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Never before has there been so 
much uncertainty about the future 
supply and demand of 
hydrocarbons. 
 
 
What drives great companies?  
 
 
 
 
 
 
 
There are a number of reasons for this uncertainty, but technology assumptions are a key driver. New 
technologies that either have higher yields per unit of energy input, or allow new sources of energy to 
be cost-competitive have the potential to completely change future supply and demand levels. In 
addition, future options to reduce greenhouse gases (GHGs) will vary from those being widely 
considered today. Transport fuels account for approximately 50 percent of global primary oil 
consumption and up to 30 percent of global carbon dioxide (CO2) emissions.1 
 
Accenture’s study looks at technologies in transport fuels that have the potential to “disrupt” the 
current views of supply, demand and GHG emissions in the next 10 years.  
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Accenture’s research examines the technologies through three lenses: 
• Specific technologies: What are some of the most interesting technologies that could 

fundamentally change the supply and demand equation of transportation fuels and/or affect the 
GHG footprint? 

• Representative companies: Who are the innovative companies that claim to be close to 
commercialization of these technologies (that is, will achieve commercialization in less than five 
years, or by 2014), and what are their thoughts and aspirations? 

• Particular markets: Where are regulation and private investment going, and what are the 
implications of this direction for different markets around the world?  

 
 
For a technology to be considered “disruptive”, it needed to meet the following criteria:   
• Scaleable: Greater than 20 percent potential impact on hydrocarbon fuel demand by 2030.  
• GHG impact: Savings greater than 30 percent relative to the hydrocarbon it is replacing. 
• Cost: Competitive at an oil price of $45 to $90 per barrel, at commercial date. 
• Time to market: Commercialization date in less than five years. 
 
 
In addition, we divided the technologies into three groups: 
• Evolutionary: Technologies that stretch today’s assets and resources. Although there are still 

challenges in commercializing these technologies, we believe these are “no-regret” technologies, 
as they represent actions that can be made today to make a significant impact on CO2, energy 
security and the optimization of local resources. 

• Revolutionary: Technologies that support the creation of fungible fuels, enabling the use of the 
existing distribution infrastructure. These technologies would remove the distribution 
infrastructure constraints on the speed and scale of penetration of biomass-based fuel. 

• The game changer: Electrification and the technologies that are needed for the scale-up of 
PHEVs and to enable the opportunities that PHEVs could bring in optimizing generation and 
transportation resources. This section will provide insight into how and how quickly electrification 
can happen.  

 
The purpose of this study was to demystify these technologies––by providing data on when and 
what the trajectory might be for commercial viability––and by highlighting the key challenges in 
economically bringing these technologies to market.  
 
“Betting on Science” aims to present a balanced perspective of these technologies and to 
showcase a glimpse of a future where hydrocarbons are not the only viable transport fuel for mass 
populations.   Fostering a deeper understanding of emerging technologies can help regulators 
enact policies, and help companies achieve high performance by developing strategies that 
address GHG issues sooner rather than later.  
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What drives great companies?  
 
 
 
 
Accenture is committed to uncovering the key ingredients to help each of our clients develop into a 
high-performance business.  Accenture’s first biofuels study, “Irrational exuberance”? An 
assessment of how the burgeoning biofuels market can enable high performance—a supply 
perspective (2007), explored the renewed emphasis of biofuels on the global stage. The following 
year, we released “Biofuels’ time of transition: Achieving high performance in a world of increasing 
fuel diversity.”  This study further examines the future of fuel diversity, but explores options much 
broader than biofuels such as vehicle electrification and the evolution of the internal combustion 
engine. Through our ongoing High Performance Business research, Accenture is committed to 
helping our clients in all industries achieve high performance. To review findings from our other 
research and experiences with more than 500 high performers, visit www.accenture.com. 
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Key findings 
 
As part of this research, Accenture reviewed more than 100 companies, interviewed over 30 and 
included case studies on over 20 across the 12 technologies that have been covered. The case 
studies are not Accenture’s endorsements of the companies. However, the case studies are 
important because nothing is more insightful than understanding the views of the players driving the 
change. We have also analyzed 10 markets, as we believe domestic resources and agendas will 
continue to drive the solutions.   
 
Tables 3, 4 and 5 later in this section summarize our assessment across the technologies. In almost 
all cases, at least 2 of 4 criteria (used to determine whether a technology was “disruptive”) were met 
for the technologies featured in this report. Most of the technologies met all four criteria. It is therefore 
reasonable to believe that these technologies will have an impact on supply, demand and GHG 
emissions in the relatively near future if successfully commercialized.  
 
This Accenture report highlights the following 10 key findings: 
 
1. There is low-hanging fruit where the debate should no longer be about “if” or 

“how,” but about “when” and “how fast.” Proactive government regulation has the 
potential to support and accelerate the sustainable development of these technologies. For 
example: 
 
• Increasing yields without significantly increasing land use. Hybrid genetics and 

biotechnology have driven a five-fold increase in average United States (US) corn yields since 
1940.2  Because there is a significant difference in crop yields around the world (see Figure 1), 
there is still potential to implement similar yield increases in other parts of the world, relatively 
quickly. For example, better agronomy practices in Malawi increased corn yields from 1.2 
million metric tons in 2005, to 2.7 million metric tons in 2006, and then 3.4 million metric tons 
in 2007.3 These technologies and practices can (and are) being applied to other crops. 

• Rewarding improvements in water and energy use. The reduction of energy and water 
use, when made a priority, has significant potential to change the GHG footprint. For example, 
POET has achieved an 80 percent reduction in water use versus ethanol production since 
1987.4 

• Supporting the use of waste to create energy or fuel. Waste is an underutilized feedstock 
that will be increasingly used for energy or upgraded to increase product yields.5 The support 
for the “waste-to-energy” and “waste-to-fuel” markets creates more demand for service 
providers to collect and transport the waste.  

• Continuing roll-out of higher-efficiency standards. The higher-efficiency standards that 
governments require provide an incentive for companies to continue to improve the miles per 
gallon (mpg) of their combustion engines. Companies profiled in this report are claiming up to 
50 percent improvements, albeit with disparity across markets (for example, in 2009, Europe 
at 49 mpg and Japan at 46.9 mpg, are almost double the US at 27.5 mpg); this could deliver a 
significant shift in the forecasted growth in demand globally.  
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Figure 1. Corn yield trends 6 

Corn yield trends 
(Bushel per acre) 

 1990 2000 2005 

World average 59 70 75 

USA 113 137 149 
Argentina 60 93 109 
China 74 78 80 
Brazil 33 47 54 
India 23 29 31 
Sub-Saharan Africa 22 24 25 
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2. Genetic engineering is transforming biofuel production (feedstock, deconstruction and 

conversion), often eliminating, combining or simplifying steps. For example: 
 

• Genetically engineered feedstocks that increase the yield density and reduce the intensity of 
pre-treatment and required enzyme. There is even research being done to build the enzyme 
into the feedstock. 

• A “diesel” solution through synthetic biology that allows sugar cane to be converted into a 
clean diesel.   

• Microbes that have been able to overcome the toxicity challenges of converting starches and 
sugars to butanol.  

• Genetically modified algae that have higher yields and can be cultivated and harvested at 
lower cost.  

 
 
 
 
Figure 2. Wider applications of genetic engineering 
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3. Algae could exponentially increase available feedstock. In a 2007 Accenture biofuels 

report, we estimated that first-generation feedstocks for ethanol and biodiesel (for example, 
sugar cane, corn, cassava, sweet sorghum, sugar beet, soy, rapeseed and palm) could provide 
for 10 to 15 percent of global fuel transportation demand. Accenture’s view today is that these 
first generation feedstocks could stretch further, particularly with the inclusion of waste and the 
continued evolution of the feedstocks as noted above; however, scale is still limited by available 
biomass. The synthetic biology (sugar cane to diesel) and butanol pathways are also limited by 
the same feedstock constraints. However, the addition of algae used as feedstock, with its 
incredibly high yields, changes the game on potential biofuel feedstock availability  
(see Table 1). 
 

 
Table 1. Comparison of algae and soybean resource requirements7 

 Soybean Algae* 

Gallons oil/year 3 billion 3 billion 
Gallons oil/acre 48 1,200 
Total acres 62.5 million 2.5 million 

 
*Based on algae grown in open ponds with daily productivity of 10 grams/m2 with  
15 percent triacyglycerol (TAG). 

 
However, of all the technologies Accenture has reviewed in this study, we believe that algae will 
be the most difficult and will take the longest to achieve commercial scale. Furthermore, based 
on our review of more than 20 players, it will take significant long-term commitment to reduce 
our current cost estimates––ranging from approximately $2 to $8 per liter ($8 to $30 per gallon) 
and to scale-up the production of strains and processes that are company-specific, 
environment-specific (i.e., location and conditions), and have multiple interdependent steps. 
However, this report contains case studies of three algae companies, all of whom claim that 
they will reach the first commercial plant stage in less than five years. If they are successful, 
then the scale-up of algae may be seen more quickly. In addition, recent commitments by 
ExxonMobil to invest $600 million in algae research in cooperation with Synthetic Genomics; 
Chevron’s investment in Solazyme; Valero’s investment in Solix; Shell’s investment in Cellana; 
and the recently announced Joint Development Agreement between BP and Martek, suggest 
that the major oil companies are in algae for the long term. Although Accenture believes it will 
take 10 years for algae to reach commercial stage, the companies featured in this report could 
prove us wrong. 

 
 

4. Technologies and assets will be combined and evolve. The lines between 
technologies and how they will be commercialized are gray. Accenture’s view is that the final 
scale will be achieved by a combination of first- AND second-generation technologies—rather 
than by any one technology in isolation. There is increasing creative application of multiple 
technologies to the process of using biomass to produce different products, while continuing to 
reduce costs. For example:  
 
• Custom application of novel technologies for multiple, differing processes – Amyris, 

LS9, Gevo, Solazyme and Glycos Biotechnologies are all using synthetic biology techniques 
in their fermentation processes. However, as they produce different products or use different 
feedstocks, we have classified them differently in this report. 

• Integrating new technologies into existing plants – Examples include retrofitting existing 
ethanol plants into butanol plants (Gevo), or sugar cane ethanol to diesel (Amyris), or corn 
ethanol to also process cobs (POET), or refineries to process bio-crude (Licella, Ensyn). 
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• A blurring of the traditional chemical processes – Companies are combining biochemical 
and thermochemical processes, particularly in the processing of waste (for example, 
LanzaTech and Coskata’s “hybrid” processes). 

• Deriving benefits from integrating existing processes with other technologies – The 
importance of pretreatment for cellulosic ethanol production (for example, when using 
grasses as a feedstock) is an element of the value chain that is now also applicable to some 
bio-crude technologies (for example, catalytic hydrothermal upgrading a.k.a. Cat-HTU). 

