Liquid biofuel production using
microorganisms: too small to
i make a difference?

Prof Rod J Scott
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UNIVERSITY OF

SBATH | Thirst for fuel: car and air transport
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.lL 8 BATH | Global, per day, oil consumption

Products Made from a

Barrel of Crude Oil (Gallons)
(2009)

80-90 million barrels/day
. 80% liquid fuels

@ Other Distillates

Jet Fuel 14,310,000,000 L/day

o Other Products

Q Heavy Fuel 0il (Residual)

Liquified Petroleum
@ Gases (LPG)

@ Gasoline

Units above 1 parrel of oil =
are gallons 159 [itres
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SBATH | 5,724 Olympic swimming pools
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ATH |[How is oll made and how long does it take?

; TR Y

naturaLLy: 10-30 million years

buried to depth sufficient to achieve high
temperature & pressure

30 barrels/day for Current consumption is

200 million years 2-3 million times

Total 2.2 trillion barrels faster than formation

LAB: hours-days @ high
temperature and pressure

E M%MHLIQ( = . :_.”‘ l—_: : ° perIySIS
e R - hydrothermal liquifaction

'S Ac
How Petroleumand
Natural Gas Were Formed

Tiny sea plants and animals died and
were buried on the ocean floor. Over time,
they were covered by layers of sediment and rock,
Over millions of years, the remains were buried deeper and
deeper. The enormous heat and pressure turned them into odl
and gas.

Today, we drill down through the layers of sedimentary rock to reach the rock
formations that contain oil and gas deposits.



Types of Kerogen
and Their Hydrocarbon Potential

: Kerogen | Kerogen e HC
Environment Type Form Origin Potential
Alginite Algal bodies
1 Structureless debris
Aquatic Amorphous of algal origin
Kerogen Structureless planktonic il
material, primairly of
r marine origin
Skins of spores and pollen,
Exinite cuticle of leaves and
herbaceous plants
Terrestrial Fibrous and woody plant Gas, i
11 Vitrinite | fragments and structureless, |—0M€ ©!
colloidal humic matter Mainly gas
v Inartinie Oxidized, recygled woody None
debris
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'_ BATH | Fuel: rising demand for a finite resource

Rising Demand; Low Spare Capacity ; Weak
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atmospheric CO, levels

Variations of the Earth’s surface temperature for... ' .. ' L, 380 o
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I-SEE seminar 18" MARCH 2014
A cool Iook at Global Warmlng
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Liquid renewables

Photovoltaic Ethanol
Solar thermal i .
Geothermal Biodiesel
Wind and wave Methane

6600 22

Need renewable source of liquid fuel
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%35 BATH | Solar powered liquid renewable fuels

3,400,000

EJ/year @ surface
(1 EJ=10"8 joules)

10x

all the estimated

(discovered and undiscovered)
non-renewable energy resources,

Inc. fossil fuels and nuclear ’
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Use photosynthesis to capture solar energy in combustible molecules —

ethanol, hydrocarbons 5 700 x global energy demand/day

Captured @ 100% efficiency
7% of Earth’ s surface

Biofuels: solar to chemical energy

Lipid/biodiesel

& o7

Ethanol
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BATH | With benefits: CO, mitigation

\ — IIE;I i ——
PHOTOSYNTHESIS FERMENTATION COMBUSTION
6CO;z + 6H20 — CsH1206 + 60; CeH1206 — 2C2HsOH + 2C0O» 2C2HsOH + 602 — 6H:20 + 4CO:




SSSBATH | Drop-in

Novosy
LUBRA

SLE
TECNO

05 dtees
MAIS svavcinh
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s E15

Up to 15% ethanol

Use only in
» 2001 and newer passenger vehicles
» Flex-fuel vehicles

Don't use in other vehicles, boats, or

gasoline-powered equipment It may cause
damage and is prohibited by federal law.
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Making drop-in biofuels: bioethanol

Blomass Is cut

Into shreds ., '
and pretreated “THAND
with heat and P g o
chemicals to — d@u —T T
make cellulose T = ——1 6 Ethanol is
accessible to - " ~wl purified through
RSATSS. 9 p \ distillation and
\ s prepared for
L ::' AARAAARINERRRRARRARRRRR IS \. ‘ diSt'i?U:ion'
LTI . b \Yeast
(1) . [ a—
Blomass Is harvested : c—— g
and delivered to
the biorefinery. »
Enzymes break down Microbes ferment
cellulose chains sugars into
iINto sugars. ethanol.

