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Volatile fuel costs, the need to reduce 
greenhouse gas emissions and fuel 

security concerns are driving efforts 
to produce sustainable renewable fuels 
and chemicals. Petroleum comes from 
sunlight, CO

2
 and water converted via 

a biological intermediate into fuel over a 
several million year timescale. It stands to 
reason that using biology to short-circuit 
this time cycle offers an attractive alter-
native—but only with relevant products 
at or below market prices. The state of 
the art of biological engineering over the 
past five years has progressed to allow for 
market needs to drive innovation rather 
than trying to adapt existing approaches 
to the market. This report describes two 
innovations using synthetic biology to 
dis-intermediate fuel production. LS9 is 
developing a means to convert biological 
intermediates such as cellulosic hydro-
lysates into drop-in hydrocarbon prod-
uct replacements such as diesel. Joule 
Unlimited is pioneering approaches to 
eliminate feedstock dependency by effi-
ciently capturing sunlight, CO

2
 and 

water to produce fuels and chemicals. 
The innovations behind these compa-
nies are built with the market in mind, 
focused on low cost biosynthesis of exist-
ing products of the petroleum industry. 
Through successful deployment of tech-
nologies such as those behind LS9 and 
Joule Unlimited, alternative sources of 
petroleum products will mitigate many 
of the issues faced with our petroleum-
based economy.

Introduction

The engineering of microorganisms for 
fuel production is experiencing a renais-
sance given the abundant need to develop 
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alternative sources of fuel. Recent inno-
vations, such as those pioneered in the 
development of LS9 and Joule Unlimited, 
are helping to reshape the thinking about 
fuel production from recombinant organ-
isms. I founded both of these companies 
through Flagship VentureLabs to solve 
fundamental bottlenecks in fuel produc-
tion, thereby increasing efficiencies and 
reducing costs.

Flagship VentureLabs was founded to 
streamline the process by which new inno-
vation could be conceived, funded and 
brought to market outside of typical con-
straints. Here, breakthrough technologies 
are developed to match large unmet needs 
in healthcare and sustainability markets 
and transformed into proprietary start-up 
companies. To date, over 20 start-up com-
panies have been formed within the Labs, 
including LS9 and Joule Unlimited. These 
first-in-class companies, conceptualized 
and founded by members of the Flagship 
VentureLabs team, are started within its 
Cambridge offices. Fundamentally, we 
remove the constraints from the typical 
elements of traditional ecosystems and 
harness them all under one roof, with the 
common goal of the betterment of human-
kind through innovation and entrepre-
neurship. This results in conceiving of 
new ideas and forming companies several 
years before more mainstream investors 
realize an emerging market opportunity is 
likely to be compelling.

A principal focus of mine at Flagship 
VentureLabs has been using techniques of 
biological engineering to dis-intermediate 
processes to maximize efficiency. Fuel 
production has been a key focus for this 
approach. Fuel is effectively the energy 
of the sun captured in chemical form. 
Traditional petrol fuels are fundamentally 



304	 Bioengineered Bugs	 Volume 1 Issue 5

exponentially now to allow one to ask 
open-ended questions based on what the 
ultimate goal is. LS9 was founded based 
on the question of “how can we produce a 
scalable, low cost, infrastructure compat-
ible biofuel?”

Simply put, the ideal fuel to be pro-
duced from biology would be diesel given 
its high energy density and its use through-
out the world as a primary transportation 
fuel. This biologically produced diesel 
needs to be produced in the most econom-
ical manner to be competitive in a low cost 
commodity market. As a result, a means 
to bioconvert sugar into diesel needed 
to be created, incorporating not just the 
biological pathway, but also the process. 
In order to achieve this, four key require-
ments were set: the ability to be feedstock 
agnostic (i.e., use any form of sugar), the 
most efficient biological pathway, a means 
for low cost separation and a product that 
did not require additional processing. 
In the initial phases of LS9, a process to 
define a means to achieve all of these goals 
simultaneously was undertaken. The solu-
tion that emerged was the use of a well 
understood organism for engineering,  
E. coli, to serve as a host for sugar metabo-
lism genes, key pathway operon and secre-
tion machinery in order to efficiently 
produce of end-products not requiring 
additional processing prior to industrial 
use.

