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1. Simulation Architecture
The work outlined is based on the integration of a validated bulk growth model with historical

meteorological data with results reduced using ArcGIS. The simulation architecture is presented in Fig.
S1.
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Fig. S1: Simulation architecture illustrating the use of a thermal and biological growth model as the foundation for a global
map of the lipid productivity based on simulation with hourly historical meteorological data from 4,388 global locations.

2. Reactor Configuration and Operation
Model validation was done utilizing data from Solix generation 3 photobioreactors. A schematic
of the overall geometry is presented in Fig. S2. The Solix reactor test bed was located in Fort Collins,
Colorado adjacent to the Engines and Energy Conversion laboratory at Colorado State University. The
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basin measures 3 meters by 18 meters and has sixteen reactors with dimensions detailed in Fig. S2. The
outer most reactors receive more light and grow at a slightly elevated rate and were not included in the
data set used for validation. The system was operated in two groups of 8 reactors. Growth was
monitored continuously in one of the eight reactors and manual samples were taken from all reactors to
verify uniform growth.
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Fig. S2: Diagram and photograph of the Generation 3 Solix photobioreactor used to validate bulk growth model. Reactors are
evenly spaced in a structural/thermal water basin in Fort Collins, Colorado, USA.

Reactors were harvested as a group. All of the culture was removed from the reactors, mixed
for homogeneity and the required inocula were removed. The remainder of the culture was harvested
by centrifugation. New nutrient rich media was prepared, filtered, and added to the inocula. It is noted
that media recycling (centrate from the centrifuge) could be done but was not standard practice. The
required culture volume was then re-injected into the reactors to complete the inoculation process.

3. Thermal Model
The thermal resistance model used to depict the photobioreactor water basin is represented in
Fig. S3. The water basin modeled for growth validation was not mechanically mixed but was mixed
through density gradients caused by thermal effects. The approach adapted from Weyer-Geigel (1)
divides the water basin to be separated into 16 equally spaced vertical nodes.
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Fig. S3: Photobioreactor water basin thermal resistance model incorporated in the thermal pool model to predict the
temperature at each of the 4,388 global locations.

4. Temperature Resistance Calculation

The water basin where the photobioreactors resided was separated into 16 equally spaced

vertical nodes. This approach was adapted from Weyer-Geigel(1). The heat balance equation applied at
each node is:

Ein - Eout + Egenerated = Estored

The heat generated in the photobioreactor is negligible and the heat balance equation for the
temperature at any given internal node, n, becomes:

AT,

k k
Gp — L_(Tn - Tn—l) - L_ (T — Thy1) = MmuCyp E

n n
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where G, represents solar radiation incident at node n, k is the thermal conductivity of water, L,, is the
distance between nodes, m,, is the mass of node n, ¢, is the specific heat capacity of water, and T is the
temperature. To represent the surface and ground node the following two equations were utilized:

k my,  ATg,
Gsur - L_ (Tsur - Tl) - hr (Tsur - Tsky) - hi (Tsur - Tambient) = 7 Cp T
n
m, AT,
Gbottom - L_ (Tn - Tn—l) - Qi = TC,, E
n

where Gg,- and Gporrom represent the solar radiation at the surface and bottom of the reactor,
respectively, h, is the net radiation coefficient with the sky, Q; is the stored or released energy from the
ground, and h; is the convection coefficient.