 
 

5. Batteries are the “feedstock” of electrification and constrain its potential. The case 
for the electrification of vehicles is well understood. This is evidenced by the regulatory and 
private support for plug-in hybrid electric vehicles (PHEVs). However, in the same way that 
feedstock characteristics and supply constrain the potential of biofuels, battery characteristics 
and supply constrain electrification, highlighting a number of challenges that need to be 
overcome.    
 
Today, only lithium-ion batteries can provide the necessary energy density and power density 
required for PHEVs. However, lithium is expensive, combustible, and scarce (there are currently 
only 11 major producing countries, dominated by South America, with a number of sources 
being remote and difficult to access). Production is also concentrated in three countries: China, 
Japan and South Korea. Given these constraints, many of the countries supporting 
electrification of vehicles are increasingly recognizing that developing battery capabilities is as 
important as supporting the purchase of PHEVs or building charging infrastructure. For 
example, the US has earmarked $2.4 billion for battery development8, and both A123 and GM 
are building lithium-ion battery manufacturing plants in Michigan.9 Although this addresses some 
of the production risks, the United States will still need to import almost all of the lithium 
required.  

 
 
6. Electrification heralds two key players in transport fuels—utilities and battery 

manufacturers. The transport fuels industry has been dominated by international oil 
companies (IOCs) for decades. Although there are some successful independents in different 
parts of the oil value chain, it has been difficult for new entrants to compete with the capital 
strength and asset/distribution control of the IOCs and national oil companies (NOCs). Utilities 
are a different story. Unlike agribusinesses entering big oil, where the distribution was controlled 
by the IOCs, utilities will not rely on IOCs for distribution. Utilities have the capital strength and a 
distribution infrastructure that could make cars running on electricity a reality. Many lithium-ion 
battery manufacturers are also large global players (for example, Panasonic). Provided 
governments and automotive companies continue to be supportive, utilities and battery 
manufacturers are well-positioned to make electric vehicles a reality.  . 
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Table 2. Both utilities and battery manufacturers are well-positioned to play a successful role in the future 
of transportation10.   

  Business segments Financials Pilot 

Utility Pacific Gas and 
Electric Company 

Supplier of electricity, 
natural gas, hydroelectric 
power 

2008:  
$40.9 billion  
(total assets);  
 

$14.6 billion 
(operating 
revenues) 

Piloted plug-in Prius in 
2006. Testing four EVs 
(Ford Escape PHEV, 
Scion e-box BEV, 
Mitsubishi i-Miev and a 
second Toyota Prius 
PHEV) in their own fleet.  

Battery 
manufacturer 

Panasonic Digital audio-visual 
communication networks; 
home appliances; 
components and devices; 
Panasonic Electric Works; 
other (welding, trading, EV 
energy) 

2008:  
$69 billion  
(total assets);  
 

$83.5 billion  
(sales) 

Ni-MH batteries already 
mass-produced for hybrid 
electric vehicles (HEVs) at 
several manufacturing 
facilities, since 2000. 
Plans to expand lithium-
ion manufacturing bases 
(Osaka and Wakayama, 
Japan).  

International 
oil company 

Chevron Exploration and 
production (oil, natural 
gas); manufacturing, 
marketing and 
transportation; other 
(chemicals, mining, power, 
technology) 

2008:  
$161 billion  
(total assets);  
 

$265 billion  
(sales) 

 

 
 
7. At least in the next five years, possibly even 10, PHEV scale-up is not dependent 

on comprehensive “smart” grids.  Although many of the pilots testing PHEVs are related 
to smart grid initiatives, it should be clear that the initial scale-up of PHEVs does not require a 
comprehensive smart grid. For example, in the National Renewable Energy Laboratory’s study 
to assess the impact of PHEV penetration rates on Xcel Energy’s Colorado territory, it was 
concluded that up to 500,000 PHEVs could be supported without the need for additional 
network capacity.11 It is true that off-peak charging is absolutely critical if the cost benefits of 
running vehicles off grid power are to be maximized without large-scale investment. This could 
initially be performed with a meter or timer to “turn on” the charging during off-peak hours (for 
example, between 1 a.m. to 5 a.m.), without the need for a full smart grid. In the medium term, 
there will need to be some intelligence built into the system, as the utility will need to monitor 
and bill for the charging. In addition, there are companies looking at software to charge vehicles 
under centralized control (for example, allowing the consumer to subscribe to a plan, with a third 
party acting as an aggregator).12 This would simplify matters for the utilities in terms of 
managing the load to the grid, as the utility could collaborate with a third party to optimize 
charging. However, the scale-up of PHEVs will need to be monitored due to the eventual stress, 
wear and additional capacity requirements it will place upon the grid. In the long run (10 to 20 
years), when there is significant penetration of PHEVs, a smart grid would be beneficial in 
optimizing the additional load and taking advantage of opportunities such as vehicle-to-grid 
(V2G). 
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8. There will be increased activity in the airline and marine industries on options to 
reduce GHG.  Airline and marine have not received as much attention from government and 
private investors as road transport, but with viable solutions available to reduce GHG, these 
sectors will likely be the focus of much regulatory and private investment attention in the next 
few years. We expect these technologies to take longer than five years to scale for a number of 
reasons: 
• Marine and aviation are difficult to regulate at a market level, as they are global industries 

with strong, cross-border industry bodies such as the International Maritime Organization and 
the International Air Transport Association (IATA). 

• Time is required for the industry and regulators to have the same dialogue that the road 
transport players and regulators have been having for the past five or so years, with the aim 
of looking for cooperation and compromise. 

• Aviation biofuels and marine scrubbers are not commercially competitive to traditional fuels––
that is, jet fuel for aviation and low sulfur fuel oil (LSFO) for marine. Aviation biofuels and 
marine scrubbers will be additive to what is being done today, and will come with additional 
costs, hence regulatory support will be needed to assist the roll-out of these technologies. 

• For aviation, there is a question of whether there will be enough biofuel feedstock to meet 
both the road and air biofuel demand. 

• For marine, a further constraint is when improvements can be made to existing fleets and 
how often ships are replaced. 

 
 
9. Markets will optimize around their own domestic agenda, local resources and 

local economic development opportunities. Today, transportation fuels are dominated 
by globally traded and efficiently produced hydrocarbons. It is hard to imagine that a fragmented 
market would provide an improvement. However, what the global hydrocarbon market does not 
do is make optimal use of local resources, force diversity (and therefore increased security) of 
supply, and allow governments to put a price on the level of GHG abatement it believes it can 
afford and achieve. In our review of markets, we see Brazil looking at technologies that 
maximize the value from sugar cane; South Korea and Japan very focused on electrification; 
and the United States and China exploring all options. The suite of technologies will likely be the 
same, but the weighting will differ dramatically by market, as illustrated in Figure 3. 

Figure 3. Government and private support (between 2004 and 2008) across the 10 markets.13 
  Evolution Fungible Fuels Electrification 

  
Next 

Generation 
ICE 

Next 
Generation 
Agriculture 

Waste-To-
Fuel 

Marine 
Scrubbers 

Synthetic 
Biology Butanol Bio- 

Crude Algae Airline 
Drop-Ins 

PHEV/EV+   
Electrification 

Of Engines 
Batteries Charging Vehicle  

To Grid 

US PI PI PI PI PI PI PI PI PI PI PI PI PI 
Canada PI PI PI PI   PI PI  PI PI PI  
UK PI PI PI PI PI PI PI*   PI PI PI  
Germany PI PI PI PI PI  PI PI  PI PI PI  
France PI PI PI   PI* PI*   PI PI PI  
Netherlands PI PI PI    PI PI*  PI PI PI PI 
China PI PI PI   PI PI PI  PI PI PI  
Japan PI  PI   PI   PI PI PI PI PI 
South Korea PI PI PI  PI     PI PI   
Brazil PI PI PI  PI   PI  PI  PI  

 
Key 
Neither regulation/targets nor gov’t incentives/investment  PI - Is there a company or plant developed with this technology. 
One of either regulation/targets or gov’t incentives/investment PI*-Investment by an IOC (for example, Shell, BP, Total) not in IOCs headquarters country 
Both regulation/targets and gov’t incentives/investment  Note: investor can be from another market but the company and investment is in this country 
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10. The trajectory of supply, demand and GHG footprint of transport fuels is being 

reshaped now. In five years, we will be looking at a different landscape of fuel supply, fuel 
demand and options to reduce GHG than is currently forecast today given the pipeline of disruptive 
technologies. It is important that these technologies be considered when forecasting supply and 
demand. As with any technology, improvement in the cost per mile can be anticipated as 
technologies mature and the industry gains experience. However, Accenture believes that with the 
right policies, practical fact-based information on the opportunities and constraints and, most 
importantly, continued commitment by government to research and development (R&D)––the use of 
alternatives can be scaled up even sooner. Although there are uncertainties around some 
technologies (for example, algae, airline drop-ins and electrification), the private activity and 
government support of these technologies indicate that they too will impact supply and demand.  
 
Throughout our report, we have assessed each of the technologies based on the four criteria of 
scaleability, GHG emissions, cost and scale.  In isolation, the technologies we selected look promising, 
with most meeting all four criteria. However, it is important to note that all of the technologies are “in 
play” now, and that there is a race to commercialization. The success of one technology will impact the 
potential market of the others. We do believe in more diversity in technologies.   

 
Figure 4 is Accenture’s view of how the market may evolve over the next 15+ years. It is based on our 
analysis of each technology, the current cost, the S-curve, the challenges and the improvement drivers. 
The chart is limited to the technologies covered in this report, and although we will have missed 
technologies that will be successful, we do believe that these are the most promising. We have 
presented our best estimate of costs, but have stayed away from predicting market share as this chart 
would look very different were it cut individually for each of the 10 countries in the report. 
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Figure 4: How will some of the key technologies continue to evolve? 
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Tables 3, 4 and 5 summarize Accenture’s assessment of the technologies in this report against the four 
disruptive criteria: scaleable, GHG impact, cost and time to market. In almost all cases, 2 out of 4 of the 
criteria were met, and in most cases all were met. 
 
Table 3. Summary of disruptive technology criteria assessment: Evolutionary 

  Scaleable GHG impact Cost Time to market 

Evolutionary     

    Next-generation 
internal 
combustion 
engine 

With existing infrastructure and 
manufacturers already on 
board, rolling out internal 
combustion engine 
improvements will be one of 
the easier technologies to 
implement. 

With VW and Toyota internal 
combustion engines already 
coming close to 50 mpg, 
improvements to these engines 
could deliver 100 mpg by 2030. 

In most cases, improvements 
in internal combustion engines 
will have a lower cost to 
implement than building 
electric vehicles (EVs)/ hybrid 
electric vehicles (HEVs)/ plug-
in hybrid electric vehicles 
(PHEVs). 

For the first wave of 
improvements (i.e., the OEM 
and start-ups in this report), it 
is likely that some will be 
commercialized in the next five 
years. 

