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Decisions involving strain selection, biomass to biofuel technology, and the location of
cultivation facilities can strongly influence the economic viability of an algae-based bio-
fuel enterprise. We summarize our past results in a new analysis to explore the relative
economic impact of these design choices. Our growth model is used to predict average
biomass production for two saline strains (Nannochloropsis salina and Arthrospira sp.), one
fresh to brackish strain (Chlorella sp., DOE strain 1412), and one freshwater strain (order
Sphaeropleales). Biomass to biofuel conversion is compared between lipid extraction and
hydrothermal liquefaction (HTL) technologies. National-scale models of water, CO2 (as flue
gas), land acquisition, site leveling, construction of connecting roads, and transport of HTL
oil to existing refineries are used in conjunction with estimates of fuel value (from HTL)
to prioritize and select from 88,692 unit farms (UF, 405 ha in pond area), a number suffi-
cient to produce 136E+9 L year−1 of renewable diesel [36 billion gallons year−1 (BGY)].
Strain selection and choice of conversion technology have large economic impacts, with
differences between combinations of strains and biomass to biofuel technologies being up
to $10 million year−1 UF−1. Results based on the most productive strain, HTL-based fuel
conversion, and resource costs show that the economic potential between geographic
locations within the selection can differ by up to $4 million year−1 UF−1, with 1.8 BGY of
production possible from the most cost-effective sites. The local spatial variability in site
rank is extreme, with very high and low sites within 10 kms of each other. Colocation with
flue gas sources has a strong influence on rank, but the most costly resource component
varies from site to site.The highest rank UFs are located predominantly in Florida andTexas,
but most states south of 37°N latitude contain promising locations.

Keywords: algae, biofuels, resource assessment, geographic information systems, techno-economics

INTRODUCTION
PNNL’s biomass assessment tool (BAT) (Wigmosta et al., 2011)
provides a national-scale, integrated modeling environment to
study the complex interactions between algal biology, biomass
to biofuel technology, and resource availability and costs. BAT
enables detailed and rigorous incorporation of spatiotemporal
information into site selection exercises (Venteris et al., 2014a) and
in estimates of national biofuel production potential (Wigmosta
et al., 2011; Venteris et al., 2013, 2014b,c), with a current focus
on open-pond cultivation (Jorquera et al., 2010). While a defini-
tive picture of the best strategies for producing biofuel from algae
remains elusive, we have made sufficient progress in our model-
ing efforts to warrant a summary analysis. Of particular interest,
and an issue not fully explored in the previous contributions, is
the relative import of economic and technical challenges between
these three aspects of production.

Evaluating these requires estimates of production values rel-
ative to costs at potential unit farm (UF) sites across the coter-
minous United States (CONUS). For example, natural resource
requirements are often discussed in the context of their potential

limitations on the feasibility and sustainability of algae biofuel at
energy scales (National Research Council, 2012). Key considera-
tions include the availability of water for cultivation (freshwater
and a range of saline alternatives), consumption of CO2 for growth
rate enhancement relative to current waste sources (flue gas), N
and P fertilizer requirements relative to that of traditional agri-
culture, and the availability of land that is both suitable for the
construction of large open-pond cultivation facilities (405 ha or
larger) and requires minimal economic and environmental trade-
offs. Our BAT-based investigations have confirmed these resources
as important siting factors. However, within the range of renew-
able production targets considered [19–136E+ 9 L year−1 or 5–36
billion gallons year−1 (BGY) of renewable diesel (RD), using the
Energy Independence and Security Act of 2007 and other docu-
ments (United States Department of Energy, 2010) as guidance],
the limitations they present are mainly economic rather than
absolute, and spatially relative.