5. Growth Model

The biological growth model incorporates maximum photosynthetic rate based on a maximum
carbon uptake (Pc_max), available photoactive radiation (PAR) (E,,-average PAR intensity in
photobioreactor, ¢,,-photon efficiency) including attenuation and losses based on Lambert-Beer
absorption assumptions (a-species specific absorption coefficient), temperature efficiency (@), and
nitrogen efficiency (¢4n xint) to calculate the carbon fixation rate:

[~a-om Eav]
Pc = P¢ max * 91 Pgn xint * (1 - ePC-max"”T"”qN.Xint>

The photosynthetic productivity is a non-linear function of PAR. The model accurately captures
two of the three regions of the photosynthetic productivity curve, 1) a photon flux density dominated
region where the photosynthetic rate increases linearly with increasing light intensity and 2) a light
saturation photosynthetic region characterized by constant photosynthetic rate with increasing PAR.
The model does not include the third region, a photo-inhibition region, characterized by a decrease in
photosynthetic rate with increasing photon flux based on an assumption of high culture densities and
mid to low level light intensities (sunlight sourced) incident on the photobioreactors (2-5). Consistent
with biological experimentation, the second region of the photosynthetic curve is effected by
temperature and nitrogen efficiency terms with the initial photosynthetic slope not effected (2, 3, 6, 7).

The effect of the temperature efficiency factor on growth is illustrated through simulating the
biomass growth over the course of one week in Learmonth, Australia. Temperature efficiencies of 1,
0.8, and 0.5 were simulated with biomass yields presented in Fig. S4. As expected, the maximum
biomass is attained under optimum thermal conditions (@ = 1) with lower or higher temperatures
decreasing the overall yield. Temperature indirectly affects the total lipid content in the cell through the
effects on nitrogen uptake and thus does not have a linear effect on lipid productivity. Biomass results
integrated with lipid modeling results yield 22.45, 20.41, and 15.62 m*ha™-yr for the temperature
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efficiency scenarios of 1, 0.8, and 0.5, respectively. For global modeling the temperature efficiency is
dynamic and calculated on an hourly basis at each simulation location.
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Fig. S4: Simulation of one week of growth in Learmonth, Australia with three different temperature efficiencies.

6. GIS details

The Geostatistical Analyst extension provides a suite of spatial modeling and data exploration
utilities that may be used to develop surface models based on known or simulated spatial point values.
This tool set facilitates the exploration and evaluation of data quality, and uses a host of surface
interpolation models to develop the most appropriate spatial model for the available data. It also
provides analysis methods for deterministic, geostatistical, and barrier influenced interpolation.
Included within these broad categories are specific interpolation functions such as Inverse Distance
Weighting, Radial Basis Functions, Kriging and CoKriging, Empirical Bayesian Kriging, and Kernel
smoothing.

The Geostatistical Analyst extension requires the input of spatially explicit data with associated
point values. Once the data is loaded and the appropriate associated variable identified, the utility
provides a series of data evaluation screens and outputs that describe an optimal model based on the
semivariogram and covariance graphs and maps. The number of lags and lag size are determined for the
Ordinary Kriging model and optimization is conducted as necessary. The lag is the sample distance used
to group, or bin, pairs of points and using the optimal number of lags enables scale-dependent spatial
correlations (8). In the case of this analysis, and the global extent of the data the model selected an
appropriate lag size of 7.3 with the correlating number of lags at 12. Manual verification of the lag value
was conducted to verify the Geostatistical Analyst results.
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After the appropriate analysis variables were selected, the neighborhood and sector type were
evaluated. Both a standard neighborhood and smooth neighborhood type for surface interpolation
were assessed. Standard neighborhood options assign weights based on distance from a specific target
location assigned by the analyst. Alternatively, the smooth neighborhood function adjusts the weights
using a sigmoidal function defined by a smoothing factor. Based on validation tests conducted, a
smooth neighborhood type using a smoothing factor of 0.5 was selected. This produced smoother
global isolines, removing excessive stair-step effects in areas of less sample data. The sector type is
simply the geometry of the neighborhood in which the algorithm assesses nearby point values. The
Geostatistical Analyst default of four sectors with a 45° offset was selected. Other options were tested
with no measureable change in results.

