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VG Energy has recently announced that it has been able to translate a research discovery related to cancer
treatment into a potential breakthrough for biofuels made from algae. Laboratory experiments show that
molecules which can disrupt the burning of fats (lipids) in tumor cells can also encourage microscopic
plant cells like algae to accumulate and even secrete fats. These fats can be used to produce diesel and jet
fuel substitutes for traditional petroleum fuels. This note summarizes a preliminary analysis aimed at
understanding the potential for exploiting these findings in commercial technology. The scenarios
evaluated include:

» Enhanced production of higher value oils such as omega-3-fatty acids in open pond algae systems
» Enhanced production of fats for oil produced as a feedstock for biofuels in open pond algae systems

The enhanced production scenarios are compared with scenarios based on literature values for currently
achievable productivity levels of algal open pond systems. The results show that VG Energy’s discovery
could transform algae technology from being a negative rate of return proposition to being an attractive
and profitable venture. There are many caveats that go with such a statement. The preliminary nature of
this analysis, which has a wide margin of error associated with it, and the uncertainty of how these early
lab results will translate into practical process schemes are chief among them. Furthermore, while the
high price of nutritional markets makes them an attractive near term target for the technology, it is
important to bear in mind that any new technologies will face stiff competition from existing commercial
producers. As for fuel production, the best we can say is that VG Energy’s discovery offers dramatic
improvements that move algal biofuels much closer to —but not yet to—the goal of competitiveness with
petroleum.

Caveats

Any one considering this analysis should understand that it is preliminary and subject to significant error.
The available performance data is simply too thin at this point to give this estimate more than an order-of-
magnitude precision. That said, it signals a green light to move forward. Among the things I have not
accounted for in this analysis is the value of recycling algae. Because the technology results in secretion
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of oil, recycle of living algae is possible. This could significantly reduce the cost of algae production. It
should be a priority to modify the process model to accommodate this change. That is not a small job in
the model as it is now configured. There are other possible cost savings as well. The results presented
here include a step for breaking apart the cells to release the oil, which would not be needed if the oil is
secreted. This would not be necessary in a system in which the algae secrete the oil.

Evaluating the economics of algal oil

The basics of an open pond algal oil production system are shown in Figure 1. Algae are grown in
shallow ponds in which an aqueous suspension of algae circulates in a raceway pattern to maintain mixing
and turnover of algae at the surface to improve access to sunlight for photosynthesis. CO> from a waste
source such as a power plant or ethanol plant is sparged into each pond. Nitrogen, phosphate, potassium
and iron are added to support growth. Growth rates are measured in grams of algae per day per square
meter, with typical values ranging 10 to 20.
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Figure 1: The US Department of Energy’s concept of algae for biofuels

The algae can accumulate large amounts of carbohydrates (sugars and starches), lipids (fats) or protein
depending on the species and the condition under which they are grown. Of particular interest to energy
technologists is the ability to achieve high levels of lipid content in these fast growing simple plants. The
combination of rapid growth and oil production makes algae technology potentially more productive than
even the fastest growing oil crops in the world such as oil palm.

This analysis only considers open pond systems. They represent the lowest cost and simplest design of an
algae production system. Many companies are currently working on new so-called photobioreactor
systems. These designs may change the economic landscape for algae given the extent to which they can
lead to improved light capture, better control of (and therefore independence from regional) climate
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conditions, and increased concentration of algal biomass. The obvious trade-off for such systems is cost.
Even the simplest step toward enclosing algae production systems (plastic covers or greenhouse type
enclosures) dramatically increase the capital cost of the system.

The following table summarizes other key inputs and assumptions in the analysis. The analysis is based
on a process engineering model developed in the form of an Excel® spreadsheet several years ago. The
model incorporates two downstream process options. In the first option, a conventional hexane extraction
is used to recover the oil. This is an energy intensive process that requires two stages of water removal
followed by drying of the algal biomass prior to extraction. Dried biomass from extraction is assumed to
have value as a fertilizer coproduct. The second option is a much lower cost and lower energy alternative
that uses a three phase centrifugal extractor to directly remove the oil from a wet paste of algal biomass.
Such an approach has been used in a commercial process for recovering neutraceutical grade beta
carotene from open pond algae systems. It’s use for high yield recovery of total neutral lipids from algae
has not been demonstrated. Thus, this second option represents an unproven but plausible scenario.
Liquids and biomass from the extractor in this second option are sent to an anaerobic digester, which
produces methane used for heat and power production. It also generates a CO> stream and a liquid
effluent containing some of the nutrients (nitrogen, phosphate and potassium), both of which can be
recycled to the growth ponds and used to reduce total nutrient supply costs. Note that COz is not free. It is
assumed to cost $80 per metric ton.