Bacteria



The seeds are cleaned/dehulied
before being compacted in the
press. The leftovers form a meal
that can be used as an animal
feed.

4

Methoxide is mixed and
added it to the fitered oil.

gy

. . . -
- .

settle and the glycerine
Impurities are removed.

—

Grains such as soy beans, sunflower, I
canola, mustard, and cotton seeds apé
harvested.

The excess oll IS then
collected, fitered, and
stored in a processing
tank.

6 ARter thuroughly
cleaning the oil with a
water wash, the newly
made biodiesel is ready
to be used in your
engine,
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Brazilian sugarcane bioethanol

8% solar conversion efficiency { ey 4
(3.6-6.4% of arable land) - 4 ‘ B -

50% domestic transport fuel
1% of Brazil's arable land

7,534,247 Liday

(global gasoline = 6,153,300,000 L/day)

45%0 more ethanol per unit
area than corn ethanol

$0.29/L US corn ethanol
$0.22/L Brazil sugarcane ethanol

OECD (2006) 2004 prices.
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33 BATH | Conflict for resources: Food vs Fuel
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ﬂl Population - competition for resources
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Lt 2013 = 7,200,000,000
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http://www.worldometers.info/world-population/
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UNIVERSITY OF

BATH | Agriculture must be protected

2050 = 9.3 billion people
Global grain production must DOUBLE
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BATH | Land is limited or in the wrong place

Cropland in use and total suitable land [million ha)

Sources: FAO data and Fischer et al. (2000)

Arable land in use, 1997-99

B Total suitable for rainfed
crop production

222 207 | 8

Latin America and Caribbean Sub-Saharan Africa East Asia South Asia Near Eastand Industrial countries Transition countries
North Africa

8.6 18.4 25.0 24.0 8.7 11.0 3.8
% of total world population @ 2050

T . i W
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=3 BATH Land is limited or in the wrong place
R Wy 2 v

Half the world’s
population lives in ‘g
this circle ‘ J
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BATH | Perfect storm
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Table 3—Expected impacts of climate change
on global cereal production

1990-2080
(% change)
World 0V.610-09
Developed countries 2.7109.0
. Developing countries -33t0-7.2
& Southeast Asia 2510 -2.8
A South Asia -18.210-22.1
A Sub-Saharan Africa 3.9t0-7.5 :
72 Latin America 5.2 to 12.5 3
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.fﬁ BATH | Conflict for resources: Drink or Drive

Agriculture —
/0% global water consumption

Amount of water (litres) required to produce:

Developed
countries

50

40
1 kilo of grain-fed beef

30

15 000

« Developing
20 countries, humid

1 kilo of wheat Developing

10 countries, arid
M1500

0
1950 1960 1970 1980 1990 2000 2025

Daily drinking requirements

|2-5

Source: Pitman 2002.
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W BATH |Microbes — small, but big in biomass




@ wresmer | Microalgae offer efficient land-use

and less competition with agriculture

Table 1
Comparison of some sources of biodiesel

Crop Oil yield Land area Percent of existing
(L/ha) needed (M ha)®  US cropping area®

Corn 172 1540 846

Soybean 446 594 326

Canola 1190 223 122

Jatropha 1892 140 77

Coconut 2689 99 54

Oil palm 5950 45 24

Microalgae® 136,900 2 1.1

Microalgae® 58,700 4.5 2.5

* For meeting 50% of all transport fuel needs of the United States.
® 70% oil (by wt) in biomass. Chisti 2007
¢ 30% oil (by wt) in biomass.