7. Generated Maps

Fig. S5 represents the global map showing the 4,388 point locations that were simulated using
the growth model. The standard error verifies that where the point locations are located, and indeed
denser, yields a smaller error, signifying better interpolation of surface values.
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Fig. S5: Global map of the 4,388 locations coupled with standard error assessment

Fig. S6 represents the dynamic global map of the biomass productivity. A comparison between
this map and the real lipid productivity map found in the paper demonstrates the non-linear relationship
between lipid and biomass productivity.
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Fig. S6: World map of the biomass productivity potential from microalgae

The high, average, and low monthly lipid productivity maps are presented in Fig. S7, Fig. S8, and
Fig. S9, respectively. The lipid scale for these maps ranges from 0 to 3.0 m*ha™ month™ so a direct
comparison can be made between the three maps. These maps do not include temporal resolution. In
the northern hemisphere maximum lipid yields will be attained from May to July while in the southern
hemisphere minimum lipid yields will be achieved during these months.
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Fig. S7: Global map of the high monthly lipid productivity potential from microalgae.
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Fig. S8: Global map of the average monthly lipid productivity potential from microalgae.
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Fig. S9: Global map of the low monthly lipid productivity potential from microalgae.

8. Agricultural Land
The quantity of agricultural land available (9) and oil consumption for various regions (10) were

used to evaluate the current potential impact of microalgae based biofuel on transportation fuel
supplementation versus soybean based biofuel. The scalability assessment includes a 90% efficiency for
the extraction of lipids from the biomass, a 90% efficiency for the conversion of oil to fuel, and a 0.8
packing factor to more accurately represent the microalgae to biofuel process at industrial scale. The
amount of agricultural land required to supplement 30% of the transportation fuel consumed in each
region through replacement by microalgae is directly compared to the requirements for soybean based
fuels, Table S1. Assumptions for soybean yields are based on geographically based yield data and
include the same efficiency assumptions for extraction and conversion as for microalgae based
processing, but do not include a packing factor (11-15).

Soybean yields for different countries around the world were obtained through the United
States Department of Agriculture (11). The average percentage of oil in the soybean yield was assumed
at 18% (13-15) with an oil density of 923 (kg/m?) (12). Using 90% efficiency for extraction (16), 90%
efficiency for conversion (17), and a land packing factor of 0.8 (18), the amount of agricultural land
required to supplement 30% of transportation oil consumption in each country was calculated.
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Table S1. Amount of agricultural land needed to supplement 30% of the transportation fuel consumed for different regions
around the world based on replacement by microalgae as compared to soybeans.

Agricultural Land Oil Yield Agricultural Land Required
Location Available (m*hatyr?)

(hectare) Microalgae  Soybeans Microalgae Soybean
Brazil 2.35E+08 20.9 0.43 1% 66%
Canada 8.46E+07 7.0 0.50 9% 132%
China 5.09E+08 12.5 0.36 5% 160%
Japan 4.67E+06 12.6 0.23 199% 10,751%
United States 4.36E+08 12.7 0.56 8% 182%

Table S1 shows it is feasible to supplement 30% of the petroleum oil consumption of Brazil,
Canada, China, and United States based on microalgae productivity potential and agricultural land.
Regions such as Japan cannot practically replace their oil needs through microalgae with over 100% of
their agricultural land required. Soybean requires an average of 27 times more agricultural land than
microalgae in the regions examined.

9. Non-Arable Biodiesel Yields
Table S2 represents the amount of non-arable land required to supplement 30% of the
transportation fuel for different countries around the world based on microalgae production. From the
56 countries represented 61% are able to supplement 30% of their transportation fuel based on non-
arable land and microalgae production while 39% cannot.

Table S2: Amount of non-arable land needed to supplement 30% of oil consumption for different regions around the world
based on replacement by microalgae.