Table 1. Key process assumptions

ltem Assumption Comment
Financial + 10% rate of return on investment  This model starts with the minimum rate of return
parameters (after inflation) on capital that is required and then calculates the
- 10 year depreciation associated minimum selling price for oil. All
« 20 year plant life time parameters are adjustable by the user.

« 40% tax rate

Pond Open pond raceways per The costs of these ponds is roughly $20,000 per

design Benneman (1996) and Weissman hectare. This is an aggressive assumption—costs
(1987) could be higher.

CO:2 CO:z is recovered CO2 from a The cost of CO:2 delivered to the facility is assumed

source power plant to be $80 per metric ton of CO.. This is an

adjustable user input.

Process - Conventional hexane extraction Benemann (1996) introduced a centrifugal
options versus a novel three phase extractor based on technology used at a
centrifugal extraction (per commercial Beta carotene facility for recovery of oil
Benemann 1996 report) without the need for drying or hexane. In this case,
« Centrifugal extraction uses the wet solids and aqueous stream from the

anaerobic digester. Methane from centrifugal extractor are sent to a digester

the digester is used to generate producing methane (burned for electricity) and a
electricity and nutrient rich recycle stream with recovered nutrients.

effluent is recycled to the ponds.

Table 2 summarizes performance assumptions for the base case (literature value) scenario and the VG
Energy improved performance assumptions. These values come from an earlier analysis by Professor
James Richardson at Texas A&M, who derived them from discussions with Dr. Karen Newell at VG
Energy.

VG Energy analysis 3



SleebsrBoyer, LUC

Table 2. Algae performance assumptions

Parameter Base case VG improved case
Total lipid content (% dry weight of algae) 40% 40%

Lipid product expression 13% of total lipid 39% of total lipid
Algal biomass productivity (g/ sq m/day) 10 60

Cost of VG Energy process chemical additive ~ $0.037 per gallon of oil $0.037 per gallon of oil

Market targets for lipid products High value oils at $10 to 40 per gallon.
Neutral lipids competing with crude oil at $90 per
barrel.

Lipid products recovered from the algae fall into two market categories: High value oil products such as

omega-3-fatty acids for use in food products and generic triglycerides (neutral lipids) that can be used as
a feedstock for biofuels production. The high value oils could range in value from $10 to $40 per gallon.

Neutral lipids for biofuels production must be competitive with current crude oil prices, which would be

around $2.14 per gallon ($90 per barrel).

Findings

Tables 3 summarizes the findings of this analysis. The reuslts are expressed as a minimum selling price of
the algal lipid product required to meet a 10% real rate of return on capital.

Table 3. Per gallon minimum prices for four productivity and extraction scenarios

Case 1: Base case Case 2: VG Energy improved case

$ per gallon $ per barrel $ per gallon $ per barrel
Conventional extraction $55.49 $2,330.45 $7.27 $305.21
Centrifugal extractor $47.96 $2,014.19 $3.06 $128.39

The case has a minimum price that is above the maximum market value of $40 per oil, indicating that (for
a 10% rate of return on investment), the algal oil process is not competitive even under the highest market
price assumption. Under the improved performance case, the minimum price of oil comes in below the
the low range for the high value oil market price of $10 per gallon indicating that it is competitive.

Figure 2 compares minimum algal oil product prices with market prices. The chart on the right compares
the minimum price of algal oil for the improved case expressed in dollars per barrel with a range of crude
oil prices. This is a much more challenging comparisons. Even with improved biomass and oil
productivity, neither the conventional nor the centrifugal extraction cases can beat the current price of oil
(roughly $90 per barrel). But the centrifugal extractor case is within shooting range of potential future
prices for crude oil. This is a very encouraging result.
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Figure 2. Minimum prices for algal oil
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Appendix. Additional details
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Table A1 summarizes the model assumptions used by Dr. James Richardson at Texas A&M (shaded in
yellow) as well as calculations based on those assumptions. Numbers in red are explicit model inputs for
this analysis. The percent of triglyceride available for extraction as a fuel feedstock or as a high value
product is calculated as:

%0il = %High Value Oil x %Lipid

For the literature case shown in Table 1, the percent of extractable oil is

13% x 40% = 5.2%

For the improved performance cases in Table 1, the percent of extractable oil is

39% x 40% = 16%

Table A1. Assumptions for algae oil production system.