To illustrate, we summarize key conclusions from our previous
BAT-based investigations. Wigmosta et al. (2011) have demon-
strated large contrasts in algae growth rate due to climate, with the
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Venteris et al. Economic performance of algae cultivation sites

best sites in the southern half of the US producing at least twice
the ash-free biomass as those in coolest CONUS locations. The
annual average biomass production is also strain dependent, the
impacts on performance being one of the results of this current
analysis. Estimating the amount of biofuel produced per unit bio-
mass requires a fuel conversion process. We have considered two
main technologies, lipid extraction (LE) (Davis et al., 2012) and
hydrothermal liquefaction (HTL) (Elliott et al., 2013; Frank et al.,
2013; Jazrawi et al., 2013; López Barreiro et al., 2013), to estimate
fuel production. In LE, the algae biomass is dried and lipids (tria-
cylglycerols or TAGs) are extracted (through various methods, the
employment of solvents such as hexane is commonly suggested)
and upgraded to bio or RD. The leftover biomass may be sold as
co-products or the nutrients recycled through anaerobic digestion
(AD) (Frank et al., 2011) or catalytic hydrothermal gasification
(CHG) (Brown et al., 2010; Frank et al., 2013; Venteris et al.,
2014b). In HTL, the full, moist (~10–30% water content) bio-
mass is put into a reaction vessel and subjected to heat (~300°C)
and pressure (10–25 MPa). HTL demonstrates higher biomass to
biofuel conversion efficiency, so there is less leftover material to

process than for LE. Estimates of biomass to biofuel efficiency
are consistently much greater for HTL than LE (Venteris et al.,
2014b,c); the selection of HTL roughly doubles the output of RD
per unit biomass. In general, sites using a productive species in
a favorable climate, with biomass to biofuel based on HTL, have
higher fuel production, make more efficient use of resources and
therefore have more favorable economic prospects.

Our studies suggest that resources mainly present economic
challenges rather than hard and fast supply barriers. Land avail-
ability alone does not present serious limitations. Suitable (low
slope, non-protected) barren and desert lands as well as minimally
productive agricultural lands are more than sufficient (Wigmosta
et al., 2011; Venteris et al., 2012) to meet the current range of
production targets under consideration. However, the combined
impact of water supply and infrastructure constraints inherent to
marginal steppe and desert lands present serious challenges (Ven-
teris et al., 2014c). The most significant supply (non-economic)
limitations come from freshwater, with the CONUS production
potential being 23.5 BGY but with 16 BGY of sites lacking sup-
ply in the southwestern US alone [region defined in Figure 1

FIGURE 1 | Map of the CONUS showing the number and locations of sites required to produce 36 BGY of RD without any resource constraints
(production only).
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(Venteris et al., 2013), with estimates based on LE, using HTL
technology would roughly double both numbers]. Seawater and
saline groundwater provide intriguing alternatives (Venteris et al.,
2013) but are limited by the high cost of pipeline supply sys-
tems, expensive wells that are typically deeper than those required
for freshwater, and concentrate disposal costs. Carbon dioxide is
also a cost-limited resource. While waste supplies of CO2 such as
flue gas from electricity generation are plentiful, economic deliv-
ery requires proximity (~10 km) to sources to maintain recovery
costs below the market value of industrial CO2 (~$40 metric
tonne−1) (National Energy Technology Laboratory, 2010). Direct
capture of CO2 from the air [typically using bases such as NaOH
(Holmes and Keith, 2012)] is currently very expensive and ecologi-
cal approaches (CO2-evolving cyanobacteria in mixed culture) are
in their infancy. In contrast, transport and acquisition costs for N
and P fertilizers are relatively small, but consumption relative to
current agricultural demand could have negative impacts on food
costs and security. Supplying nutrients at energy scales to support
the full consumption of biomass through fuel and co-products is
likely prohibitive (Venteris et al., 2014b). However, the combina-
tion of HTL (Elliott et al., 2013; Frank et al., 2013) and nutrient
recycling through AD or CHG can dramatically reduce the nutri-
ent demand and increase the amount of biofuel that can be based
on recycled waste nutrients including municipal sewage and ani-
mal manures (Venteris et al., 2014b). Balancing nutrient demands
between food and fuel production requires careful planning, but
there are many opportunities to increase utilization efficiency for
both algae biofuel and traditional agriculture (Mac Donald et al.,
2009; Crouse and Havlin, 2011).

