, soy-based
polyurethane properties such as load-bearing capacity and hardness can be advantageous
compared to petroleum [87,88]. Also, the fatty acid chain length, number of double bonds,
reaction with or without glycerol, or the use of other starting materials such as full triglycerides
(which can also be reacted to PUs) could all affect the final product properties and price. These
details will be evaluated further moving forward, but are currently outside the scope of this
proof-of-concept analysis.

Moving forward, it will be important to demonstrate the ability to achieve the stipulated yields
for all fuel and product trains in the context of an integrated process as the above “algal
biorefinery” concept entails. To date, NREL research has demonstrated high efficacy and yields
for a number of the CAP processing elements, including pretreatment (74% carbohydrate
hydrolysis/sugar release), fermentation (85-100% conversion of all algal sugars to ethanol [fuels]
or succinic acid [coproducts] at high rates), lipid extraction (>87% extraction yields of FAME
lipids), and lipid upgrading (100% conversion of lipids at >83 wt% yield to fuel-range
hydrocarbons) [10,6]. However, more complex coproduct processes such as polyurethanes have
not yet been validated experimentally at NREL although there are future plans to do so, and
more research on integrated processing based on the targeted algal composition profile is
warranted. Achieving the targeted biomass composition from cultivation consistent with the
HCSD profile shown in Table 3 will be key to enabling economic viability for the CAP process
as currently configured here; this composition is more readily achievable through closed
photobioreactor (PBR) cultivation, while current benchmarks for open pond cultivation are
typically based on nutrient-replete, high-protein and lower-lipid/carbohydrate biomass [89].
Alternative earlier-harvest/higher-protein compositions will also be further evaluated for
alternative CAP processing options in future R&D, e.g. focused on novel protein utilization
concepts. Finally, opportunities for blending algae with low-cost waste materials (such as waste
grease) to mitigate seasonal variabilities will also be explored, similar to the woody biomass
blending concepts for HTL conversion discussed below.
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TEA: Hydrothermal Liquefaction (HTL) Conversion

In this study, algae/woody biomass blend feedstock-based HTL was simulated and evaluated.
The TEA is based on the current blended feedstock HTL testing work. PNNL conducted HTL
testing with different algae strains, woody biomass, and algae/woody biomass blend feedstock:
100% saltwater or freshwater algae, 100% wood, 50 wt% saltwater algae/50 wt% wood, 50 wt%
freshwater algae/50 wt% wood, and 25 wt% freshwater algae/75 wt% wood. Among these tests,
the 50 wt% freshwater algae (Chlorella/50 wt% wood [clean pine]) blend has the highest
biocrude yield overall at 46%. Since the biocrude yield is 33% for the 100 wt% clean pine only
and 43% for 100 wt% freshwater algae based on PNNL HTL testing results, it appears that there
is a synergistic effect on biocrude yield for the blended feedstock at the 50% ratio [90,91].
However, when the wood contribution to the blended feedstock was increased to 75 wt%, the
biocrude yield was the same as the 100% wood case.

PNNL also conducted lab-scale semi-continuous cultivation testing by using the recycled HTL
aqueous phase from HTL testing. The test results demonstrated that the algae productivity in a
medium with the HTL recycled stream was not statistically different than that in a control
medium. Therefore, the bio-availability of the recycled nitrogen (N) and phosphorous (P) from
algae HTL has been verified and demonstrated. Although the testing only verified the algae only
case, it provided a reasonable basis to assume that the effluent from the algae/woody biomass
blend feedstock can be biodegraded, and its nutrient elements, such as N, P, and carbon, can
become available nutrients for algae growth.

Based on the above testing work and previous HTL case studies for algae only, the algae/wood
blend feedstock HTL and upgrading system performance and cost model were developed and
evaluated in this study. Figure 11 shows the block-flow diagram for the algae/wood blend
feedstock conversion via HTL and upgrading system. In the modeled commercial scale plant,
dewatered algae blended with woody biomass are pumped to the HTL reactor. Condensed phase
liquefaction then takes place through the effects of time, heat, and pressure. The resulting HTL
products (biocrude, solid, aqueous, and gas) are separated and the HTL biocrude is hydrotreated
to form diesel and some naphtha-range fuels. The hydrotreating is assumed to be co-located with
the algae ponds and HTL conversion. The HTL aqueous phase is assumed to be sent to an
upgrading process for additional fuel production, which is combined with the fuels from the
biocrude hydrotreating process as the final fuel products. The process off-gas is used to generate
hydrogen, heat, and power. Nutrients recovered from the small amount of HTL solids produced
are recycled to the algae farm, thus bio-char is not available for other uses. Also recycled to the
ponds are the HTL aqueous upgrading effluent, hydrotreating aqueous effluent, and carbon
dioxide containing flue gas. The purpose of the aqueous phase upgrading is to produce additional
fuels and thus reduce the overall system cost. Recycling aqueous effluent streams, nutrients from
solid treatment and flue gas can reduce the consumption and cost of nutrients in the cultivation
process.
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Figure 11. Block-flow diagram of the algae/wood blend feedstock HTL conversion and upgrading
process

Table 6 shows the ultimate and proximate analysis for the algae and woody biomass used in the
process models.

Table 6. Input Composition for the Algae and Woody Biomass Feedstock to HTL Models

Feedstock HCSD Algae’ Woody biomass?
Elements wt%, dry ash free basis wt%, dry ash free basis
C 54.0% 50.0%
H 8.2% 6.2%
O 35.5% 43.6%
N 1.8% 0.2%
S 0.2% --
P 0.22% --
Total 100.0% 100.0%
0
badie 2.4% 1.0%

" Algae compositions data were from the 2016 Multi-Year Program Plan [18].

2 Woody biomass compositions at dry ash free basis were converted from dry basis data from
PNNL HTL testing. Ash content is assumed to be 1% based on 2016 MYPP [18].

Since no experimental data are available for HTL conversion with the HCSD-type algae, the
HTL biocrude yield was estimated based on the correlation relationship between HTL biocrude
and algal biochemical composition. A component additivity equation based on Biller and Ross
[92] was implemented:

Y biocrude (Wt%) = Cq X Lipid wt% + Cz X Protein wt% + Cz X Carb. wt% (Eq. 17)

where, Ci is coefficient for each biochemical compound.
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The coefficient in the above model represents the conversion efficiency of individual
biochemical compound to biocrude. Based on PNNL HTL experimental data of six algae strains
[93,11,94], as shown in Table 7, the values of the coefficients C1, C2, and C3 were calibrated
and the results are: C1 =0.95, C2 =0.18, and C3 = 0.35. Part of the experimental information is
listed in Jones et al. [11]. The predicted biocrude yields are calculated based on the average
values of biochemical compounds in algae feedstock and the calibrated coefficients values.

Table 7. Predicted and Experimental HTL Biocrude Yields of Algae Feedstock with Different
Biochemical Composition

Biochemical comp., BPA Hi Chlorella  Chlorella  BPA low HCSD
wt% AFDW lipid Scenedesmus  (FY2012) (FY2016) lipid Tetraselmis  target
Lipid 57 - 64% 18% 28% 28% 12-30% 17% 31%
Protein 35-41% 61% 45% 45% 27-59% 41% 14%
Carbohydrate 33-39% 21% 27% 27% 29-43% 42% 55%
Biocrude yield, wt% AFDW

Predicted 71% 35% 44% 44% 40% 38% 51%
Experimental 71% 36% 43% 43% 37% 40% n/a

The predicted and experimental biocrude yields were compared to each other, as shown in Figure
12. A linear trend line is added and the regression coefficient of the line is about 0.99. The 12 is
also close to 1. It indicates that the component additivity equation with the above calibrated
coefficients can provide reasonable predictions for biocrude yields from HTL of algae.
Therefore, for the harmonization algae feedstock, the HTL biocrude yield is predicted to be 51%
based on the above equation. When different experimental results were used for calibration,
different values of coefficients can be obtained. Li et al. [95] employed a similar component
additivity model to predict the biocrude yields, and their coefficient values are different from
those in this study. More experimental results are required to validate the prediction equation of
this study.
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Figure 12. Experimental and predicted biocrude yields
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For an algae/woody biomass conversion plant, the annual plant scale is assumed to be sized to
match the summer season algal productivity. The algae yield differences between summer and
other seasons are made up by using woody biomass. For each seasonal case, the blend ratio of
algae-to-wood was calculated based on the seasonal algae yield and the added woody biomass
amount. For the overall single case, the annual average of algae and wood feed flowrates in four
seasons were calculated. For each site, the summer productivities are different and thus lead to
different plant scales. The blend feedstock composition is calculated based on the HCSD-type
algae and woody biomass composition (Table 6) and their blend ratios. The blended feedstock
cost is linearly calculated from the blend ratios of algae and wood, and their individual feedstock
costs.

The stoichiometry for the HTL conversion process for 100% algae was developed for the HTL
model. The simulation results were used as the base values for the blended feedstock HTL cases.
For the 100% algae case, the predicted HTL biocrude yield is 51% AFDW feedstock basis (as
shown in Table 7). The biocrude yield for woody biomass only is 33% based on experimental
results. The biocrude yields were assumed based on the algae only HTL simulation results and
the HTL experimental data for algae/woody biomass blend feedstock with different blend ratios.
As demonstrated by the experimental work, there is a synergistic effect on biocrude yield for the
blended feedstock at the 50 wt% algae and 50 wt% wood blend ratio, which has the optimal
biocrude yields compared to algae only, woody only, and the 75 wt% wood cases [91,90]. Since
there is no experimental result for the HCSD-type algae HTL and its blend feedstock HTL, the
optimal biocrude yields for HCSD algae/wood blend biomass are assumed to be the same as the
predicted yield for the HCSD algae only case. Therefore, for the seasons with algae blend ratio
higher than 50 wt% in the blend feedstock, the biocrude yields are assumed to be 51%, the same
as the algae only case. It is assumed that the low woody biomass blend ratio does not change the
biocrude yields significantly compared to the algae only case. For winter seasons when the algae
blend ratio is generally less than 50 wt%, the biocrude yield is estimated by considering the
biocrude yields of algae only and woody only cases, and their blend ratios.

The hydrotreated (HT) biocrude yields are estimated based on the HT yield of the algae only
case, yield of the wood only case, and their blend ratio in the feedstock. The final fuel product
properties, including heating values and densities, are estimated in the same way. The final
production cost was estimated based on the annual average of blend feedstock flowrates,
biocrude yields, HT organics yields, and other performance results.

The aqueous phase organics recovery and upgrading to fuels is based on advanced membrane
research at NREL and ORNL [96] and research at PNNL for conversion of mixed organic
oxygenates to fuel [97]. Separations work is also ongoing for a related process in the
Bioprocessing Separations Consortium [98]. For this study, a portion of the organic compounds
in the aqueous phase are separated from water by using hydrophobic membranes. The carbon
contained in the permeate is assumed to be 75% of total carbon in the aqueous phase. The
permeate is then sent to a zeolite-type catalytic upgrading process to produce additional fuel. The
fuel yield is assumed to be approximately 40% of the permeate, which is consistent with an
average aqueous organic molecule containing two carbons and two oxygens. HTL could be
implemented today as it is not dependent upon the HCSD algae composition targets projected in
the future under this study. However, biocrude yields will typically be lower for the faster-
growing (high protein) algae currently available. This effect is somewhat mitigated by the
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inclusion of additional fuel production from recovery of aqueous organics, for which research is
ongoing.

Demonstrating biocrude yields on HCSD and blends of HCSD with wood or other terrestrial
biomass is a key research gap. However, HTL could be implemented today as it can be used with
any type of algae or blend and is not dependent upon the projected HCSD algae composition in
this study. Thus, cost reduction strategies for HTL are underway, whether or not HCSD biomass
composition goals materialize in the projected form or timeframe as envisioned. The goal is to
improve biocrude yield and quality using existing algae. Sequential HTL (two-temperature
stages) research is currently under investigation as a means of recovering carbohydrate
intermediates during a low temperature step for further conversion to valuable co-products,
followed by higher temperature HTL of the unconverted solids portion to produce higher quality
biocrude. Use of inexpensive non-algal sources for blending with algae will be assessed as a
means to significantly lower the overall costs. Resource assessment for these combined feeds
needs to be understood at various scales of algal and terrestrial biomass availability. Biocrude
upgrading research is focusing on producing an easily hydrotreated feedstock for distillate fuels
that could be processed in a dedicated unit or co-processed with petroleum in a conventional
refinery, the latter allowing leveraging existing capital equipment. Such work includes reducing
the nitrogen content in biocrude and removing fine particulate matter that may plug fixed bed
upgrading reactors. Valorizing HTL aqueous carbon by direct recovery of constituents for sale
(organic acids for example) or by concentration for further conversion is an additional potential
source of revenue. The effects of recycling the treated aqueous phase to the ponds needs further
study. Lab-scale cultivation tests have successfully cultivated algae on HTL aqueous phase
recycle streams. This work needs to be extended to HTL aqueous of mixed feeds (algae and
terrestrial biomass) both in the lab and in field trials.

Life-Cycle Analysis

The boundary for the LCA includes all energy and chemicals associated with biomass growth
and dewatering, nutrient supply, algae conversion, displacement of any coproducts, fuel
transportation and distribution, and combustion in vehicles. Emissions for producing system
inputs (e.g., energy and chemicals) are also included in the boundary, allowing for the full WTW
impacts to be determined. The functional unit is one mega joule (MJ) of total fuel. The
Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) model
[92] was expanded to include biofuels produced from microalgae, considering the two
conversion technologies, CAP and HTL. WTW GHG emissions, fossil energy use, and
freshwater consumption were calculated using life-cycle inventories (LCIs) provided by NREL
and PNNL. Impacts due to infrastructure materials, which were determined for the previous
algae model harmonization effort [99], were not included in this analysis because the algae
system has undergone numerous changes (e.g., CO2 delivery, piping, and conversion).

The LCI for cultivation and dewatering, in both the freshwater and saline scenarios, were
provided by NREL according to each site group. Inputs included electricity use, nutrients (N, P,
and CO2), water use (in biomass, evaporation, and blowdown), and CO2 outgassing. The
outgassing was considered biogenic and therefore offset by CO:z capture at the CO2 sources. Any
recycle of nutrients from conversion was not applied to cultivation, but rather considered a credit
in the downstream conversion process. The default COz capture/delivery energy from CC was
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applied in GREET based on a parasitic energy demand of 0.63 MJe/kg-CO: as noted previously,
based on guidance from NETL researchers specific to future targets for “2"-generation” CC
technologies [21]. This value for CC energy demand also corresponds with an average of those
in other literature [100-102]. Other studies have shown variations in the estimates of CC parasitic
energy demand. Simulations by Strube and Manfrida [103] estimated 1.0 MJe/kg-COz for
integration at a pulverized coal power plant. Rubin et al. [48] similarly reported values averaging
around roughly 1.0 MJe/kg for current “state of the art” technologies, increasing to roughly 1.5
MlJe/kg for older technologies such as standard MEA amine scrubbing. This “state of the art”
value also corresponds consistently with Fout et al. [104] who reported 1.03 MJe/kg for an
advanced amine system. However, one confounding factor is that the majority of published
literature including those cited above focus on greenfield applications (i.e. building the power
plant and carbon capture system integrated together from scratch), rather than retrofits (adding a
CC system to an existing power plant) as is implied here based on RA site selection focused on
existing power plant CO2 sources. Retrofit applications are likely to incur higher parasitic
energy penalties given the difficulties to integrate into existing heat exchange networks. One
study focused specifically on retrofit applications was based on a report by Supekar et al. [105],
wherein ANL examined retrofitting coal and NG plants for CC using two design cases: an
integrated CC system and an auxiliary turbine supporting a CC system [106]. The integrated CC
uses its own heat and power for CC while the latter uses auxiliary NG (which is more efficient
than a coal boiler) to supply a portion of required heat and power. The results indicated a
parasitic energy demand for retrofitting CC at coal boiler power plants of 1.015 MJe/kg-CO2
with the integrated CC design, and 0.627 MJe/kg-CO2 with the auxiliary NG turbine design.
Thus, at present it is unclear what may be the “best case” values possible for future 2"-
generation CC parasitic energy demand, and how those values may differ between greenfield
versus retrofit applications. Taking into account the above variations, this study conducted a
sensitivity analysis on the parasitic energy demand increasing up to 1.0 MJe/kg-CO2, included in
all scenarios examined through LCA.