    Next-generation 
agriculture Energy cane, miscanthus, 

sweet sorghum have the 
highest estimated ethanol yield 
potential (more than 9,000 
liters per hectare) and can be 
grown in a wider range of 
geographies/ land types (for 
example, marginal). 

Energy crops/root biomass are 
carbon negative overall, with 
available data suggesting 
savings of 31 to 89 percent 
compared to replaced 
hydrocarbon fuel. 

Latest estimates for most 
energy crops suggest costs 
below $0.50 per liter. With 
continued improvements, this 
makes them cost competitive 
with oil at (or possibly even 
below) $65 per barrel. 
Pretreatment and enzymes are 
probably closer to $0.79 to 
$1.06 per liter ($3 to 4 per 
gallon) today, but Accenture 
believes this should continue to 
improve, with targets closer to 
$0.53 to $0.79 per liter ($2 to 
$3 per gallon) by 
commercialization. 

There are already 
demonstration plants using 
corn cobs and wheat straw and 
plantings of various grasses 
and sorghum. Commercial 
sales of dedicated energy 
crops have already begun, with 
a well-established market for 
genetically enhanced/modified 
conventional row crops. 

?    Waste-to-fuel 

High theoretical feedstock 
availability and modular 
conversion technologies, but 
collection and transportation 
logistics that are not reliant 
upon hydrocarbons may prove 
the crunch point. 

Some incineration processes 
are fairly GHG intensive. More 
advanced techniques offer 
better emissions reduction 
performance, and it is likely 
that a reduction in GHG will be 
a requirement. 

Feedstock costs represent a 
considerable proportion of 
biofuel production costs; with 
under zero or even negative 
feedstock costs (for example, 
due to tipping fees), the 
economics of waste-to-fuel 
processes appear favorable. 

Hybrid technology is the 
furthest away, but several 
prominent players are aiming 
to be commercial within three 
years. 

  ?  Marine 
scrubbers Need to identify/engineer a 

winning technology solution 
and standardize production 
process to achieve scale, but it 
is expected that this technology 
will prevent at least 20 percent 
of the current HSFO market 
from switching to LSFO. 

Will avoid significant increase 
in net CO2 emissions by 
offering alternative to 
upgrading HSFO to meet 
IMO’s sulfur emissions limits 
for marine transportation. 

Dependent on differential 
between HSFO and LSFO and 
on where the vehicles operate. 
It is expected that for some 
vehicles it will make sense 
while for others it will not. 

Commercialization expected by 
2011—for at least one 
company. 
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Table 4. Summary of disruptive technology criteria assessment: Revolutionary 

  Scaleable GHG impact Cost Time to market 

Revolutionary     

    Synthetic 
biology: Sugar 
cane-to-diesel Theoretically constrained only 

by sugar cane availability. 
However, a key challenge is 
scaling up the process, at a 
competitive cost. Currently less 
than 3.8 million liters per year, 
mLpy (1 million gallons per 
year, mgpy) produced in pilot 
facilities, although commercial-
scale production has been 
demonstrated in other 
industries. 

Will be similar to sugar cane 
(88 percent reduction) 

Estimated costs for first 
commercial plant are expected 
at $45 to $75 per barrel. 

Building of commercial plants 
due to start in 2011, with 
commissioning in 2013. 

    Butanol 

A fungible fuel with a wide 
range of applications that can 
be produced from a wide range 
of possible feedstocks. New 
processes have been proven at 
pilot scale, with demo plants on 
the way. 

Aim is for 80 percent reduction 
based on use of combined heat 
and power. 

Target approximately $50 to 
$60 per barrel of oil. 

Commercialization expected by 
2014. 

    Bio-crude 

As with all biomass conversion 
processes, feedstock is the 
most likely bottleneck. 

GHG balance depends on the 
process used, but the best 
have a GHG impact 
significantly above 30 percent. 

With the anticipated scaling 
efficiency and technology, bio-
crude from both pyrolysis and 
catalytic hydrothermal 
upgrading are expected to be 
competitive within this range. 

Companies projecting 
commercial operation within 
five years. 

  ? ? Algae 

Algae is plentiful and high 
yielding, but there is the 
challenge of which strain or 
strains—that is, need to 
identify/engineer a high oil-
yielding and highly productive 
strain and standardize 
production process to achieve 
scale. 

Technology to sequester CO2 
from power plants being 
developed by several 
companies. 

Target approximately $60 per 
barrel of oil. This is currently 
aggressive given the National 
Renewable Energy Laboratory 
estimate of $2.24 to $8.45 per 
liter ($9 to $32 per gallon), 
which is consistent with our 
research findings. 

Commercialization not 
expected for another 10 years, 
although some companies 
have made commitments for 
earlier dates. 

  ? ? Airline drop-ins 

Although it is still to be 
determined whether there will 
be enough feedstock for an 
airline biofuel to account for 20 
percent of jet fuel, the 
combination of design 
improvements and biofuel 
could reduce fuel consumption 
by 20 percent. 

Will likely be part of the 
requirement. 

Producing a biofuel that can 
replace jet will be one of the 
more expensive processes 
because of the tight 
specification. 

Technology has been proven; it 
is reliant on regulation as 
production costs may be above 
$45 to $90 per barrel of oil. 
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Table 5. Summary of disruptive technology criteria assessment: The Game Changer 

  Scaleable GHG impact Cost Time to market 

The Game Changer:  Electrification    

?  ?  PHEV/ EV/ 
electrification 
engines The Electric Power Research 

Institute estimates that under a 
medium-penetration scenario, 
PHEVs could reach more than 
40 percent of new market 
vehicle sales. But, on the more 
conservative end, some 
studies estimate a figure of 
only 4 percent of new vehicle 
sales by 2020. 

PHEVs can achieve substantial 
savings in GHG emissions over 
internal combustion engines. 
While their savings are no 
greater than those of HEVs in 
an integrated gasification 
combined cycle scenario, they 
are able to play the fuels off of 
each other to ensure the 
greatest economic and 
emissions savings. 

PHEVs can run at an 
equivalent price of $0.25 per 
liter ($0.75 per gallon), but the 
battery premium over an 
internal combustion engine is 
still $4,500 to $6,000 and a 
HEV is $2,000 to $2,500, 
revealing a key cost 
dependency. 

The first PHEV was launched 
in China in 2008 with all major 
OEMs releasing models in the 
next two to three years. 

?    Charging 

Market growth will be 
dependent on the up-take of 
plug-in hybrid electric vehicles. 

A number of pilots are currently 
demonstrating the ability to use 
intermittent renewable energy 
sources, such as wind or solar, 
to charge vehicles at the 
charging points. 

Utilities and/or businesses 
would own the charging points 
(estimated at approximately 
$5,000 per unit) and would 
offer subscriptions to 
consumers, competitive at $40 
per barrel of oil, dependent on 
consumer preferences. 

Charging points are currently 
commercially available and are 
being rolled out as part of pilots 
across the globe. 

?  ? ? Vehicle-to-grid 
(V2G) 

V2G will gain momentum in 
vehicle fleets, but is unlikely to 
reach 20 percent impact in the 
consumer market by 2030. 

While savings will vary by 
market, V2G has the potential 
to reach up to 99 percent 
savings over the hydrocarbon it 
is replacing if renewable 
energy is optimized. 

At full scale, target estimates 
are that V2G will be 
competitive at between $40 to 
$60 per barrel of oil for plug-in 
hybrid electric vehicles and, in 
theory, at $0 per barrel of oil for 
electric vehicles (as the 
consumer would be able to sell 
power back to the grid). 
Furthermore, potential revenue 
streams from providing 
ancillary services to the grid 
could offset these costs, 
rendering the technology even 
more cost competitive. 
However, there are 
considerable assumptions in 
these assumptions. 

AC Propulsion already has 
developed a vehicle with 
bidirectional power flow, and 
the communications systems 
required to support V2G are 
currently in demonstration 
phase. AutoPort is in limited 
production of electric vehicles 
with V2G built-in, indicating 
V2G could be commercially 
available within the next five 
years. 
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Summary of Key Findings:  
 
Disruptive Technologies 
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Evolutionary 
Next-generation internal combustion engine 

Next-generation internal combustion engine. Significant gains are achievable, which are often 
overlooked. In-house developments by original equipment manufacturers (OEMs), coupled with 
best-in-class start-up technologies, will mean that the automotive industry as a whole can make 
significant advances in the efficiency of the internal combustion engine. Getting more miles per 
gallon out of conventional vehicles achieves the same end-goals of lowering carbon emissions 
and increasing energy security as the movement toward the electrification of transport. While 
there are significant requirements for infrastructure and incentives to bring about the widespread 
electrification of vehicles, improvements to the internal combustion engine could be quickly 
deployed and assuage many of the voices currently clamoring for change. 

Next-generation agriculture 
Stretching further with innovation and technology. New agriculture is in its infancy. There is 
significant potential for improvement, particularly given the historic advances made with genetic 
modification (GM) of crops to obtain desired characteristics, increase yield and reduce harvesting 
and processing costs. This is coupled with the innovation seen in first-generation players to drive 
down costs, energy and water use, and GHG emissions. The biggest challenge is in the 
deconstruction stage, with high costs for pretreatment and enzymes. These costs have to go 
down, but improvements will come from optimizing the whole system, from feedstock to 
production.  

Waste-to-fuel 

An important feedstock source. The production of transport fuel from waste is a nascent 
technology, largely in the lab and pilot stages of commercialization at present. Subsequently, 
while there are small local government pilot projects in place, there is little legislative support or 
financial incentive to develop the technology at the current time. However, if the technology can 
be brought to scale, then waste feedstock processing could solve two problems at once—a 
source of low-cost, low-carbon renewable fuel, and a solution to the ever more critical issue to 
landfill reduction. With such obvious benefits, it would seem likely that this technology is suitable 
for a much larger role in the world’s future transport fuel mix.  

Marine scrubbers 
Alternative to upgrading refineries and increasing refinery CO2. This technology could avoid 
both the need for significant capital investment to upgrade refineries to produce more low sulfur 
fuel oil (LSFO) and greater dependence on costlier, low sulfur crudes. It also has the potential to 
significantly and economically reduce emissions from seagoing vessels beyond that which can 
be achieved by simple fuel switching. Marine scrubbing is technically feasible—several 
companies have successfully tested the technology on demonstration projects. However, the 
final technology winner has not yet been identified, with investment dollars currently spread 
across seawater and fresh water solutions. 
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Revolutionary  

Synthetic biology: sugar cane-to-diesel 
Close to commercial viability. The world has long awaited a biofuel diesel solution. Synthetic 
biology applied to the sugar-to-diesel pathway changes this situation. If the economics could 
come close to the sugar cane-to-ethanol economics, then there would be significant potential in 
diesel markets given the cost and availability of sugar cane (compared to the traditional biodiesel 
feedstocks such as palm, soy and rapeseed). The use of synthetic biology to convert sugars to 
diesel has advanced significantly in the past one to two years, and it is close to commercial 
viability. Two companies, Amyris and LS9, are planning to break ground on commercial plants in 
2011, with production starting by 2013.  