In this review, we present a new analysis based on our pre-
viously published models and parameters. Our main goal is to
quantify and illustrate the economic consequences associated
with a range of design decisions rather than estimate overall
biofuel production potentials (Venteris et al., 2013, 2014b,c).
In Venteris et al. (2014a), we explored similar siting issues by
applying a series of binary screens relating to groundwater salin-
ity, soil hydraulic conductivity, and proximity to transportation

infrastructure. We identified the locations with the highest algae
growth rate that met the selection criteria. Here, we revisit the
issue of site location, but with a model based on a partial techno-
economic assessment (TEA) based on fuel production value and
resource costs. Biomass production is determined by the selected
strain’s sensitivity to climate (light and temperature) and val-
ued by the amount of RD produced through either LE or HTL.
At each potential site this is compared against resource costs
for land acquisition, site leveling, water and flue gas availabil-
ity and delivery costs, construction of connecting roads, and
transport of fuel precursors (raw HTL oil) to existing refiner-
ies. We explore the range of values and costs for each of these
factors and how these can inform decisions on strain selection,
choice of biofuel to biomass technology, and determining the
best UF locations for cultivation sites, those with both a cli-
mate supporting high algae growth rates and low cost access to
resources.

MATERIALS AND METHODS
We have presented the components of the open-pond based BAT
growth and resource models in previous publications and so
provide only a brief overview here. In its current implementa-
tion, our growth model is focused on predicting the geographic
variations in biomass production rate due to climate under
optimal nutrient conditions without consideration of the bio-
geochemical aspects of pond operation or ecological dynamics
relating to multi-strain assemblages and predation. In addition,
the number of strains parameterized and published remains lim-
ited to one generic (Wigmosta et al., 2011; Venteris et al., 2013)
and four specific strains [Nannochloropsis salina, Chlorella sp.
(DOE strain 1412), Arthrospira sp., and members of the order
Sphaeropleales (Table 1)]. While a more complete strain data-
base will be required to define the economic role of organ-
ism selection, we can make preliminary comparisons of perfor-
mance. These species and strains were of high interest to the
national alliance for advanced biofuels and bio-products (NAABB)
research consortium (Venteris et al., 2014c) and to a private sector

Table 1 | Summary of growth model parameters used with the Wigmosta et al. (2011) growth model, and the initial publication of appearance

for the four strains used in this study.

Organism Published Pond

depth

cm

Water

type

So (µmol

m−2 s−1)

εb Tmin

(°C)

Topt_low

(°C)

Topt_high

(°C)

Tmax

(°C)

Number of 485 ha

sites to reach

36 BGY through

HTL technology

Arthrospira sp. Venteris et al.

(2014a)

15 Saline 150 0.5 15 25 40 45.0 22,582

Sphaeropleales Venteris et al.

(2014a)

30 Fresh 150 0.5 5 15 30 35.0 10,853

Chlorella sp. Venteris et al.

(2014b,c)

30 Fresh to

Brackish

250 0.61 12.8 36.0 36.2 45.0 12,242

Nannochloropsis

salina

Venteris et al.

(2014c)

30 Saline 250 0.21 11.0 26.3 28.0 36.0 32,043

The number of sites required to meet 36 BGY does not account for any resource costs or constraints.
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collaborator [Sapphire Energy Inc. (Venteris et al., 2014a)]. The
selected organisms incorporated a range of lipid contents (10–
35.4%, Table 2), salinity requirements [fresh (<2 g kg−1) to saline
(35 g kg−1)], and ideal temperature ranges for growth (Table 1),
and so provided at least a glimpse into the potential growth
variability and economic impacts of strain selection.

Table 2 | Summary of parameters used in CO2 demand and biomass

to biofuel calculations.

Parameter Value Source Publications

used in

Carbon utilization

efficiency
(
ECO2

) 0.82 Davis et al.

(2012)

Venteris et al.

(2014b,c)

Harvest efficiency (H ) 0.95 Davis et al.

(2012)

Venteris et al.

(2014b,c)

Lipid content (l ) for

Arthrospira

0.10 Toor et al.

(2013)

NA

Lipid content (l ) for

Sphaeropleales

0.25 Davis et al.

(2012)

NA

Lipid content (l ) for

Chlorella

0.25 Davis et al.

(2012)

Venteris et al.

(2014b,c)

Lipid content (l ) for

N. salina

0.354 Van Wagenen

et al. (2012)

Venteris et al.

(2014c)

Lipid extraction efficiency

(Ee)

0.855 Davis et al.

(2012)

Venteris et al.

(2014b,c)

RD fuel recovery, LE

(ELERD)

0.928 Davis et al.

(2012)

Venteris et al.

(2014b,c)

Naptha fuel recovery, LE

(ELEN)

0.036 Davis et al.

(2012)

Venteris et al.