NREL also provided the LCI for the CAP conversion processes. Inputs included pretreatment,
conversion, and coproduct chemicals, supplemental natural gas, exported electricity, process
water, nutrient and water recycles, and algae biomass loss during storage. All nutrients recycled
back to the algal ponds received a displacement credit, on a 1:1 basis, for nutrients used during
cultivation. A displacement credit was also taken for electricity, using the U.S. average grid mix
and accounting for a transmission and distribution loss of 6.5% [92].

The CAP conversion processes produce a large amount of chemical coproducts. A key issue in
dealing with these coproducts is how to capture their environmental impacts especially under the
current fuel-focused GHG regulations. ANL conducted a recent analysis examining this specific
issue for integrated biorefineries coproducing significant quantities of bio-derived chemical
coproducts, and demonstrated that only the displacement method can fully account for the GHG
emission reduction benefits offered by non-fuel products (relative to other allocation-based
methods) [107]. Following the same rationale, this study used the displacement method for
handling of the polyurethane and succinic acid coproducts in the overall LCA. Polyurethane is
produced from numerous chemicals in addition to algal fatty acids, as shown in Table 8, some of
which were not available in GREET. Those chemicals not available that comprised less than 1
wt% of the total chemical input were excluded from the analysis, as it was assumed their impact
would be negligible. Polyurethane was treated with a displacement credit in the LCA for
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replacement of polyurethane rigid foam produced from petroleum [92]. The other coproduct,
succinic acid, is produced exclusively in the saline case and also received a displacement credit
for the replacement of petroleum-derived adipic acid as a proxy for succinic acid [108]. These
coproducts also received a sequestration credit because they contain a portion of the biogenic
carbon from the algae. The polyurethane contains 67% carbon by mass, of which 55% is
biogenic, while succinic acid contains 47% carbon by mass, all of which is biogenic.

Table 8. Chemicals Used for CAP Polyurethane Production (chemicals not available in GREET were
excluded if they were less than 1 wt% of the total)

Chemical :{:::t:?‘t:tl%) Data Source Comment

Urea 0.9% GREET

Ethanol 9.1% GREET

Sulfuric Acid 0.5% GREET

Acetic Acid 4.7% GREET

H202 10.9% GREET

Sodium Hydroxide 3.1% GREET

Fluoroboric Acid 0.1% N/A Excluded because low wt%
Methanol 7.4% GREET

Glycerol 10.3% GREET'

Inert Gas N2 16.1% GREET

Catalyst, T-Amine 0.1% GREET?

N-Ethylmorpholine 0.2% N/A Excluded because low wt%
Silicone Surfactant 0.5% N/A Excluded because low wt%
Stannous Octoate 0.2% N/A Excluded because low wt%
Toluene Diisocyanate 36.0% USLCI®

' From soy oil

2 ﬁf:rtrjlr?fgg]ZMP catalyst due to high energy intensity for production being the most conservative estimate

PNNL provided the LCI information for the HTL process. Inputs included algae, waste wood,
chemicals, electricity, natural gas, process water, and recycled streams of nutrients and water.
The recycled streams were treated the same as the CAP process, with the conversion technology
receiving credit for nutrients recycled to the cultivation process. In the LCI information obtained
from PNNL and NREL, recycled nutrients were specified in the amount of N and P recycled.
Thus, these quantities of N and P were converted into mass of ammonia (NH3) and diammonium
phosphate (DAP) by calculating the DAP from the phosphorus recycle and the ammonia from
the sum of both NH3 and DAP. The input of waste wood was assumed to be from construction
and demolition waste. The waste is considered burden-free until it is collected, where it is sorted,
stored, and eventually transported to the biorefinery. These processes use electricity and diesel,
which were previously analyzed in GREET for the production of high-octane gasoline [92].
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Results

RA: Outputs to TEA Farm Model

The outputs from the RA identified over 150 individual sites within the United States meeting
the screening criteria outlined above. To translate the outputs to the TEA farm model, which is
manually run through season-specific Aspen plus process models to determine the mass and
energy balances of the process, it is both time intensive and impractical to run over 600
individual cases. Instead, similar to previous harmonization efforts, we grouped sites based on
their general locations to pare the 150 sites down into 9 groupings for the freshwater case or 8
groupings for the saline case, with the average of each grouping serving to define a single
“representative” farm for the given group. Figure 13 shows the resulting freshwater RA output
site locations and their groupings. Table 9 provides more information on the total area within
each grouping, the weighted average of the productivity based on the area per group, the
weighted average of the evaporation rate, and the weighted average of the CO2 cost to deliver the
captured COz to the facility gate, all of which are subsequently used as inputs to the TEA farm
models. Likewise, Figure 14 and Table 10 provide similar details for the saline scenario.
Notably, when removing the constraint for freshwater availability in moving to the saline
scenario, the BAT model identified 882 more potential unit farms which translated to roughly 2.5
times higher total cultivation area and biomass production potential on a national scale, relative
to the freshwater case.
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Table 9. Freshwater Cases Developed from BAT Analysis as Input to TEA Farm Models Based on Representative Site Groupings

Productivity (g/m?/day) Net Pond Evaporation Rate (cm/day) CO2
Number of Cost
Group TotalArea 5 000-acre | Annual Annual $/tonne
Num. (Acres) Facilities | Average Winter Spring Summer Fall Average Winter ~ Spring  Summer Fall (20149)
1 200,642 401 25.95 12.72 32.29 34.94 23.84 0.50 0.10 0.48 0.96 0.46 $42.09
2 110,710 221 23.65 4.43 30.50 38.80 20.87 0.38 0.07 0.41 0.71 0.32 $41.49
3 669,801 134.0 25.53 10.74 32.73 35.15 23.51 0.45 0.16 0.56 0.70 0.38 $39.90
4 296,815 59.4 27.93 19.20 29.47 37.94 25.09 0.24 0.08 0.26 0.47 0.17 $40.63
5 316,646 63.3 27.14 17.09 29.72 37.35 24.38 0.10 0.01 0.11 0.20 0.09 $32.39
6 156,851 31.4 25.13 12.27 28.92 36.71 22.60 0.13 0.02 0.08 0.29 0.12 $41.42
7 293,307 58.7 26.19 15.12 29.57 36.20 23.87 0.07 0.00 0.05 0.14 0.08 $39.51
8 329,933 66.0 28.68 22.00 30.35 36.72 25.65 0.10 0.05 0.25 0.07 0.04 $40.96
9 283,859 56.8 25.39 13.09 29.82 35.64 23.02 0.06 0.01 0.07 0.1 0.04 $41.67
Total 2,658,565 532 26.37 14.55 30.70 36.32 23.91 0.24 0.07 0.29 0.41 0.20 $39.69
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Figure 13. Map of freshwater cases determined by BAT and broken into groupings
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Table 10. Saline Cases Developed from BAT Analysis as Input to TEA Farm Models Based on Representative Site Groupings

Productivity (g/m?/day) Net Pond Evaporation Rate (cm/day) CO2
Number of Cost
Group Total Area 5,000-acre Annual Annual $/tonne
Num. (Acres) Facilities Average  Winter Spring  Summer Fall Average Winter Spring  Summer Fall (20149%)
1 597,713 119.5 27.31 14.13 35.28 36.67 23.17 0.57 0.11 0.55 1.10 0.54 $43.45
2 1,309,442 261.9 26.87 12.20 34.93 37.59 22.74 0.55 0.18 0.69 0.86 0.46 $41.87
3 859,205 171.8 25.50 15.53 28.16 37.18 21.11 0.26 0.06 0.26 0.51 0.20 $40.96
4 1,322,984 264.6 25.34 15.54 28.33 35.93 21.54 0.10 0.00 0.12 0.18 0.09 $39.76
5 971,459 194.3 23.90 11.45 28.53 36.06 19.57 0.17 0.02 0.12 0.39 0.16 $40.70
6 484,228 96.8 24.50 13.24 28.84 35.36 20.58 0.09 0.00 0.08 0.19 0.10 $41.76
7 995,894 199.2 26.27 16.57 29.36 35.78 23.36 0.11 0.07 0.26 0.07 0.06 $41.14
8 530,148 106.0 25.04 14.34 29.83 35.94 20.06 0.08 0.01 0.13 0.12 0.06 $41.52
Total 7,071,073 1,414 25.66 14.14 30.44 36.41 21.66 0.25 0.06 0.30 0.43 0.22 $41.20
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TEA: Farm Model

Since there are two different conversion methods evaluated in this study (CAP and HTL), we
split the TEA into (1) cultivation and dewatering costs provided as MBSP in dollars per U.S. ton
of algae produced (AFDW) and (2) conversion costs provided as MFSP in dollars per GGE. All
costs are provided on a 2014§ basis. Figure 15 presents the MBSP of the site groupings using the
productivity, pond evaporation rate, and COz prices from Table 9 (freshwater) and Table 10
(saline). The figure also displays each grouping’s corresponding minimum, maximum, and
average productivity, as well as the weighted average MBSP for all groups based on the number
of individual 5,000-acre farms attributed to each respective group (hereafter referred to as
Freshwater/Saline Group Average). In agreement with previous analyses [1], higher average
productivities result in lower MBSPs, as do tighter seasonal variabilities given more efficient
year-round utilization of installed equipment (shown for example in comparing freshwater site
group 7 against 1 and 3, where all exhibit similar average productivities, but less variability for
group 7 and correspondingly lower MBSP). Individually, freshwater site groups 8, 4, and 5
(generally Florida and Texas) indicate the lowest MBSPs due to the highest average
productivities and low seasonal variability, while group 2 (northern Midwest states, i.e., Nevada,
Utah, and Colorado) stands out with a more distinctly higher MBSP and significantly higher
seasonal variability with very low winter productivities.

The MBSP of the overall Freshwater Group Average is $472/ton AFDW (weighted average
reflective of different overall cultivation areas for each group), which is $22/ton lower than the
MBSP target from the algae farm design report (when put on the same 2014 cost year basis) [9],
reflective of a marginally higher weighted-average targeted productivity of 26.4 g/m?*/day
compared to the 25 g/m*/day basis in the algae farm design report. Additionally, the freshwater
cases are assumed to be universally located in areas with sufficient soil characteristics to allow
for minimally lined ponds (although high-permeability soils are not explicitly excluded as soil
characteristics are not part of the RA screening criteria), and also do not incur water disposal
costs. We have shown previously that full pond liners add more than $100/ton to the MBSPs (as
also reflected below in the saline results), highlighting that this would be another important
parameter for RA to consider in the future for both freshwater and saline cultivation scenarios,
i.e., including site screening criteria tied to soil conditions or other factors that would dictate the
need for liners. In any case where liners were required, the resulting cost premiums also may be
mitigated through the use of lower-cost liner materials or installation methods, as others are
currently investigating.

The right side of Figure 15 presents the same results for the saline scenario, with rolled-up
MBSPs shown for each site group average case but now also explicitly breaking out the
contribution associated with full pond liners as well as blowdown salt disposal costs (neither of
which are large factors in the freshwater scenarios). The MBSP of the overall Saline Group
Average is $655/ton AFDW (weighted average across all site groups), $183/ton higher than the
Freshwater Group Average driven by the extra costs incurred for salt management associated
with full pond liners and blowdown disposal. In this case, the individual site group trends are the
same as for the freshwater scenario for the portion of the MBSPs excluding salt disposal, i.e.,
with respect to average and seasonal productivities. However, the inclusion of salt disposal alters
the trends in overall MBSP for some cases with high evaporation rates attributed to more arid
locations such as California and the Southwest. As described above, blowdown removal was set
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to maintain strain salt tolerance limits in the ponds at 40 g/L, with higher seasonal evaporations
requiring higher blowdown removal and disposal (costed based on deep-well injection disposal).
This factor translated to MBSP penalties varying between approximately $20-$90/ton of
biomass. It should be noted that if either incoming makeup salt levels were higher or strain
tolerance limits were lower (i.e., the difference between the two parameters shrinks), blowdown
requirements would increase, potentially significantly. This highlights an important conclusion
that arid regions with high net evaporation/low precipitation rates could suffer significant
challenges attributed to salt handling and disposal costs if focused on saline cultivation; however,
freshwater availability is also a concern in those same regions, thus also challenging the
practicality of freshwater cultivation in those areas. In agreement with prior work, this points to
lower-evaporation regions as a generally more favorable solution for siting large-scale
commercial algae farms (whether for saline cultivation tied to lower salt handling costs or for
freshwater cultivation tied to more freshwater availability), albeit potentially requiring more
heat-tolerant strains in the summer months with low evaporation and high humidity.
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Figure 15. Cultivation MBSP, productivity, and seasonal variability for site groups (freshwater
versus saline)

Beyond understanding individual site group MBSP, productivity, and seasonality relationships as
presented above, we also consider the overall U.S. biomass production potential across each
cumulative group. Table 11 lists the site groups from lowest MBSP to highest, the annual
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biomass production per facility within each site group (tied to each group’s average cultivation
productivity), the cumulative algae production output from group to group, and the cumulative
weighted average of the MBSP as each subsequent group is added on. In all, the total freshwater
algae biomass potential in the U.S. is modeled at 104 MM tons/year when constrained to an
average productivity near 25 g/m?/day for future targets, coupled with the other screening factors
discussed previously for the BAT model including COz2 and freshwater availability. In contrast,
the saline algae biomass potential is estimated from the BAT model to be significantly higher,
235 MM tons/year at a similar average cultivation productivity target but focused on saline water
resource availability rather than freshwater. However, due to the additional costs for salt
management discussed above, this biomass comes at a cost premium of approximately $183/ton
(weighted average of all site groups), which must be overcome through additional downstream
conversion cost reductions or increased coproduct revenues to maintain MFSP cost targets
relative to the freshwater case. Alternatively, if the ponds only required minimal liners consistent
with the freshwater case (but still maintaining blowdown salt disposal costs), the saline weighted
average MBSP would reduce to $533/ton, only $60/ton higher than the freshwater average.