Fats are the preferred energy stor-
age compound in many organisms. Not 
surprisingly, the pathway to produce 
them—fatty acid biosynthesis—is over 
90% energy efficient. It stands to reason, 
therefore, that this pathway could produce 
energy storage molecules for low cost fuel, 
with appropriate modifications to make 
fungible products. After designing several 
pathways that could yield diesel or a pre-
cursor, in silico analysis was performed, 
confirming the predicted higher efficiency 
of this pathway relative to others.

As an example of another pathway 
evaluated, the isoprenoid biosynthesis 
pathway can also yield diesel precursors 
but is fatally flawed. Two isoprenoid path-
ways have been described to produce a fuel 
precursor, the mevalonate and deoxyxylu-
lose pathways,4 both of which have energy 
efficiencies of only 60–70%. This is not 
surprising because this pathway is used 

Algal biofuels are an effort to further 
streamline fuel production. Here, sunlight 
and CO

2
 are captured by a photosynthetic 

organism typically selected for rapid 
growth and membrane accumulation of 
lipids. After a period of growth, the organ-
isms are harvested and dehydrated, the 
membrane separated and the molecules 
converted into biodiesel—an alkyl ester, 
chemically distinct from mass market 
fuels—through one of several processes. 
This approach, however, fundamentally 
suffers from thermodynamic limitations 
that make economic viability difficult, if 
not impossible, to achieve. An emerging 
approach to truly streamline renewable 
fuel synthesis is that of Solar Fuels, pio-
neered by Joule Unlimited. In this pro-
cess, photosynthetic microorganisms are 
engineered to capture sunlight and CO

2
 

and directly synthesize and secrete pro-
grammed end-products, thus simplifying 
the petroleum process for any given fuel or 
chemical to a single step.

I will discuss the fundamental innova-
tions behind these two companies as well 
as their transformative potential.

LS9: Ultra Clean Renewable  
Diesel

Heterotrophic organisms have been used 
for millennia to produce products of inter-
est, starting with various fermented bev-
erages. In some of these oldest processes, 
Saccharomyces cervisiae was used as the 
organism of choice primarily because of 
its innate capabilities to produce a desired 
end-product: ethanol. Even in recent years, 
S. cervisiae has remained the organism of 
choice for the production of corn etha-
nol. Recent advancements, however, have 
expanded the repertoire of organisms, as 
well as the products they can make such 
as Escherichia coli engineered to produce 
ethanol2 and E. coli engineered to produce 
plastics.3 The incorporation of different 
host organisms as well as designer path-
ways, whether for augmenting feedstock 
breadth or for preferred output chemicals, 
has been enabled by continued innova-
tions in recombinant techniques over the 
last 30+ years.

Within the past decade, however 
metabolic engineering and synthetic 
biology capabilities have been extended 

solar radiation and CO
2
 converted into 

hydrocarbons through photosynthesis 
millions of years ago, with the biological 
products modified to their state in natu-
ral deposits through a complex process 
involving high temperature and pressure 
over time. Current approaches to supplant 
petroleum effectively attempt to shortcut 
this process to make fuels over shorter 
periods of time.

