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Algal Biofuels ... Benefits & Challenges (=
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Challenges to commercializing Algal Biofuels
» Affordable, scalable, and reliable algal biomass production
- Reliable feedstock production & crop protection at scale
- Energy efficient harvesting and dewatering
- Extraction, conversion, and product purification
- Siting and sustainable utilization of resources
+ Algal Biofuels Technology Roadmap (2010) by U.S. DOE, #

to help guide RD&D nhtip/mwwi eere energy.govibiomass/pdis/algal_biofuels_roadmap.pdi
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Benefits of Algal Biofuels

» High productivity potential

« Can minimize competition with agriculture

« Can use non-fresh wastewater and saline water sources

» Can recycle carbon dioxide and other nutrients (N, P, etc.)
 Feedstock for integrated production of fuels and co-products

* Algae oils provide high quality feedstock for advanced biofuels
* Path to fuels also via bio- and/or thermo-chemical processing



http://www1.eere.energy.gov/biomass/pdfs/algal_biofuels_roadmap.pdf
http://www1.eere.energy.gov/biomass/pdfs/algal_biofuels_roadmap.pdf

Current U.S. Policy-Driver for Biofuels
Within Context of Overall US Transportation Fuel Demand

EISA RFS2 Renewable Biofuels Production Targets
In Billions of U.S. Gallons per Year (BGY)

40.00 +
35.00 -
30.00 -

25.00 +
20.00 -
15.00 -
10.00 - I I

2022 RFS
Production
Targets
® Conventional 15 BGY
Biofuels
m Other Advanced 4 BGY
Biofuels

Advanced Biofuels-
Biomass-based

1BGY

Diesel
5.00 - ® Advanced Biofuels- 16 BGY
0.00 4 Cellulosic
S S S s s % BGY Total
Fuel 2008 2020 2035
Type Demand* Projection*® Projection*®
8.99 MBD 9.42 MBD 10.26 MBD
Gasoline blend (137.8 BGY) (144.4 BGY) (157.3 BGY)
(including E85) 17.2 Quads 18.1 Quads 19.7 Quads
3.94 MBD 4.24 MBD 4.91 MBD
Diesel Fuel (60.4 BGY) (65.0 BGY) (75.3 BGY)
8.38 Quads 9.02 Quads 10.4 Quads
1.54 MBD 1.68 MBD 1.84 MBD
Jet Fuel (23.6 BGY) (25.8 BGY) (28.2 BGY)
3.19 Quads 3.48 Quads 3.81 Quads
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Biofuels Policy Mandate:

EISA (2007). “Energy Independence
and Security Act of 20077, H.R.6

110™ Congress
Public Law No: 110-140
December 19, 2007.

Categories for
Algal Biofuels
Contribution

Putting
into
Context

*U.S. Fuel Demand:

“Annual Energy Outlook 2010: with
projections to 2035”, U.S. Energy
Information Administration,

Department of Energy
DOE/EIA-0383 (2010).




Algae Biofuels Pathways Overview
Production & Conversion to Fuels/Products
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Passing Comments on Heterotrophic Algae Approach

* Heterotrophic algae oil production is a biochemical conversion process

... Not a stand-alone feedstock derived directly from photosynthesis
* Relies on an upstream source of organic carbon feedstock (e.g. sugars)
» Uses mature bioreactor (fermentation) technology capable of scale-up

 Controlled process enabling dense algae culture with high oil content

... Culture densities of 50 to > 150 grams/liter (dry weight)
... Oil content of 50% to > 75% (dry weight basis)

* Cost of production highly dependent on cost of sugar feedstock

* Has the same “sustainable feedstock” issues as today’s ethanol biofuel

... Food & Feed vs. Fuel issues can arise if commodity sugar or starch crops are used

... Will be most sustainable at large scale using C5 and C6 sugars from cellulosic biomass

« Capable of biofuel feedstock oil scale-up in same manner as ethanol
production, to extent that affordable feedstock sugars can be made available

* Life cycle assessment (LCA) and resource use impacts (e.g., land, water,

nutrients, energy, GHG) must include the upstream sugar feedstock production

*Combination of heterotrophic with autotrophic (mixotrophic approach) can
boost microalgae oil production using a dual metabolic path process
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Autotrophic Algal Biofuels Production Processes (i) i
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Resources and Environmental Factors and Parameters

Climate Water Nutrients Land Energy

Solar Insolation Surface/Ground CO,, Organic Carbon* Location/Use Category  Electric Power

Temperature Location/Access N, P, Other Topography Process Heat

Evaporation Supply/Allocation  Sources/Supplies Soil type/Ground Cover Fuel Resource Use

Precipitation Salinity/Chemistry Cost & Availability Geology/Hydrology Life Cycle Emissions
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* for heterotrophic & Structures & Facilities Other: e.g., hydrogen &
mixotrophic growth catalysts for fuel upgrading



Recent Baseline Techno-Economic, Life

Cycle, Resource, & Sustainability

Assessments for Algae Biofuels

WATER RESOURCES RESEARCH, VOL. 47, WO0H04, doi:10.10292010WR009966, 2011

National microalgae biofuel production potential

and resource demand

Mark S. Wigmosta,' André M. Coleman,’ Richard J. Skaggs,' Michael H. Huesemann,”
and Leonard J. Lane

Received 31 August 2010; revised 20 January 2011; accepted 11 February 2011; published 13 April 2011