Butanol  
Application of synthetic biology could resolve issues. Fuel from butanol is a highly desirable 
product with energy content similar to gasoline—higher octane and less affinity to water—
meaning it can be transported through existing pipelines, use existing infrastructure and be 
blended with gasoline at ratios much higher than ethanol. However, there are issues hampering 
the production of butanol and the economics are unproven. Researchers are looking to adapt 
traditional butanol production (via the ABE or acetone-butanol-ethanol process) by consolidation 
of process steps and potential genetic modification of bacteria. Genetic engineering and 
advances in synthetic biology could also lead to breakthroughs from companies such as Gevo 
and Butamax, who have proven the technology at pilot scale and are both planning commercial 
plants in the next few years. 
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Bio-crude 
High potential to leverage infrastructure but few technologies. Bio-crude is an industry with 
enormous potential, but with many challenges to overcome. The benefits of a bio-crude that 
could take advantage of existing refining and distribution infrastructure with little extra investment 
are clear, and could lead to a breakthrough in the adoption of renewable fuels worldwide. Given 
this potential, what is most surprising is how few companies and technologies there are, 
compared with many of the other technologies covered in this report. There are uncertainties 
over the technology, but with the right level of investor funding, bio-crude could be a disruptive 
technology for transport fuel. 

Algae 

Incredible yields but many variables, little industry consensus and high cost. 
Technologically, the algae industry is very fragmented—possibly the most fragmented of all of 
the industries covered in this report. There are many players, and the oil industry (including 
Shell, ExxonMobil, BP, Valero and Chevron) is looking at a range of methods to eliminate steps 
in the process to reduce complexity and cost. As companies try to find the lowest cost option, 
several different operating models are emerging. In this report, Accenture has provided case 
studies of companies with plans for commercial production within five years. However, there are 
considerable technical constraints. In ExxonMobil’s announcement of its investment in Synthetic 
Genomics, the company stated that “significant work and years of research and development still 
must be completed,” with the key challenge being “the ability to produce it [algae] in large 
volumes which will require significant advances in both science and engineering”.14  It is 
therefore likely that it may take more than current estimates of five years in order to reach 
commercial scale. 

Airline drop-ins and design/operational innovation 

Drop-ins are now feasible, but feedstock availability remains an issue. The aviation industry 
will face increased pressure to increase efficiency (because of the cost of fuel and competitive 
nature of the market) and reduce carbon emissions. The outlook for airline biofuels is positive as 
it is one of the few ways to reduce emissions and many of the technology challenges have been 
overcome. However, the scale is questionable given the feedstock supply constraints and the 
competing demand for biofuels in road transport. This demand for feedstock will continue to 
support developments in high-yielding feedstocks such as algae and also provide support to 
other alternatives to diesel for cars and trucks, i.e., save the feedstock for jet fuel (where there 
are limited alternatives to biofuels) versus using it for road. Improvements in design and 
operational efficiency will continue to be important. 
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The Game Changer – Electrification  
PHEVs 

High potential, but battery cost and availability remain challenges. Plug-in electric 
vehicles have received increasing amounts of attention from government and industry, 
indicating they will be part of the future vehicle landscape, with PHEVs likely to be the most 
disruptive model within the next five years. PHEVs benefit from lower-running costs than 
both internal combustion engines and HEVs, as well as extended driving range over EVs, 
but the capital cost of the battery and availability limitations still need to be overcome for the 
economics to work favorably without regulatory incentives. Moreover, while PHEVs have the 
potential to be emission-free, the reduction in GHG emissions is highly dependent on the 
generation mix and will therefore vary by country. The ability of the grid to withstand PHEV 
penetration rates will further vary by country. However, using smart, off-peak charging, the 
grid will be able to manage initial PHEV penetration and enable load leveling for utilities. 

Charging 

Controlled charging infrastructure development benefiting from government support. 
Controlled charging enables utilities to manage energy demand more effectively and 
consumers to benefit from lower off-peak tariffs. This will be key in delivering the aspirations 
of widespread electrification of vehicles. Municipalities across the globe have announced 
ambitious roll-outs of charging point infrastructure. The growth of the controlled charging 
market will be heavily dependent on the uptake of plug-in electric vehicles and how 
incentives for the growth of PHEVs and EVs are driven/managed by policymakers and 
businesses. 

Vehicle-to-grid (V2G) 

A long-term opportunity, dependent on significant PHEV/EV scale. V2G is technically 
feasible with demonstration projects currently underway. These projects vary in focus, with 
some assessing the communications between the vehicle and the grid, some looking at how 
to maximize vehicle storage to increase the quantity of renewables being used, and some 
looking at a more integrated smart grid offering. All projects, albeit in the early stages, have 
proven that V2G has the potential to significantly disrupt the supply and demand 
relationships—with end-electricity consumers potentially becoming an essential grid storage 
resource—and change both the electric power and transport fuels landscapes. However, to 
reach this potential, V2G is dependent upon the commercialization of electric-drive vehicles, 
cooperation between the various industry players, and the education of consumers. Initial 
electrification initiatives will determine the latter’s potential success.  
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Summary of Key Findings:  
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Brazil Brazil’s transportation consumption is fairly balanced between 
diesel and non-diesel (ethanol and gasoline) demand and 
consumes approximately 19 billion liters of gasoline, 37 billion 
liters of diesel, 19 billion liters of ethanol and 800 million liters of 
biodiesel per year.  Brazil is the second largest producer of 
ethanol and is the largest exporter of ethanol. It is focused on 
maximizing the value of its sugar cane. Government regulation 
supports the development of next-generation agriculture and 
use of sugar cane waste. The sugar cane-to-diesel pathway is 
also seeing private activity as companies such as Amyris and 
LS9 look to locate production in Brazil.  

Canada  The Canadian transportation sector is predominantly a gasoline 
market and consumes approximately 42 billion liters of gasoline, 
16 billion liters of diesel, 0.6 billion liters of ethanol and 93 
million liters of biodiesel per year. Government support is 
focused on next generation internal combustion engine (ICE), 
next-generation agriculture, waste-to-fuel, marine scrubbers and 
PHEV/EV. Canada’s large land mass, forestry industry and 
refining infrastructure make it a logical fit for next-generation 
agriculture, waste-to-fuel and bio-crude, and we have seen 
private activity with companies such as Iogen (cellulosic 
ethanol), Enerkem (municipal solid waste), and Ensyn (bio-
crude). The government is also emphasizing PHEV/EV with a 
federal roadmap expected in 2010 that will extend its current 
rebates and incentive system, which are highly regional due to 
the utilities infrastructure.   

China China’s transportation sector is predominantly a diesel market 
and consumes approximately 38 billion liters of gasoline, 92 
billion liters of diesel, 1.6 billion liters of ethanol and 0.6 billion 
liters of biodiesel per year. China is aggressively moving into 
both biofuels and electrification. It expects biofuels to meet 15 
percent of transportation needs, and has been able to effectively 
roll out ethanol. It plans to have the highest number of 
PHEVs/EVs in the world and is the second-leading producer of 
lithium-ion batteries. Government support is focused on next-
generation agriculture, PHEVs/EVs and batteries. China is also 
investing in developing butanol and algae. We are seeing 
significant private activity in China, both from local players as 
well as international players. For example, Novozymes, 
COFCO, and Sinopec are working together to develop ethanol 
from crop waste.15   
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China – continued PetroSun China already produces algae for other uses; Jiangsu 
Lianhai Biological Technology Co Ltd has invested $80 million to 
produce butanol in Haimen city, and BYD launched the first 
PHEV in 2008. 

France   The French transportation sector is predominantly a diesel 
market and consumes approximately 13 billion liters of gasoline, 
39 billion liters of diesel, 0.4 billion liters of ethanol and 1.3 
billion liters of biodiesel per year. France has one of the highest 
average mpg, increasing to 65 mpg by 2020, is a large producer 
of both ethanol and biodiesel and fairly balanced in its 
consumption and production of both, and was also a first mover 
in electrification with the French government announcing a 
target of 100,000 EV/PHEV by 2012. Government support 
focuses on next-generation ICE, next-generation agriculture, 
and PHEV/EV. Private activity in these areas is significant. For 
example, Renault-Nissan expressed its intention to become the 
world’s largest electric car manufacturer; French battery 
manufacturer Saft, in a joint venture with Johnson Controls, is 
building a lithium-ion battery plant, and next-generation 
agriculture investments and R&D are being made by Total, 
Tereos and Unigrains. 

Germany  The German transportation sector is predominantly fairly 
balanced between gasoline and diesel demand and consumes 
approximately 29 billion liters of gasoline, 33 billion liters of 
diesel, 0.6 billion liters of ethanol and 3.8 billion liters of 
biodiesel per year. With strong automotive and agricultural 
sectors, Germany has one of the highest average mpg, 
increasing to 65 mpg by 2020, and is the largest producer and 
consumer of biodiesel. Government support focuses on next-
generation ICE, next-generation agriculture, waste-to-fuel, 
marine scrubbers and PHEV/EV. For example, there is no tax 
on second-generation biofuel and E85 ethanol until 2015; the 
government is setting ambitious targets of 1-5 million EV/PHEV 
by 2020-2030, and 50 percent of waste materials have to be 
reused or recycled by 2020. Key private activity includes: 
Petrotech AG has invested in a biodiesel plant based on 
municipal/industry waste; BMW’s megacity vehicle; and, the 
$2.7 billion (9.1 percent) stake in Daimler AG by the United Arab 
Emirates's Aabar Investments, which includes a planned 
partnership for the development of electric vehicles and 
innovative compound materials.16 
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Japan  The Japanese transportation sector is fairly balanced between 
gasoline and diesel demand and consumes approximately 59 
billion liters of gasoline, 58 billion liters of diesel, 0.5 billion liters 
of ethanol, and 0.2 billion liters of biodiesel per year. Japan has 
the highest mpg in the world and has had a long focus on 
electrification and is the world’s leading producer of lithium-ion 
batteries. Japanese manufacturers have shifted to hybridization 
and electrification, with all having EVs, HEVs and/or PHEVs, 
rather than focusing on improvements in ICE. Japan is also 
leading in municipal solid waste (MSW) combustion plants and 
has the only commercial plasma arc MSW plants in the world. 