The idea to leverage biology to enhance 
fuel production is not new. Efforts to pro-
duce cellulosic ethanol have been afoot 
for more than 30 years. In fact, several 
of the first biotechnology companies, 
such as Amgen, Genentech and Biogen, 
contemplated using recombinant tech-
niques to produce fuels. Over the past 30+ 
years, breakthroughs in genomic research, 
understanding the circuit-like connectiv-
ity of intracellular systems, and genetic 
engineering capabilities have provided new 
capabilities in the targeted manipulation 
of cells to achieve specific functions1 such 
that now, the same fundamental questions 
can be asked with a new lens as to what is 
achievable. Furthermore, the progressive 
advancements over the last 30+ years are 
enabling faster translation from concep-
tion to commercial productivities—akin 
to Moore’s law for transistors—with times 
decreasing three-fold every ten years.

The predominant approach today for 
renewable fuel synthesis is the production 
of biofuels—or biomass-derived fuels. In 
general, sunlight and CO

2
 are captured by 

plants. These plants, grown over one-to-
ten years, are harvested to yield sugars of 
various forms. Subsequently, fermentative 
or non-fermentative approaches are used 
to convert this sugar into something that 
either is or can be processed into a fuel. 
Traditional approaches have focused on 
ethanol approaches. Recently, however, 
LS9 has pioneered the efficient bioconver-
sion of sugar into hydrocarbons, including 
diesel. Based on cutting edge biological 
engineering approaches, LS9 was built 
around leveraging maximally efficient 
biological pathways focused not only on 
maximized production efficiency but also 
on minimized need for extremely expen-
sive post-processing steps, which together, 
enable the lowest cost production of drop-
in fuels as well as of low cost chemicals.
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a commercially relevant end-product. No 
additional processing is necessary for any 
of the products. This feature is unique 
to the fatty acid biosynthesis pathway, as 
the hydrocarbon base reflects the chemi-
cal nature of the fuels and chemicals to be 
produced.

Just as the chassis can be engineered 
for a specific product, so too can it be for 
sugar uptake. While simple sugars such 
as glucose from sugar cane can be used 
readily with the LS9 chassis, land-use 
pressures, cost-considerations and import 
tariffs put pressures to expand the base 
of inputs. Current approaches use exog-
enous enzymes to liberate sugar cellulosic 
biomass. Engineering genes with a similar 
functionality into the chassis can enable 
consolidated bioprocessing with endog-
enous production of glycosyl hydrolases, 
reducing process costs.18 Expression of 
hemicellulases—a xylanase (Xsa) from 
Bacteroides ovatus and an endoxylanase cat-
alytic domain (Xyn10B) from Clostridium 
stercorarium—hydrolyzes hellicellulose to 
xylose, which can then be taken up and 
incorporated into central metabolism in 
E. coli.10,19,20

The combination of the various meta-
bolic engineering capabilities produces 
a designer biocatalyst that is feedstock 
agnostic, exhibits highly efficient conver-
sion, uses a one-step process and yields 
products with drop-in compatibility. This 
amalgamation of key features also pro-
duces a diesel, for example, with minimal 
sulfur, significant life-cycle reductions in 
CO

2
 emissions, minimal benzene, while 

retaining all of the functional features of 
petroleum-derived diesel including cetane 
rating, oxidative stability and cloud point 
of diesel. Furthermore, the costs of pro-
duction are competitive without subsidy. 
By combining all of these factors, LS9’s 
biosynthetic pathway represents a power-
ful means to produce commercially rel-
evant products at commercially relevant 
costs.

Joule Unlimited:  
Renewable Solar Fuels

The dependency of output cost on feed-
stock prices is an intrinsic challenge faced 
by all heterotrophic organisms used in the 
production of commodities. Efforts to 

leaderless version of TesA hydrolyzes the 
acyl-ACPs, reduces inhibition of fatty acid 
biosynthesis and enables secretion of fatty 
acids (in the absence of a product-specific 
pathway).10-12 The selectivity of this ver-
sion of TesA has a preference for C14 fatty 
acids, though can produce a range across 
the commercially relevant spectrum.10 
Second, secretion offers a fundamental 
process advantage: continuous operations. 
With a continuous process, centrifugation 
is sufficient to achieve product separa-
tion, as opposed to much more complex 
and costly methods associated with batch 
processes for similar types of products, 
such as those that have been used for algal 
oil isolation. Enabling secretion therefore 
simultaneously replaces the batch pro-
cessing of biofuels with a continuous one 
and supplants expensive separation tech-
niques such as distillation with a low cost 
approach.