(1] Microalgae are receiving increased global attention as a potential sustainable “energy
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algal biofuels

Biofuels (20

Ronald C Pate®

Microalgae continue to be of great interest as a promising class of biofuel feedstock, with the potential
for contributing to liquid transportation fuel supplies while reducing GHG emissions and dependence on
imported petroleum through the displacement of petroleum-based fuel and chemical product usage.
Howavar, to significantly contribute to fuel supplies will requira that algal biofuals ba capabla of scaling
up to large aggregated quantities of biomass and fuel feedstock production that necessarily impose
huge demands for land, water, energy, supplemental CO, and other key nutrients such as nitrogen and
phospharus. The resulting resource requirements will also impose constraints on the lavel of nenduction

scale-up that can be sustainably supported. This paper provides a high-level review l Sandia

future prospects for thesa key resourca demand and constraint challenges for the B
microalgal biofuel production. Emphasis is placed on the USA, although the issue Natlnnﬂl
globaly Laboratories




Algal Biofuels Resource Requirements ) e
High-Level Evaluation by SNL of Autotrophic Microalgal Feedstock Scale-Up

Purpose: To address the following high-level questions ...

= How far can U.S. algae biofuels be sustainably scaled up?

= To be relevant, fuel volumes must be significant in context of current & future U.S.
demand for transportation fuels, and policy mandates for biofuels

" Must think in terms of many Billions of Gallons or Liters per Year (BGY or BLY)
=  What are the most likely resource constraints? ... at what level?
= Focus on land, water, CO,, and major nutrients (N, P)

= Can limitations be extended or overcome? ... How?

Goals:

= To provide greater awareness and insight to technology developers and policy
makers regarding the need to pursue promising algae biofuels approaches
capable of sustainable build-up to significant fuel production levels on a national
scale;

= To manage expectations for algae biofuels that factors in resource requirements

and constraints.
[



Basis for Resource Demand Assessments by SNL *3 5 s
Emphasis here on USA, but approach can be applied globally
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= Consider hypothetical algae production scale-up scenarios
- Consider target algal oil production levels ranging from 0 to 100 BGY
- Ignore all systems and processes details ... assume it exists & works !

= Assume algae productivities ranging from Low to Moderate to Very Optimistic
- Land requirements based on cultivation area needed for assumed productivity

= Assume open system cultivation (subject to evaporative water loss)

- Limit water demand estimate to evaporative loss only (ignore all other)
- Based on fresh water pan evaporation data ... likely to be worst case

= Assume CO, and nutrient (N, P) demand based on idealized mass balance with
an assumed algal biomass C:N:P composition ratio and 100% utilization efficiency

= Compare projected land, water, CO, and nutrient (N, P) demand with
estimates for resources available and/or similarly used

= Draw preliminary conclusions within limited scenario scope & assumptions

1 Cooney M.J., Young G., and Pate R. (2011). “Bio-oil from photosynthetic microalgae: Case study”, Bioresource Technology, v.102(1), 166-177.
?Pate, R.C., G. Klise, and B. Wu (2011). “Resource Demand Implications for U.S. Algae Biofuels Production Scale-up”, Applied Energy - Special issue of Energy from Algae:
Current Status and Future Trends, 88 (10).
3 pate, R.C. (2013). “Resource requirements for the large-scale production of algal biofuels”, Biofuels 4(4), 409-435.
I —————



Key Factor for Algae Cultivation - Sunlight

Drives Focus on Lower Latitude Regions
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Approximate Preferred Algae
Production Region Based on

Solar Resource: Annual Average Solar Resource Across
Global Horizontal Nineteen Lower-Tier State (NLTS) Region

Annual

Killowatt Hours
®9000.001 - 1200000
®8500.001 - 9000, 0%

Annual global horizontal solar resource, The 3¢
{  data for the 48 contiguous states is a

- This map was produced by

10 km, sateliite modeled dataset (SUNY/NREL. 2007) the Naticnal Renewable Energy Laboratory

I_AnnuaIAverage Solar Insolation ' 1 te modeled daase ST e
EEES SN SN SIS SN GBI S B S e . ebf\nvym?ﬁ

Solar resource map courtesy of U.S.

National Renewable Energy Laboratory (NREL)
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Key Factor for Algae Cultivation - Temperature ;) 2=
Drives Focus on Lower Latitude and Lower Altitude Regions
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Annual Average Temperatures in °F for 2010 *

Nineteen Lower-Tier State (NLTS) Region
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Production Region Based on
Annual Average Temperatures

Temperature map courtesy of U.S. National Oceanic and Atmospheric Administration (NOAA)




Key Factor for Algae Cultivation - Evaporation ;) @,
Laboratories
Assuming Open Systems (fresh water pan evaporation data*)
e Annual average evaporative water loss
estimated to be ~ 47 inches per year across the
Nineteen Lower-Tier State (NLTS) Region
-
& .
b i v NE 1A
' 4 e .
: v MO Y
MS| AL GA
\ .
Water Surface Evaporation FL
(shallow lake)
- 105 inches
SN 20inches * References: Farnsworth, R.K., E.S. Thompson, and E.L. Peck (1982). "Evaporation Atlas for the Contiguous 48 United

States," NOAA Technical Report NWS 33, and “Evaporation for the United States", NOAA Technical Report NWS 34,