Netherlands  The Dutch transportation sector is predominantly a diesel 
market and consumes approximately 6 billion liters of gasoline, 
9 billion liters of diesel, 0.2 billion liters of ethanol and 0.3 billion 
liters of biodiesel per year. The Netherlands is not a significant 
producer of biofuels, but it does have a large refining industry 
and Rotterdam is the port where most imported ethanol and 
biodiesel enters Europe. Government support and private 
investments have focused on waste-to-fuel, electrification and 
bio-crude. For example, like much of Europe, there is an acute 
shortage of landfill availability, leading to some of the first 
significant investments into commercial waste-to-fuel facilities, 
such as a $142 million waste-to-biodiesel plant planned.17 The 
Amsterdam “smart city” will look at integration of PHEVs into the 
smart grid, and two bio-crude players, KiOR and HVC, are 
present in the Netherlands. 

South Korea  The South Korean transportation sector is predominantly a 
diesel market and consumes approximately 10 billion liters of 
gasoline, 17 billion liters of diesel, and 0.1 billion liters of 
biodiesel per year. South Korea has a strong automotive sector 
and is the third-largest producer of lithium-ion batteries. 
Government support has focused on next-generation ICE, with a 
recently announced fuel standard target of 40 mpg by 2015, 
requiring a 54 percent improvement in vehicle efficiency, and 
electrification, with a duty incentive for green cars. Key private 
investment includes: GM Daewoo is planning to manufacture 
PHEVs from 2010; and LG Chem will provide the batteries for 
the GM Volt. SK Energy, the largest refining company, is also 
investing significantly in researching biofuels.   
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United Kingdom  The United Kingdom transportation sector is fairly evenly 
balanced between gasoline and diesel demand and consumes 
approximately 24 billion liters of gasoline, 26 billion liters of 
diesel, 0.15 billion liters of ethanol, and 0.35 billion liters of 
biodiesel per year. The UK is not a significant producer of 
biodiesel, although the Vivergo and Ensus plants will come on-
stream between 2009 and 2010, increasing ethanol capacity to 
approximately 837 mLpa (420 mLpa Vivergo and 400 mLpa 
Ensus). The focus of government support has been on biofuels, 
through the Renewable Transport Fuel Obligation (RTFO), and 
electrification (which has increased in the last year, with the UK 
Committee on Climate Change predicting that up to 40 percent 
of new cars in 2020 could be EV/PHEV). There has also been 
an increase in waste-to-fuel activity due to the lack of landfill 
capacity, marine scrubbers with companies such as Krystallon 
based in the UK, and butanol with plans for the Vivergo ethanol 
plant to add on butanol production capacity. 

United States The United States transportation sector is predominantly a 
gasoline market and consumes approximately 539 billion liters 
of gasoline, 169 billion liters of diesel, 26 billion liters of ethanol 
and 1.4 billion liters of biodiesel per year. The US is the only 
country active in all of the technologies covered in this report. Of 
the 25 case studies, 18 are based in the US. On the biofuels 
side, the Renewable Fuels Standard program has set the target 
for 36 billion liters of ethanol, stimulating investment in new 
agriculture and waste-to-fuel. Its energy, security and climate 
change agenda is driving the investment in fungible fuels, with 
the establishment of three Department of Energy centers and a 
large National Renewable Energy Laboratory program focused 
on further development of next-generation biofuels. The 
American Recovery and Reinvestment Act of 2009 created a 
$787 billion in economic stimulus spending and tax incentives. 
For example, already $2.4 billion has been pledged to improve 
US battery manufacturing capability, and there is a target of 1 
million PHEVs on the road by 2015. 
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Key Challenges  
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The cost and time to commercialization and 
scale-up of the technologies are heavily 
impacted by the current situation and 
specific challenges.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These include:   
 
• Improvements are limited to new vehicles. For many of the technologies (most next-

generation internal combustion engine improvements, ethanol beyond the 10 percent blending 
limit, electrification) the key constraint is turnover of the vehicle fleet. For example, in 2007 the 
median age of a passenger vehicle in the United States was 9.2 years, meaning turnover will be 
almost a decade.18   

• Ethanol blending wall.  The US is close to the 10 percent limit of ethanol that can be blended 
into current gasoline vehicles, and the allowable share of corn ethanol specified in the 
Renewable Fuels Standard (RFS) program. There is a movement by the American Coalition for 
Ethanol (ACE) to increase the blending wall to 15 percent19––although only flex-fuel vehicles 
(FFVs) are currently allowed to use blends containing more than 10 percent ethanol, there is 
evidence to suggest that blends of up to 15 percent will not damage gasoline engines20––and to 
increase the allowable corn ethanol share of the RFS. This would buy the industry time to 
commercialize and roll out cellulosic ethanol. If the blending wall does not change, then the pace 
of the industry will be constrained by the roll-out of FFVs and the ethanol refueling infrastructure. 
US Secretary of Agriculture, Tom Vilsack, and Senate Agriculture Committee Chairman, Tom 
Harkin, have both expressed their support for the US Environmental Protection Agency (EPA) to 
authorize a higher blend;21 a decision by the EPA is expected by the end of 2009.  
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• Acceptance of genetic engineering. Genetic engineering is a key lever in using biomass to 
produce fuel. Although this technology has been applied in the drug industry for over 20 years,22 

many countries, particularly in Europe, have legislation that restricts the use of genetic 
modification (GM). For example, in the EU, legislation such as the “Directive on the Deliberate 
Release into the Environment of Genetically Modified Organisms” (2001) and the “Regulation on 
Genetically Modified Food and Feed” (2003) demand approval before GM plants can be used 
commercially. This is only granted under certain conditions (proven safety, freedom of choice, 
labeling and traceability). However, while cloning of human genetic material remains an ever-
contentious issue, with strict legislation either banning the process outright, or limiting what can 
be done for research only, acceptance of GM for fuel production is slowly growing. 

• Feedstock logistics. In the new agriculture section, we noted that harvesting and preprocessing 
could make up to 50 percent of the feedstock costs. For new feedstocks, the infrastructure and 
processes required to effectively harvest and transport these materials to the refining plants will 
be a key focus area. 

• Cooperation across players in the electrification value chain. Electrification requires 
significant cooperation across players who have not worked together before. The business 
models and value chain collaboration required across local governments, utilities, OEMs, battery 
and charging companies to really scale electrification of vehicles remain a significant challenge. 
There are pilots in almost all of the markets profiled. In each case, we find variations, for 
example on capital investment, revenue sharing, method for optimizing charging time, battery 
and charging time assumptions, technology that supports charging and billing, the extent to 
which smart grid is used, and the extent to which V2G (the services the PHEV/EV can provide to 
the grid) is explored. Figure 5 illustrates the electrification value chain and the number of different 
players who need to be aligned to bring this technology to market. 
 
 

Figure 5. Players in the electrification value chain; 
Examples of new market entrants in the electrification value chain 
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• Leveraging of current asset base and distribution networks. It is important for biofuels, 
marine scrubbers and electrification to leverage as much as possible of the asset infrastructure 
that exists.   

 
‒ Biofuels: New build plants are expensive, so new producers need the ability to leverage the 

existing ethanol and hydrocarbon infrastructure and to optimize the provision of fuel to 
customers. This will, in some cases, require the coming together of hydrocarbon and biofuel 
value chains, but will be important in driving down scale-up costs. 

‒ Marine scrubbers: Ensuring the solution is optimized for the current fleet will be critical given 
the time it takes for the fleet to turnover. 

‒ Electrification: Understanding the state of the network, how much off-peak capacity is 
available and how to manage wear on the infrastructure will be key to evaluating short-term 
capital investment needs. 

• Agreement on standards, measurement and monitoring. It is important for all the 
technologies to agree and roll-out standards quickly—whether they are fuel specifications, 
emissions, charging, etc.—because a lack of standards will create inefficiencies and increase the 
commercialization/scale-up costs. In addition, these standards need to be enforced and, in some 
cases (for example, marine scrubbers), strictly monitored. 
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Implications for High Performance 
 

 

So what does this impending shift in future transport fuels mean for government or companies today?  
We believe the transport fuel market of the future will include players from different industries (including 
governments, utilities, energy, chemicals, pharmaceutical and consumer electronics to name a few) 
who will bring different capabilities and assets that will shape the market.  
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For each entity, the capabilities required 
for high performance will differ depending 
on their current objectives, capabilities 
and, in the case of companies, go-to-
market strategies.   

 
 

 

 

 

 

 

 

 

 

 

 
However, Accenture does see a few common key capabilities for achieving high performance:  

• Scientists and engineers in leadership positions. Most companies entering this market will 
have product and process patents around their technologies and processes. Strong R&D 
capability is a necessity as we are looking for breakthrough solutions. Integration of the 
technology with other technologies will also be an obvious capability. However, equally key to 
successful commercialization are leadership and communication and the ability to provide fact-
based explanations to regulators and the public and to address often technical questions frankly 
and honestly. For governments, this means that more scientists will be chosen for key energy 
department roles.  

• Partnering and business model flexibility. Commercialization of these technologies will take 
cooperation across many industries. In reviewing more than 100 companies, we have found 
plans for many different business models, from traditional plant joint ventures to fully integrated 
ventures, with capabilities across the value chain, including different models for different 
markets. In all cases, partnering is key to complementing in-house capability, whether to access 
the feedstock, the battery, the customer market, the infrastructure or capability. Also, the 
business models will evolve as commercialization starts to shape how the market will operate.   
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• Close to government and policy makers. Regulation will evolve as more information becomes 
available on new technologies and policy makers will make trade-off decisions 
across the technologies. For example, the RFS program does not specifically mention the 
contribution from synthetic biology (sugar cane to diesel) or algae, but if these technologies are 
successfully commercialized and have the currently estimated GHG impact, it is expected that 
the fuel categories as defined within the RFS program would be modified to include them.  

• Clear baseline assumptions and active tracking of the market. Technologies are being 
developed now, and announcements come daily. Companies and governments need to be clear 
on their assumptions on the key improvement drivers that drive down the cost to 
commercialization and subsequent cost/mile. Understanding how new information impacts their 
technology, go-to-market strategy or regulatory positions is critical. For example, at Accenture, 
we use improvement drivers and S-curves to illustrate our view of cost at maturity and market 
evolution. When ExxonMobil announced the investment in Synthetic Genomics, it did make us 
look again at our current assumptions on GM algae. Other examples are the announcements to 
build lithium-ion manufacturing capability in the US.  Again, this made us look at what we 
believed were the constraints to the scale-up of electrification. 

• Execution – project management excellence, supply chain optimization. With the race to 
commercialize, the advantage of operational excellence in delivering projects on budget and on 
time and developing efficient and optimized supply chains should not be underestimated. 
Cost/mile of these technologies will continue to compete with gasoline and diesel, so maximizing 
the operating margins, particularly given the initial capital investment required, will be key to 
long-term profitability. In the companies we interviewed, there was emphasis on how the scale-
up was going to happen and how they were doing this at the lowest possible cost, leveraging 
existing assets.   

• Contracting and risk management. There is risk in both biofuels and electrification. On the 
biofuels side, although the mandate guarantees a level of demand, there have historically been 
very weak correlations with feedstock. For next-generation agriculture, this will be even more 
challenging as there is no market to set the price of the new feedstocks. In the electric markets, it 
is the demand that is most uncertain. In all cases contracting will be important to managing risk. 