Table 11. Matrix of Key Harmonized Model Outputs for Algae Cultivation (organized by site group in
order of increasing MBSPs; tracking cumulative [summative] algae biomass yield versus rolling weighted-
average MBSP across each sequential group)

Weighting (# Algal biomass Cumulative
of 5,000-acre | production per 5,000- | Cumulative MM Site group weighted
Site farms in acre farm (tons/yr tons/yr biomass MBSP average MBSP
group group) [AFDW]) AFDW ($/ton) ($/ton)
Freshwater scenario
5 63.3 201,676 12.8 $443 $443
8 66.0 213,222 26.8 $444 $444
4 59.4 207,443 39.2 $457 $448
7 58.7 194,779 50.6 $469 $453
9 56.8 188,906 61.3 $484 $459
1 40.1 193,036 69.1 $487 $462
3 134.0 189,890 94.5 $486 $469
6 314 186,789 100.4 $491 $470
2 221 175,544 104.2 $522 $472
Saline scenario
7 199.2 195,287 38.9 $617 $617
4 264.6 188,345 88.7 $631 $625
8 106.0 186,188 108.5 $637 $627
6 96.8 182,241 126.1 $651 $630
3 171.8 189,262 158.6 $661 $637
5 194.3 177,605 269.5 $678 $644
1 119.5 202,543 182.9 $683 $648
2 261.9 199,137 235.0 $684 $655

44



TEA: CAP Conversion Model

As noted above, storage of biomass from high yield seasons to be used in low yield seasons can
mitigate design complications and cost penalties for conversion processing. In this case, we
structure seasonal diversions to storage to decrease the seasonal variability through the CAP
conversion process to 1:1, i.e. a fixed capacity system. As discussed previously, the model
utilizes a wet biomass storage scenario to store bulk 20 wt% solids material. Based on data
gathered by partners at INL, long-term wet storage can cause a loss in usable AFDW biomass by
degradation to components such as lactic acid and succinic acid. We account for this loss in
biomass yield, but assume that the degradation byproducts can still be utilized in anaerobic
digestion for methane production in the freshwater case, and that the succinic acid byproduct
adds to the overall succinic acid yield in the saline case.

Beyond the use of wet storage, for the freshwater scenarios the CAP model produces carboxylic
acids from sugar fermentation (upgraded to hydrocarbon fuels); polyurethanes from unsaturated
fatty acids (as market volumes allow); fuels from remaining fatty acids; and CHP/nutrient
recycle from anaerobic digestion of remaining proteins. More specifically, polyurethane
coproducts are preferentially targeted to be produced from the USFA lipid fraction, beginning
with the lowest-fuel-cost group (in this case group 8) and increasing in order of MFSP rankings,
until coproduct market saturation limits are reached (set as the modeled limit for understanding
MFSP impacts), after which point polyurethane coproduction is removed and the CAP process
reverts to an all-fuels schematic (i.e., both saturated and unsaturated fatty acids in the lipid
fraction are entirely converted to fuels). The freshwater results are presented in Figure 16 for
several coproduct market scenarios:

a) Red curve: Assumes (for modeling purposes) a hypothetical market exists for the
polyurethane coproduct (or similar coproduct class) over the entire collection of
sites/collective fuel outputs analyzed. For example, beyond polyurethanes, similar
coproduct markets may be accessed for precursor molecules, including polyols, epoxies,
etc. at similar price points, contributing to collective coproduct market volumes that
support the sale of this type of coproduct over the entire CAP facility consortium. Or
viewed differently, this curve represents the coproduct value (and underlying processing
costs) that would be required to achieve MFSP goals near $2/GGE over the full biomass
cost outputs, regardless of what the coproduct is.

b) Blue curve: Targets polyurethane coproduction alongside fuels starting preferentially
with the lowest-fuel-cost group (group 8) and increasing in order of MFSP until, as a
modeled upper limit, U.S. polyurethane market consumption volumes are saturated (2.5
MM ton/yr [63]), after which point polyurethane coproduction is removed and USFAs
are converted to more fuels alongside saturated fatty acid lipids.

c) Green curve: Similar to the blue curve, but expands polyurethane coproduct outputs up
until reaching world market saturation limits (12.9 MM ton/yr [110]), after which point
the USFAs are converted to fuels.

In addition to the MFSPs, Figure 16 also shows the MBSPs for the freshwater cases tracked
against the cumulative fuel production outputs sequentially across the individual site groups. For
both curves, the relationship between minimum biomass/fuel selling prices and national-scale
fuel outputs is readily apparent. For scenario (a) above (red curve, hypothetical market exists for
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similar coproduct classes over full site consortium), 7.9 billion GGE/year of fuel production is
possible attributed to the 532 individual farm facilities each with 5,000 acres of cultivation land.
To reach 5 billion GGE/year groups 8, 5,4, 7, 9, and 1 are needed. The shape of the red curve in
Figure 16 indicates that the majority of the total fuel output potential, 7.6 billion GGE/year,
could be produced at MFSP levels around or below the $2/GGE target, while only the final
group (group 2) is limited to a higher MFSP near $3/GGE, again due to both higher biomass
costs and more seasonal variability/storage degradation losses for that location; however, group 2
also includes the lowest total cultivation area, and thus does not significantly contribute to
overall fuel potential anyway. Thus, the practicality of including this group is marginal given
sharply higher fuel costs and lower overall farm siting potential, as well as logistical concerns
that this area may be more prone to frequent winter weather shutdowns or freezes.

For scenario (b) above (blue curve, limiting polyurethane coproduct output to U.S. market
saturation limits), only the first/lowest-cost site group (group 8) can sustain polyurethane
coproduction over the 66 individual farm facilities that constitute that group, after which point
the remaining seven groups must revert back to an all-fuels approach, which brings the curve up
sharply to a $6/GGE range, but also expands the curve to the right in enabling a larger overall
collective fuel output. While this is a relatively low degree of inclusion for polyurethane
coproducts over the entire national-scale site consortium, it does still achieve roughly 1 billion
GGE/yr fuel output at an MFSP of $1.40/GGE solely attributed to site group 8. The subsequent
additive fuel outputs and MFSPs for this case are shown in Table A-2 of Appendix A. Finally,
for scenario (c) above (green curve, limiting polyurethane coproduct output to world market
saturation limits), this expands the collective site groups to the first four (groups 8, 5, 4, and 7)
while remaining within overall coproduct market volume allowances, which translates to roughly
4 billion GGE/yr collective fuel output at an MFSP below $2/GGE, prior to jumping up to the
$6/GGE range in reverting back to fuels alone. The details for the additive fuel outputs and
MFSPs for this example case are provided in Table 14. Notably, as shown in Table 14, if
including just one additional site group beyond these four (group 9, the first site reverting back to
fuels alone), the cumulative freshwater fuel outputs reach 5 billion GGE/yr at an overall
weighted average MFSP of $2.51/GGE.

To qualify the three market scenarios as presented in Figure 16 and (and Figure 17 further
below), we emphasize that it is not likely for a single coproduct such as algal-derived
polyurethanes to completely capture the entire U.S. or world’s market share of that product.
Rather, the intent of the analysis presented here is to provide proof-of-concept for the potential to
achieve algal biofuel MFSP goals at commodity-scale fuel outputs while coproducing value-
added coproducts exceeding small niche markets, with an example based on TEA for the
economics of algal polyurethanes but also inclusive of other products similar to polyurethanes in
terms of yields and market value prices. A number of other such coproduct opportunities are
possible, but evaluating all such options through rigorous TEA extends beyond the scope of this
study focused on a single representative coproduct example. Setting limits based on U.S. and
world markets for that one example coproduct are a convenient way to demonstrate tradeofts
between how MFSPs versus collective fuel yields would respond for different market limit
scenarios.
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Figure 16. CAP conversion modeled cases showing cumulative fuel production and
corresponding MFSP/MBSP (freshwater scenario). Three MFSP curves are shown representing
different coproduct market volume scenarios: (a) red curve—no market saturation limits for PU or related
coproducts (i.e., expanding into additional markets such as polyols, epoxies, etc. such that market
capacity exists over full site collection); (b) blue curve—PU is coproduced until hitting U.S. market
consumption limit, after which point PU coproduction is eliminated and reverts to fuels-only for remainder
of curve; (c) green curve—PU is coproduced until hitting world market consumption limit, after which point
PU coproduction is eliminated and reverts to fuels-only for remainder of curve. PU = polyurethanes.

As described above, for the saline scenarios the CAP model replaces the sugar-to-fuel train (via
carboxylic acid intermediates) with sugars-to-succinic acid (SA) and SA derivatives as a second
example coproduct to offset the higher biomass costs. The PU coproduct is again, for model
studies, evaluated within market volume limitations for polyurethanes; however, because the
algal biomass production scale is so much larger for each site group in the saline case, the U.S.
market for PUs would become saturated before fully satisfying the first site group. As such, for
the saline MFSP curves only world markets are reflected for the PU coproduct. Likewise, for
model studies, the SA coproduct “class” also only considers total world market volumes for SA
and the five other derivative components identified above (1-4 butanediol, maleic anhydride,
tetrahydrofuran, adipic acid, and 1,3-butadiene), again with the caveats in mind as noted
previously about the different market values and yield-equivalents for those given derivative
components relative to succinic acid. The saline results are presented in Figure 17 for several
coproduct market scenarios:

a) Red curve: Assumes (for modeling purposes) a market exists for the polyurethane and SA
coproducts (or similar coproduct classes) over the entire collection of sites/collective fuel
outputs analyzed. Again, additional coproducts with similar functionalities and prices
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may be pursued as for PU and SA products, which are merely two coproduct classes
presented here as proof-of-concept examples, and if additional coproducts could be
identified at similar values and processing costs as the PU and SA trains evaluated here,
this would extend the fuel yield potential along the red curve over larger coproduct
market volumes.

b) Blue curve: Targets polyurethane coproduction alongside fuels starting preferentially
with the lowest-fuel-cost group (group 7) and increasing in order of MFSP until, as a
modeled upper limit, world polyurethane market consumption volumes are saturated
(12.9 MM ton/yr [110]), after which point polyurethane coproduction is removed and
USFAs are converted to more fuels alongside saturated fatty acid lipids. Blue curve
considers PU alone without SA.

¢) Green curve: Similar to the blue curve, but also includes SA and its derivatives co-
produced up until reaching world market limits for all six SA-related components taken
together (18.2 MM ton/yr [64-69]), after which point the USFAs are converted to fuels
and the sugars are fermented to carboxylic acids (also converted to fuels).

For scenario (a) above (red curve, hypothetical market exists for similar coproduct classes over
full site consortium), nearly twice as much fuel production is possible as the freshwater case
(nearly 15 billion GGE/year) attributed to the 1,400 individual farm facilities each with 5,000
acres of cultivation land. To reach 5 billion GGE/year only the first two groups (group 7 and 4)
are needed. The shape of the red curve in Figure 17 indicates that roughly 6.2 billion GGE/year
could be produced at MFSP levels around or below the $2/GGE target, when coproducing both
PUs and SAs or similar products in price and functionality when market volume capacities
remain open.

For scenario (b) above (blue curve, focused only on coproduction of polyurethanes and reflective
of world market PU saturation limits), only the first/lowest-cost site group (group 7) can sustain
polyurethane coproduction over the 199 individual farm facilities that constitute that group, after
which point the remaining seven groups must revert back to an all-fuels approach, which brings
the curve up sharply to a $7.5/GGE range, but also expands the curve to the right in enabling a
larger overall collective fuel output up to nearly 28 billion GGE/year. Finally, for scenario (c)
above (green curve, evaluating both polyurethane and succinic acid-related coproduct outputs
constrained to world market saturation limits), this expands the collective site groups to the first
two (groups 7 and 4) while remaining within overall coproduct market volume allowances,
which translates to roughly 5 billion GGE/yr collective fuel output at or below an MFSP of
$2/GGE, prior to jumping up to the $8/GGE range in reverting back to fuels alone. The
subsequent additive fuel outputs and MFSPs are shown further below in Table 14, based on the
scenario (c) green curve case.

Again, the key takeaway from these scenarios is not that these two coproducts alone (PU and SA
derivatives) are envisioned to exclusively support a national scale algal biofuel industry across 5
billion GGE/year (which would require the entire world market share of polyurethanes as well
succinic acid-related products), but that these types of coproducts among other opportunities
would support substantial scales for market entry of algal biofuels at economically viable fuel
cost levels, and this finding supports identifying other coproduct opportunities worth pursuing in
the future from algal biomass. Just as all petrochemical facilities across the U.S. do not produce
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only two (of the same) products, a national-scale consortium of algal biorefineries would also be
expected to produce a large number of diverse bioproducts alongside fuels, as market drivers
would dictate to ensure economic profitability.
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Figure 17. CAP conversion modeled cases showing cumulative fuel production and
corresponding MFSP/MBSP (saline scenario). Three MFSP curves are shown representing different
coproduct market volume scenarios: (a) red curve—no market saturation limits for PU and SA or related

coproducts; (b) blue curve—PU is coproduced until hitting world market consumption limit, after which
point PU coproduction is eliminated and reverts to fuels-only for remainder of curve; (c) green curve—PU
and SA are both coproduced until hitting world market consumption limits, after which point all
coproduction is eliminated and reverts to fuels-only for remainder of curve. PU = polyurethanes; SA =
succinic acid (used as a proxy for other SA derivative components as well for market volume
considerations).

Table 12 provides a summary of the key mass balances and carbon yields from the CAP
conversion models, attributed to each site group across the scenarios presented in Figure 16 and
Figure 17.
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Table 12. Summary of Key Mass Flows and Overall Carbon Yields to Fuels Versus Coproducts for
CAP Scenarios

Freshwater Cases 1 2 3 4 5 6 7 8 9 Combined

Feedstock, annual average

Algae, Ib/h AFDW 48,755 44,338 47,961 52,393 50,938 47,178 49,196 53,853 47,712 49,514
Fuel-Only Scenarios

Fuel Yield, % C in algae feed 51.8% 50.7% 51.6% 524% 522% 51.8% 521% NA 51.9% 51.9%
Fuel + PU Scenarios

PU Yield, % C in algae feed 172% 16.8% 171% 173% 173% 171% 172% 174% 172% 17.2%
Fuel Yield, % Cin algae feed 34.5% 33.7% 344% 34.9% 34.8% 345% 347% 351% 346% 34.6%

Saline Cases 1 2 3 4 5 6 7 8 Combined
Feedstock, annual average 51,147 50,287 47,793 47,562 44,850 46,021 49,315 47,017 48,126
Fuel-Only Scenarios

Fuel Yield, % Cin algae feed 51.7% 515% 51.9% 52.0% 514% 51.7% 522% 51.7% 51.8%
Fuel + PU/SA Scenarios

SA, % C in algae feed 217%  217% 21.7% 21.7% 217% 21.7% 21.7% 21.7% 21.7%
PU, % C in algae feed 9.3% 9.2% 9.3% 9.3% 9.2% 9.3% 9.3% 9.3% 9.3%
Fuel Yield, % Cin algae feed 24.7% 24.6% 248% 24.8% 246% 247% 249% 24.7% 24.7%
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TEA: HTL Conversion Model

The major mass flows and key yields to fuels for the modeled blend algae/woody biomass HTL
systems are listed in Table 13. For each site case, the annual average of the algae and wood feed
flowrates were compiled.