(2014c)

Biomass to HTL Oil

efficiency (EHTL) for

prokaryotic (blue green)

algae

0.38 Toor et al.

(2013)

NA

Biomass to HTL oil

efficiency (EHTL) for

eukaryotic algae

0.606 Davis et al.

(2014)

Venteris et al.

(2014c)

HTL renewable diesel

upgrading efficiency

(ERD)

0.685 Davis et al.

(2014)

Venteris et al.

(2014c)

HTL naphtha upgrading

efficiency (EN)

0.0996 Davis et al.

(2014)

Venteris et al.

(2014c)

Lipid density (ρl) (kg L−1) 0.909 Davis et al.

(2012)

Venteris et al.

(2014b,c)

HTL renewable diesel

density (ρRD) (kg L−1)

0.793 Davis et al.

(2014)

Venteris et al.

(2014c)

HTL naphtha density

(ρNP) (kg L−1)

0.780 Davis et al.

(2014)

Venteris et al.

(2014c)

Notation as used in the detailed calculation presentation in Venteris et al. (2014c)

is also included.

The rate of algae production was predicted through equations
that consider the impact of the amount of light reaching the pond,
the efficiency of the organism in using light, and the effect of pond
temperature (Weyer et al., 2010; Zemke et al., 2010;Wigmosta et al.,
2011). A stochastic weather generator [Cligen (Nicks and Gander,
1994)] was used to simulate the amount of solar insolation, air
temperature, and precipitation, which in-turn drove a numeri-
cal simulation of pond state [MASS2 (Perkins et al., 2004)] that
predicted pond temperature and the freshwater evaporation rate.
Simulations were conducted at an hourly time step and the average
annual biomass and evaporative water consumption computed,
based on 30 years of simulation results. Issues of equipment design,
greenhouse-gas life-cycle analysis, and techno-economic modeling
relating to seasonal and monthly variations in algae production
were presented in Davis et al. (2014) and Coleman et al. (2014).

Current analyses (Frank et al., 2013; Davis et al., 2014; Venteris
et al., 2014b) have emphasized the nutrient recovery potential of
HTL when coupled with CHG. Less understood is the relative
co-product value between LE and HTL residues; here, we empha-
sized scenarios with maximized nutrient recycling to minimize
impacts on agricultural nutrient supplies and food costs (Venteris
et al., 2014b). Therefore, potential co-products and their values
were not considered. The RD production value for each UF was
calculated from the dry, ash-free biomass, which was then con-
verted to volume of fuel and price [based on $3.05 gal−1, wholesale
(Energy Information Administration, 2012)] through conversion
factors [Table 2, the calculation methods were presented in detail
previously (Venteris et al., 2014b,c)].

The central analysis was a resource-based tradeoff prioritiza-
tion and site selection from the initial 88,692 UF (485 total area
with 405 ha of cultivation ponds). A number of UFs sufficient to
produce 36 BGY of RD were selected. While we have integrated
the water portion of our resource models with life cycle and TEA
focused on cultivation and biofuel processing (Davis et al., 2012,
2014; Coleman et al., 2014), the emphasis has been on the sustain-
ability and economics of up and downstream resources. Based on
comparisons of strains and biomass to biofuel performance, we
conducted a new analysis based on Sphaeropleales cultivation in
freshwater (where it was available, with a 2 g kg−1 operating salin-
ity) and Chlorella cultivation in brackish water (where freshwater
was not available, with a 10 g kg−1 operating salinity), with bio-
mass to biofuel conversion through HTL. An updated model was
in development for seawater cost assessment, so further analysis of
the seawater resource was reserved for an upcoming, focused arti-
cle. In keeping with the spirit of this review, we mainly considered
previously presented resource components (Table 3). Resources
considered included fresh and brackish groundwater supply costs
(Venteris et al., 2014c), with freshwater use limited to 5% of the
mean annual flow for each watershed (Venteris et al., 2013). CO2

was provided by flue gas (Venteris et al., 2014b,c), with costs
assessed by a pipeline transport model and the number farms
connected to each source limited by capacity. In addition, sites
where CO2 costs exceeded the market value of $40 tonne−1 were
excluded. Hence, our site evaluation model was constrained by
the supply of water resources by watershed and CO2 resource by
point source. The impact of these availability constraints would
decrease for smaller RD production targets. In addition, leveling
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Venteris et al. Economic performance of algae cultivation sites

Table 3 | Summary of resource components used in the site

prioritization and selection model.