• Long-term and flexible capital. Time (how long things will take) is one of the biggest 
uncertainties of this market. Probably the best example is the Internet where the take-up curve, 
although it eventually got there, did not follow the growth path estimated by many in 1998. Even 
for the technologies that will be commercial in five years, scale-up could be slow or fast. For 
those technologies that will take more than five years, companies need to recognize that they 
may be in pilot or demonstration stages for many years.   

• Market-specific strategy. Investments in new types of transport fuels will be driven by the local 
agenda. We strongly believe in increasing diversity of markets. Our research model is one of 
blended teams to leverage the most of what has been done around the world with the critical 
local filter, as nothing can replace local insight and local knowledge, particularly as 
understanding of the drivers of the domestic agenda and the local context is absolutely critical.   
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Accenture invites you to explore much more in the balance of the detailed report––including 
sections on technologies, the companies bringing these technologies to market, and the individual 
markets. We include a sidebar on hydrogen and a guest commentary by Daniel Kammen (Co-
Director, Berkeley Institute of the Environment, and Founding Director, Renewable and Appropriate 
Energy Laboratory, RAEL) and Derek Lemoine (Energy and Resources Group, University of 
California, Berkeley), on the transition to electric vehicles. We contrast a utility company’s 
perspective on electrification, with an integrated oil company’s perspective on both biofuels and 
electrification. In summary, Accenture hope that this report will provide a detailed framework with 
which you can fuel your own discussions on business strategies and government legislation, as we 
all globally seek to conquer the challenges of greenhouse gas emissions and the potential for future 
hydrocarbon shortages. 
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2. Disruptive Technologies  
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In 2008, Accenture released the study, Biofuels’ Time of Transition: Achieving High Performance in 
a World of Increasing Fuel Diversity. This study focused on the demand side of the global biofuels 
marketplace and the realization that future fuels would be diverse and would be provided by a 
diverse group of companies. While the study was primarily focused on first-generation biofuels, it 
included a technology section that addressed not only biofuels, but also other competing 
technologies.  
 
In this current report, Accenture looks more closely at many of the technologies highlighted in Time 
of Transition as supporting or competing technologies. We have divided the technologies into three 
groups: 
 
 
 
• Evolutionary: Technologies that stretch today’s assets and resources. Although there are still 

challenges in commercializing these technologies, we believe these are “no-regret” technologies, 
as they represent actions that can be made today to make a significant impact on CO2, energy 
security and the optimization of local biomass resources. 

• Revolutionary: Technologies that support the creation of fungible fuels, enabling the use of the 
existing distribution infrastructure. These technologies would remove the constraint on the speed 
and scale of penetration of biomass-based fuel. 

• The game changer: Electrification and the technologies that are needed for this to happen. This 
section will provide insight into how and how quickly electrification can happen.  
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Biofuels 
 
 
When Accenture first started writing about biofuels in 2006, second- and third-generation biofuels 
seemed five to 10 years away. In fact, in our first report, Irrational Exuberance (2006/2007), which 
focused on feedstocks and regulation, we had an inset, “What about second-generation feedstocks 
by 2012?” In this report, we said, “In five years, second-generation technology may very well be 
developed enough to challenge corn (and other feedstocks except sugar cane), but it would just be 
coming onstream.” Now, in 2009, we see many companies planning commercial-scale plants for 
2011–2013. 
 
Many second- and third-generation biofuels companies are claiming commercialization in less than 
five years. Across most of the second-and third-generation biofuel technologies—that is, 
biochemical, thermochemical, synthetic biology and algae—we have been able to find at least one 
company planning a commercial-scale plant in three to four years. For example, in our review of 
more than 100 companies, we have found at least 33 plants planned to produce approximately 7 
billion liters by 2012. 
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Summary – Past Accenture Biofuels Studies:  
 
In 2007, Accenture released a study entitled "Irrational Exuberance?: An Assessment of how the 
burgeoning biofuels market can enable high performance” which looked at the global supply 
market for biofuels, focusing on the most commonly used ethanol and biodiesel feedstocks and 
regulation in 20 markets.  Two of the key findings from the feedstock and market review were that: 
• There would be more sugar cane and greater diversity in feedstocks. 
• There was a patchwork of regulation (a mixture of incentives, targets, mandates and 

enforceability). This would continue to change, looking more different than the same, and 
determining the pace of the market growth. 

 
The report also outlined the implication for players, which, three years later, we have increasingly 
seen play out: 
• Agribusiness/agriculture supply chain and food producers: Best positioned to benefit from the 

global push toward biofuels due to their considerable asset base, capacity to scale, vertical 
integration, and strong connections with governments and other players. 

• International oil companies (IOCs)/national oil companies (NOCs): Have the distribution 
capabilities, but need to “buy” biofuels—a direct cannibalization of their gasoline and diesel 
volumes. For IOCs, the decision is whether to buy into the crowded first-generation market or to 
focus on second-generation technology. For NOCs, the challenges are integrating biofuels into 
their downstream businesses and managing new agriculture sector stakeholders (including 
government agriculture departments).  

• Niche independents: Can move quickly, focusing only on the biofuels market, and are attractive 
to private investors wanting to capitalize on the growth in biofuels. However, most do not have 
the feedstock supply/demand or the scale, and run the risk of getting squeezed on both sides by 
agribusiness and the IOCs. 

• Farmer producers/cooperatives: Benefit from significant government support, with domestic 
agriculture a key reason for developing a biofuels industry. With feedstock comprising a 
significant proportion of the cost of biofuel production, investment in research, assurance that 
production is kept in line with demand, and clearly defining the role of farmers and the degree of 
support they receive is important. 

 
However, supply was just one aspect of the growing biofuels market. With vertical integration and 
collaboration across the value chain as key trends, organizations also needed to address demand, 
scale markets and technology.   Accenture explored these topics in our 2008 study: “Biofuels’ Time 
of Transition: Achieving high performance in a world of increasing fuel diversity.”  This report 
looked at the demand side of the global biofuels market, focusing on consumers, OEMs, oil company 
distribution, technology, market infrastructure and financial markets.  The study had two primary 
conclusions:  
• A far more diverse transport fuels market will develop:  The emergence and growth of biofuels 

herald not only much greater diversity in future transport fuels, but also the evolution of a fuels 
marketplace characterized by new products, new players and a different competitive landscape. 
While this will clearly involve a shift away from gasoline and diesel, there will also be a much 
wider range of non-fossil fuel providers and products, both in biofuels and new competing 
technologies. 

• The industry has a 10-year window of opportunity:  In Accenture’s view, the biofuels industry has 
a window of opportunity of perhaps 10 years to evolve into a truly global and efficient industry 
before new technologies compete with first- and second-generation biofuels. The challenge for 
the biofuels industry is to carve out its place and to become as global and efficient as possible, 
before these technologies arrive. 

Our current study further explores these questions of fuel diversity and commercial viability.  
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Electrification 

 
The enthusiasm today around electrification is reminiscent of how regulators and the market viewed 
biofuels in 2006. The activity in the past 18 months around the electrification space has been no less 
than incredible: 
 
• New regulations or incentives regarding electrification have been passed in all of the 10 markets 

considered in this report  
• There have been more than 15 pilots in 12 countries, with new pilots announced almost monthly.  
• New companies across the electrification value chain have been created—for example, in the 

areas of plug-in hybrid electric vehicles (PHEV) and electric vehicles (EV), batteries, charging 
and vehicle-to-grid (V2G) technology. 

• We are seeing very aggressive estimates of the market share of PHEVs—for example, the 
Electric Power Research Institute (EPRI) estimate that PHEVs could make up 62 percent of new 
vehicles by 2050 (low scenario—20 percent, high scenario—80 percent).23  

 
 
 
 
 
 
 

 

 
Figure 6. Electrification initiatives 

 
 

Source: Accenture Research 
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This study is looking at a market on the cusp of change. Over the last few years, the integrated oil 
companies (IOCs) and national oil companies (NOCs) operating in this space have started to feel the 
change, as evidenced by their increasing investments in start-up technologies and growing 
partnerships with research institutions. Energy has never been higher on the political agenda. As 
evidenced by a scientist as the United States Secretary of Energy, we are seeing incredible support, 
private and public, for research and development (R&D), innovation and the exploration of new 
technologies. These new players will bring about not only new technologies, but also different 
capabilities and advantages. High performance in the transport fuels landscape is being redefined.  
 
It is against this backdrop that we look at the potential substitutes to hydrocarbon transportation 
fuels. The majority of the technologies we cover could replace gasoline or diesel, but we have tried 
to broaden it to those technologies that would also have an impact on fuel oil (marine) and jet fuel 
(airline) demand and their resulting GHG emissions. 
 
We use four criteria to define “disruptive” and applied these criteria in selecting the 
technologies and companies in this report. For a technology to be considered disruptive, it 
needed to meet the following criteria:  
 

Scalable: Greater than 20 percent potential impact on hydrocarbon fuel demand by 2030 
GHG impact: Savings greater than 30 percent relative to the hydrocarbon it is replacing 
Cost: Competitive at an oil price of $45 to $90 per barrel at commercial date 
Time to market: Commercialization date less than five years 
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2.1 The Evolution:  
Technology stretching the 
current asset base  

 

 
In this section, we focus on the technologies that can be implemented today. These technologies 
stretch today’s asset base to improve the GHG footprint of transportation fuels and energy security.  
The argument could be made regarding whether these technologies are truly disruptive, given that they 
are already being incrementally applied. However, we have chosen to include and emphasize them 
because there is a tendency to forget what we have, what we can do, what has been achieved already, 
and what an emphasis on continuous improvement can achieve in the search for the panacea of a 
zero-carbon, renewable fuel.  
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We have chosen the following four types of 
technologies to drive home the point that 
disruption, even if none of the other 
technologies in this report come to fruition, 
is almost inevitable: 
 
 
 
• Next-generation combustion engine. As long as hydrocarbons are the most economic and 

widely available fuel and the internal combustion engine (ICE) is the most economic engine 
(particularly given that the majority of new vehicles are predicted to be purchased in China and 
India)24, improvements in the miles per gallon (mpg) achieved through the combustion engine will 
have a significant impact on GHG and fuel demand.  

• Next-generation agriculture. The agriculture industry that has given us ethanol, which is 
competitive with $45 to $90 per barrel of oil, continues to drive down feedstock and production 
costs; increase yields; develop new feedstocks; reduce carbon and water use; and upgrade the 
value of its by-products. Building on one of the key messages in Accenture’s Time of Transition 
report—that biofuels share of supply will be first- and second-generation (versus, first or second) 
biofuels—these players will economically phase in new feedstocks, waste and technology into 
their processes.  