Washington, D.C. _http://www.weather.qov/oh/hdsc/PMP related studies/TR34.pdf



http://www.weather.gov/oh/hdsc/PMP_related_studies/TR34.pdf

Theoretical Basis: Solar Energy to Biomass! ) gate
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Theoretical Maximum Capture n
. -25
of Annual Average Incident " b E(D)pen = 1.986 x 107 (Jm) ., _ 460-700nm
Solar Energy on Algae A (m) (PAR Spectrum)
Cultivation on Horizontal Plane Etaaverar = 0.2253 MJ per mole photons (A = 531 nm)

at Earth’s Surface:
i P e Sk 085 it 18,043 Moles photons
 (Evaxaversr) (0253 e T m?year
5 y ‘ MaxAvePAR (Eﬁ%) y
(1000 () cos(6)|do
’hormz g 7 .
2 Photosynthesis:

2 w w
_E<|ooo F) =637 CO; + H>0 + n photons — CH,0 + 0,

tion -
Esohrdmry.avg ~ 12 h x 636.6 -W—z = 7.64 -IS-!V—h PFPAR (moc CHIO) ECARB
¢ a o EWB = ( photons rgt_xted)
ole (H,0
Evvtrarg 275 L 365 -3 = 10,038 — "1 y— N
T e I T : 18,043 mele shoons (0 45 _ ML)
M ” n=10photons # _ mole CH0
Searn = 0.9 x 10,038 J = 9034 ) per molecule ( 105%)
m? year m? year CH,0 mole CH;
10% loss from clouds, mist, dust, etc. (at sunny locations) — 871 sz.l = = Miimum:cheniia
M] M] ¥ energy captured via
Searmpar = 045 x 9034 m? year = m? year photosynthesis

Assume 100% conversion of photosynthetic chemical energy to biomass (1), = 1)

Esce = Ecars * Mgy = 871 mzh;llje +(1) = 871 -E‘—ZN;—JeSF = Maximum biomass chemical energy produced
g 871 M4 _
PEowt = o2 T VX L 100% = 21.4% = Maximum theoretical photosynthetic efficiency

Starear 4065 Fﬂ_

1 Cooney M.J., Young G., and Pate R. (2011). “Bio-oil from photosynthetic microalgae: Case study”, Bioresource Technology, v.102(1), 166-177.



Biomass Energy Density! ... As a Function of Mass Composition

Partition the Theoretical Maximum Captured Chemical Energy into the Major
Biomass Constituents of Carbohydrates, Lipids, Proteins, and Ash

Begin by defining the total energy content (E;) of biomass having total composite mass (My) as:

MT:MC+ML+MP+MA and

“ MT=MC+ML+MP=Maf

M. = Ash-Free Biomass (M, =0) in units of kg

(e

MT=Maf+ MA

Biomass with ash content (M, > 0) in units of kg

ET=ECXIVIC+ EpXMp"’ELXML,

Where energy content terms are given by:

E.=16.7 MJ/kg (for carbohydrate)
E. =16.7 MJ/kg (for protein)

E, = 37.4 MJ/kg (for lipid)

E,= 0(forash)

and where mass terms are given by:

M. = Mass of Carbohydrate [kg]
M, = Mass of Lipid [kg]

Mp = Mass of Protein [kg]

M_; = Ash-Free Biomass [kg]

M; = Total Biomass [kg]

The biomass energy density (Egy) is then given by:
Egm = Er/ My = Ec (M /Mq) + Ep (Mp/My) + E{ (M/My)
=0.167 (P+C) + 0.374 (L) [MJ/kg]

Where A, C, L, and P are the percentage fractions of ash,

carbohydrate, lipid, and protein in the composite biomass,
and
A+C+L+P=100%

1 Cooney M.J., Young G., and Pate R. (2011). “Bio-oil from photosynthetic microalgae: Case study”, Bioresource Technology, v.102(1), 166-177.
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Approximate Algal Lipid Production Equations!-3 )

Partition the Theoretical Maximum Captured Chemical Energy into the Major
Biomass Constituents of Carbohydrates, Lipids, Proteins, and Ash

Biomass energy density (Egpy) can be expressed as a function of L and A only
(by noting that P+C = 100-L-A):

Eaa = Er/ My = 0.167 (P+C) + 0.374 (L) MJ/kg

=16.7 +0.207 (L) - 0.167 (A) MJ/kg

Combining the composite biomass energy density (Egp,) with the maximum biomass chemical
energy (Egcg) produced from photosynthesis gives an estimate for annual maximum yearly and daily
algae biomass productivities:

P S JE N 52.2 kg
B TRCED TR _1+0.0124(L‘)—0.01(A)(mzyear)
o Pon(ai) 143 (£ )
- 365 (32 ~1+0.0124(L) - 0.01(A) \m?d

Making the further ideal simplifying assumptions that the total lipid content L [%] of the algal biomass can be extracted
with 100% efficiency and represents an upper bound for the available lipid-based fuel feedstock, we can then show
that the resulting estimated maximum annual lipid production P, (proxy for fuel production) can be approximated by:

-1 yr-11 ~ o 2 -1 Approximate annual (upper bound) algal
PL [gal ac-yr ] 4.238 x L [A’] X I:’BD [g m*d ] biofuel feedstock production P, in U.S. gallons
per acre and liters per hectare as a function of

-1 yr-11 ~ o 2 4-1 lipid content L [%] and annual average daily
I:’L [I ha yr ] 39.67 x L [A’] X PBD [g m*d ] biomass productivity Pgp [g m2d?]