Through gene discovery, pathway engi-
neering and metabolic modeling, LS9 has 
achieved first-in-class capabilities to pro-
duce a litany of fuels and chemicals, all of 
which are secreted from the cell in final 
form, using the common chassis. Alkanes 
are a preferred compound as an alternative 
diesel source. Adding one such pathway to 
the engineered chassis allows for bio-based 
diesel production. Other compounds are 
produced by similarly understanding the 
biochemical pathway for synthesis and 
adding the appropriate genes to the chas-
sis. Two biological mechanisms have been 
proposed: decarbonylation of a fatty alde-
hyde intermediate yielding an odd-num-
bered carbon chain (which are similar to 
those found in nature) or the direct reduc-
tion of fatty alcohols.13,14 Biodiesel pro-
duction, as described in Steen et al.10 can 
be achieved using a specific acyltransferase 
in conjunction with an ethanol produc-
tion pathway. The acyltransferase allows 
for the production of fatty acids, and the 
ethanol pathway (pdc and adhB) provides 
for an endogenous source of the alcohol 
necessary for condensation into the alkyl 
ester. Olefins can be synthesized through 
recently discovered genes that can allow 
for the head-to-head condensation of two 
fatty acids.15 Finally, fatty alcohols can 
be produced using eukaryotic fatty acyl-
CoA reductases.16,17 Of particular note, 
each of these pathways leads directly to 

in nature to make vitamins, co-factors 
and other molecules focused on specific 
enzymatic or related events rather than 
energy storage. The products of these 
two pathways, isopentenyl pyrophosphate 
and dimethylallyl pyrophosphate respec-
tively, are then linked head-to-tail to 
form monoterpene, sesquiterpene, farne-
sylphosphate or geranylgeranyl pyrophos-
phate. The direct pathway products as 
well as farnesylphosphate and geranylgera-
nyl pyrophosphate then require additional 
processing themselves to produce fuel 
precursors,5 which then require chemical 
modifications to yield a fuel. This pathway 
has been the subject of much exploration 
to produce biofuels.6-8 The combination of 
markedly reduced biosynthesis efficiency 
and added cost associated with needed 
additional processing pose significant 
challenges to this approach.

The high efficiency associated with 
fatty acid biosynthesis makes it a preferred 
means to produce diesel. In this pathway, 
fatty acids are activated with coenzyme A 
or acyl carrier protein (ACP), producing 
fatty acyl-CoA or fatty acyl-ACP,9 which 
serve as the starting molecules for fuel 
synthesis. Enzymatic pathways for diesel, 
as well as for a series of other fuels and 
chemicals, can be added from this point 
in biosynthesis. Beyond diesel (alkane), 
these can include fatty acid methyl esters 
(other fuels and chemicals) also known 
as biodiesel, olefins, fatty alcohols and 
many others. Each of these products can 
be synthesized directly in the cell using 
fatty acid biosynthesis coupled with spe-
cific engineering of pathways to make the 
desired compound.

An efficient cellular chassis is essential 
to minimize cost of products. This chas-
sis must be optimized to maximize flux 
of carbon from input sugar though the 
fatty acid biosynthesis pathway and to 
enable secretion. The flux is optimized by 
directing carbon from sugar, which gets 
taken into central metabolism, to the fatty 
acid biosynthesis pathway. For example, 
eliminating t-oxidation through fadD 
and fadE knockouts blocks the first two 
steps of the b-oxidation pathway, yielding 
a three-to-fourfold increase in end-prod-
uct.10 Secretion serves two purposes. First, 
the accumulation of acyl-ACP inhibits 
fatty acid biosynthesis. Expression of a 
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passive thermal management. The modu-
lar design is central to reducing the risk 
associated with scaling up an otherwise 
complex process. Once a small number 
of reactors is used to validate operations, 
larger numbers, which by definition use 
an identical process, will be known to 
work prior to deployment. Larger num-
bers of future ones will be known to work 
in a similar manner. This substantially de-
risks deployment and allows for flexible 
plant sizing.