Fatty Acid Methyl Esters
(FAME)
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SBATH | Biofuels: challenges to development




Challenges: cheap competition
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WORLD ENERGY COUNCIL
CONSEIL MONDIAL DE L'ENERGIE Coal il
For sustainable enargy

World Energy Resources
2013 Survey

L. 72X
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IBATH | Coal: plentiful supply

Reserves (Mt) Production (Mt) 2011 R/P

Country 2011 1993 2011 1993 years

United States of America 237 295 168 391 1092 858 > 100
Russian Federation 157 010 168 700 327 304 >100 e emad
China 114 500 80 150 3 384 1150 34 I
Australia 76 400 63 658 398 224 > 100 I
India 60 600 48 963 o216 263 > 100 esesee o
Rest of World 245 725 501 748 1805 1675 > 100 w"
Global total 891 530 1 031 610 7 520 4 474 > 100 i\
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LIGNITE  EROWN COAL"
2000 - 4000 kcalfkg

SBSDL

reach Ing new jfrontiel

SUB-BITUMINOUS COAL”
4000 - 6000 kcallkg

BITUMINOUS COAL”
6000 - 7000 kcallkg

“Moisture and ash containing basis

HYDROGEN &
CATALYST

HEATING &
PRESSURIZING

COAL LIQUID
10.000 kcal’kg

The reaction of coal liquefaction is the
conversion of coal into liquid by the
thermal decomposition and
hydrogenation with catalist under
pressurized condition

DISTILATION

»

GAS OIL GASOLINE KEROSINE

It is more effective to use low rank
coal with low energy density and
limited utilization as the feedback
for liquefaction
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Natural gas

Reserves (bcm) Production (bcm)

Country 2011 1993 2011 1993

Russian Federation 47 750 48 160
Iran 33 790 20 659
Qatar 25 200 7079

+ South and Central Asia

Turkmenistan 25213 2 8860

®090® HP4s

Saudi Arabia 8 028 5 260

Rest of World 69 761 57 317

Global Totals 209 742 141 335

Rasarves ] MENA

<1 000 bem 8 (WA bem

Al e

Production  Consumption LAC : 000090099 O® P10

| =] (heom

P ratio (pean) .... R/P 3¢
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Africa
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Gas to liquid: Fischer—Tropsch process

o Ficher-

Hans Tropschl1930

U

~Franz Fischer 1934



s Biofuels: challenges to development

Self Cost N
8 Unleaded Per Gallon

Regulaf _ 29 91_%
T304
supreme '3, 21>
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9BATH | Algaloil

algae(@ work

A2BE Carbon Capture, LLC
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Challenges: cost

1 barrel of oil (159 L) @ $110.88 (Brent Crude) $0.69/L

CapEx
* Open ponds
* Closed photobioreactor

OpEXx

 Electricity for cultivation

- CO,

* Nitrogen fertilizer

* Phosphate fertilizer

 Electricity for harvesting/dewatering
 Electricity for cell cracking

 Qill extraction

» Transesterification
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Challenges: cost

40 B Base case 80 B Base case
® Projected case
a0 60
gw\ an .
St g Reduce capital costs of
O 100 150 200 250 30 %0 20 3 40 50 60 70 80 8 100 prOdUCtIOn faC”ltleS
Construction costs (1,000 $ ha™') d Biomass yield (g m d-')
R RPN (open pond/PBR)
® Projected case ® Projected case
60 ;_g?"‘ i
3 g 15 —
o 40 a . .
- " | d
5 5 ncrease productivity
00 500 1,000 1,500 2000 2,500 3,000 O % 75 100 1% 1% (b|0maSS yleld g/m 2/d)
HVP (0.1% yield) price (S kg™") Qil price ($ bbl-)
e f
:zg \Base case ) : .;\\j’ijeded case
2 sof TR T H ot £ <o} LITTHERE Cost
x 60 10008 g 304 LTSI L 1,000 8
X 40 ha-' = 20 e > _ha"
0
0100908070252 01006307050
60 50 40 30 20 10 250 50 40 30 20 10 250