• Waste feedstock. One of the key constraints to biomass fuels is feedstock supply. Waste (for 
example, municipal solid waste; industrial and agricultural waste; and used vegetable oil) is a 
feedstock that is available today, in significant quantities. Given the distributed nature of waste, 
the economics have been challenging, but we are seeing the emergence of different business 
models and technologies to make waste a relevant feedstock in tomorrow’s transport fuel 
market.   

• Marine scrubbers. Scrubbers are widely used in the refining and chemical industry to capture 
GHGs. However, given their high cost, they have not been applied to other industries. The 
marine industry accounts for 7 percent of sulfur emissions25; with low-sulfur fuel oil (LSFO)--
currently accounting for only 20 percent of the fuel oil market26 --being the only other potential 
solution, scrubbers currently provide the only post-combustion option for reducing sulfur 
emissions.  

 
 
To illustrate the activity and innovation in these areas, as well as the potential impact of these 
technologies, we have included nine case studies of companies investing in these technologies. It is 
important to note that this report is not an endorsement of the companies or the technologies. 
Instead, the selection of technologies and companies are intended to illustrate key points around 
what exists, what can be leveraged, and how innovation of new technologies and applications of 
existing technologies continues to drive improvements. 
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2.1.1 Next-Generation Combustion Engine 
 

The history of the internal combustion engine is long and varied. Leonardo da Vinci and Alessandro 
Volta toyed with the concept. However, it was not until the late 19th century that German inventors 
Nicolaus Otto and Rudolf Diesel, working independently, drove the development of the engine with 
a series of patents covering two- and four-stroke engines. The internal combustion engine went on 
to completely dominate mobile applications, such as cars, boats and aircraft, due to its far higher 
power-to-weight ratio compared to potential alternatives.  
 
The popular media has tended to focus on the movement toward hybridization or full-battery electric 
vehicles to achieve efficiency gains, thereby overlooking the substantial improvement possible by 
stretching the existing asset base. While the long-term solution to the questions posed by a lower-
carbon future will more likely involve electrification in some form, the new generation of vehicles in 
original equipment manufacturers’ (OEMs’) production plans is closer to the status quo, albeit with a 
notable shift toward efficiency. There is still significant potential improvement in the internal 
combustion engine, driven by OEMs and new technology startups. As the internal combustion 
engine is closer to the core competencies of major global OEMs, the first wave of efficiency 
improvements will likely come from this area. 
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Why next-generation internal combustion engine? 
As a result of energy security and climate-change concerns, there is more transparency and an 
increasing emphasis on fuel economy standards by regulators and consumers. Even in comparing 
today’s performance, there are significant differences in fuel economy around the world.  
 
Figure 7. Automotive fuel economy standards27 

 

 
 
 
Vehicle legislation, which sets limits on the fuel consumption of new vehicles within a given model 
year, adopts a different guise depending on geography. In the United States, President Obama 
announced in May 2009 that the average fuel economy of new vehicles must reach 35.5 miles per 
gallon (mpg) by 2016, which surpasses President Bush’s 2007 target of 35 mpg by 2020.28  With 
levels in recent years hovering around the 27 mpg mark, this new average fuel economy represents 
a significant improvement, and one that has a huge impact on vehicle technology. The new fuel 
economy would constitute an approximately 30 percent improvement in efficiency over the period. 
The recent federal government intervention in the US automotive industry will serve, in part, as a 
guarantee that the implementation of these measures to improve fleet efficiency will move ahead. 
 
The European Commission has been busy legislating for a similar step-change in improvement 
from European automotive manufacturers. In contrast to the United States, the motive for this 
change is reducing the GHG emissions of European vehicles. As such, the legislation is manifested 
in the form of maximum CO2 limits for new vehicles. With the voluntary agreement by the European 
Automotive Manufacturers Association (known by its French abbreviation, ACEA) to reduce CO2 
emissions of new vehicles having lost its way (the Commission admitted in 2007 that it had not 
succeeded),29 the commission has begun to set mandatory targets for improvement, the first of 
which is anticipated for 2012. 
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Moreover, the role of the customer in the automotive industry has fundamentally changed. The 
recent spike in oil prices translated to higher gasoline and diesel prices at the pump, and created a 
customer pull for more fuel-efficient vehicles, which complements the legislative push. The trend 
toward fuel-efficient vehicles has been reinforced by the subsequent economic crisis. While 
purchases of hybrids have fallen, light-duty vehicle sales overall have fallen by a far greater 
percentage (41 percent year-on-year, compared to 29 percent).30  Government policies, such as the 
£2,000 incentive for scrapping vehicles in the United Kingdom—as unveiled in the 2009 budget—
also have sought to align consumer-buying behavior with a lower-carbon future. 

 
Technology 
Improvements to vehicle fuel efficiency are likely to be achieved through a combination of factors. 
OEMs, the obligated parties in this, will choose to employ more efficient engine technology, 
improved powertrain technology, as well as making adjustments in other areas, such as weight 
reduction or improvements in aerodynamics. This section focuses on the first of these three factors: 
improvements in the internal combustion engine.  
 
Typically, the trend currently among OEMs is to downsize engines to reduce weight and fuel 
consumption while introducing turbochargers to compensate for lost power. Volkswagen has been 
introducing its BlueMotion TDI engines over a period of three years, incorporating longer gear ratios 
to reduce revolutions (thereby increasing fuel efficiency) and new engine management software to 
cut idling speed.31  Major US players, such as Ford and General Motors, have also been introducing 
their next generation of direct-injection engines. Ford’s Ecoboost engines deploy gasoline 
turbocharged direct-injection technology to achieve a 15-percent reduction in CO2 emissions.32  
 

 
Figure 8. Pipeline of internal combustion engine improvements 
 

 
 

Source: Accenture Research 
 
 
Apart from the OEMs, many start-up technology firms (two of which are profiled in this section) are 
beginning to have a greater involvement in this space, driven by the increased availability of funding 
following the incorporation of fuel economy standards in the United States. While business models 
may vary, these firms have benefited from being able to develop their technologies independently of 
the business cycle that has constrained OEMs.  
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Challenges 
As with every process that requires further investment, developments in the internal combustion 
engine are subject to the tighter credit markets experienced following the global economic 
slowdown. Moreover, this set of events has indelibly changed the automotive market landscape. 
While the full implications of the troubled automotive industry are unclear, it is likely that the 
economic downturn has undermined consumer confidence in automobile manufacturers, 
specifically in the United States. A notable challenge for automobile manufacturers will be regaining 
this trust ahead of further uncertain times in the industry. Meanwhile, technology startups face an 
altogether different set of hurdles. For them, the main challenges will involve ramping up the pace 
of development and production in line with what the industry requires—as well as ensuring access 
to funding. 

 
Key findings 
In-house developments by OEMs, coupled with best-in-class start-up technologies, will mean that 
the automotive industry as a whole can make significant advances in the efficiency of the internal 
combustion engine. Getting more miles per gallon out of conventional vehicles achieves the same 
end goals of lowering carbon emissions and increasing energy security as the movement toward 
the electrification of transport. While there are significant requirements for infrastructure and 
incentives to bring about the widespread electrification of vehicles, improvements to the internal 
combustion engine could be implemented quickly and assuage many of the voices currently 
clamoring for change. 
 
 
Table 6. Disruptive technology assessment: Next-generation combustion engine 

Disruptive criteria Assessment Rationale 

Scalable   
 

Greater than 20 percent potential 
impact on hydrocarbon fuel demand by 
2030   

With existing infrastructure and 
manufacturers already on board, rolling 
out improvements to the internal 
combustion engine will be one of the 
easier technologies to implement   

GHG impact   
 

Savings greater than 30 percent relative 
to hydrocarbon it is replacing  

With VW and Toyota internal combustion 
engines already coming close to 50 mpg, 
further improvements to these engines 
could deliver 100 mpg by 2030 

Cost   
 

Competitive at oil price of $45 to $90 
per barrel at commercial date 

 

In most cases, improvements in internal 
combustion engines will have a lower 
cost to implement than building electric 
vehicles (EVs)/ hybrid electric vehicles 
(HEVs)/ plug-in hybrid electric vehicles 
(PHEVs) 

Time to market   
 

Commercialization date less than five 
years  

For the first wave of improvements (that 
is, the OEM and startups in this report), it 
is likely that some will be commercialized 
in the next five years 
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Transonic’s patented product 
is its TSCi™ fuel injection 
system that utilizes 
supercritical fuel, enabling 
significant improvements in 
fuel consumption.   
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

2.1.1.1 Case Study: Transonic Combustion  
 
 
Transonic Combustion is a venture capital- and private equity-funded start-up with facilities in Los 
Angeles and Detroit.  Founded in 2006, its focus is to develop and commercialize fundamentally 
new fuel injection technologies that enable conventional internal combustion automotive engines to 
run at ultra-high efficiency. By operating high compression engines that incorporate precise ignition 
timing with carefully minimized waste heat generation, Transonic Combustion may have a 
“transformational” technology—one that can achieve double efficiency compared to current gasoline 
powered vehicles in urban driving. In turn, the company’s products also may significantly reduce 
fossil fuel consumption and GHG emissions. 
 
Transonic’s patented product is its TSCi™ fuel injection system that utilizes supercritical fuel, 
enabling significant improvements in fuel consumption.  Employing supercritical fuel in automotive 
powertrains is being pioneered independently by Transonic according to Brian Ahlborn, the 
company’s CEO. Supercritical fuels have unusual physical properties that facilitate short ignition 
delay, fast combustion, and low thermal energy loss. This results in highly efficient air-fuel ratios 
over the full range of engine conditions—from stoichiometric air-fuel ratios of 14.7:1 at full power to 
lean 80:1 air-fuel ratios at cruise, down to 150:1 at engine idle. Many existing gasoline engines can 
only achieve around 20:1. The implication is clear—Transonic’s proposition may facilitate a 
significantly more efficient combustion process than is currently employed. 
 
While the intellectual property is understandably proprietary, Transonic Combustion’s unique 
feature is that it injects fuel in a different manner. Fuel is raised to a supercritical state and injected 
during the combustion process with more precise timing, meaning Transonic’s process uses 
substantially less fuel than conventional systems. The supercritical fuel is directly injected as a 
"non-liquid fluid" rather than “droplets” into the combustion chamber very near the top of the piston 
stroke. This ensures that the heat of combustion is efficiently released only during the power stroke, 
thus allowing for more degrees of freedom in engine management. A wide variety of fuels can be 
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accommodated by Transonic’s systems, with internal testing having been successful with gasoline, 
biodiesel and advanced biofuels.  
 
Transonic foresees a bright future for its factory TSCi™ technology. With the intention of acting as a 
supplier to global OEMs (and already working directly with five), the scale at which this technology 
could be adopted is large. There is relatively little additional cost involved in incorporating the 
technology into existing production lines without the need for massive reconfiguration, and it has 
lower lead times than more drastic changes in the manufacturing process. This is reflected in the 
2013 date for commercial production at scale that Transonic believes is realistic.  
 