Table 13. Major Mass Flows and Yields to Fuels for Algae/Woody Biomass Blend Feedstock HTL
and Upgrading Scenarios

Freshwater Cases 1 2 3 4 5 6 7 8 9 Combined

Feedstock, annual average

Algae, Ib/h AFDW 48,746 44,329 47,952 52,385 50,928 47,169 49,187 53,844 47,704 49,505
Woody Biomass, Ib/h AFDW 16,865 28,394 18,056 18,783 19,170 21,747 18,802 15,103 19,255 18,672
Total Feedstock, Ib/h AFDW 65,612 72,724 66,009 71,167 70,098 68,917 67,988 68,947 66,959 68,177
Blend Ratio

Algae, wt% 74.0% 61.0% 72.83% 73.8% 72.83% 68.5% 72.5% 78.3% 71.5% 72.8%
Woody Biomass, wt% 26.0% 39.0% 27.3% 26.3% 27.3% 31.5% 27.5% 21.8% 28.5% 27.3%
HTL

Biocrude Yield, % of AFDW
feedstock 48.1% 47.0% 47.9% 51.0% 51.0% 48.0% 48.4% 51.0% 48.2% 48.3%

Aqueous Phase Upgrading

% C of total C in Aqueous
Phase for Fuel Production 75% 75% 75% 75% 75% 75% 75% 75% 75% 75%

Hydrotreating
Organics Yield, % dry

biocrude 85% 85% 85% 85% 85% 85% 85% 85% 85% 85%

Hz Consumption, g/g dry

biocrude 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034
Saline Cases 1 2 3 4 5 6 7 8 Combined

Feedstock, annual average

Algae, Ib/h AFDW 51,138 50,279 47,785 47,555 44,842 46,012 49,307 47,010 48,118
Woody Biomass, Ib/h AFDW 17,452 20,062 21,881 19,889 22,789 20,381 17,885 20,467 20,150
Total Feedstock, Ib/h AFDW 68,590 70,341 69,666 67,444 67,631 66,392 67,192 67,477 68,268
Blend Ratio

Algae, wt% 74.5% 71.3% 68.8% 70.5% 66.3% 69.3% 73.3% 69.8% 70.5%
Woody Biomass, wt% 25.5% 28.8% 31.3% 29.5% 33.8% 30.8% 26.8% 30.3% 29.5%
HTL

Biocrude Yield, % of AFDW

feedstock 48.3% 47.9% 48.4% 48.4% 47.9% 48.2% 51% 48.3% 48.3%

Aqueous Phase Upgrading

% C of total C in Aqueous
Phase for Fuel Production 75% 75% 75% 75% 75% 75% 75% 75% 75%

Hydrotreating

Organics Yield, % dry
biocrude 85% 85% 85% 85% 85% 85% 85% 85% 85%

Hz Consumption, g/g dry
biocrude 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034
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The major modeled HTL TEA results are depicted in Figure 18 through Figure 20. Figure 18
shows the MFSP and total fuel production of the HTL conversion system based on the blended
feedstock consisting of wood and algae from both freshwater and saline groupings. The
cumulative weighted average MFSPs for the freshwater and saline groups are also shown in the
figure. The blended feedstock cost is estimated from the algae feedstock cost for each site; the
wood biomass feedstock cost, which is assumed to be $84.45/ton [18] for all cases; and the blend
ratio of the two feedstocks. The MFSPs for each of the freshwater groups range from $3.48 to
$3.83/GGE, while the saline groups’ MFSPs range from $4.31 to $4.80/GGE. The cumulative
weighted average MFSPs are $3.68 and $4.53/GGE for the freshwater and saline groups
respectively. Woody feedstock cost variation by site was outside of the scope for this work, but
will be considered in the future. Because wood consumption is small, varying the wood cost
from $60-120/ton changes the overall MFSP by only 5%. Since woody biomass has a lower
moisture content than the algal feedstock, a potential benefit for using wood/algae blend
feedstock is lower dewatering requirements for algae. However, in the summer season when
100% algae is assumed to be processed, all the dewatering steps are still needed. In the present
study, for seasons with wood blending, extra water from the dewatering effluent is recycled and
fed into the blended feedstock to reach the same moisture content as the 100% algae processed in
the summer, and the related cost is assumed to be negligible. Future work should consider the
trade-offs between dry biomass addition in all seasons, reduced dewatering requirements and the
effect on overall fuel yield.

The saline groups generally have higher MFSPs than those of the freshwater groups because of
higher algae feedstock cost. If no additional fuel is generated from the aqueous phase upgrading,
the average MFSPs would slightly increase to $3.79 and $4.77/GGE for the freshwater and saline
groups combined cases respectively. Sensitivity cases with higher wood blend ratio were also
evaluated. For these cases, it was assumed that the plant scale for the combined case was doubled
by adding extra woody biomass. The detailed cost estimation is shown in Appendix C.

The variation of MFSP for the different sites is not large because HTL conversion modeling is
based on using blended feedstock (roughly 30 wt% wood) and a fixed feedstock cost, the latter
accounting for the majority of the MFSP. Group 5 has the lowest MFSP among the 9 freshwater
groups resulting from low feedstock cost and high fuel yield. Among the saline groups, Group 7
has the lowest MFSP. For each of the freshwater and saline algae groups, the total fuel produced
for all the facilities in each group is shown in Figure 18. For the freshwater algae groups, Group
3 has the lowest summer productivity and thus the lowest fuel production rate per facility
compared to other groups. However, Group 3 has the greatest number of 5,000-acre facilities
available relative to the other groups, and thus the highest total fuel production amount per
group. For the saline algae groups, the largest fuel production rate is from group 2, which has the
highest summer productivity and one of the greatest numbers of 5,000-acre facilities available.
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Figure 18. HTL conversion MFSP and fuel production by group (freshwater and saline scenario)

To investigate the relationship between different cost impact factors, the correlation coefficients
between key cost variables were calculated for the HTL models. The correlation coefficient is
0.93 between the MFSP and the blended feedstock cost for the freshwater cases and it is 0.99 for
the saline cases. Therefore, the blended feedstock cost has significant impacts on the MFSP. The
correlation coefficient between the MFSP and the product yield is -0.93 for the freshwater algae
cases and -0.91 for the saline cases. It also showed a strong correlation between the MFSP and
plant scales. Among these factors, the most significant one is still the blend feedstock cost, which
is most impacted by the annual average blend ratio of the algae in the blend stock and
moderately affected by the algae only feedstock cost. Therefore, lower blended feedstock cost
(lower algae blend ratio and lower algae feedstock price), larger plant scale, and higher final fuel
yields lead to lower MFSP.

The MBSPs for 100% algae, algae/wood blended feedstock, and MFSPs are paired with the
corresponding cumulative fuel production from related groups and depicted in Figure 19 and
Figure 20. These figures demonstrate the strong correlation between the blended feedstock cost
and the MFSPs. The woody biomass has much lower feedstock cost than the algae feedstock and
thus the blend feedstock has lower MBSP and leads to lower MFSP than algae only cases.
Another cost benefit for using woody biomass is eliminating the need to dry and store algae
during times of high productivity (summer) for use during periods of low algal productivity
(winter) as a means of addressing seasonal variations.
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To evaluate the impacts of the HTL aqueous phase upgrading and the wood blend ratio on the
fuel production cost, two sensitivity cases were investigated, including a case with no aqueous
phase upgrading and another one with high wood blend ratio. The baseline cases are the
combined cases for freshwater and saline groups. The MFSP and total fuel production for both
the baseline and two sensitivity cases are shown in Figure 21. For high wood blend ratio cases, it
was assumed that the plant scale for the baseline cases was doubled by adding extra woody
biomass. For no aqueous upgrading cases, the MFSP impact is limited compared to the baseline
cases. Although no aqueous phase upgrading leads to about 15% reduction in total fuel
production, it reduces the capital and operating cost by removing the aqueous phase upgrading
related equipment and raw material consumptions. In addition, no aqueous phase upgrading also
leads to more nutrients available for recycle to the algae farms and thus greater nutrient recycle
credits compared to the baseline cases. The combined impacts of lower fuel production, lower
system cost, and higher nutrient recycle credits lead to slight increases in the MFSPs, on the
order of 2% for the freshwater combined case and 5% for the saline combined case.
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Figure 21. HTL conversion modeled scenarios showing fuel production and corresponding MFSP
for combined and high wood cases

The wood percentage in the blended feedstock increases from about 30 wt% for the baseline
cases to about 65 wt% in the high wood blend ratio cases. The total annual fuel production
increases, but it is less than double the baseline amount because HTL of 100% woody biomass
has lower biocrude yields than HTL of 100% algae and thus leads to lower biocrude yields as the
percentage of wood in the blended feed increases. This effect is somewhat offset by increased
recovery of HTL aqueous organics material followed by conversion to additional fuel. This leads
to higher fuel yields from the aqueous phase and thus the fuel output from the aqueous phase for
the high wood case is slightly more than double the baseline case. However, this is not enough to
double the overall fuel yield. As discussed in the previous section, there is a synergistic effect on
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the biocrude yield of the blended feedstock when the blend is about 50/50 algae/wood by weight.
In the simulation, the biocrude yield is not estimated by separately adding algae yields to wood
yields, but by specifying a single yield for the blended feedstock directly based on the algae-to-
wood ratio. Furthermore, because of the high carbohydrate content, HCSD-type algae likely
produces more CO2 than wood does during HTL. Given these effects, an absolute allocation of
fuel yield to either algae or wood is not possible. However, Figure 21 is presented to show the
fuel production allocation if'it was a function of the percentage of algae and wood in the feed
mix, but again, this should not be further reported without the caveats given above.

Higher wood feedstock blend ratio leads to lower blended feedstock cost because of the lower
cost of wood feedstock compared to algae. As the percentage of wood in the blended feed
increases, the modeled blend feedstock cost decreases approximately 39% and 41% compared to
the baseline combined cases of the freshwater and saline groups respectively. With the larger
plant scale and lower feedstock cost, both freshwater and saline algae cases have much lower
MFSPs. The lower MFSP of the high wood cases mainly results from the lower blend feedstock
cost and larger plant scale. For the freshwater groups, the MFSP is about 19% lower than the
baseline case. For the saline groups, the MFSP for the high wood case decreases about 23%
compared to the baseline. Because the saline algae feedstock cost is about 39% higher than the
freshwater case, higher wood blend ratio leads to a greater decrease in the blended feedstock
cost.

Wood (or any low cost dry biomass) was used in small quantities to equalize feed flowrates to
HTL caused by algal seasonal variation; the majority feed annually was still algae. Therefore,
adding wood eliminated the natural gas cost for algae drying in summer and spring compared to
a 100% algae system (although alternative wet storage methods are also possible as discussed
above in the CAP case). Wood is less expensive than algae, but processed on its own without
algae results in a much lower biocrude yield and requires the addition of a base to maintain
neutral pH. Base addition is not necessary with mixed wood/algae feed even in the winter when
the algae fraction is low. Furthermore, wood addition improves the biofuel cold flow properties
over 100% algae. Algae provide good cetane compounds missing from wood based HTL fuels
and produces primarily distillate fuel. A manuscript is currently being prepared to detail the cost
implications of mixed feeds.
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Life-Cycle Analysis

The LCA results for the freshwater scenario, which include the WTW GHG emissions and fossil
energy and freshwater use, are presented in Figure 22 for the CAP cases with and without PU
coproducts as well as the HTL case. The site groups evaluated for the CAP process are reflective
of the three example coproduct market scenarios described above, which in all cases at least
maintain PU coproduction for group 8 (i.e. in no scenario does group 8 not include PU
coproduction), thus LCA results for CAP “group 8 without coproducts” are omitted. The WTW
GHG emissions depend largely on the conversion technologies, the coproduct, and the CC
energy demand for sourcing cultivation CO2, more than by the regional groupings. The CAP
cases with PU coproduct exhibit the lowest GHG emissions ranging from -32.1 to -24.5 g-
CO2e/MJ at 0.63 MJe/kg-CO2 of CC energy demand. If the higher CC energy demand basis (1.0
Mle/kg-CO2) is used, the GHG emissions increase by 21.8 — 24.1 g-CO2e/MJ. As additional site
groups are able to include PU coproduction before reaching market saturation constraints (e.g.
moving from the U.S. to World PU market curve examples in Figure 16), a larger share of the
total collective sites could claim the much lower GHG emissions credit based on PU coproduct
displacement of petroleum-derived products, thus reducing the “aggregate” GHG emissions for
the entire site collection (discussed below). On the other hand, the CAP cases without inclusion
of PU coproducts show the highest GHG emissions ranging from 62.6 to 67.4 g-CO2¢/MJ at 0.63
MJe/kg-CO2 of CC energy demand. With 1.0 MJe/kg-CO2 of CC energy demand, the GHG
emissions increase by 16.0 — 17.3 g-CO2e/MJ. The impacts of CC energy demand are lower in
the CAP cases without PU coproducts than with PU coproducts because of the higher fuel yields
in the former without coproducts (i.e. higher fuel yields dilute the impact of such a difference,
which is also the case in HTL). For HTL, the GHG emissions range from 37.8 to 41.6 g-
COz2e/MJ at 0.63 MJe/kg-CO2 of CC energy demand, increasing by 3.2 to 6.4 g-COze/MJ at 1.0
MJe/kg-CO2 of CC energy demand. When viewing each site group individually, the CAP cases
that include coproducts and all HTL cases can meet the targets of at least 50% GHG emissions
reduction relative to low sulfur diesel (94.3 g-CO2e/MJ).

The fossil energy use, Figure 22B, shows the same trends as the GHG emissions: in the CAP
case with PU coproduct, the fossil energy use ranges from -0.71 to -0.63 MJ/MJ fuel produced at
0.63 MJe/kg-CO2 of CC energy demand. The alternative case at 1.0 MJe/kg-CO2 of CC energy
demand increases the fossil energy use by 0.22 to 0.24 MJ/MJ. Without PU coproduct, the CAP
cases use 0.73 to 0.78 MJ of fossil energy per MJ of fuel produced at 0.63 MJe/kg-CO2 CC
energy demand, increasing by 0.16 to 0.17 MJ/MJ for the alternative 1.0 MJe/kg-CO2 CC energy
demand scenario. HTL indicates a smaller range from 0.48 to 0.52 MJ/MJ at 0.63 MJe/kg-CO2
of CC energy demand and 0.52 to 0.58 MJ/MJ at 1.0 MJe/kg-CO2 of CC energy demand. All of
these scenarios are lower than low sulfur diesel at 1.21 MJ/MJ.

Unlike the GHG emissions and fossil energy use results, freshwater use varies less by
technologies or CC energy demand but more strongly across the regional groupings (driven in
turn by dramatic differences in cultivation evaporation rates across the site groups), as shown in
Figure 22C. The largest freshwater demand is seen in Groups 1 and 3 (California and the U.S.
Southwest) with the CAP case including coproducts exhibiting the highest individual
consumption at 21.7 L/MJ. In each group, water consumption per MJ of fuel produced is driven
by total MJ fuel yields, with the highest water consumption associated with the lowest fuel yield
case (CAP with PU coproduct), followed by CAP without PU coproduct and then HTL (highest
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MJ fuel yields and thus lowest per-MJ water consumption). For reference, low sulfur diesel

freshwater consumption is 0.082 L/M]J.
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Figure 22. LCA results by individual site group for all conversion cases (freshwater scenario).
A) WTW GHG emissions, B) fossil energy use, and C) freshwater use by group for CAP with and without
polyurethane (PU) coproduct, and HTL.