1 Cooney M.J., Young G., and Pate R. (2011). “Bio-oil from photosynthetic microalgae: Case study”, Bioresource Technology, v.102(1), 166-177.
?Pate, R.C., G. Klise, and B. Wu (2011). “Resource Demand Implications for U.S. Algae Biofuels Production Scale-up”, Applied Energy - Special

issue of Energy from Algae: Current Status and Future Trends, 88 (10).
3 Pate, R.C. (2013). “Resource requirements for the large-scale production of algal biofuels”, Biofuels 4(4), 409-435.
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Algae Oil Productivity per Acre of Cultivation ) e

as Function of Daily Biomass Productivity and Oil Content!-3

—— 500 gal/(ac-yr) e e
—— 1000 gal/(ac-yr) Annual average algae lipid production (P) curves

— — 2000 gal/(ac-yr) as a function of daily biomass productivity (Pgp)

----- 3000 gal/(ac-yr) and percentage of dry weight biomass neutral
----- 4000 gal/(ac-yr) et >

150 - — 5000 galifacyry  !Pid content {L): ] o
-=-= 10000 gal/(ac-yr)  Pu[galact yri] ~ 4.238 x L [%] x Pgp [g m? d]

--=—=— 15000 gal/(ac-yr) or

--+-- 20000 gal/(ac-yr) 1yl o ) 2 A1
eeeenes 25000 gal/(ac-yr) P [1hatyri] ~ 39.67 x L [%] x Pgp [g m2 d?]

—¥— Theoretical Maximum Productivity PBD-Max g/(m2-d) I

Example “Operating Points”

)
=
2
o
s
100
E 0 ~ 5,300 gallons ac? yr!
- ~ 49,590 liters ha yr!
=
NE ~ 10,595 gallons ac! yr!
oy ~ 99,175 liters ha? yrt
o) 1 2 : i ;
- 50 b b ] |~ 2,650 gallons act yr
n_m : ' 1 " ~ 24,800 liters ha! yr!
e | ~ 5,300 gallons ac?! yr?!

~ 49,590 liters ha? yr?

Approximate region of
current autotrophic

100 algae system

Annual Average Algae Lipid Content [% dry weight] productivity capability

Annual Average Daily Algae Biomass Productivity

0

1 Cooney M.J., Young G., and Pate R. (2011). “Bio-oil from photosynthetic microalgae: Case study”, Bioresource Technology, v.102(1), 166-177.
?Pate, R.C., G. Klise, and B. Wu (2011). “Resource Demand Implications for U.S. Algae Biofuels Production Scale-up”, Applied Energy - Special
issue of Energy from Algae: Current Status and Future Trends, 88 (10).

3 Pate, R.C. (2013). “Resource requirements for the large-scale production of algal biofuels”, Biofuels 4(4), 409-435.




Estimated Land Area Required for Algae Biofuels
As function of target production & productivity levels

Land Area Required for Algae Cultivation
Millions of Acres [M Ac]

—a— Cultivation area required at 500 gal/ac oil productivity

—a— Cultivation area required at 1000 gal/ac oil productivity
—&— Cultivation area required at 2000 gal/ac oil productivity
—e— Cultivation area required at 4000 gal/ac oil productivity
—&— Cultivation area required at 6500 gal/ac oil productivity
--a--Total grassland & non-forested pasture in NLTS region
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h

Reference supply levels of grassland
and non-forested pasture land
selected as a suitable land use class
for algae cultivation in the lower
latitude NLTS Region of the US*

1000 4 ~—*~ 25% of grassland & non-forested pasture in NLTS region} ;
--»— 10% of grassiand & non-forested pasture in NLTS regionj |
-=+==1% of grassland & non-forested pasture in NLTS region | f
388.7-f======= OSSO d— ,-----;-----------'-‘ -------- «—— Represents 100% of total grassland &
~49->100 BGY total production, : non-forested pasture in NLTS region*
depending on algae productivity
100 - vuvuvumv’hﬁvnvuvuv-v.“vnv uvud‘*n:u-v:v-u-v:\i::v:::_-. ~~ Represents 25% oftOtal grass"’nd &
97.24 : T ——— el i non-forested pasture in NLTS region*
T s gl e = o = '5"_"'_ o5 .‘_'_';"'_‘:.'_:f""é"-: ot T Represents 10% of total grassland &
) ———— ——————— ; ___-.{..___..---_—' non-forested pasture in NLTS region*
i Represents 1% of total grassiand &
[ T L S e L B LLTILy T i , ................... : non-fores ted i ture in NLTS region -
3.89. ¥l 7 2= __. ~19->100BGY total production, __
S A depending on algae productivity
~2-26 BGY total production, "Bireportadin:: _
depending on algae productivity USDA (2006). "Major v of Landiin
1 Attt} : the United States, 2002”, USDA
0 20 40 80 80 100 Economic Research Service, Economic

Target Lipid Production Level
Billions of Gallons per Year (BGY)

Information Bulletine Number 14.
http://www.ers.usda.gov/Data/MajorL

andUses/MLUsummarytables.pdf



Estimated Water Required for Algae Biofuels
As function of target production & productivity levels

—&— Evaporative water loss in NLTS region at 500 gal/ac oil productivity Reference supply levels of freshwater

—m— Evaporative water loss in NLTS region at 1000 gal/ac oil productivity resources used in 2005 in the lower