Biomass yield (g m= d-') Biomass yield (g m= d')

Figure 1 Sensitivity analysis. Using the parameters described in the text, an industrial feasibility
study was constructed to model the effect of varying specific interconnected parameters on the
internal rate of return (IRR). (a-d) The effect of these variables on the base case and projected case
scenarios. (e,f) Potential gains from simultaneous advancement in the key factors of construction
cost and biomass productivity.

Stephens et al 2010



' BATH Constraints that add significantly to cost

Oil is synthesized in nutrient poor stationary phase cells
Results in 2 phase production process
Fed-batch challenging
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BATH | Constraints that add significantly to cost

There Is a trade-off between light penetration and culture density

Resulting in high harvesting & dewatering costs

) 1:)

M\
/
()
M
/
O A
)

Day O

Low cell density
at harvest
<3¢g/L

WET, WET, WET



Features

-

Fig. 3: Cell counts by flow cytometry of viable algal cells
in sterile (blue line) and non-sterile (red line)
wastewater final effluent for six species of microalgae
and blank with no addition of algae. Error bars
represent £ 1 SE (n=3).

« High growth rates

* Resist contamination
« High cell wall algaenan content
« Low protein (NOX)

C.emersonii

S.vacuolat

us
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@ weeer | Waste feedstocks and co-products

reduce production costs

AD Plgment

Waste water

y Ry

Feed protem

Algal
biomass

‘Polished’ B
water

¢ Impact Acceler:

ferex

a ¥YTL company

EPSRC
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Hydrothermal liquifaction

Mitigate constraints by mimicking natural oil forming process to
produce bio-crude (for direct blending with petroleum crude)

A
30
Hydrothermal
25 L. Liquefaction
Liquid Region
Phase
e~ 20
[+ %
2
215
3
"
Sa &
How Petroleumand “ & 10
Natural Gas Were Formed 501,
v, R 5
nt and rock so they can be
vere bured de
re turmed t /
UG of 3¢ L e 0
Du"\.l m az ol nd gas 4po 0 100 200 100 400
Temperature (°C)
I l Hydrogen
¥ TOUIgII Naphtha
: i Co-Product,
CO, Algae R Concentration/ L Hydrothermal N c:;‘::;_'c Ly Product = )
i facti
> Growth Dewatering Liquefaction Deoxygenation Fractionation —» Hydrocarbon
) Biofuels
3. t t t - (Gasoline,
Diesel, Jet)

Power Generation
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3 BATH | Cost comparisons

Algae-derived gasoline produced using HTL
51 b

Scenario1 T Gasoline
Lab-scale

5-10 years

Scenario 3

27 4 ll-scale
4 Scenario 2
Cellulosic Pilot-scale

T ethanol 1 —'—&]—4

Corn ethanol
0 r ; ; :

0 20 40 60 80 100
GHG emissions (gCO.e/MJ)

Energy Return on Investment (EROI)

Table 1
Three scenarios were defined to capture the emergent nature of the algae-to-energy sector.

# MName Description

1 Labscale Modeling inputs were obtained from a variety of published sources from small scales under idealized conditions. These types of data have been used in
many LCA studies (Frank et al., 2013; Stephenson et al., 2010; Clarens et al., 2010; Liu et al., 2012)

2 Pilot Parameters were based on values collected between 2012 and 2013 in pilot scale operations at the Sapphire facility in Las Cruces, NM.
scale

3  Full Input parameters are based on industry forecasts with respect to energy efficiencies and yields for the coming 5 years. This scenario does not include
scale advances that would be made possible by genetic engineering of algae strains.

Liu et al 2013 Bioresource Technology 148



Liguid biofuel production using
microorganisms: too small to
ok make a difference?
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