The WTW GHG emissions, fossil energy, and freshwater use are dependent on the conversion
technology applied as shown in Figure 22. The differences in these technologies are highlighted
for the freshwater scenario in Figure 23, which provides a breakdown for Group 7 as a
representative example. The GHG emissions, Figure 23A, are provided for the CAP process,
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both with and without polyurethane coproduction, and HTL. The CAP scenario that produces
only fuel has a GHG emission of 62.9 g-CO2¢/MJ at 0.63 MJe/kg-COz2 of CC energy demand and
79.1 g-CO2e/M1J at 1.0 MJe/kg-CO2 of CC energy demand, with the largest contributions from
CO2 sourcing, conversion chemicals, and cultivation farm energy at 36.2 or 57.5 (for 0.63 versus
1.0 MJe/kg-CO2 of CC energy demand scenarios), 27.6, and 13.6 g-CO2e/MJ, respectively. GHG
displacement credits are provided by generated electricity and recycled CO:2 and nutrients. All
other emission sources provide negligible contributions. When polyurethane is co-produced in
the CAP process, the WTW GHG emissions for this example reduces significantly to -30.4 or
-7.9 g-CO2¢e/M1 at the 0.63 and 1.0 MJe/kg-CO2 CC energy demand scenarios respectively. All
the same emission sources provide similar contributions, but they are just scaled higher as the
denominator (the amount of fuel produced) is reduced. However, producing the bioproduct
provides a substantial displacement credit of -119 g-CO2e/M], reflective of an equivalent amount
of petroleum-derived polyurethane (which is a much more energy/GHG-intensive process than
the bio-derived route examined here) and sequestering the biogenic carbon. This highlights a key
advantage of bio-derived products, particularly those containing oxygen, relative to their
counterparts derived from petroleum which must undergo energy-intensive oxygen addition
reactions along the way from a starting feedstock devoid of elemental oxygen.

Fuel produced from the HTL process has a WTW GHG emission of 39.6 g-CO2¢/MJ at 0.63
MJe/kg-CO2 of CC energy demand and 45.0 g-CO2¢/MJ at 1.0 MJe/kg-CO2 of CC energy
demand. Key contributions to this value include CO:z sourcing, cultivation farm energy, and CO2
recycle at 21.8 or 34.6 (for 0.63 versus 1.0 MJe/kg-CO2 of CC energy demand scenarios), 8.2,
and -12.4 g-CO2e/M]J, respectively. Previous LCAs on HTL have shown that natural gas used for
summer drying of algae can have a sizeable contribution to the GHG emissions [13,111].
However, in this analysis, the seasonal drying unit process is removed, and waste wood is
brought in as a feedstock to supplement low seasonal algal productivities. As a result, the
incremental conversion energy impact is small and energy to collect, sort, and process the waste
wood doesn’t significantly affect the results.

The fossil energy use, Figure 23B, shows the same trend as the GHG emissions, with CAP
excluding coproducts exhibiting the highest use, followed by HTL and then CAP with
coproducts again translating to a net negative fossil energy value. For freshwater use, the CAP
scenario with PU coproduct translates to the highest use at 3.0 L/MJ. This is driven primarily by
the pond water evaporation and the conversion input demands (almost entirely process water
demands). Water is recycled from conversion yielding a credit of -0.90 L/MJ. Unlike GHG
emissions, the freshwater displacement credit for polyurethane is minor at -0.13 L/MJ, when
compared to the total freshwater use. The water use for CAP without polyurethane production
follows similar trends and breakdowns, but with smaller magnitudes due to a higher fuel yield.
HTL exhibits the lowest freshwater use per MJ fuel, reflecting the highest MJ fuel yield outputs,
with the largest single driver from pond water evaporation at 1.3 L/MJ. The freshwater results
are highly dependent on location, as shown in Figure 24 for the CAP scenario with polyurethane
production. For this case, Group 1 has the highest freshwater use at 21.8 L/MJ, which is driven
primarily by the farm water demands (almost all of which in turn is due to making up for
evaporative losses), with less arid locations requiring less water.
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Figure 23. Breakdown of LCA results by conversion technology for Group 7 (freshwater scenario).
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Figure 25 presents the cumulative weighted-average GHG emissions and freshwater use of the
freshwater CAP and HTL scenarios based on the cumulative fuel production shown in Figures 16
and 19. For CAP, only group 8 co-produces PU under the U.S. market limit example while
groups 8, 5, 4, and 7 co-produce PU under the World market limit example. In the best-case
without any constraints imposed by market saturation limits, all CAP groups co-produce PU.
Notably, in contrast to the individual site group results discussed above (Figure 22), when
viewed collectively, the CAP case with U.S. market saturation limits for the PU coproduct would
be able to combine groups 8, 5, 4, 7, and 9 together to yield an overall weighted-average GHG
emissions result that meets the goals of 50% GHG emissions reduction relative to low sulfur
diesel (94.3 g-CO2¢/MJ), translating to 6.24 billion GGE cumulative algal biofuel output per
year. Thus, while group 8 alone is the only site group that can support PU coproduction before
reaching market saturation limits in the U.S. context, the GHG emissions benefits accounted by
comparing with petroleum PU (using the displacement method) extend much further than this
single group in the total annual fuel output allowance. All other scenarios could produce fuels at
their full collective capacity while remaining below the targeted GHG emissions threshold.
Freshwater consumption generally increases along with fuel production as groups with high
evaporation losses (groups 1, 2, and 3) are added.
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Figure 25. Modeled scenarios showing cumulative weighted-average fuel production and
corresponding GHG emissions and freshwater use for CAP and HTL conversion (freshwater
scenario). For CAP, three GHG emissions curves and three freshwater use curves are shown
representing different coproduct market volume scenarios: (a) red curve—no market saturation limits for
PU or related coproducts (i.e., expanding into additional markets such as polyols, epoxies, etc. such that
market capacity exists over full site collection); (b) blue curve—PU is coproduced until hitting U.S. market
consumption limit, after which point PU coproduction is eliminated and reverts to fuels-only for remainder
of curve; (c) green curve—PU is coproduced until hitting world market consumption limit, after which point
PU coproduction is eliminated and reverts to fuels-only for remainder of curve. PU = polyurethanes.

Next, the LCA results for the saline cultivation scenario are discussed below, with the WTW
GHG emissions, fossil energy use, and freshwater use presented in Figure 26. Results are shown
for the CAP cases with and without coproducts, and for the HTL case. Groups 7 and 8 of the
CAP cases with coproducts include two scenarios. The results denoted as Groups 7 and 8
represent the cases where both PU and SA are coproduced. Group 7* shows the CAP case with
PU coproduction only as shown in the first point of the blue curve in Figure 17 while Group 8*
represents the CAP case with limited PU coproduction after SA reaches its market capacity in
the modeled scenario (represented as the third point of the green curve in Figure 17). Similar to
the freshwater scenario for Group 8, Group 7 in this case does not have an instance without
inclusion of coproducts, thus LCA results are not shown for Group 7 excluding coproducts.

Figure 26A again shows that the WTW GHG emissions for the CAP scenarios are highly
dependent on the degree of inclusion of coproducts as well as the cultivation CC energy demand.
The lowest GHG emissions are seen in the CAP cases with both PU and SA coproducts, which
range from -514 to -510 g-CO2¢e/MJ at 0.63 MJe/kg-CO2 of CC energy demand and -482 to -478
g-CO2¢/MJ at 1.0 MJe/kg-CO2 of CC energy demand. The highest GHG emissions are again
observed in the CAP cases without coproducts ranging from 63.3 to 66.4 g-CO2¢/MJ at 0.63
MJe/kg-CO2 of CC energy demand and 79.6 to 83.1 g-CO2¢/MJ at 1.0 MJe/kg-CO2 of CC
energy demand. The GHG emissions of group 7* and 8* (the CAP cases with only PU

62



coproduct) are -30.4 and 50.2 g-CO2e/MJ at 0.63 MJe/kg-CO:2 of CC energy demand or -7.5 and
65.8 g-CO2e/M1J at 1.0 MJe/kg-CO2 of CC energy demand, respectively. The emissions for the
HTL scenario fall within a more narrow range of 38.1 to 41.6 g-CO2¢e/M1J at 0.63 MJe/kg-CO2 of
CC energy demand and 42.5 to 47.4 g-CO2e¢/MJ at 1.0 MJe/kg-CO2 of CC energy demand.
Similar to the freshwater scenarios, most CAP cases with inclusion of coproducts and all HTL
cases (except for Group 1 at 1.0 MJe/kg-CO2 CC energy demand) achieve the 50% GHG
reduction target. Group 8* for the CAP case does not meet the 50% GHG reduction target, as it
only produces a minimal amount of PU after SA has already been exhausted (although Group 7*
does meet the GHG target with PU alone, it does so by maximizing the amount of PU produced
per facility to reduce MFSP up to PU market saturation limits, while Group 8* produces a
smaller amount of PU per facility given additional MFSP reductions enabled by the second SA
coproduct in the modeled scenarios).

The fossil energy use follows the same trend as the GHG emissions, as shown in Figure 26B.
The CAP cases with PU and SA coproducts and without coproducts consume -4.71 to -4.67 MJ
and 0.74 to 0.77 MJ of fossil fuels per MJ of algal biofuel produced at 0.63 MJe/kg-CO2 of CC
energy demand, respectively, increasing to -4.39 to -4.34 MJ/MJ and 0.90 to 0.94 MJ/MJ at 1.0
MJe/kg-CO2 of CC energy demand, respectively. The CAP cases with limited PU coproducts, or
Groups 7* and 8* consume fossil energy at -0.69 and 0.56 MJ/MJ for the 0.63 MJe/kg-CO2 CC
energy basis, respectively, or -0.46 and 0.72 MJ/MJ for the 1.0 MJe/kg-CO2 CC energy case,
respectively. The HTL case exhibits a fossil energy consumption ranging from 0.48 to 0.52
MJ/MJ for the 0.63 MJe/kg-CO2 CC energy basis, and 0.53 to 0.58 MJ/MJ for the 1.0 MJe/kg-
CO2 CC energy case. All conversion scenarios translate to lower fossil energy use than low
sulfur diesel at 1.2 MJ/MJ.

The freshwater use, shown in Figure 26C, is significantly lower for the saline scenario than the
freshwater scenario discussed above, given that the pond evaporation losses in this case are made
up for by saline rather than fresh water, which is not counted in the freshwater consumption
calculations. Thus, within a much smaller magnitude, the freshwater use appears to vary more
strongly across the conversion technologies and coproducts (reflecting the water demands for the
conversion processes) than variances by region of the country (reflecting local water evaporation
rates for the cultivation step). The freshwater consumption in the CAP cases is again highest for
those with maximum coproducts and minimum fuel yields, roughly 1.1 L/MJ, followed by those
with limited PU coproduct (at 0.66 L/MJ for Group 7* and 0.50 L/MJ for Group 8%*), then those
without coproducts around 0.49 — 0.50 L/MJ. The HTL scenario has the lowest freshwater use at
roughly 0.087 —0.097 L/MJ, which is slightly higher than diesel. Again, the parasitic energy
demand for CC does not exhibit visible impacts on freshwater consumption.
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Figure 26. LCA results by individual site group for all conversion cases (saline scenario). A) WTW
GHG emissions, B) fossil energy use, and C) freshwater use by group for CAP with and without
polyurethane (PU) and succinic acid (SA) coproducts, and HTL. The CAP conversion processes in
Groups 7* and 8 coproduce a limited amount of PU only.
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More detailed breakdowns for the saline LCA results are presented in Figure 27, using group 6
as a representative example. The WTW GHG emissions for group 6 are the lowest for the CAP
scenario that produces polyurethane and succinic acid at -513 g-CO2e/MJ for 0.63 MJe/kg-CO2
of CC energy demand and -481 g-COz2e/MJ for 1.0 MJe/kg-CO2 of CC energy demand (Figure
27A). These results are driven by the displacement credit for succinic acid at -577 g-CO2e/MJ.
However, there are also noticeable contributions due to polyurethane displacement and CO2
sourcing at -88.1 g-CO2e/MJ, and 71.6 g-CO2¢/MJ or 113 g-CO2¢/M1J (at 0.63 or 1.0 MJe/kg-
COz2 CC energy demand respectively). The large displacement credit for succinic acid is due to
both the high GHG intensity of the petroleum-based adipic acid proxy at 5,200 g-COze/kg, and
the total amount produced compared with other products, 1.15 kg of succinic acid for each kg of
all other products (i.e., diesel, naphtha, and polyurethane). For this study, the displacement
method was used for coproduct allocation. Another allocation method could be chosen, for
example mass or a market-value-based method. As mentioned above however, there are
currently no policy incentives for bioproducts that reduce GHG emissions relative to petroleum
products, and the benefit of using the displacement method is that it explicitly credits the
emissions reductions for producing bio-derived products through less energy/GHG-intensive
routes, when compared with a benchmark scenario producing fuel, polyurethane, and adipic acid
exclusively from petroleum.

The WTW GHG emissions for the group 6 CAP scenario with no coproduct inclusion is 64.0 g-
CO2e/MJ at 0.63 MJe/kg-CO2 of CC energy demand and 80.5 g-CO2¢/MJ at 1.0 MJe/kg-CO2 of
CC energy demand, predominately driven by CO2 sourcing and conversion chemicals at 36.7—
58.3 (for 0.63 and 1.0 MJe/kg-CO2 CC energy demand) and 27.6 g-CO2e/MJ, respectively. The
group 6 emissions for HTL are 38.7 g-CO2¢e/MJ at 0.63 MJe/kg-COz2 of CC energy demand and
43.7 g-CO2e/MJ at 1.0 MJe/kg-CO2 of CC energy demand, mainly due to CO2 sourcing at 20.9—
33.2 g-CO2e/MJ (for 0.63 and 1.0 MJe/kg-CO2 CC energy demand) as well as conversion energy
use at 19.0 g CO2e/MJ.