Lit case HVO $40 HVO $40 HVO$10 HVO $10
Chem 1 Chem 2 Chem 1 Chem 2

Facility size acre ft 500 500 500 500 500
Depth ft 0.667 0.667 0.667 0.667 0.667
Depth m 0.203 0.203 0.203 0.203 0.203
Pond acres 750 750 750 750 750
Pond hectares 304 304 304 304 304
High value oil % 13% 39% 39% 39% 39%
Compound cost $ per gal oil produced $0.375 $0.0375 $0.375  $0.0375
Biomass volumetric productivity (g/liter/day) 0.049 0.29 0.29 0.29 0.29
Biomass areal productivity (g/sq m/day) 9.959 58.943 58.943 58.943 58.943
Total annual production (gal/AF/year) 1,325 3,972 3,972 3,972 3,972
Lipid % 40% 40% 40% 40% 40%
Extractable Oil (HVO) as % of biomass 5.2% 15.6% 15.6% 15.6% 15.6%
No harvests per year 60 91.25 91.25 91.25 91.25
Volume ponds harvested per cycle (%) 50% 25% 25% 25% 25%
Price HVO $40.00 $40.00 $40.00  $10.00  $10.00

The spreadsheet model used in this analysis calculates a complete material and energy balance for all
flows in the production system up to and including recovery of products and coproducts. A sample
material balance summary sheet is shown on the next page.
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CO2 Net CO2in
2,610 S$-105 S-103 5,920,833 kg/h
kg/h 8,940
S-107
1,800,000 kg/h
Growth 0 20
Ponds De e Dewater
1,800,000 kg/h S-102 6,034,417 kg/h S-106 0
Balanced Balanced Balanced
S-108 0 kg/h
S-106a
kg/h 120,833
kg/h Solvent Make up
S-104a Vapor Solvent S-115
351 S-11 Recoery Loss 0
kg/h 0 kg/h S-114 kg/h
0
S-119 Coproduct P .
23/5;1 Recovery Extraction S111 0 Drying
kg/h
Balanced Total Hexane [E (ETglef=ts] Hl Balanced
(includes recycle) Evap Water:
0 kg/! S-110 i 0
W kg/hr
High Protein Coproduct S-112 1,131
% N Recov S-116 Lipid kg/h
75.00% 0
% P Recov kg/h
50.00%
S-118 S-113a
115,637 [r— 19,702 |
kg/h kg/h
Water Anaerobic Electricity
Nutrient Digestor Generation
Recycle
to Pond Methane/CO2
5-121
N Loss 9,437 CO2
P Loss kg/h S-122
Sludge Loss 9,437
S-120 kg/h
152
kg/h

$-109 0
kg/h

Figure A1. Mass balance summary sheet for case 2 (Improved performance with centrifugal

extraction)

Summary reports for each case analyzed are presented in the subsequent pages.
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Literature values with conventional hexane extraction.

Case 1

VG Energy analysis



SleebsrBoyer, LUC

')
&
o
s PP o

jendey w  Sunessdo m 2 KX P&

R
- 000% i wwfogm,\ - 0008
- 00°0TS - ooots
- 00°02$ [ GOl

6Ly

> 87'75S$
00088 - 00°0€S
 000ts - 00°0vS
| 00083 | 00'0S$
| 00098 L 0009%

89'210°2$ 110 JO [211eq Jad 3500
GLo'eZ$  19SLL$  26Lv$ 1500 18N
6vc'c$  89% 96 v$ REERTEY0)
0% 0$ 00°0%$ poidog seb|y Hpaid
¥98'Ge$  ¥8.$ 81°25$ }s0Q |ejoL
€69'6$  €62¢$ 65619 1509 Buneredo
0Lzols  Lev$ 06°2€$ [exded pazilenuuy
(ey) puod (yw ) eebly (1eb) 10

6.'222% uojes [enuuy Jad |eyded

willctte

1509 BuiesadQ |ejoL
[eyded |ejol
uofonpold |10 [ejoL

9¥6'G68°'Cc$
820°2€6'2€$
1€8'L¥L

0 uoiNPoId ssewolq |ejol
9002$

abnjuus) S/O/M
auexsH

abnjuus) S/O/M
K1an0239y |10

SUON

seo |einjeN
SUON
seo |einjeN

Spllos %0z ebnyued
SpIIOS %0z 8Bnyuusy
Jayemaq Aiepuodag

X0G Jemes

X], UON
XQ| J8uIe}SoIN

X0.Z 48314 yed
X0G Jopes
Jayemaq Aewnd

1IN0 paydo|q m:O_..—QO
9ED|e pajevIpa(
aeb|e pajeolpag
OLIBUSDS YIMOID)