—#&— Evaporative water loss in NLTS region at 2000 gal/ac oil productivity : : * %
—&— Evaporative water loss in NLTS region at 4000 gal/ac oil productivity l‘?t'tu.de 'YLTS Region Of the US™.
—&— Evaporative water loss in NLTS region at 6500 gal/ac o1l productivity Irrigation is the most Ilkely category

-=-a~--Total freshwater used in NLTS region offreshwater use that can be
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6 -=&= Total freshwater used for irrigation in NLTS region " . _—
1071 se— 25% of inigation water Ua;_,ﬁg” NLTS region ! appropriated in sufficient volumes
==+==10% of irrigation water used in NLTS region for growing algae*
-¢— 5% of irigation water used in NLTS region
~3-40 BGY total production, [ Represents total freshwater used

depending on algae productivity forall purposes in the NLTS region*

Represents 100% of total freshwater
used for irrigation in the NLTS region*

Represents 25% of total freshwater
used for irrigation in the NLTS region®

Represents 10% of total freshwater

7.84e3- . used for irrigation in the NLTS region*

e e e 1 s @ e e 1 e 5 . . e e ®

Represents 5% of total freshwater
used for irrigation in the NLTS region*

Billions of Gallons per Year (BGY)

: ~1-16 BGY total production, I
3.14e3-4 s depending on algae productivity ...p

* Annual average evaporation rate for NLTS regionestimatedto be 47
inches per year, based onfreshwater pan evaporstiondata: Farnsworth,

~1-8 BGY total production,

Estimated Average Annual Evaporative Water Loss

1.57e3- — depending on a[gae productivity - o — R.K., E.S. Thompson, and E.L. Peck (1382). "Evaporation Atlas for the
: Z Contiguous 48 Unitad States,” NOAA Technical Report NWS 33, and
1000 “ : ' : . “Evaporation for the United States”, NOAATechnical Report NWS 34,
¥ ! ! ! ! 4 Washington, D.C.
0 20 40 60 80 100 http:/ /v weather.zov/oh/hdsc/PMP related studies/TR34.pdf
> = *¥* Water use estimates for the US taken from:
Ta rget Llpld Production Level Kenny, J.F., L. Barber, 5.5. Hutson, K.S. Linsey, J.K. Lovelace, and M.A,
G Maupin (2009). “Estimatad Use of Water inthe United Statssin 2005”,
Billions of Gallons per Year (BGY) USGS Circular 1344, http://pubs.uszs.zov/circ/ 1344/,




Estimating C, N, and P Demand for 7 i,
Algal Biomass Production Scale-Up

Laboratories
SO ) D _ Elemental Nitrogen (N)
T FIS s :" (N atomic weigh = 14)
Ny

| Elemental Phosphorus (P)
(P atomic weigh = 31)

_ Elemental Carbon (C)
(C=12/44 = 27% of CO, by weight)
Assume carbon source is CO, ——> f

CO, = atomic weight of 44
(C atomic weight = 12 ; O atomic weight = 16)

Idealized mass-balance assumptions and steps for estimating N, P, and C requirements

1) Assume inputs of elemental N, P, and C (from CO, sources) are transferred to, and
taken up by, algae biomass with no losses and 100% efficiency

2) Assume average C:N:P atomic ratio = 106:16:1 (Redfield Ratio) in ash-free dry weight
(AFDW) algae biomass with ~ 50% carbon content (by weight)

3) C:N:P mass ratio in AFDW algae then becomes: (106x12):(16x14):(1x31) = 1272:224:31

4) With 50% C content by weight, the C:N:P mass ratio of 1272:224:31 converts to a mass
percentage ratio of 50:(224x50/1272):(31x50/1272) = 50% C : 8.8% N : 1.22% P

Resulting estimates: ~ 88 kg elemental N
~ 12 kg elemental P
~ 500 kg elemental C
~ 1830 kg of CO, - Rule-of-thumb: Mass CO, / Mass algae (AFDW) ~ 2

... required for each metric ton (1000 kg) of AFDW algal biomass produced.
-



Estimated Nitrogen Required for Algae Biofuels Sondi
. . .. rl1 National
As function of target production & productivity levels
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—&— Elemental N Requred at 20% Lipid Content

—a— Elemental N Required at 35% lipid content Ref erencs..' SUp ply levels Of
—+— Elemental N Requred at 50% Lipid Content elemental Nitrogen (N) based on
==&~ ~Total Elemental N Use in US in 2006 U.S. use as ammonia in 2006*

=8 — 50% of Total Elemental N Use in US in 2006
- — 25% of Total Elemental N Use in US in 2006
-=8= 200% of Elemental N Use in US in 2006

100 =
~8-24 BGY total production,
- depending on algae lipid content
v 5 H : : M H
@ £ : Represents 200% of total elemental Nitrogen (N)
g. g 28 - bnsmsaind o in ammonia used in the US in 2006*
&
= ;: : : i : : Represents 100% of total elemental Nitrogen (N)
E’ fe (LgupeEsedy —" - ; - in ammonia used in the US in 2006 *
$ & 10- : ; ' ' —
g 8 : : : Represents 50% of total elemental Nitrogen (N)
- 4 |2 Z e * in ammonia used in the US in 2006*
g £ '
5 @ : Represents 25% of total elemental Nitrogen (N)
g % 3.5- I B M i : ‘/ in ammonia used in the US in 2006*
o S : : : : : :
E H H H . H » _—
~2-6 BGY total production, U AJ;ZI;:’::VT:‘::;I Commodity Summaries 2010”7, U.S.
d.epending on algae lipid content Geological Survey, U.S. Department of Interior, 2010
1- : . . - . - . | l http://minerals.usgs.gov/minerals/pubs/myb.htm
* USGS, “Minerals Yearbook”, U.S. Geological Survey,
0 5 10 18 20 25 30 36 40 U.S. Department of Interior, 2010
Target Lipid Production Level http://minerals.usgs.gov/minerals/pubs/mes/2010
Billion Gallons per Year (BGY) {mes2010.pdf