Transportation

Country Lipid Biodiesel Fuel Non-arable
Productivity Non-arable land Produced Consumption Land
(m3-hat-yrh (ha) (liters a year) (liters a year) Required
Algeria 19.7 1.95E+08 2.49E+12 5.83E+09 0%
Argentina 16.9 9.96E+07 1.09E+12 9.84E+09 1%
Australia 22.2 2.74E+08 3.94E+12 1.63E+10 0%
Austria 10.9 4.32E+05 3.06E+09 4.33E+09 141%
Azerbaijan 14.7 1.11E+06 1.05E+10 1.47E+09 14%
Belarus 10.8 3.92E+05 2.73E+09 3.17E+09 116%
Brazil 20.9 2.06E+07 2.79E+11 4.38E+10 16%
Canada 7.0 3.62E+08 1.65E+12 3.64E+10 2%
Chile 15.2 2.78E+07 2.74E+11 6.24E+09 2%
China 124 2.22E+08 1.79E+12 1.90E+11 11%
Colombia 20.4 3.80E+06 5.01E+10 4.43E+09 9%
Denmark 9.1 151E+04 8.92E+07 2.65E+09 2,973%
Ecuador 20.2 2.25E+06 2.94E+10 3.84E+09 13%
Egypt 21.9 8.24E+07 1.17E+12 1.23E+10 1%
Finland 8.6 5.65E+05 3.13E+09 3.17E+09 101%
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France
Germany
Greece

India
Indonesia
Iran

Ireland
Israel

Italy

Japan
Kazakhstan
Kuwait
Lithuania
Malaysia
Mexico
New Zealand
Norway
Pakistan
Peru
Philippines
Poland
Portugal
Qatar
Romania
Russian Federation
Saudi Arabia
Slovakia
South Africa
South Korea
Spain
Sweden
Switzerland

Thailand

Trinidad and Tobago

Turkey
Turkmenistan

Ukraine

United Arab Emirates

United States
Uzbekistan

Venezuela

12.2

9.9
16.9
20.4
20.3
19.0

9.1
20.7
14.7
12.6
12.3
21.1
10.4
19.8
20.8
14.2

6.6
20.1
19.5
19.2
10.2
17.6
21.2
12.4

7.8
21.5
11.3
20.1
12.9
16.3

8.6
111
19.0
20.9
15.9
16.7
11.9
21.5
12.7
15.6
21.0

4.20E+05
2.16E+05
6.20E+03
6.08E+06
4.18E+06
1.18E+08
2.00E+03
1.12E+06
7.86E+05
9.16E+04
2.03E+08
1.44E+06
8.98E+04
7.06E+04
1.18E+07
9.59E+05
1.67E+07
2.70E+07
1.65E+07
3.16E+05
6.08E+05
1.43E+05
9.50E+05
6.49E+04
2.41E+08
1.67E+08
9.40E+03
1.63E+07
2.91E+04
7.70E+05
2.82E+06
4.67E+05
4.65E+04
1.50E+03
6.55E+06
3.55E+07
1.37E+06
6.11E+06
7.03E+07
3.05E+07
2.51E+06

3.33E+09
1.38E+09
6.80E+07
8.04E+10
5.51E+10
1.45E+12
1.18E+07
1.50E+10
7.48E+09
7.49E+08
1.62E+12
1.97E+10
6.05E+08
9.05E+08
1.59E+11
8.80E+09
7.11E+10
3.51E+11
2.09E+11
3.92E+09
4.02E+09
1.63E+09
1.31E+10
5.22E+08
1.22E+12
2.33E+12
6.87E+07
2.13E+11
2.43E+08
8.12E+09
1.56E+10
3.35E+09
5.71E+08
2.03E+07
6.74E+10
3.85E+11
1.06E+10
8.51E+10
5.80E+11
3.09E+11
3.42E+10