Name Type of model Average cost, 36

BGY scenario

Fresh and saline

groundwater

Cost distance routing based on well

and pipeline operating and capital

costs. Supply limited to 5% of mean

annual watershed flow

$256,382

Carbon dioxide Cost distance routing based on

pipeline delivery (as a compressed

gas). Supply limited by annual CO2

output of point flue gas sources and

for sites where flue gas costs exceed

the commercial value of the CO2

$923,709

Land acquisition Land costs based on annualized

value of land and amortized

compensation to seller for

land-based lost income (crops)

$473,078

Land leveling Cut and fill model based on soil

depth from STATSGO and material

removal and emplacement costs for

soil, regolith, and bedrock

$270,607

Transport of HTL

Oil to refinery

for distillation

and upgrading

Cost distance routing based on

semi-truck, rail, and ship

transportation

$158,468

Road to facility Cost distance routing model based

on road construction costs, algorithm

has iterative routine that permits

sharing of roads between facilities

$58,101

Average costs are provided for illustration only, and should not be used as inputs

for future modeling as such costs for an individual site are highly variable (see

Figure 6).

costs (Venteris et al., 2014b) based on dividing each farm into 10
terrace units, land acquisition costs (Venteris et al., 2012, 2014b),
and construction of a road to the cultivation site (Venteris et al.,
2014b) were included. We introduced one new resource cost com-
ponent, where HTL oils were sent to an existing refinery through
road (tanker truck), rail, and/or ship, with costs estimated from
Geographic Information System (GIS)-based cost distance models
(a simplified version of this model was used in the selection for
Davis et al., 2012). Details of this transport model are presented
in the supporting information. The generalized algorithm used
for conducting site prioritization and selection was presented in
detail previously (Venteris et al., 2014c). Results were ordered by
decreasing net value until the 36 BGY production target was met
or a key resource was exhausted, whichever came first.

RESULTS
The minimum number of UF sites required (Table 1, based on
biomass to biofuel conversion through HTL) to meet the 36 BGY

FIGURE 2 | Distribution of mean annual growth rate (g m2 day−1) over
the 36 BGY selection presented in Figure 1, for the four strains studied.

FIGURE 3 | Distribution of the value of RD per unit farm (405 ha pond
area) for the four strains and two biomass to biofuel processes studied.

RD target and their locations (Figure 1) illustrated the significant
impact of strain selection and performance. Predicted growth rates
(Figure 2) for Sphaeropleales were nearly 60% higher than N.
salina, but roughly similar to the other strains. The differences
between the strains were compounded by the interaction between
production and climate. N. salina required the most sites, with the
least productive location having a growth rate 36% less than the
most productive. In contrast, that difference for Sphaeropleales
was only 11%. These contrasts in mean annual growth rate had a
dramatic impact on the number of required cultivation sites and
their geographic distribution. N. salina required over 21,000 more
sites (10 million ha) to achieve the same RD target.

Assessing the economic impact of strain selection required
the specification of a biomass to biofuel technology. Combined,
the economic impacts were dramatic (Figure 3). The difference
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in biofuel value (RD and naphtha) between the best and worst
performing strain was over $6 million year−1 UF−1 (based on
HTL) for the most productive climates. HTL’s conversion effi-
ciency resulted in a much larger amount of biofuel and revenue
stream relative to LE. For only one scenario did LE outperform
HTL. The gains in production value between the conversion tech-
nologies ranged from $4 to $6 million year−1 UF−1 for the top
three strains. The higher lipid content of N. salina did not result
in a reversing of the relative fuel production between HTL and
LE for that strain. The relationship between HTL efficiency and
lipid content was not well-established (Frank et al., 2013) and
required further laboratory studies. We did not specifically include
the potential influence of lipid content in HTL oil yield. However,
we did apply a smaller yield factor (Toor et al., 2013) for the low-
lipid organism Arthrospira than was used for the other strains.
The combination of Arthrospira and LE was the worst perform-
ing scenario, only producing 25 BGY despite occupation of all
potential CONUS sites. In contrast, biofuel production through

HTL increased productivity threefold. HTL clearly has the poten-
tial to improve the economics for biofuel production based on this
commonly grown and well-established strain (Ahsan et al., 2008;
Earthrise Nutritionals, 2013).