The fossil energy use, Figure 27B, shows the same trend as the GHG emissions, with CAP
including coproducts receiving a large credit from the succinic acid and polyurethane
displacement. Although all conversion technologies require relatively little freshwater, there is a
noticeable difference in the freshwater use across the conversion cases, as shown in Figure 27C.
The CAP scenario with coproducts has the largest freshwater use at 1.1 L/MJ, driven primarily
by conversion inputs (mainly process water). For CAP with no coproducts, the water
consumption is also dominated by the conversion inputs at 0.50 L/MJ. HTL has a substantially
lower freshwater consumption at 0.087 L/MJ, which is mostly due to conversion chemical and
energy inputs, farm energy use, and COz sourcing at 0.035, 0.036, and 0.034 L/MJ, respectively.
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Figure 27. Breakdown of LCA results by conversion technology for Group 6 (saline scenario).
A) WTW GHG emissions, B) fossil energy use, and C) freshwater use for CAP (with and without
coproducts) and HTL. CC denotes carbon capture.
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Figure 28 presents the cumulative weighted-average GHG emissions and freshwater use of the
saline CAP and HTL modeled scenarios based on the cumulative fuel production in Figures 17
and 20. For the CAP scenarios, only Group 7 co-produces PU under world PU market limits in
the blue curve, which subsequently reverts to fuel-only production for the remainder of the
curve. Alternatively, considering both SA and PU coproducts under World market limit
examples (green curve), Groups 7 and 4 co-produce PU and SA while group 8 coproduces a
limited amount of PU after first exhausting the SA market. Without any constraints imposed by
market saturation limits, all groups co-produce both PU and SA (red curve). Similar to the
conclusions discussed above for the freshwater scenario, when viewing the consortium of sites
collectively, the CAP case with only PU co-production under world market saturation limits
(blue curve) could combine Groups 7, 4, 8, 6, and 3 together while still collectively achieving
average GHG emissions meeting the 50% GHG reduction goal threshold, translating up to 15.9
billion GGE of algal biofuel output per year. Again, while only Group 7 co-produces PU in this
example, the PU displacement GHG benefits carry beyond this group alone to extend the total
fuel production capacity to the subsequent four site groups that only produce fuels. All other
scenarios could produce fuels at their full collective capacity while remaining below the targeted
GHG emissions threshold. Freshwater consumption shows an opposite trend to the GHG
emissions, given the primary dependence in this case on overall fuel yields (highest for HTL,
then CAP without coproducts, and lowest for CAP with coproducts) and a low dependency on
site location/evaporation rates when making up evaporation losses with saline water.
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Figure 28. Model scenarios showing cumulative weighted-average fuel production and
corresponding GHG emissions and freshwater use for CAP and HTL conversion (saline scenario).
For CAP, three GHG emissions curves and three freshwater use curves are shown representing different
coproduct market volume scenarios: (a) red curve—no market saturation limits for PU and SA or related

coproducts; (b) blue curve—PU is coproduced until hitting world market consumption limit, after which
point PU coproduction is eliminated and reverts to fuels-only for remainder of curve; (c) green curve—PU
and SA are both coproduced until hitting world market consumption limits, after which point all
coproduction is eliminated and reverts to fuels-only for remainder of curve. PU = polyurethanes; SA =
succinic acid (also used as a proxy for other SA derivative components for market volume considerations)
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A key LCA driver in algae-based biofuel pathways is the pond circulation power. This study
assumed that pond circulation consumes 27.8 KWh/ha/day including a 12-hour paddlewheel
shutdown as noted in the beginning of this report. NREL’s algae farm design case [9] examined
various pond designs with pond circulation power ranging from 41.5 to 75.5 kWh/ha/day without
paddlewheel shutdown (based on various pond designs and sizes furnished by external
consultants); specifically, the furnished values for pond circulation power were 63.0 and 75.5
kWh/ha/day for small 2-acre ponds circulated with paddlewheels, 70.0, 58.2, 48.0, and 44.0
kWh/ha/day for 10-acre ponds (the first three circulated with paddlewheels and the final
circulated by pumping across a sloped raceway), and 41.5 and 44.0 kWh/ha/day for large 50-acre
serpentine pond designs (both circulated by pumping). For a given circulation design, varying
powers over the same pond size implies varying assumed efficiencies of the paddlewheels/pumps
based on the consultants’ opinions on possible efficiencies. This range of power values would
then translate to 20.8 — 37.8 kWh/ha/day for a 12-hour paddlewheel shutdown. The impacts of
this variation in pond circulation power on overall life-cycle GHG emissions and fossil fuel
consumption are briefly considered here. In the freshwater cases, the lowest pond circulation
power value (20.8 kWh/ha/day) would reduce the life-cycle GHG emissions by 1.3-1.7, 0.9-1.2,
and 0.6 g-COz2e/MJ for the CAP with PU, the CAP without PU, and the HTL scenarios,
respectively. The highest pond circulation power value (37.8 kWh/ha/day) would increase the
life-cycle GHG emissions by 2.0-2.6, 1.4-1.8, and 0.8-1.0 g-CO2¢e/MJ for the CAP with PU, the
CAP without PU, and the HTL scenarios, respectively. In the saline cases, the lowest pond
circulation power value reduces the life-cycle GHG emissions by 1.9-2.2, 1.0-1.5, and 0.6 g-
CO2e/MJ, and the highest pond circulation power value increases the life-cycle GHG emissions
by 2.9-3.4, 1.5-2.2, and 0.9 g-CO2¢/MJ for the CAP with coproducts, the CAP without
coproducts, and the HTL scenarios, respectively. The impacts of the pond circulation power
decreases with higher fuel yields per hectare. Overall, the impacts of pond circulation power are
smaller than other factors such as coproduct inclusions or CC energy use for cultivation COx.

It should be noted that this study did not examine the impact of soil organic carbon (SOC)
changes from pond construction that requires stripping top soil, scarification, and compaction
assuming the ponds would be built on marginal land. The key factors determining SOC change
include the SOC content of marginal land (which varies by region) and the emission factor (or
conversion ratio of SOC into COz2 that depends on various factors, such as climate, soil depth,
disposal method, etc.). Due to lack of data, quantifying these factors are difficult at this point.
Assuming 50 tonne C/hectare of SOC content for marginal land within 100 cm depth, with each
10% of SOC loss, the impacts of SOC changes from pond construction would be 0.58 — 0.76 g-
CO2e/MJ for CAP with PU, 0.43 — 0.54 g-CO2e/MJ for CAP without PU, and 0.25 — 0.29 g-
CO2e/MJ for HTL in the freshwater scenario, when amortized over 30 years. In the saline case,
the impacts increase to 0.87 — 1.00 g-CO2e/MIJ for CAP with coproducts, 0.45 — 0.66 g-
CO2e/MJ for CAP without coproducts, and 0.27 — 0.28 g-CO2e/M1J for HTL. For more reliable
estimates on SOC change impacts, a more detailed and regional analysis for the algae pond sites
is warranted.
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Overall Output Summary

Given the results presented above, the key harmonized model outputs are summarized for the
CAP model below in Table 14 and for the HTL model in Table 15. The matrix for the CAP
model represents one example scenario of coproduct market limitations, while other results for
the other coproduct saturation scenarios are provided in Appendix A. In this case, Table 14
reflects the modeled scenarios with world market limits for the PU (freshwater and saline cases)
and SA/derivatives (saline case) coproducts, after which point all other groups switch to
producing fuels exclusively. Table 14 lists the cumulative fuel outputs, cumulative coproduct
outputs, cumulative weighted average MFSP, and cumulative weighted average GHG emissions
for the nine freshwater site groups and eight saline site groups. The groups are listed in order
from lowest to highest MFSP. For freshwater, site groups 8, 5, 4, and 7 produce PU, while all
remaining groups only produce fuels. On a GGE/ton basis, site groups that exclusively produce
fuel can reach 109 GGE/ton algae yields, while PU reduces the fuel yield by 30%. GHG
emissions are lower for the coproduct scenarios due to the credits given when using the
displacement method with respect to petroleum-based counterparts, as discussed above. For the
freshwater scenario, after reaching group 9 the cumulative MFSP and cumulative GHG
emissions begin to increase due to more fuel-only sites contributing to overall results. Still, the
final average freshwater MFSP and GHG emissions for the entire collection of all sites is
$4.20/GGE and 26.7 g CO2¢/MJ, respectively, for this example. Notably, if only taking the first
3.9 BGGE/yr of fuels, the average MFSP and GHG emissions for that subset would be
$1.64/GGE and -31.0 g CO2¢/MJ, respectively; or if expanding by one point to 5.0 BGGE/yr, the
results would increase to $2.51/GGE and -9.2 g CO2¢/MJ.

For saline, site groups 7, 4, and 8 produce PU while groups 7 and 4 also produce SA, with all
remaining groups again reverting back to fuels without these two coproducts. The final average
saline MFSP and GHG emissions for the entire collection of all sites is $6.04/GGE and -53.5 g
CO2¢/MJ, respectively. Similar to the freshwater results, if only taking a subset of the first 5.0
BGGE/yr, the average saline MFSP and GHG results would be $1.93/GGE and -513 g CO2¢/MJ,
respectively; or if expanding to 7.2 BGGE/yr those results would increase to $2.90/GGE and
-343 g CO2¢/MJ. A notable finding on the LCA results here is that although all individual site
group cases that exceed the market volume limits and revert to fuel-only production carry a
higher GHG emissions burden (lower GHG reductions versus petroleum), when viewing the
entire consortium of sites as a whole, the overall weighted-average GHG emissions are still very
low, easily exceeding the 50% GHG reduction goals, enabled by the large negative GHG credits
for coproduct displacement even over the limited number of site groups which coproduce
bioproducts. Put differently, if instead each individual site group were to coproduce these
bioproducts in smaller amounts such that the overall coproduct inclusions could be maintained
over the full consortium of sites, the average GHG emissions across the full site collection would
exceed the 50% GHG reduction target, as would the GHG emissions for each individual site
group as well.
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Table 14. Matrix of Key Harmonized Model Outputs for Freshwater and Saline Target Scenarios for
CAP Conversion Pathway (organized by site group in order of increasing MFSPs; tracking cumulative
[summative] fuel and coproduct yield outputs versus rolling weighted-average MFSP and GHG emissions
across each sequential group)

Weighting Cumulative Cumulative | Cumulative
(# of BGGE/yr weighted weighted
5,000-acre | Fuelyield | fuel output average average GHG
Site farms in from algae | (from algae Cumulative MM ton/yr MFSP emissions

group group) (GGE/ton) alone) coproduct output ($/GGE) (g CO2/MJ)
Freshwater scenario

8 66.0 76.1 1.1 3.55PU $1.39 -32.1

5 63.3 75.5 20 6.76 PU $1.50 -31.5

4 59.4 75.8 3.0 9.86 PU $1.55 -31.1

7 58.7 75.3 3.9 12.71 PU (s)' $1.64 -31.0

9 56.8 108.8 5.0 12.71 PU (s) $2.51 -9.2

1 40.1 108.7 5.9 12.71 PU (s) $2.96 1.7

3 134.0 108.3 8.6 12.71 PU (s) $3.93 22.0

6 314 108.6 9.3 12.71 PU (s) $4.09 249

2 221 106.4 9.7 12.71 PU (s) $4.20 26.7
Saline scenario

7 199.2 54.4 21 5.28 PU + 5.56 SA $1.76 -513.0

4 264.6 54.2 5.0 12.02 PU + 12.67 SA $1.93 -513.0

8 106.0 109.7 7.2 12.90 PU + 12.67 SA (s)’ $2.90 -342.5

6 96.8 108.5 9.1 12.90 PU + 12.67 SA (s) $3.63 -257.0

3 171.8 108.9 12.6 12.90 PU + 12.67 SA (s) $4.51 -166.7

1 119.5 108.4 15.3 12.90 PU + 12.67 SA (s) $4.98 -126.7

2 261.9 108.0 20.9 12.90 PU + 12.67 SA (s) $5.69 -74.7

5 194.3 107.9 246 12.90 PU + 12.67 SA (s) $6.04 -53.5

1 (s) = saturation limit. Values for CAP pathway shown above are for green curves of Figure 16 and Figure 17, based
on coproduct outputs modeled up until reaching world market saturation limits (for example purposes).

Table 15 provides a similar matrix to Table 14, but focused on the HTL pathway. In Table 15 the
fuel yields, blended feedstock algae proportion, cumulative fuel production, and cumulative
weighted average MFSP and GHG emissions are shown. For all site groups of the freshwater
case, site group 5 has the lowest MFSP and for the saline case, site group 7 has the lowest one.
As discussed in the previous section, the MFSP is greatly affected by the blended feedstock cost,
which in turn is primarily driven by the algae blend ratio and algae MBSP. Additional fuel
generated from the HTL aqueous phase upgrading is about 10% of the fuels from the blend
feedstock HTL conversion. In this study, the summer season for each site sets the plant scale
where the feedstock is 100% algae for that season. In winter, the feedstock is dominated by
wood, and there is a synergistic effect in fall and spring with around 50 wt% algae. Therefore,
the final fuel yields cannot easily be apportioned to either feedstock because the blend feedstock
HTL yields are not linearly correlated with algae or wood blend ratios. As mentioned previously,
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the algae contribution to the fuel yield is assumed to be the same as that for 100%, which differs

from the assumption actually used in this MFSP calculation. It is shown here only for the

purpose of comparing what the yield from 100% algae would be for the same throughput as the
blended algae/wood throughput. The cumulative total algal biofuel output potential for the HTL
freshwater scenario is 21.4 BGGE/yr, increasing in the saline case to 56.4 BGGE/yr. The total
average GHG emissions for all freshwater and saline facilities are 39.7 and 39.5 g CO2¢/MJ,
respectively.

Table 15. Matrix of Key Harmonized Model Outputs for Freshwater and Saline Target Scenario HTL

Conversion Pathway (organized by site group in order of increasing MFSPs; tracking cumulative

[summative] fuel yield outputs versus MFSP and GHG emissions across each sequential group)

Fuel yield Cumulative
from BGGE/yr Cumulative
Fuel yield algae/wood | Algaewt% | Cumulative | fueloutput | Cumulative | weighted
Weighting (# | from algae blend inblend | BGGE/yrfuel | (fromHTL | weighted average

of 5,000-acre only (GGEfton feedstock | output (from | aqueous average GHG

Site farms in (GGEfHon blend (annual algae/wood phase MFSP emissions

group group) algae only)' feedstock) average) blend) upgrading) | ($/GGE) | (g CO/MJ)

Freshwater scenario
5 63.3 137 151 72.8 24 0.2 $3.48 38.2
4 59.4 137 152 73.8 47 0.5 $3.50 38.4
8 66.0 137 153 78.3 7.3 0.7 $3.52 38.9
7 58.7 137 148 72.5 94 0.9 $3.57 39.0
2 221 137 144 61.0 10.2 1.0 $3.58 38.9
6 314 137 146 68.5 11.3 1.2 $3.59 38.9
9 56.8 137 147 71.5 13.3 1.4 $3.62 39.0
3 134.0 137 147 72.8 17.9 1.9 $3.67 39.6
1 40.1 137 148 74.0 19.3 2.1 $3.68 39.7
Saline scenario

7 199.2 137 152 73.3 7.3 0.7 $4.31 39.8
4 264.6 137 147 70.5 16.7 1.8 $4.38 39.3
8 106.0 137 147 69.8 204 2.2 $4.39 39.2
6 96.8 137 147 69.3 23.8 2.6 $4.41 39.2
3 171.8 137 147 68.8 30.0 3.3 $4.43 39.1
5 194.3 137 146 66.3 36.8 4.1 $4.45 38.9
2 261.9 137 147 713 46.4 5.2 $4.50 39.3
1 119.5 137 148 74.5 50.7 5.7 $4.53 39.5

1The fuel yield from algae is based on the 100% algae HTL case and is not the exact fuel yield as a function of the
percentage of algae in the blended feed. It is shown here for reference and comparison purposes only (algae only
versus blend feedstock).
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Finally, as noted previously, during final preparation of this report a budget bill was passed in
February 2018 which expanded tax incentives under a program known as 45Q to include a
carbon credit of $35 per ton ($38.59/metric tonne) CO2 for “recycling” or utilization of captured
COz emissions, under which algal CO» utilization would qualify [49]. Under such a scenario,
when applying this credit to strictly the fraction of CO:z incorporated into algal biomass
(excluding retention efficiency losses), all modeled TEA cost results presented above would be
further reduced by the following amounts:

e All biomass cultivation cases (fresh and saline water): $70/ton MBSP
e CAP cases excluding coproducts (fuels only): $0.49/GGE MFSP

e Freshwater CAP cases with coproduction of PU: $0.69/GGE MFSP

e Saline CAP cases with coproduction of PU and SA: $0.96/GGE MFSP
e Freshwater HTL cases: $0.24/GGE

e Saline HTL cases: $0.23/GGE

Concluding Remarks

Based on the harmonized models across RA, cultivation TEA, conversion TEA, and system
LCA, the work conducted here demonstrated the potential to produce up to 104 MM tons per
year of freshwater algal biomass across a national consortium of 2.7 MM acres of cultivation
area (532 individual 5,000-acre farms), contingent upon those sites being collectively able to
achieve cultivation productivity targets of 26 g/m?/day annual average in the future. This
potential increases substantially to 235 MM tons per year for saline algae based on 7.1 MM acres
of available cultivation area (1,414 individual farms) at a similar overall average productivity,
albeit at the expense of higher costs for salt management. Based on the underlying algal farm
costs (dictated by CO2 sourcing and delivery via carbon capture of point-source flue gases; low-
cost cultivation ponds, 10 acres each in size with minimal lining requirements for freshwater but
fully lined for saline water; and low-cost dewatering technologies to concentrate the harvested
biomass up to 20 wt% AFDW), these consortia of sites have the potential to provide algal
biomass at an overall average cost of $472/ton for the freshwater scenario or $655/ton for the
saline scenario. This outcome validates the decision to pursue carbon capture rather than bulk
flue gas co-location, given the latter limited to 17 MM tons/year biomass potential (nearly an
order of magnitude lower biomass potential), when constrained below a cap at $700/ton targeted
cost thresholds, as previously presented in the Billion-Ton Report [12].