Estimated Phosphorus Required for Algae Biofuels
As function of target production & productivity levels
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—&— Elemental P Required at 20% Lipid Content

—=— Elemental P Required at 35% Lipid Content Reference supply levels of elemental
—#— Elemental P Required at 50% Lipid Content

- -&- ~Total Elemental P Use in US in 2006 Phosphorus (P) based .on U. S'*use a8
- =8--50% of Total Elemental P Use in US in 2006 phosphate rock in 2006

= =#4==25% of Total Elemental P Use in US in 2006
- =o= 200% of Elemental P Use in US in 2006

10
8.20-
T =
o z‘ 4.10- Represents 200% of total elemental Phosphorus
g £ (P) in phosphate rock used in the US in 2006 *
e =
w § 2.05- Represents 100% of total elemental Phosphorus
;,’ > (P) in phosphate rock used in the US in 2006 *
Z o 103
S o N : : | :
.g. 2 14 2 ..r-.-.'.q:v.?.f..-. .‘.?.?.?ék.?.?.?l 4-.?‘.-..-.?.-.?..-‘.-.r.v.v..-cé.?..-.r..-.v..-.?. Represents 50% oftotal elemental Phosphorus
s : H ' . . - - El
_8 '2 ~20-48 BGY total production, (P) in phosphate rock used in the US in 2006
o g depending on algae lipid content
E - ; : ; : Represents 25% of total elemental Phosphorus
c ‘ . s U . % 2 ™
g % ~10-24 BGY total production, (P) in phosphate rock used in the US in 2006
o g depending on algae lipid content
m b= . s : :
= : 5 ; : “A ted i
- sreported in:
~5-12 .BGYtotaIproqu.ctlon, : * USGS, “Mineral Commodity Summaries 2010”, U.S.
depending on algae lipid content Geological Survey, U.S. Department of Interior, 2010
04 Illl' http://minerals.usgs.gov/minerals/pubs/myb.htm

* USGS, “Minerals Yearbook”, U.S. Geological Survey,

° = - » ¥ ” % U.S. Department of Interior, 2010
Target Lipid Production Level http://minerals.usgs.gov/minerals/pubs/mes/2010
Billion Gallons per Year (BGY) /mes2010.pdf



Key Factor for Algae Cultivation — concentrated () i,
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Sources of CO, to Provide Carbon for Enhanced Algal Production

¥

Stationary CO, Emissions
Sources Shown Within
Nineteen Lower-Tier State
(NLTS) Scenario Region

it ey E A_,‘:',_
Source of Map: “2010 Carbon Sequestration Atlas of the United States and Canada — Third Edition
(Atlas 111}, National Carbon Sequestration Database and Geographic Information Systems (NATCARB),
Natio




Estimating CO, emissions during daylight hours* )
Availability for use in photosynthetic algae production

Laboratories

Total Non-Daylight

Aggregated Emissions __
CO,
Emitted

TCOZ

Emissions

Dcoo
Aggregated Emissions from All

Stationary CO, Sources in 1) Total CO, Emissions Tco, = Doy + Neog

Scenario Region 2) Nominal Daylight Hours = 12 hours per 24 hour day

3) Some CO, produced by stationary industrial sources will be emitted 24 hours
per day, but we assume over half will be emitted during daylight hours; So,
0< NCOZ < TCOZ /2

resulting in: TCO2 [ 2<Dcg, < TCO2

Thus, we estimate that D4, falls somewhere between 50% to 100% of T, *

* Note: CO, emissions data is not broken down by hours of the day, or daylight vs. non-daylight



Estimated CO, Required for Algae Biofuels
As function of target production & productivity levels

2

CO_ Required

Million Metric Tons per Year (M mt yr")

—a— CO2 Required at 20% Lipid Content

—&— CO2 Required at 35% Lipid Content

—a— CO2 Required at 50% Lipid Content

==e-~50% of Total US Stationary CO2 Source Emissions
==8=-=50% of NLTS Region Stationary Source CO2 Emissions
~=a~=25% of NLTS Region Stationary Source CO2 Emissions
-=6=10% of NLTS Region Stationary Source CO2 Emissions

1734 -

741 -

371 -

3

1004 f-f /-

~
=
|

-------

* 22-54BGY total
production, depending
on algae lipid content

~11-27 BGY total production,

. ~4-11BGY total production,
. depending on algae lipid content

~2-5 BGY total production,
depending on algae lipid content

‘ : § /
. -
: : ’ /
¥ SCRERER R s Bt SRR

depending on algae lipid content —
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h

Reference supply levels of daylight hour CO,
emissions in 2008 from stationary emitter sources™®