System based genome engineering is 
used in order to design a biological system 
capable of leveraging the Solar Converter. 
As a starting point, a cell with the right 
features—viability in the appropriate tem-
perature range, growth in non-fresh water, 
absence of biological properties that would 
prevent genetic engineerability, sufficiently 
fast doubling time, membranes that could 
allow for secretion—had to be selected. 
This entailed a blind screen of several hun-
dred organisms from commercial, public,  
and proprietary sources, which produced 
only a handful of qualified potential host 
organisms. Unfortunately, however, tra-
ditional genetic engineering techniques 
had not been well established in these key 
organisms. Therefore, the tools to accom-
plish large-scale genome engineering 
needed to be developed. Using synthetic 
biology capabilities, Joule Unlimited first 
recapitulated the industrialization and 
technique development over 50 years in 
E. coli in just two years. The cell most 
amenable to technology development was 
selected. This provided a fundamental 
tool box essential to design an optimized 
photosynthetic production host.

Using these techniques the favored host 
organism was built to serve as a chassis by 
engineering a series of biological and pro-
cess functionalities in order to maximize 
efficiency. First, metabolism was diverted 
to product synthesis. Photosynthetic 
organisms naturally use sunlight, CO

2
 

and water, for growth and maintenance, 
with O

2
 as a byproduct. Through a sys-

tematic re-organization and re-regulation 
of central metabolism, assimilated carbon 
can be driven to end-products through key 
selected off-take points. This allows for up 
to 95% of photosynthetic activity to be 
driven towards product synthesis with only 
5% towards growth and maintenance. 

The maximum activity of photosynthetic 
efficiency is governed by broad environ-
mental conditions as well as providing for 
a means in which photosynthetic activity 
can be utilized in a productive manner. 
Light energy, which provides the driv-
ing force for photosynthesis, scales two-
dimensionally, with a given number of 
photons striking an area per unit time. 
Ground level insolation rates have been 
determined by the National Renewable 
Energy Laboratory including not only 
total intensity, but specifically includ-
ing photosynthetically active radiation 
(approximately 39% of photonic energy 
striking the ground).25,26 Oxygenic pho-
tosynthesis uses light energy through the 
Z-scheme where water is oxidized, NADP+ 
is reduced to NADPH and ADP is gener-
ated. An 8 photon-cycle of the Z-scheme, 
which generates 2 NADPH and 3 ATP, is 
required to fix one CO

2
.27 The nature of 

this biology points to a series of elements 
needed to create an industrially viable pro-
cess: optimized light exposure, tailored 
CO

2
: light input ratios and biological sys-

tem design to efficiently use the products 
of photosynthesis.

Nature has designed an effective system 
to capture CO

2
. The net efficiency of the 

photosynthetic machinery, as well as that 
of the downstream biological processes 
is dependent on the system in which the 
reaction is occurring. For efficient areal 
capture, a reactor design that optimizes 
culture density, gas-liquid mass transfer, 
temperature and light exposure is required. 
Additionally, a biological system designed 
to minimizes losses associated with CO

2
 

reduction, mitochondrial respiration, 
photorespiration, cellular maintenance, 
process cycle time and non-product syn-
thesis is necessary. These two components 
must be co-developed to ensure that the 
variables are co-optimized. A schematic of 
the Joule Unlimited approach is provided 
in Figure 1. Joule has developed a reac-
tor, the Solar Converter, which is designed 
to allow for key biologies to occur while 
harnessing the modular scalability seen 
with solar panels. The reactor is designed 
to use CO