2.82E+10
3.89E+10
5.37E+09
5.99E+10
2.50E+10
3.13E+10
2.16E+09
4.74E+09
2.24E+10
7.61E+10
4.47E+09
7.29E+09
9.07E+08
1.04E+10
3.23E+10
2.44E+09
3.77E+09
6.98E+09
3.35E+09
4.53E+09
8.76E+09
3.80E+09
2.79E+09
3.07E+09
5.15E+10
4.52E+10
1.22E+09
9.38E+09
3.80E+10
2.23E+10
4.81E+09
3.91E+09
1.83E+10
5.58E+08
1.10E+10
1.67E+09
4.60E+09
1.14E+10
2.86E+11
1.36E+09
1.28E+10

848%
2,824%
7,900%

74%
45%

2%
18,376%
32%
299%
10,165%
0%

3%

150%

1,149%
20%
28%

5%
2%
2%

116%

218%

233%

21%
588%
4%

2%
1,777%
4%
15,588%
274%
31%

117%
3,200%
2,743%

16%

0%
44%
13%
49%

0%
37%
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A number of countries around the world have implemented biodiesel goals. Brazil, China, and
United States have biodiesel goals (by the years 2013, 2020, and 2030 respectively) of 7.30E+09,
1.40E+11, and 2.86E+11 liters per year respectively (1, 19, 20). Using the same efficiencies and packing
factors as the previous scalability assessments, the amount of non-arable land required in Brazil, China,
and United States to meet each respective biodiesel volume goal is 3%, 8%, and 49%, respectively. Itis
feasible for these three countries to achieve their biodiesel goals through microalgae and non-arable
land use. Non-arable land utilization for microalgae production provides a benefit over traditional

terrestrial crops such as soy which compete with food crops for agricultural land.

10.

Literature

The literature survey performed was an effort to compare the current near-term large scale lipid

productivity potential of microalgae results from this study to the results found in literature. Table S3

represents the literature source with its respective oil yield along with the assumptions made to convert

the result of oil yield to m*ha™-yr™. The lipid productivity potential of microalgae from this study shows

that literature is dramatically overestimating the lipid productivity potential of microalgae.

Table S3: Table comparing reported productivity potentials (some calculations performed for comparison purposes with
assumptions detailed in notes column) from various sources.

Source

Qil Yield
(m*.hatyr?)

Article Type

Purpose of Scaling

Notes

Ramachandra et al. (21) 23 Research-Data Microalgae Potential 8.8-24.6% oil, , p=860kg m™, Wastewater
Pate RC (22) 47 Research-Model Modeling Effort

Lam et al. (23) 52 Review Microalgae Potential 30% oil, p=860kg m*

Resurreccion et al. (24) 55 Research-Model LCA-Modeling Effort 13.4-32.4% oil, p=860kg m, ORP, PBR
Quinn et al. (25) 7.04 Research-Data Microalgae Potential Growth Data, PBR

Ramachandra et al. (21) 7.6 Research-Data Microalgae Potential 8.8-24.6% oil, p=860kg m™®, Wastewater
Scott et al. (26) 8.4 Review Microalgae Potential 50% oil, p=860kg m™*

Lam et al. (23) 8.7 Review Microalgae Potential 30% oil, p=860kg m

Vasudevan et al. (27) 9.0 Research-Model LCA-Modeling Effort ORP

Clarens et al. (28) 9.7 Research-Model Economic-Modeling Effort  assumed 30% oil and p=860kg m*, ORP
Moheimani NR (29) 10.0 Research-Data Microalgae Potential 27% oil, p=860kg m™, Growth Data, PBR
Guieysse et al. (30) 118 Research-Model ~ Modeling Effort 25% oil, 11.1-25.7 g m*? day*, ORP
Clarens et al. (28) 118 Research-Model Economic-Modeling Effort  assumed 30% oil and p=860kg m*, ORP
Schenk et al. (31) 125 Review Microalgae Potential 10-50 gm?2d?, 30 - 50% TAG
Moheimani NR (29) 12.7 Research-Data Microalgae Potential 27% oil, p=860kg m, Growth Data, PBR
ANL:NREL;PNNL (32) 131 Research-Model ~ Harmonization Modeling 25% oil, p=920kg m, 13.2g m™* day™
Campbell et al. (33) 19.1 Research-Model ~ LCA-Modeling Effort 15 - 30 gm?2d?, 30% oil, p=860kg m*, ORP
Lardon et al. (34) 193 Research-Model ~ LCA-Modeling Effort 18.4 - 39.2% oil, 24.8 - 19.3 g m?d*, ORP
Vasudevan et al. (27) 20.0 Research-Model LCA-Modeling Effort ORP