¥

Represents 50% - 100% of total daylight
hour emissions in the entire US*

Represents 50% - 100% of total daylight

1 / hour emissions in the NLTS Region*

Represents 25% - 50% of total daylight
hour emissions in the NLTS Region*

Represents 10% - 20% of total daylight
hour emissions in the NLTS Region*

Represents 5% - 10% of total daylight
hour emissions in the NLTS Region*

* Baseline assumption is that annual average CO, emissions
from stationary sources are evenly spread over 24 hours per
day, 7 days per week, 365 days per year, with daylight hours
taken as 12 hours per day, resulting in daylight hour emissions
being 50% of total emissions. The most optimistic alternative
CO, availability assumption would be that all stationary sources
operate and emit only during daylight hours, resulting in
daylight hour emissions being 100% of total emissions. The
reference lines shown above reflect this estimated range of

10

LN A B e S S S A S S B S e S S e S S e S

10 20 30 40 50

Target Lipid Production Level
Billion of Gallons per Year (BGY)

daylight emissions to total emissions. Stationary source CO,
emissions data was taken from the NETL NATCARB data base,
which only provides annual totals by state and type of source:

http://www.netl.doe.gov/technologies/carbon_seq/natcarb/in

dex.html




Idealized Utilization of Stationary Source CO, for Algae

(Fraction of Cy consumed by algae)

Ne ~ 70%in sunlight hours (Tgy [hoursiday])**
0% otherwise (Tg — Tgy [hoursiday])™*

\ 4

Co, 1- ne ~30% in sunlight hours coO
Balance of CO, Released (Tsu [hours/day])™ Not Utilzlze i
to Atmosphere (Cr) 100% otherwise bv Al
(T - Tsy [hoursiday])™* Yy Algae
T 0% Algae
Growth
Produced CO, CO, Captured a System
Cp=G xRg x Tg,where 2 (
i salo co, and Delivered [ Total Effective
G=Gen Capacity [Mw] |Catred| Djstributedto | (Co) ¢ Cultivation Area
Tz = Operating hours/day — 2
Ro(NG)~ 600-kgMWh™ | 100% Algae 100% Calml
Rg(Coal) ~960-kg/IMWh* Production Annual Average
* DOE/EPA, 2000 Bl Growi
; System Rate
(Pgo [9/m?-day])
i |16
Produced CO, utilization efficienc
2 Y(%) | ¢arbonutilization factor (Cy)

(Mass CO, | mass dry weight algae)
~2-grams {CO,} per gram {algae}

Algae Biomass (dry weight) Produced Daily:

Sandia
National
Laboratories

Ma [kg{algae}ld] = Pgp [gl(m?-d)] x S [m?] /1000 [glkg]

CO, Consumed Daily by Algae**:
Ca [kg{CO,}d] = ne x Cp [kg{CO}d] X (Tsy! Tg)= Cyr X Ma [kg{algae}/d]
** Sunlight hours (Tsy) totally included within generating hours (Tg)

Stationary CO, Source
e.g. Natural Gas (NG) or Coal
Power Plant of G [MW] Capacity




Idealized Utilization of Stationary Source CO, for Algae ) iz,

Example showing importance of relative timing of emissions with available sunlight Laboratories
Daily Algae Annual CO, Annual CO, Algae biomass
H H Productivity production used by algae production
Idealized estimates of Algae Areasllleeded Gross CO, Ozf:et
1 2 3 13,4 (Sa) > (Can/Cpn) *
. . (Pgp) (Cpa) (Can) (Mga) + [ha] [%]
algae cultivation area [/(m>day)] [mt/yr] [mt/yr] [mt/yr]
requ i red to consume C02 A) Natural Gas Fired Peaking Power Plant: 50-MW operating T, = 8-hours/day ©
generated during daylight ig Z‘Z'z
hours by fossil-fired power 20 280
plants, and associated 20 87,600 61,440 30,720 210 70
gross CO, offset, as a >0 168
. . 60 140
function of daily algal , . .
. L. B) Natural Gas Fired Semi-Baseload Power Plant: 50-MW operating T = 18-h/d ®
biomass productivity, for 10 840
three scenarios: 20 420
30 280
20 197,100 61,440 30,720 210 31
A) 50-MW NG peaking plant o 68
operating 8-hours per day 60 120
durin gsun li g h t; C) Coal-Fired Baseload Power Plant: 1000-MW operating T = 24-h/d
10 26896
B) 50-MW NG semi-base load 20 13448
plant operating 18-hours per 29 8,409,600 1,966,080 983,040 5908 23
day spanning sunlight hours; 40 6724
ysp g g 50 5379
. 60 4483
C) 1000-MW COG/fIFEd base 1Assuming annual average daily productivities and operation 365 days per year
load plant operating 24 h/d. 2 Based on assumed CO, production rates of 600-kg/MWh for NG and 960-kg/MWh for coal
3 Based on annual average daily sun hours of T, = 8-h/d and 70% CO, utilization efficiency
4 Based on assumed carbon utilization factor of 2-g of CO, per gram algae biomass (AFDW) produced
> Does not include offsets for products and fuels generated from the algae biomass produced
¢ Time of operation (T;) assumed to totally include the photo-synthetically active sun hours (Ts,)




Algal Biofuels Scale-Up Assessment Summary
Resource Demand Implications for USA

National
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Land ... requirements probably manageable for high scale-up

Water ... significant challenge with limited freshwater resources
Can’t plan on big national scale-up using freshwater with evaporative loss