2
 to drive mixing, facilitating 

both gas-liquid mass transfer and ideal-
ized light exposure time cycles. The reac-
tor is made of very low cost materials with 
proven outdoor life-spans with a means for 

minimize this dependency have focused 
on direct uptake of inputs by an organism 
that can be used to make an intermediate 
or end-product. As carbon is the central 
currency of biomaterial production, organ-
isms that can take up and use some form 
of carbon are desirable. Photosynthesis is 
nature’s solution to assimilating carbon, 
doing so in the form of CO

2
, using solar 

energy to achieve the process.
Algal biofuels have attempted to use 

CO
2
 as a carbon source industrially, 

but face a series of intrinsic limitations. 
Significant effort and funding was put into 
exploring algal biofuels between 1976 and 
1996 under the Department of Energy’s 
Aquatic Species program.21 Ultimately, 
the study concluded that photosynthesis 
could support viable fuel processes, but 
needed key innovations to achieve viabil-
ity. Fundamental issues included depen-
dency on batch processing, low efficiency 
maximums associated with membrane-
accumulating products and high costs of 
separations. These limitations have been 
validated by both theoretical and empiri-
cal studies.22,23 Open algal ponds are 
further challenged by an inability to use 
genetically modified organisms, as well as 
by invading species.21,24

What had fundamentally not been 
addressed by algae was how to shortcut the 
entirety of petroleum synthesis into a sin-
gle step biological process. This specifically 
involves an organism that can use photo-
synthesis and produce an end-product 
that is directly secreted. Joule Unlimited 
was founded to specifically solve this chal-
lenge using an engineering based meth-
odology in order to design sophisticated 
biological capabilities using multi-scale 
system analysis. While scientifically inter-
esting in its own right, single-step fuel or 
chemical synthesis is viable only when 
practical issues for deployment are taken 
into account. As such, Joule Unlimited 
also sought to develop its direct-to-end 
product process to specifically not deplete 
agriculture land, not have a requirement 
for fresh water, produce fungible products 
with full infrastructure compatibility, and 
have a cost that would, without subsidy, 
beat fossil fuel equivalents.

The fundamental biology of photo-
synthesis must be leveraged and opti-
mized to create an industrial process. 
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removed from the system. Volatile prod-
ucts can be collected from the vapor phase 
in a simplified distillation-like process, 
while aqueous products can be captured 
by centrifugation of media.

Effectively, this approach creates a 
photosynthetic system where carbon flux 
is maximally diverted to a synthetic path-
way that produces and secretes drop-in 
end-products under conditions of limited 
organism growth. Genome engineering is 
used, therefore, to create a system wherein 
previously unengineerable autotrophs 
function like industrialized heterotro-
phic organisms whose phases of growth 
and production are uncoupled to maxi-
mize productivity without dependency 
on sugar. The impact of these changes are 
clear: rather than a theoretical maximum 
productivity for algal biofuels of 2,000 
gallons per acre per year, the combina-
tion of optimized heterotroph-like biol-
ogy with a tailored reactor system leads 

yield potential. Higher ratios require the 
development of a shunt for the product of 
excess (ATP or NADPH) in order to have 
the potential for 100% theoretical yield. 
These engineered capabilities alone elimi-
nate the dependency on batch process, 
increase biological efficiencies and yield 
non-membrane-accumulating products, 
overcoming several of the traditional limi-
tations of photosynthetic organisms.