Rodolfi et al. (35) 211 Research-Model ~ Economic-Modeling Effort  20-30 ton ha™* yr?, p=860kg m™, PBR
Quinn et al. (25) 21.1 Research-Data Microalgae Potential Growth Data, PBR

Chisti et al. (36) 212 Letter Response  Microalgae Potential 25 gm?d?, 20% - 50% oil, ORP

Davis et al. (37) 24.0 Research-Model ~ Economic-Modeling Effort  25% oil, 25 g m? d*, p=860kg m*, ORP
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Guieysse et al. (30) 273 Research-Model ~ Modeling Effort 25% oil, 11.1-25.7 g m? day*, ORP

Resurreccion et al. (24) 303 Research-Model LCA-Modeling Effort 13.4-32.4% oil, p=860kg m*, ORP, PBR
Rodolfi et al. (35) 316 Research-Model ~ Economic-Modeling Effort  20-30 ton ha™* yr?, p=860kg m™, PBR
Lardon et al. (34) 321 Research-Model LCA-Modeling Effort 18.4 - 39.2% oil, 24.8 - 19.3 g m?d*, ORP
Scott et al. (26) 34.9 Review Microalgae Potential 50% oil, p=860kg m™

Campbell et al. (33) 38.2 Research-Model LCA-Modeling Effort 15-30 gm?2d?, 30% oil, ORP

Wijffels and Barbosa (38) 40.0 Perspective Microalgae Potential 3% solar efficiency, 50% oil

Williams and Laurens (39) 1.6 Review Economic-Modeling Effort  35% oil, 28 g m? d*, p=860kg m*
Yeang (40) 46.0 Opinion Microalgae Potential 461 m?yrt PBR

Batan et al. (18) 53.1 Research-Model ~ LCA-Modeling Effort 50% oil, 25 g m? d*, p=860kg m*, PBR
Chisti et al. (36) 531 Letter Response  Microalgae Potential 25 gm?d?, 20% - 50% oil, ORP

Mata et al. (15) 58.7 Review Microalgae Potential 30 - 70% oil

Chisti et al. (41) 58.7 Review Microalgae Potential 30% oil, PBR

Liao et al. (42) 59.4 Research-Model LCA-Modeling Effort 40% oil, p=860kg m*, ORP

Pate RC (22) 60.8 Research-Model ~ Modeling Effort

Chisti et al. (43) 98.4 Opinion Microalgae Potential 30% oil, 1.535 kg m3d*

Schenk et al. (31) 985 Review Microalgae Potential 10-50 gm?d™, 30 - 50% TAG

Mata et al. (15) 136.9 Review Microalgae Potential 30 - 70% oil

Some authors reported a range of productivity potential
8The low values are repeated in this table
®The high values are repeated in this table
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11. Nomenclature
Symbol Description Unit
Ea activation energy carboxylation Rubisco J-mol™
E. average light intensity in photobioreactor pmol-m2s™*
P. photosynthetic rate (carbon) h'
P.max  Maximum photosynthetic rate (carbon) h't
R universal gas constant JK mol™
rR. maintenance respiration rate (carbon) h'
T bath temperature °C
Topt optimum growth temperature °C
a absorption coefficient m>g*
I carbon specific growth rate h'

g:(umol photons)

@m photon efficiency !
®quxint  uptake of internal nitrogen concentration efficiency -
®r temperature efficiency factor -
w biosynthetic energy required for nitrogen uptake h*
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