Need approaches that use marine and other non-fresh waters

Need Inland approaches that can reduce and/or manage evaporative loss impacts
=  Open system salinity build-up with non-fresh waters will be issue for inland sites

Nutrients (N & P) ... significant challenge if recycling is not used
= Could seriously compete with agriculture and other commercial fertilizer uses
= Cost and sustainability are issues for commercial fertilizer use
=  Approaches needed that enable cost-effective nutrient capture and recycling
CO, Sourcing ... significant challenge ... perhaps the greatest challenge?
=  How much from stationary emitters can be affordably tapped and utilized?
= Co-location opportunities vs. affordable range for transporting concentrated CO,?
= Can other sources and/or forms of inorganic carbon be affordably & sustainably used?
Based on Assessment Scenario Assumptions and Trends
= Resource constraints could emerge in U.S. within the 5 to 15 BGY oil production range

Constraint reduction possible with innovation
= Resource use intensity improves with increased algae productivity & oil content
=  How much can this be improved for reliable large scale operations? ... TBD !




Example Alternative Approach for Algal Biofuels

Benthic Algal Polyculture Turf — Has features more like open field agriculture

* Uses pulsed, thin, turbulent gravity flow in planar system configurations
* Robust, resilient, long-term cultivation productivity at large scales

* Fresh or saline water — extracts & recycles excess N, P — big advantage !
* Dual-use ... cleans surface waters while producing biomass feedstock

* Low neutral lipids — requires biochem and/or thermochem processing

* Low energy-intensity harvesting & dewatering — big advantage !

» Supplemental CO, not required in single-pass mode — big advantage !

» Relatively high exogenous ash content in non-optimized systems”

+ Sustainable and affordable scale-up potential under investigation by SNL
* Systems designed for water treatment without regard for harvested biomass ash content

Sandia
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. . Relatively Low Cost, Scaleable and Low Cost and Simple Harvesting &
— AngbUSIHESS & Simple to Operate Systems Most Dewatering via Mechanical Harvesting E I fC ial d Pilot Scal
CAFO WW | Compatible with Nutrient-Loading and Gravity Drainage Using Conventional Xamples of Commercial an tlot Scale
- Cheese plants Reduetion in Natural Ecological Agricultural Tractor {or other suitable Benthic Algal Polyculture Turf Biomass
- i Syst d Agricultural O, ti conveyance) Mounted Implements . . . .
AE product proceseing ystems and Agricuitural Operatians Cultivation, Harvesting & De-Watering
Point | Benthic Algae & Harvested and Naturally Photos courtesy of Mark Zivojnovich (HydroMentia) and
Sources — Cyanobacte ia Consolidated Wet A|ga| Walter Adey (Smithsonian Institution)
Nutrient- Mun |c‘|pa| & Polveulture Biomass (7%-12% solids)*
éoaie; Industrial WW A Y bl “without post-harvest pressing Key proceSS| ng & recyc‘ | ng pathways
res ssemblage
Saline — Cu ltivat-long& Water | .
. Recycle i
Waters Water Bodies w/ ' 4 A Or, whole ! Whole biomass to HTL option
. Harvesting Systems Pre-Treatment biomass ' || .. . o ememmmemmm—mm————————— 1
Non- Excess Nutrients ) directiv to | Nutrient-loaded H i
SPD'm — - Bays — Single-Pass Operation { (Chemical &/or HTE ' Water & Sunlight I Mixed : Upgradlng to
ources - Lakes Enzymatic) i I
asa 1 Alcohols & Low-N hydrocarbon
- Rt N ! . 1
Rivers _ £ N — baseline ! | | Neutral Lipids | Organic 1 fuels
- Estuaries Multi-Pass Recycle Operation  Non-soluble option ! 1 Residue :
- u Ash Separation ' ! I 1
: i :
Trend Toward Increasingly Large 7 1 : Benthic D | | Protein/ Carb {
t i . A ! 1 . a
A;s; W‘?tzngice;'::?:;:g O}JZIG:: f; ZT;’: Proteins Carbohydrates Residue ! Polyculture Acid pT | Fermentation Biocrude
and €O, (from bacterial breakdown v __or Carbs stay with __ E Biomass' l & Distillation W-L:\:::rrnN-
of organic carbon &/or atmospheric T T Biomass Resicue ", 1 following
exchange of €O, with surface) - droth | Non-solubl_e Ash ! upstream
Ammonia Ferment Ferment Hydrotherma Separation Nutrient Ash & Residual protein
Biofuels & Liguefaction N&P Re‘::;fen Carbon (Char) removal
Intermediate | Butanol / Pentanol < (Struvite) ry
Feedstocks for | Bytanol / Ethanol « l SNL process patent applications
UPFngd{ZIg to Biocrude Oil Note: [HTL b_iocrude i_s expected to_have greatly reduced N-co_ntent or be Nitrogen-free, With mun‘ti—pass Water on fuel intermediate_productio.n
gible X based|on using protein extracted biomass ratHer than whole biomass. T 7 from algae and nutrient recycling
Hydrocarbon | (Nitrogen-free) v 3 recycle operations Recovery
Fuels H P i
| Struvite | Nutrient (N, P) Capture & Separation from Aqueous Phase | ' Benthic algal polycuiture turf will also inciude enirained planktonic species
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Thank You !

Questions ?

Ron Pate

Sandia National Laboratories
Albuquerque, NM, USA

rcpate@sandia.qov

(505) 844-3043 (office)
(505) 331-0608 (cell)
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