1no paydojq suondo

seq) an|4 joalig-jue|d Jamod
A0y ZOD-Iue|d Jamod
A029Y ZOD-Jue|d Jamod
Buioinog z09d

a'6v$
00°0v$
910'0%
00°02$
0s'L
00°000°c$
00°002$
00'L$
00°08$
0L'0$
sinduj Jay30

00°¢
000°000°02
000°000°002
1999999
00€

%S
S1'0
0l

pajsnipe uoneyu

1500 (/661) wepey

w no Jad aold Ja)epn

y-a10e Jad 801d Jojep

S810Y puod 0} [ejol

aJoe Jad 901 pue

jw Jad soud |eaw Aog

nigWIN Jed soud seo |einjeN
Jw 48do 150D ZOD A0y Jue|
1809 Ayoupo9(q

sAep awl| uoiualey

S19}I| SWIN|OA puod

pd| mo|4 puod |ejo]

pd| mo|4 puod 8|Buls

(ey 0} Jour) eauy puod [ejo)
euo) pldi] %

|/6 uonesnuasuo) aeb|y puod
p-w bs/6 Ayanonpoud eary

90
ol
0¢

Kepjwo ajey uoneiodeny
ey ealy puod a|buis
wo yydeq puod

ejeq |euonetadQ puod aeby

8v1°0
7190
LLL°0
%00°0%
0¢

ol
%000}

a)ey ableyn paxi4
uonelpaldaq anjep Juasald
10104 A1anoday |eyden
a)ey xel

(s1eak) pousad sisAjeuy
sJeak uoneroaidaqg

uinjal Jo ajel palisaq

slajaweled d1wouod]

En

Improved performance with centrifugal extractor

Case la

10

VG Energy analysis



SleebsrBoyer, LUC

%)
b%o
\e} \%Wo/ >
lenden m  Sunesadom J@% %\u 000 Av,o
Amo\u oe/ov oo« ono
. 00'0$ — g 00'0$
- 00T$ : .T LIS
L 00t eets - 00vS
TS
- 009% - 00'9S
- 00°8% - 00'8S
| 000TS - 00°0TS
| 00ZTS L 00CTS
12°€0E$ 10 JO |a.ieq Jed 180D
G2Z'65$  £¥'60€$ €C°/.$ 180D 18N
0% 0$ 00°0% 09|37 }IpaiD
cL‘oes  9gls 6L°¢$ poidod sebly 1paid
1€€°G8%  9vv$ ZroL$ 1S0Q [ejoL
€06°'29%  SG¢$ 62'8$ 1500 Bunesado
Yev'LLS 16$ €Les [ended pazijenuuy

(ey) puod (3w) sebly (eb) lo

willlct

uojes) |enuuy Jad |eyde)
}s09 BuneladQ |ejol
[exde [ejol

uononpold |0 [ejoL
uol}oNpold Ssewolg [ejol

4445
882'0,£°02$
L6L'€CY'SES
88025V

000°02¥'LS
9002$

abnyusd S/0/M
auexaH
auexaH

K1ano29y |10

8UON

seo |eineN
Seo |ednjeN
seo |einjeN

SpI0s %0z 9BnyueD
SpIos %0z aBnyue)
19)emaq Alepuoosag

X0G Joames

X| UON
XQ| J8ulensoIoIp

X0/ 484 yegd
X0g Jomes
13jemaq Aiewnid

1no paydojq suondo
9eD|E PLjeVIPS(
aeb|e pajesipaqg
OlIEU3DS YIMOID)

1no paydojq suondo

seo) an|4 10alig-jue|d Jemod
A029Y ZOD-Jue|d Jamod
A029Y ZOD-Iue|d Jamod
Buiouinos zo9o

or'6v$
00°0v$
910°0$
00°02$
0S'L
00°000°'€$
00°002$
00°.,$
00°08%
0L0$
sinduj Jay30