The high productivity of Sphaeropleales and the large HTL con-
version efficiency (Davis et al., 2014; Venteris et al., 2014c) made
this 36 BGY scenario the most optimistic we have presented to date.
Producing 36 BGY required 12,019 UF sites (Figure 4). As reflected
in the cost statistics, this new scenario had favorable impacts on
resource use efficiency, but we do not present a new compilation
of total resource requirements. Inventories were presented for a
similar model (Venteris et al., 2014c), so we focus on the drivers of
performance variability between individual UF sites. Strain per-
formance and resource costs were highly variable, which resulted
in a complex geographic distribution of site ranks (Figure 4).
The net fuel value [fuel (RD and naptha) minus resource costs]
ranged from over $11 million year−1 UF−1 for the best to $7 mil-
lion year−1 UF−1 for the worst sites within the selection (Figure 5).

FIGURE 4 | Map of the CONUS showing the number and locations of sites require to produce 36 BGY constrained by freshwater and flue gas
resources and prioritized by fuel value minus resource costs. The inset map illustrates the complexity of ranks for a very small geographic area.
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Venteris et al. Economic performance of algae cultivation sites

FIGURE 5 | Graph showing total fuel value (for each unit farm and as a 100 site running average) and net value versus RD production from 0 to 36 BGY.

There were a limited number of high performing locations (the top
5%, encompassing 539 UFs) with a total RD production capacity
of 1.8 BGY. Lower rank sites showed a steady, linear decrease in
net value. The total value of fuel is clearly a significant driver of
site rank, but there is a very large amount of scatter (over $2 mil-
lion year−1 UF−1) between sites of similar rank (Figure 5). High
algal growth rates alone did not guarantee favorable economics
for a given site, as even those with the large fuel values (over $12
million year−1 UF−1) occasionally had very low ranks.

This complexity was also partially driven by large spatial vari-
ability in resource costs (Figure 6). Sites with similar rank exhib-
ited marked contrasts in the total resource costs and the relative
importance between individual components. The plot of annu-
alized resource costs versus BGY of RD was best described as
scattered (Figure 6), but trends were discernable in the 100 site
running means. Carbon dioxide delivery was the largest resource
cost and there was a clear trend from 0 to 8.0 BGY, which demon-
strated that proximity to flue gas resources was key contributor to
site rank. Land acquisition was the second most significant cost,
and as with flue gas, it showed very large variability between sites
of similar rank. Land value is a function of the income derived
from it (crops, etc.) and proximity to infrastructure (Venteris et al.,
2012) so high land values in some cases are offset by more favor-
able infrastructure costs. This is reflected in the slightly decreasing
trend with increasing RD production. For water, the trend in costs
reflected the gradual transition from the use of inexpensive fresh-
water resources to more costly saline groundwater. For site leveling,
the trend was the result of the limited number of construction sites

with low-slopes and deep soils (removal of near-surface bedrock
is expensive and accounted for in the model). While water and site
leveling costs were not the highest cost components, the trends
demonstrated their important influence on site prioritization. In
general, costs associated with construction of connecting roads
and HTL oil transport were not significant. Interestingly, the trans-
portation of HTL oils to existing refineries showed a decrease in
costs with increased RD production over the range 0–2 BGY. This
is the result of elevated transportation cost to bring HTL oil to
existing refineries in Alabama from high-productivity cultivation
sites in Florida (Figure SI-1 in Supplementary Material). For other
transported materials such as fertilizers, prices were largely set
by the national market, not by geographic location (ERS-USDA
Economic Research Service, 2013).