At the resulting modeled biomass cost scenarios, for the CAP pathway in the freshwater case,
between 8 and 11 BGGE/yr algal biofuels could be produced nationally at a fuel cost between
$1.99 and $5.68/GGE based on the degree to which high-value coproducts are included over the
range of fuel outputs (both the fuel and the MFSP cost ranges are based on varying degrees of
market saturation scenarios with an example polyurethane coproduct, for modeling purposes).
For an example “world market” saturation limit (a modeling proxy for potential expansion into
other coproduct markets beyond only polyurethanes), 5 BGGE/yr of fuels could be produced at
an average MFSP of $2.51/GGE, or 9.7 BGGE/yr at $4.20/GGE in the freshwater scenario. For
the CAP pathway in the saline scenario, between 15 and 28 BGGE/yr of algal fuels could be
produced nationally at a cost between $2.59 and $7.45/GGE after introducing additional
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coproduct options to offset the higher biomass costs (again, the ranges are reflective of different
assumptions for coproduct specifics and supporting market volumes). Again, for both
polyurethanes and succinic acid-related coproduct examples taken together modeled under
“world market” limits, in the saline case roughly 5 BGGE/yr of fuels could be produced at an
average MFSP below $2/GGE or 7 BGGE/yr below $3/GGE. For the HTL pathway, up to 21
and 56 BGGE/yr biofuels could be produced nationally from the freshwater and saline groups,
respectively (including contributions from both blended woody feedstock biomass HTL
conversion and aqueous phase upgrading). The corresponding average MFSPs are $3.68 and
$4.53/GGE for the freshwater and saline groups, respectively. When more wood is added beyond
the base case assumptions, the total feedstock cost drops and the conversion plant size doubles,
thus allowing the MFSP to drop to $3/GGE for the freshwater groups.

LCA results from this study show that when viewing each site group location and conversion
technology in isolation, the CAP cases with inclusion of coproducts and the HTL cases achieve
the 50% GHG reduction goals relative to petroleum diesel, while the CAP cases without
coproducts would not. When taken as a whole based on the entire collection of all site groups,
the CAP pathway does also exceed the 50% GHG reduction goal over an expanded collection of
coproduct and non-coproduct sites as the large GHG credits for the individual cases that do
coproduce bioproducts maintain an overall weighted-average GHG profile that is lower than the
individual sites producing only fuels. Production of a coproduct can exhibit a large influence on
the LCA results depending on the LCA treatment method employed, showing that producing
these products in comparison with petroleum-derived counterparts can provide large GHG
emissions reductions when applying a displacement method to handle the chemical coproduct in
the LCA. In instances where that method is valid (including ensuring that market volume limits
are not exceeded for the given coproduct), these results support further research focus on
identifying microalgae to fuel pathways that can also produce bioproducts in order to realize
emissions reduction potentials alongside fuel cost reductions in ultimately moving towards
viability goals for both metrics, as is likely to be required to ultimately achieve $2/GGE MFSP
goals regardless of conversion pathway.
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Appendix A. Other Modeled Coproduct Market
Scenarios for CAP Conversion with Coproducts

Table 14 provided detailed site group values for one of the three example CAP conversion cases
of MFSP versus cumulative fuel production shown in Figure 16. Table 14 displayed values for
scenario (c¢) (the green curve in Figure 16) where the coproduct polyurethane was modeled
against world market saturation limits. Here, we provide two more tables of additional
information for the remaining fuel examples shown in Figure 16. Both Table A-1 and Table A-2
show the fuel yield per facility, cumulative fuel output, cumulative coproduct produced,
cumulative MFSP, and the cumulative GHG emissions. Table A-1 represents the red curve in
Figure 16 where a hypothetical market exists for polyurethane or related coproducts over the full
yield curve. Comparatively, Table A-2 reflects the blue curve in Figure 16 and shows the
resulting costs and yields for polyurethane modeled at the limit of U.S. market volumes. The
final cumulative MFSP from Table A-1 is $1.99/GGE. This case produces the most polyurethane
at 26.0 MM tons/year and the lowest cumulative fuel production of 7.9 billion GGE/year. On the
other side, Table A-2 limits the amount of polyurethane to 3.6 million tons/year and results in the
largest cumulative fuel production of 10.9 billion GGE/year at a cumulative MFSP of
$5.68/GGE. Using cases 8, 5, 4, and 7 in Table A-2 would achieve 5 BGY of fuel at an MFSP of
$4.82/GGE. Likewise, Table A-3 and Table A-4 present similar information for the two
additional blue and red curves shown in Figure 17 under the saline case.

Table A-1. Red Curve Example in Figure 16: Matrix of Key CAP Model Outputs for Freshwater
Scenario (organized by site group in order of increasing MFSPs; tracking cumulative [summative] fuel
and coproduct outputs versus rolling weighted-average MFSP and GHG emissions across each group)

Cumulative
Weighting (# Cumulative Cumulative Cumulative weighted
of 5,000- Fuel yield BGGE/yr fuel MM ton/yr weighted average GHG
Site | acre farms in from algae output (from coproduct average MFSP emissions (g
group group) (GGE/ton) algae alone) output ($/GGE) CO2/MJ)
8 66.0 76.1 1.1 3.55PU $1.39 -32.1
5 63.3 75.5 2.0 6.76 PU $1.50 -31.5
4 59.4 75.8 3.0 9.85 PU $1.55 -31.1
7 58.7 75.3 3.9 12.71 PU $1.64 -31.0
9 56.8 75.0 4.7 15.39 PU $1.74 -30.8
1 40.1 74.9 5.2 17.32 PU $1.79 -30.4
3 134.0 74.6 7.1 23.63 PU $1.92 -29.5
6 314 74.8 7.6 25.09 PU $1.95 -29.5
2 22.1 73.2 7.9 26.04 PU $1.99 -29.3
1

Values for CAP pathway shown above are for red curve of Figure 16, based on polyurethane coproduction with a

model assumption of no market saturation limits over full fuel curve (for example purposes).
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Table A-2. Blue Curve Example in Figure 16: Matrix of Key CAP Model Outputs for Freshwater
Scenario (organized by site group in order of increasing MFSPs; tracking cumulative [summative] fuel
and coproduct outputs versus rolling weighted-average MFSP and GHG emissions across each group)

Cumulative Cumulative
Weighting (# Cumulative Cumulative weighted weighted
of 5,000-acre Fuel yield BGGE/yr fuel MM ton/yr average average GHG
Site farms in from algae output (from coproduct MFSP emissions (g
group group) (GGE/ton) algae alone) output ($/GGE) CO2/MJ)
8 66.0 76.1 1.1 3.55 PU (s)' $1.39 -32.1
5 63.3 109.5 25 3.55 PU (s) $3.64 216
4 59.4 109.9 3.8 3.55 PU (s) $4.39 36.2
7 58.7 109.2 5.1 3.55 PU (s) $4.82 42.8
9 56.8 108.8 6.2 3.55 PU (s) $5.10 46.6
1 40.1 108.7 7.1 3.55 PU (s) $5.25 48.8
3 134.0 108.3 9.8 3.55 PU (s) $5.58 53.5
6 314 108.6 10.5 3.55 PU (s) $5.63 541
2 221 106.4 10.9 3.55 PU (s) $5.68 54.6

1 (s) = saturation limit used for modeling. Values for CAP pathway shown above are for blue curve of Figure 16,
based on modeling polyurethane coproduction up until reaching US market saturation limits (for example purposes).

Table A-3. Red Curve Example in Figure 17: Matrix of Key CAP Model Outputs for Saline Scenario
(organized by site group in order of increasing MFSPs; tracking cumulative [summative] fuel and

coproduct outputs versus rolling weighted-average MFSP and GHG emissions across each group)
Cumulative Cumulative
Weighting (# Cumulative Cumulative weighted weighted
of 5,000-acre Fuel yield BGGE/yr fuel MM ton/yr average average GHG
Site farms in from algae output (from coproduct MFSP emissions (g
group group) (GGE/ton) algae alone) output ($/GGE) CO2¢/MJ)
5.28 PU + -513.0
7 199.2 54.4 2.1 13.69 SA $1.76
12.02 PU + -513.0
4 264.6 54.2 5.0 31.21 SA $1.93
14.68 PU + -513.1
8 106.0 53.9 6.2 38.14 SA $1.99
17.05 PU + -513.1
6 96.8 54.0 71 44 34 SA $2.07
21.45PU + -512.9
3 171.8 54.1 8.9 5577 SA $2.18
24.71 PU + -512.5
1 119.5 53.9 10.2 64.26 SA $2.29
31.70 PU + -512.1
2 261.9 53.7 13.0 82 54 SA $2.49
36.33 PU + -512.3
5 194.3 53.7 14.8 94 65 SA $2.59
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Table A-4. Blue Curve Example in Figure 17: Matrix of Key CAP Model Outputs for Saline Scenario
(organized by site group in order of increasing MFSPs; tracking cumulative [summative] fuel and
coproduct outputs versus rolling weighted-average MFSP and GHG emissions across each group)

Cumulative Cumulative
Weighting (# Cumulative Cumulative weighted weighted
of 5,000-acre Fuel yield BGGE/yr fuel MM ton/yr average average GHG
Site farms in from algae output (from coproduct MFSP emissions (g
group group) (GGE/ton) algae alone) output ($/GGE) CO2¢/MJ)
7 199.2 73.9 2.9 9.50 PU (s)' $4.01 -30.4
4 264.6 109.1 8.3 9.50 PU (s) $6.10 31.0
8 106.0 108.5 10.5 9.50 PU (s) $6.41 37.7
6 96.8 108.5 12.4 9.50 PU (s) $6.63 41.8
3 171.8 108.9 15.9 9.50 PU (s) $6.90 46.8
1 119.5 108.4 18.5 9.50 PU (s) $7.06 49.5
2 261.9 108.0 24.2 9.50 PU (s) $7.33 53.4
5 194.3 107.9 27.9 9.50 PU (s) $7.45 55.0

1 (s) = saturation limit used for modeling. Values for CAP pathway shown above are for blue curve of Figure 17,
based on modeling polyurethane coproduction up until reaching US market saturation limits (for example purposes).
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Appendix B. Example of Freshwater Site Group 7 and
Saline Site Group 6 MFSP Cost Breakouts: Fuels-Only

Versus Fuels Plus Coproducts Scenarios

For the CAP cases, the relationship between the final MFSP and the coproduct or other
contributions is an important relationship to understand. Figure B-1 displays the MFSP breakouts
for freshwater group 7 (an example case that is close to the weighted average MFSP). Two
scenarios are shown; the first excludes coproducts and yields to fuels are higher. The MFSP is
$6.19/GGE with the majority of the costs coming from the feedstock. The second scenario
includes PU coproduction and the relative breakouts for those contributions. For this case, the
PU coproduct value offsets the cost of the feedstock and the final MFSP is much lower at
$1.91/GGE. Additionally, Figure B-1 also shows the breakouts for saline group 6 (an example
that is close to the weighted average). Here, the MFSP for the fuel-only focused train is
$7.91/GGE attributed to higher feedstock costs. After including both succinic acid and PU as
coproducts, MFSP is reduced to $2.57/GGE.