1494
000°000°02
000°000°GY}
€ec'ees’y
00€

%91
rAl

8S

pajsnipe uopejuj

1500 (2661) wepey

w no Jad aold J8jep

}-a10€ Jad 9911d J8)ep

S8I0y puod 0} [e1o|

aJoe Jad aoud pue

jw Jad aoud |eaw Aog

ngNIN Jad aold Se9) |elnjeN
Jw Jado }s0) ZOD N029Y Jue|
1509 AjoLpo9|3

sAep awi] uonualey

SJ9}I| SWN|OA puod

pd| mo|4 puod [ejoL

pd| mo|4 puod s|buis

(ey o} Jour) eauy puod [ejoL
Lo pidin %

1/6 uonenussuo seb|y puod

90
(0)3
0¢

p-w bs/B Ayaionpold ealy
Kepjwo ajey uoneiodeny
ey ealy puod 9|buis

wo yydaq puod

eje( |euonjesadQ puod aeb|y

8¥1°0
190
L0
%000
0¢

ol
%0001

ajey abiey) paxiq
uojjeroaidaq anjep Juasaid
10104 Al8n0day |eyden
ajey xe|

(s1eak) pouad sishleuy
sieaA uoneroaldag

uinjal Jo ajel palsisaq

siajoweled o1WoOU09]

e

Case 2. Improved performance with conventional hexane extraction

11

VG Energy analysis



SleebsrBoyer, LUC

)
%a,,
o &Sy
leuden = Supesado m J\,u% J%@ 000@ Ao),o
R
L0008 Ty oSy | 000°
| o508 - 0S0$
| oo'1s [8'TS$ . 00°T$
0sT¢ 20" - 0S'TS$
- 00T$ oo
| osze 68°vS| 0ST$
- 00°€S e
| oses - 05'€$
L 00rS$ o
C 05e L 0SYS
L 00's$ oo
28'921$ 110 JO [211eq Jad 3500
768'Ge$  /zSely z20¢€$ 1500 18N
8G09l$ 8% 18°1$ REERTEY0)
0$ 0$ 00°0$ poidog seb|y Hpaid
0S6°L¥$ 6128 68'7$ 1809 |ejoL
¥80'¢€z$  12L$ 69Z$ 1509 Buneredo
998'8L$  66$ 0z'2$ [exded pazilenuuy
(ey) puod (yw ) eebly (1eb) 10
06'7L$ uojes [enuuy Jad |eyded

willctte

9z1'G26°'9%
LL2'€EE8ES
99€'C4G°C

0

9002$

1509 BuiesadQ |ejoL
[ended [ejoL
uofonpold |10 [ejoL
npolid ssewolg [ejo|

abnjuus) S/O/M
auexsH

abnjuus) S/O/M
K1an0239y |10

SUON

seo |einjeN
seo |einjeN
seg |einjeN

Spllos %0z ebnyued
SpIIoS %0z 8Bny1usy
Jayemaq Aiepuodag

X0G Jemes

X], UON
XQ| J8uIe}SoIN

X0.Z 48314 yed
X0G Jopes
Jayemaq Aewnd

1IN0 paydo|q m:O_..—QO
9ED|e pajevIpa(
aeb|e pajeolpag
OLIBUSDS YIMOID)

1no paydojq suondo

seq) an|4 joalig-jue|d Jamod
A0y ZOD-Iue|d Jamod
A029Y ZOD-Jue|d Jamod
Buioinog z09d

a'6v$
00°0v$
910'0%
00°02$
0s'L
00°000°c$
00°002$
00'L$
00°08%
0L'0$
sinduj Jay30

4%
000°000°02
000°000°G¥}
€€E°CE8'Y
00€

%9t
'l
8S

90
ol
0¢

pajsnipe uoneyu|

1500 (/661) wepey

w no Jad ad1d Jajep

}-a10e Jad 9014 Jajep

S8I0Yy puod 0} [ejol

aJoe Jad aoud pue

jw Jad soud |eaw Aog
ngnIN Jed aoud seo |ednieN

Jw 48do 150D ZOD A0y Jue|

1809 Ayouo9(q

sAep awi| uonuaey

SJ8}I| SWN|OA puod

pd| mo|4 puod [ejoL

pd| mo|4 puod 8|Buls

(ey o} soun) e8Iy puOd [EJOL
sjuo) pidi] %

|/6 uonesnuasuo) aeb|y puod
p-w bs/6 Ayanonpoud eary
Kepjwo ayey uoneioder]
ey ealy puod s|buig

wo yydeq puod

ejeq |euonetadQ puod aeby

8v1°0
7190
LLL°0
%00°0%
0¢

ol
%000}

a)ey ableyn paxi4
uoneloaldaq anjep Juasald
10104 A1anooday |eyden
a)ey xel

(s1eak) pousd sisAjeuy
sJeak uoneroaidaqg

uinjal Jo ajel palisaq

slajaweled d1wouod]

En

Improved performance with centrifugal extractor

Case 2a
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