DISCUSSION
The results show that the selection of algae strain, biomass
to biofuel conversion technology, and geographic location are
all important considerations when designing an algae cultiva-
tion facility. Even within our limited set of strains there are
dramatic differences in productivity worth millions of dollars
year−1 UF−1. The uncertainty in growth rate prediction is cur-
rently unknown, with validation studies being conducted for the
regional algal feedstock testbed project (RAFT) (USDOE, 2014).
The true performance differences and how much could be made
up through site optimization [(Mc Bride and Merrick, 2014) strain
selection, growth conditions, breeding and genetic modification,
ecology, etc.] require further investigation. In addition, a fuller
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FIGURE 6 | Graph showing the annualized cost of each resource component, for each unit farm and as a 100 site running mean versus RD production
from 0 to 36 BGY.

understanding of growth performance under saline conditions
is important to evaluate feasibility of algae cultivation based on
freshwater alternatives. While freshwater supplies are not a critical
issue to the early development of the industry, as energy scales
are realized it will be desirable to limit impacts, and freshwater
availability has already been shown to strongly impact siting flex-
ibility (Venteris et al., 2013, 2014a). Currently, our high salinity
strains do not perform as well as the freshwater strains. Lab-
oratory data (M. Heusemann, personal communication) shows
Chlorella can tolerate brackish salinities with a modest perfor-
mance penalty (Venteris and Wigmosta, 2013; Venteris et al.,
2014b). However, in this modeling effort, we do not penalize
Chlorella production for growth in brackish water, as it is currently
unknown how much performance can be recovered through opti-
mization. This analysis demonstrates that growth rates remain
a key consideration and studies such as RAFT that expand our
knowledge of real-world performance constraints and variability
due to climate, water chemistry, and ecological interactions are
essential.

Analyses continue to show impressive fuel production benefits
from HTL technology due to its high biomass to biofuel conver-
sion efficiency. However, a host of issues for investigation remain
for biofuel production and the fate of by-products. Fuel produc-
tion is a major USDOE goal, but is certainly not the only business
model for algae cultivation. The potential for co-products from

LE by-products are well understood, but the emphasis for HTL
investigations has been on the recycling of nutrients contained in
leftover biomass (Elliott et al., 2013; Frank et al., 2013; Davis et al.,
2014; Venteris et al., 2014b). The optimal choice of biomass to bio-
fuel technology to meet large energy targets may contrast with that
best for producing by-products such as plastics, nutraceuticals, and
animal feed.

Our models confirm that careful selection of geographic loca-
tion is of utmost importance. The first consideration is a climate
amenable to the cultivation of algae; accordingly, we have quan-
tified the advantages of light and warmth and located the best
geographic areas. However, resource costs show tremendous vari-
ability, with spatial economic gradients far larger than those found
in algae growth rates. The scatter in Figures 5 and 6 shows that
sites with very similar rank arrive there by quite different combina-
tions of biomass production and resource cost components. This
variation is driven by colocation (Figure 4), with significant spatial
variations in resource costs and subsequent rank occurring over
small distances (as small as 10 kms). While the results are strongly
influenced by CO2 transport, all resources contribute, their general
relative contribution being apparent in Figure 6. In an example
drawn from Florida (Figure 4, inset), high and low rank sites are
within 30 km of each other. Even with the high-productivity rates
in Florida, the spatial variability in resource costs results in large
spatial variability in rank.
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Spatial selection and site rank are highly sensitive to the design
requirements of the cultivation facility in question. For example, in
our study with Sapphire Energy Inc. (Venteris et al., 2014a) infra-
structure proximity and the potential influence of soil properties
was emphasized. In that work, pond leakage was to be controlled
through soil engineering rather than the typically specified plastic
pond liner. In contrast, in this analysis we specified plastic liners, so
soil properties only subtly influence the selection though site lev-
eling costs. There is also an issue of accounting that requires more
studies to resolve. Some of the cost-contrasts could be damped
through consideration of broader, multi-farm enterprise. Deter-
mining the optimal number of farms to combine biomass for
downstream processing will require better information on the
economics of scaling for biomass to biofuel and refining facili-
ties (Wright and Brown, 2007). Nevertheless, it is clear that BAT’s
UF (485 ha) basis provides critical spatial information that is not
attainable from studies conducted at county resolution, which
cannot account for site-specific costs and availability.

CONCLUSION
Decisions relating to strain selection, biomass to biofuel conver-
sion technology, and geographic location can result in millions
of dollars’ year−1 UF−1 of cost benefits. Within the range of sites
required to produce 36 BGY, the net fuel values differ by $4,000,000
year−1 UF−1. High resolution spatiotemporal models built within
GIS software such as BAT are essential tools for exploring the
resource consumption and economic consequences of the vari-
ous design decisions surrounding algae biofuel enterprises. We
have identified at least 500 locations where the combination of
climate and resource availability and costs are especially favorable
for economic success.
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