Incorporating the biology with the 
Solar Converter allows for the construc-
tion of a fully integrated system. Cells are 
run under a semi-continuous process such 
that only 5% of time is dedicated to cul-
ture growth and 95% to production. The 
maximum culture density is selected such 
that, given the depth of the reactor, mixing 
occurs readily, dark volume is minimized, 
but light is exhausted, thus optimizing 
photon utilization. Product separations 
are built into the process as well such that 
secreted end-products are continuously 

Second, cells were engineered with the 
ability to produce key products. The chas-
sis is developed such that product specific 
operons, which must be tailored to the 
host organism, can be dropped in to allow 
for synthesis. All products selected are 
fungible end-products used industrially 
today. The products fall into two broad 
categories: volatile and organic. Volatile 
products, such as ethanol, are passively 
released from the cells. Aqueous prod-
ucts, such as diesel, require the engineer-
ing of a transporter for secretion. Product 
selection is of intriguing importance in 
photosynthetic organisms in that differ-
ent products have distinct photon require-
ments for CO

2
 fixation as a function of 

the biosynthetic pathway’s needs for ATP 
and/or NADPH. Understanding these 
requirements is essential to maximiz-
ing yield. At low ratios, reducing power 
(with product-to-product variability) is 
limiting, imposing a limitation on the 

Figure 1. Schematic of Joule Unlimited Helioculture system. Proprietary organisms are engineered to convert sunlight, CO2 and non-fresh water to 
industrially relevant end-products. The engineered organisms are housed within a Solar Converter, which represents a single rector unit. Operational 
modules are constructed by interconnecting several Solar Converters. This allows for reaction condition control as well as continuous separations. 
Figure from www.jouleunlimited.com/why-solar-fuel/how-it-works
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fuel with aspirations for significant adop-
tion must therefore produce products 
meeting industry specifications at com-
petitive costs. Competitiveness must not 
depend on time-limited subsidies or the 
unclear potential for carbon offsets, and 
must be validated without requiring enor-
mous amounts of capital along the way. 
These market requirements pose the need 
for additional considerations in design-
ing a biological process: continuous pro-
cesses are essential, costly separations and 
post-processing steps must be eliminated 
and efficient scalability must be a design 
constraint. Only by designing biologi-
cally engineered systems with the market 
needs in mind—finding the intersection 
between market pull and the potential 
for technology solution—can meaning-
ful bio-based alternatives to fossil fuels 
become a reality.
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to unprecedented areal productivities 
of 25,000 gallons ethanol/acre/year or 
15,000 gallons diesel/acre/year.

Through a series of steps, Joule 
Unlimited has therefore created a chas-
sis easily adapted to a variety of outputs 
that maximizes solar energy capture, CO

2
 

fixation and organism productivity. The 
resultant productivities are sufficiently 
high that the system can incur the capital 
cost associated with the reactors, and still 
be competitive with crude oil prices of less 
than $30/barrel. Furthermore, because 
CO

2
 is a key direct input, fuels made by 

Joule reduce life cycle greenhouse gas 
emissions by up to 90%.

Conclusions

Breakthrough innovations are necessary 
to escape our dependency on fossil fuels 
and their associated problems. Biological 
engineering has come of age to allow for 
cell systems to be designed for a purpose. 
Full realization of the power of cell engi-
neering depends on identifying the key 
market needs and demands, as well as 
design a biological suitable approach to 
meet them.

The fundamental approach LS9 and 
Joule Unlimited have taken is to use 
techniques of biological engineering to 
dis-intermediate the process from which 
sunlight and CO

2
 are converted into pet-

rochemical products. LS9 has taken key 
products used in the petroleum industry, 
such as diesel and back-engineered means 
to produce it from near-term-available bio-
logical intermediates, such as sugar. Joule 
Unlimited has similarly back-engineered 
methods to eliminate feedstock volatility 
by using sunlight and CO

2
 as inputs to 

generate the currency of central metabo-
lism. These two approaches together rep-
resent paths to disintermediate petroleum 
production.

Outside of periods of government inter-
vention, fuel markets are driven by price 
and purity, supply and demand. Markets 
thus require products where a specific use 
exists and are available at reasonable cost. 
Fundamentally, any alternative source of 