$20

$15

M Fixed Costs

M Utilities & Storage

- »10 B Succinic Acid Fermentation
& o
3 [ Anaerobic Digestion
T
§ $5 O Lipid Upgrading to Fuels
N
u M Lipid Purification & PU Production
O
% 0 [ Carboxylic Acid Fermentation
2, M Pretreatment and Conditioning
=
M Feedstock Cost
($5)
Total
(s10)
($15)
Freshwater Freshwater  Saline Group 6: Saline Group 6:
Group 7: CA-AD Group 7: CA-PU- CA-AD SA-PU-AD
AD

Figure B-1. MFSP cost breakouts for an example case for freshwater Group 7 that produces (a)

maximum fuels and (b) polyurethane coproduct, and saline Group 6 that produces (c) maximum
fuels and (d) succinic acid and polyurethane coproducts. CA = carboxylic acids (upgraded to fuels);
AD = anaerobic digestion of stillage residues; PU = polyurethane coproduct; SA = succinic acid coproduct
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Appendix C. Detailed Cost Data for Algae/Wood Blend Feedstock HTL and

Upgrading Systems in Different Sites

Combined Combined
Combined Freshwater - no Freshwater -
Freshwater Cases 1 2 3 4 5 6 7 8 9 Freshwater aq upgrading High Wood
Processing Area Cost Contributions & Key
Technical Parameters Metric
Fuel selling price $/gge $3.83 $3.71 $3.81 $3.53 $3.48 $3.73 $3.70 $3.56 $3.76 $3.72 $3.79 $3.03
Conversion Contribution $/gge $1.25 $1.27 $1.26 $1.16 $1.20 $1.25 $1.24 $1.16 $1.25 $1.24 $0.86 $1.28
Production Diesel mm gge/yr 25 26 25 28 27 26 26 28 25 26 23 40
Production Naphtha mm gge/yr 13 15 14 15 15 14 14 14 14 14 11 29
Diesel Yield (AFDW feedstock basis) gge/US ton feedstock 96 90 95 99 99 94 96 101 95 96 84 75
Naphtha Yield (AFDW feedstock basis) gge/US ton feedstock 52 54 52 53 53 53 52 52 52 52 41 54
Diesel Yield (areal basis) gge/acre-yr 4,986 5,193 4,980 5,586 5,481 5,120 5,152 5,507 5,042 5,167 4,556 8,087
Naphtha Yield (areal basis) gge/acre-yr 2,696 3,082 2,720 2,964 2,929 2,875 2,809 2,832 2,772 2,814 2,192 5,821
Natural Gas Usage-drying (AFDW algae basis) |scf/US ton feedstock 0 0 0 0 0 0 0 0 0 0 0 0
Natural Gas Usage-H2 gen (AFDW algae basis) |scf/US ton feedstock 3,743 3,733 3,741 3,769 3,769 3,742 3,746 3,769 3,744 3,745 3,745 3,669
Carbon efficiency, Cin products/C in feedstock [% 74.8% 74.0% 74.6% 76.7% 76.7% 74.7% 74.9% 76.8% 74.8% 74.9% 63.2% 68.8%
Feedstock Cost (AFDW basis) $/US ton blend $382 $351 $376 $359 $345 $363 $364 $366 $370 $367 $367 $225
Processing Area Cost Contributions
Feedstock $/gge fuel $2.59 $2.44 $2.56 $2.37 $2.28 $2.48 $2.46 $2.40 $2.51 $2.48 $2.93 $1.75
Algae Drying (summer & spring only) $/gge fuel $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
HTL Biocrude Production $/gge fuel $0.43 $0.42 $0.43 $0.43 $0.43 $0.43 $0.43 $0.43 $0.43 $0.43 $0.52 $0.35
HTL Biocrude Hydrotreating to Finished Fuelg$/gge fuel $0.17 $0.17 $0.17 $0.17 $0.17 $0.17 $0.17 $0.17 $0.17 $0.17 $0.20 $0.14
HTL Aqueous Phase Upgrading $/gge fuel $0.50 $0.52 $0.50 $0.42 $0.42 $0.50 $0.49 $0.42 $0.50 $0.49 $0.00 $0.70
Balance of Plant $/gge fuel $0.39 $0.38 $0.39 $0.37 $0.38 $0.38 $0.38 $0.37 $0.38 $0.38 $0.46 $0.35
Nutrient Recycle Credit $/gge fuel (0.24) (0.23) (0.23) (0.22) (0.20) (0.23) (0.23) (0.23) (0.24) (0.23) (0.33) (0.25)
Combined Saline| Combined Saline -| Combined Saline
Saline cases 1 2 3 4 5 6 7 8 case no aq upgrading -High Wood
Processing Area Cost Contributions & Key
Technical Parameters Metric
Fuel selling price S/gge $4.80 $4.71 $4.51 $4.43 $4.54 $4.50 $4.31 $4.44 $4.55 $4.77 $3.50
Conversion Contribution $/gge $1.22 $1.23 $1.24 $1.25 $1.26 $1.25 $1.18 $1.25 $1.24 $0.85 $1.28
Production Diesel mm gge/yr 26 26 26 25 25 25 26 25 26 23 40
Production Naphtha mm gge/yr 14 15 15 14 14 14 14 14 14 11 29
Diesel Yield (AFDW feedstock basis) gge/US ton feedstock 96 95 94 95 93 94 99 95 95 84 75
Naphtha Yield (AFDW feedstock basis) gge/US ton feedstock 52 52 53 52 53 53 53 53 52 41 54
Diesel Yield (areal basis) gge/acre-yr 5,230 5,279 5,203 5,074 4,978 4,956 5,264 5,054 5,126 4,516 8,068
Naphtha Yield (areal basis) gge/acre-yr 2,816 2,911 2,909 2,803 2,838 2,766 2,803 2,808 2,835 2,213 5,840
Natural Gas Usage-drying (AFDW algae basis) [scf/US ton feedstock 0 0 0 0 0 0 0 0 0 0 0
Natural Gas Usage-H2 gen (AFDW algae basis) [scf/US ton feedstock 3,744 3,742 3,746 3,746 3,742 3,744 3,769 3,745 3,744 3,744 3,669
Carbon efficiency, Cin products/Cin feedstock |% 74.9% 74.7% 74.9% 75.0% 74.6% 74.8% 76.7% 74.9% 74.8% 63.2% 68.8%
Feedstock Cost (AFDW basis) $/US ton blend $530 $511 $481 $469 $478 $477 $474 $470 $487 $487 $286
Processing Area Cost Contributions
Feedstock $/gge fuel $3.58 $3.48 $3.27 $3.18 $3.28 $3.25 $3.13 $3.19 $3.31 $3.91 $2.22
Algae Drying (summer & spring only) $/gge fuel $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
HTL Biocrude Production $/gge fuel $0.43 $0.43 $0.43 $0.43 $0.43 $0.44 $0.44 $0.43 $0.43 $0.53 $0.35
HTL Biocrude Hydrotreating to Finished Fueld$/gge fuel $0.17 $0.17 $0.17 $0.17 $0.17 $0.17 $0.17 $0.17 $0.17 $0.21 $0.14
HTL Aqueous Phase Upgrading $/gge fuel $0.49 $0.50 $0.49 $0.49 $0.50 $0.50 $0.42 $0.49 $0.49 $0.00 $0.70
Balance of Plant S/gge fuel $0.38 $0.38 $0.38 $0.38 $0.39 $0.39 $0.38 $0.38 $0.38 $0.46 $0.35
Nutrient Recycle Credit S/gge fuel (0.25) (0.24) (0.23) (0.23) (0.23) (0.24) (0.23) (0.23) (0.23) (0.34) (0.26)
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Appendix D. Life Cycle Inventory Data for the Pathways Examined

Table D-1. LCI of Algae Cultivation

Freshwater Scenarios

Group 1 2 3 4 5 6 7 8 9
Energy | Electricity (kWh/kg afdw) 0.394 | 0.396 0.391 0.357 0.345 0.357 0.346 0.340 0.348
C/N/P | COz2 (kg/kg afdw) 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67
Ammonia (kg/kg afdw) 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
(NH4)2HPO4 (kg/kg afdw) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Water | Fresh Water Lost to Evaporation 195 160 177 88 37 50 26 36 22
Use (kg/kg afdw)
Fresh Water Lost to Blowdown 13.6 13.1 13.3 6.3 2.4 3.5 1.5 2.9 2.0
(kg/kg AFDW)
CO2 Outgassing from Ponds (g/kg afdw) | 665.8 | 666.0 665.8 665.7 665.5 665.5 665.5 665.5 665.4
Saline Water Scenarios
Group 1 2 3 4 5 6 7 8
Energy | Electricity (kWh/kg afdw) 0.402 0.402 0.374 0.354 0.372 0.358 0.352 0.353
C/N/P | CO2 (kg/kg afdw) 2.68 2.68 2.67 2.67 2.67 2.67 2.67 2.67
Ammonia (kg/kg afdw) 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
(NH4):HPOs4 (kg/kg afdw) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
CO2 Outgassing from Ponds (g/kg afdw) | 667.4 667.4 666.5 665.9 666.2 665.9 665.9 665.9
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Table D-2. LCI of CAP Conversion Technology (freshwater scenarios, Per MJ RDe)

Products
Renewable Diesel (MJ) 0.360 0.361 0.360 0.359 0.359 0.360 0.359 0.359 0.360
Naphtha (MJ) 0.640 0.639 0.640 0.641 0.641 0.640 0.641 0.641 0.640
Polyurethane (kg) 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025
Electricity Excess (kWh) 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019
Inputs
Algae Biomass (kg afdw) 0.103 0.108 0.104 0.101 0.102 0.104 0.102 0.100 0.103
Natural Gas (MJ) 0.070 0.068 0.066 0.071 0.069 0.069 0.070 0.069 0.070
Sulfuric Acid (kg) 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
Ammonia (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
(NH4)2HPO4 (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Hexane (kg) 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Hydrogen (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Corn Steep Liquor (kg) 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
Water (gal) 0.165 0.164 0.167 0.173 0.170 0.165 0.170 0.171 0.165
Process Recovered Streams
NH; (kg) 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
(NH4)2HPO4 (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Bioavailable N (kg Ca(NOs)2) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CO:z (Recovered) (kg) 0.071 0.072 0.071 0.071 0.071 0.071 0.071 0.070 0.071
Water Recycled (gal 0.232 0.232 0.235 0.238 0.235 0.232 0.237 0.235 0.232
Products
Renewable Diesel (MJ) 0.508 0.509 0.508 0.508 0.508 0.508 0.508 0.508
Naphtha (MJ) 0.492 0.491 0.492 0.492 0.492 0.492 0.492 0.492
Electricity Excess (kWh) 0.015 0.014 0.014 0.014 0.014 0.014 0.014 0.014
Inputs
Algae Biomass (kg afdw) 0.072 0.076 0.073 0.071 0.071 0.073 0.072 0.072
Natural Gas (MJ) 0.021 0.005 0.003 0.005 0.005 0.006 0.003 0.005
Sulfuric Acid (kg) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
Ammonia (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
(NH4)2HPO4 (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Hexane (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Hydrogen (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Corn Steep Liquor (kg) 0.006 0.006 0.006 0.007 0.007 0.006 0.007 0.006
Water (gal) 0.100 0.098 0.101 0.105 0.103 0.099 0.103 0.100
Process Recovered Streams
NH; (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
(NH4)2HPO4 (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Bioavailable N (kg Ca(NOs)2) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CO2 (Recovered) (kg) 0.046 0.046 0.046 0.045 0.045 0.046 0.045 0.045
Water Recycled (gal) 0.156 0.156 0.158 0.160 0.158 0.156 0.159 0.156
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Table D-3. LCI of CAP Conversion Technology (saline scenarios, Per MJ RDe)
[Groupwith PUandSAcoproducts [ 1 [ 2 [ 3 [ 4 [ 5 [ 6 [ 7 [ 8 [ 7+ [ 8 ]

Products
Renewable Diesel (MJ) 0.705 0.704 0.704 0.704 0.704 0.704 0.704 0.704 0.358 0.462
Naphtha (MJ) 0.295 0.296 0.296 0.296 0.296 0.296 0.296 0.296 0.642 0.538
Polyurethane (kg) 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.025 0.003
Succinic Acid (kg) 0.048 0.048 0.048 0.048 0.048 0.048 0.048 0.048 0 0
Electricity Excess (kWh) 0.005 0.005 0.004 0.004 0.006 0.003 0.004 0.004 0.021 0.015
Inputs
Algae Biomass (kg afdw) 0.142 0.143 0.141 0.140 0.143 0.142 0.139 0.142 0.104 0.070
Natural Gas (MJ) 0.658 0.661 0.656 0.654 0.666 0.659 0.655 0.660 0.062 0.063
Sulfuric Acid (kg) 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.004 0.003
Ammonia (kg) 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.001
(NH,4),HPO, (kg) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001
Hexane (kg) 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001
Hydrogen (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Corn Steep Liquor (kg) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.009 0.006
Water (gal) 0.350 0.349 0.350 0.350 0.349 0.350 0.351 0.350 0.168 0.109
Process Recovered Streams
NH; (kg) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.002 0.001
(NH4),HPO, (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Bioavailable N (kg Ca(NOs),) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CO, (Recovered) (kg) 0.103 0.104 0.103 0.103 0.104 0.103 0.103 0.104 0.072 0.048
Water Recycled (gal 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Products
Renewable Diesel (MJ) 0.508 0.509 0.508 0.508 0.509 0.508 0.508
Naphtha (MJ) 0.492 0.491 0.492 0.492 0.491 0.492 0.492
Electricity Excess (kWh) 0.014 0.014 0.014 0.014 0.014 0.014 0.014
Inputs
Algae Biomass (kg afdw) 0.073 0.073 0.072 0.072 0.074 0.073 0.073
Natural Gas (MJ) 0.008 0.008 0.008 0.008 0.007 0.007 0.008
Sulfuric Acid (kg) 0.003 0.003 0.003 0.003 0.003 0.003 0.003
Ammonia (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001
(NH4),HPO, (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Hexane (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Hydrogen (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Corn Steep Liquor (kg) 0.006 0.006 0.006 0.006 0.007 0.007 0.006
Water (gal) 0.101 0.101 0.100 0.100 0.102 0.102 0.101
Process Recovered Streams
NH; (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001
(NH,4),HPO, (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Bioavailable N (kg Ca(NOs),) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CO; (Recovered) (kg) 0.046 0.046 0.046 0.046 0.046 0.046 0.046
Water Recycled (gal) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Table D-4. LCI of HTL Conversion Technology (per MJ RDe)

Products
Renewable Diesel (MJ) 0.677 0.654 0.675 0.677 0.675 0.667 0.675 0.685 0.673
Naphtha (MJ) 0.323 0.346 0.325 0.323 0.325 0.333 0.325 0.315 0.327
Inputs
Algae Biomass (kg afdw) 0.045 0.039 0.044 0.041 0.041 0.042 0.043 0.044 0.043
Electricity (kWh) 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
Natural Gas (MJ) | 0.2267 0.2413 0.2290 0.2130 0.2134 0.2298 0.2249 0.2116 0.2272
Sulfuric Acid (kg) 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
HT Catalyst (kg) | 3.2x10° | 3.2x10° | 3.2x10° | 3.2x10° | 3.2x10° | 3.2x10° | 3.2x10° | 3.2x10° | 3.2x10°
Waste Wood (kg) 0.015 0.025 0.017 0.015 0.015 0.019 0.017 0.012 0.017
Water (gal) | 0.0046 0.0048 0.0046 0.0043 0.0043 0.0046 0.0045 0.0042 0.0046
Process Recovered Streams
NH3 (kg) | 0.0008 0.0007 0.0008 0.0007 0.0007 0.0007 0.0007 0.0007 0.0007
(NH4)>HPO4 (kg) | 0.0004 0.0003 0.0004 0.0003 0.0003 0.0003 0.0003 0.0004 0.0003
CO; (Recovered) (kg) | 0.0674 0.0755 0.0688 0.0593 0.0593 0.0686 0.0658 0.0590 0.0673
Water Recicled (ial) 0.0733 0.0781 0.0741 0.0681 0.0682 0.0742 0.0726 0.0677 0.0734
Products
Renewable Diesel (MJ) 0.678 0.672 0.668 0.671 0.663 0.669 0.676 0.670
Naphtha (MJ) 0.322 0.328 0.332 0.329 0.337 0.331 0.324 0.330
Inputs
Algae Biomass (kg afdw) 0.044 0.043 0.041 0.042 0.040 0.041 0.043 0.042
Electricity (kWh) 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
Natural Gas (MJ) 0.223 0.226 0.225 0.224 0.228 0.226 0.222 0.225
Sulfuric Acid (kg) 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
HT Catalyst (kg) | 3.2E-06 3.3E-06 3.3E-06 3.2E-06 3.3E-06 3.3E-06 3.2E-06 3.3E-06
Waste Wood (kg) 0.015 0.017 0.019 0.018 0.020 0.018 0.016 0.018
Water (gal) 0.0045 0.0045 0.0045 0.0045 0.0046 0.0045 0.0045 0.0045
Process Recovered Streams
NH3 (kg) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
(NH4)>HPO4 (kg) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CO; (Recovered) (kg) 0.065 0.067 0.065 0.065 0.067 0.066 0.064 0.066
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