 
 
Figure 9. Supercritical fluids 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
Figure 10. Transonic’s TSCiTM prototype fuel injectors installed on OEM 4-cylinder engine 
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Source:  Transonic.  Used with permission. 
 

Courtesy of Pacific Northwest National Laboratory 
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Tula has developed a solution 
to move the fuel economy 
“sweet spot” from 150 hp to 30 
hp. This will improve fuel 
economy by approximately 30 
percent. 
 
 
 
 
 

 
 
 
 
 
 
 

2.1.1.2 Case Study: Tula 
 
 
Tula Technology, Inc. is a venture capital-funded company based in Santa Clara, California, whose 
technology effectively involves deploying digital signal processing to fuel management.  Tula has 
created a chip that may be retrofitted to existing vehicles’ engines to give potentially substantial fuel 
economy gains.  
 
Whereas current gasoline engines are typically calibrated to give the maximum fuel economy at 70 
to 80 percent of maximum (typically 150 horsepower, hp), it is believed that 90 percent of driving 
requires 30 hp or less. It is impractical to install a 30 hp engine in a passenger car because it would 
be unsafe and have very poor drivability, so Tula has developed a solution to move the fuel 
economy “sweet spot” from 150 hp to 30 hp. This will improve fuel economy by approximately 30 
percent overall. Therefore, it has the potential to provide similar results to a hybrid vehicle, 
delivering substantial fuel economy benefits at low horsepower while preserving all of the 
acceleration and speed of the 150 hp engine when needed. As a result, it may deliver the benefits 
of a hybrid at a fraction of the cost; the chips are believed to be very cheap to manufacture and 
install. 
 
Initially, Tula aims to target the minivan and sports utility vehicle (SUV) market segment, as these are 
the vehicles most in need of fuel economy improvements. To access this market, Tula is looking at 
selling the chips or modules to large national dealer chains, so the module can be fitted during a 
regulation oil change. Longer term, there are many options available in terms of Tula’s channel 
strategy. While the company is targeting dealer chains first, it could feasibly then sell direct to OEMs, 
eventually integrating with the OEMs in a licensing agreement. 
 



 
54 Copyright © 2009 Accenture. All Rights Reserved. 

 

Currently, prototype vehicles exist that are using chips that reproduce some of the desired circuitry. 
This prototype is exhibiting 20 to 22 percent improvement in fuel economy, whereas a second-
generation test module (currently being tested) is anticipated to deliver 30 percent benefit. Tula has 
also established partnerships with the University of California, Berkeley and the University of Michigan33 
to help study the impact of emissions and further improvements in fuel economy using more advanced 
algorithms. The challenge now is to finalize the initial algorithm and begin developing the final chip for 
the first product introduction. 
 
While Tula’s technology is still some way off from reaching the market, the simplicity and low cost of the 
solution is appealing, if the benefits touted can be realized. 
 
 
Table 7. Estimated costs and improvements in Tula's vehicles 

 Today Commercial date 
(2011) 

2014 

Improvement in 
miles/gallon 

20 to 22 percent 30 percent Greater than 30 to 50 
percent  (once OEMs 
can tune engines to 

benefit) 

Cost/unit $250 $250 $250 
 

Source: Accenture interview 
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2.1.2 Next-Generation Agriculture  
 
Biofuels production in the United States has grown from approximately 15.1 billion liters in 2005 to 
approximately 37.6 billion liters in 2008 (an increase of 248 percent), and in Brazil from approximately 
16.5 billion liters in 2005 to approximately 27.8 billion liters in 2008 (an increase of 168 percent)—
delivering significant benefits to the agriculture sector in these markets.34  Government policy has 
largely provided the impetus for this growth; however, this should not detract from the year-on-year 
enhancements in yield and cost due to the improved technologies, continued innovation and successful 
collaborations of the players in this market. 
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Figure 11. Improvements in average US corn yields between 1980 and 200035 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
The “next-generation agriculture” section is structured differently from other sections in this report, as 
it is not a single type of technology that has underpinned growth. Instead, it is an evolution of 
business models, land and feedstock approaches and the leverage of deep agriculture experience in 
applying new technologies to today’s current first-generation biofuels footprint that enables the 
sustainable and scalable “growing” of energy.  
 
 
 
 
 
Our definition of next-generation agriculture has three key elements: 
 
 
1. New feedstocks: The application of technology to produce crops suited to energy production. 
2. Deconstruction: The pretreatment and enzymes required to break down the new feedstocks 

into simple sugars that can be fermented. 
3. Process innovation: Goes beyond the year-on-year improvements to changes that continue to 

shift the value and cost curves—for example, use of landfills by power plants, upgrading of by-
products with new technology, new equipment that dramatically reduces harvesting and 
collection, and creative ways to leverage first-generation infrastructure and know-how. 
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Why next-generation agriculture? 
Today’s first-generation players have successfully built an industry in five years. In 2005, the IEA’s 
production forecast for 2020 (as referenced in our first biofuels report, Irrational Exuberance) was 
120 billion liters (ethanol) and 23 billion liters (biodiesel).36  The latest IEA forecast from February 
2008 estimated that biofuels represented “30 percent of incremental non-OPEC supply growth and 
could be up to 50 percent by 2013.” This equates to a rise in the displacement of oil product 
demand by biofuels from 61 billion liters per year (2007) to 104 billion liters per year (2012), thereby 
placing production volumes approximately five years ahead of the IEA’s initial 2005 estimates.37  
 
 
We believe that the application of new technologies, combined with first-generation know-how, 
is currently underestimated. The players in today’s agriculture industry have a number of 
advantages: 
 
• Control of the land: As we have seen in 2007–2008, the vertically integrated players have an 

advantage in volatile and illiquid commodity markets 
• Existing infrastructure 
• Lower cost to test new technologies 
• Government support: The agriculture industry has a long history of strong representation in the 

government, as well as of receiving government incentives and subsidies 
• Strong existing relationships among players (for example, OEMs that develop farm equipment, 

the seed companies, the enzyme companies, the farmers and ethanol producers and 
distributors). 

 
Technology 

1. New feedstocks   
 

When corn was first used to produce ethanol, beverage alcohol–based techniques were used. The 
move to techniques more suited to producing fuel accounted for a significant share of the more than 60-
percent reduction in cost in the last 30 years (while yields have gone up more than 70 percent).38  
 
Advances in breeding and biotechnology have been able to produce enhanced crops with desired 
characteristics (such as seedless varieties, greater resistance to disease, easier to harvest, reduced 
water and nutrient requirements) while increasing yields. These techniques are now being applied to 
crops to develop characteristics desirable for fuel production.  
 
A number of different feedstocks are being developed by the various research centers. Figure 12 
shows some of the key networks involved in the United States in the advances made in newer-
generation feedstocks:  
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Figure 12. Key research networks for next-generation feedstocks 
 

 
Source: Accenture Research 
 

 

 
Figure 13 - The range of energy crops 
 

 
 
The feedstocks attracting the greatest interest are miscanthus, switchgrass, energy cane, cassava, 
sweet sorghum and agricultural waste. However, corn and sugar cane also should be included in 
this group; there is no reason the biotechnology techniques applied to the new crops cannot be 
(and indeed are) applied to corn and sugar cane. 
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Although a basic examination of characteristics may lead to one feedstock being perceived as 
“better” than another, in practice, such a distinction can be rather arbitrary. Yields are very much 
“dependent on the acre,” varying significantly based on local growing conditions and practices. 
Differences in harvesting and collection also can affect yield and can dramatically affect the total 
delivered feedstock cost. While ranges rather than absolute numbers are perhaps more helpful, 
technological developments continue to improve all of the metrics for each of the feedstocks. 
 
Table 8 - Comparison of next-generation feedstock characteristics39 
 

 
Preferred 
climate 

Harvestable 
biomass  
(dry t/ha) 

Source of 
yield 

Ethanol 
yield 

(Liters/Ha) 

Millions hectares 
needed for  

132 billion liters 
of ethanol 

(US RFS 2012 
target) 

As harvested 
US cropland 
to achieve 
132 billion 

liters of 
ethanol  

(% in 2006) 
GHG 

(%reduction) 

Feedstock 
cost 

($/liter)* 

Corn grain Temperate 10 Sugars 4322 31 24% 31% $0.51 

Sugar cane 
Tropical/ 
sub-tropical 35 - 85 Sugars 7013 19 15% 88% $0.29 

Energy cane 

Wider range 
than 
sugarcane 23 - 60 Cellulose 

5,434 - 
13,263 10 - 24 8 - 19%  

$0.17 - 
0.29 

Sweet sorghum 

Tropical  
(can grow  
in temperate) 

70-100  
(2x harvest) Sugars 

14,793 - 
21,133 6 - 9 5 - 7%  

$0.25 - 
0.44 

Cassava Tropical 11-20 Sugars 2,186 - 3,975 33 - 60 26 - 47%  
$0.64 - 

0.32 

Corn stover  
(33% left on 
field) 

Temperate/ 
sub-tropical 7 Cellulose 2779 47 37% 86% 

$0.23 - 
0.28 

Wheat straw 
(40% left on 
field) Temperate 5 Cellulose 1718 77 60% 83% 

$0.19 - 
0.34 

Switchgrass Temperate 6 - 25 Cellulose 2,250 - 9,375 14 - 59 11 - 45% 96% 
$0.26 - 

0.47 

Miscanthus Temperate 12 - 35 Cellulose 
4,500 - 
13,125 10 - 29 8 -23% 89% 

$0.27 - 
0.51 

 

*Costs include fertilizer, chemicals, seed, interest on operating inputs, pre-harvest machinery, harvesting, storage, pre-processing and 
logistics (costs/liter do not include co-product value). 
Sweet sorghum: note that ethanol yield calculation is based upon theoretical composition 
 

Key: t/ha = tonnes/hectare 
 
 

 

Key highlights: 
• Variability of energy cane, switchgrass and miscanthus yield is more than 100 percent, largely 

due to variation in global growing conditions. 
• The majority of feedstock costs are estimated to be below $0.50 per liter. 
• Energy cane, miscanthus and sweet sorghum, at the highest estimated yields, will potentially be 

the most “energy dense,” providing benefits in terms of least land use. 
• Theoretical ethanol yields are broadly similar across the board (liters per dry ton of biomass). 
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• The application of modern biology—marker-assisted breeding (use of a marker, such as a 
specific DNA variation, to assist the selection of a genetic determinant of a trait), genomics 
(study of the genetic makeup of an organism) and biotechnology—will continue to improve 
yields. 

 
2. Deconstruction 
 

Lignocellulose, the largest component of plant material, is composed of three main fractions: 
cellulose, hemicellulose and lignin. Compared to first-generation feedstocks, lignocellulosic biomass 
is much more resistant to chemical and biological degradation. As such, deconstructing new 
feedstocks into fermentable sugars is more challenging and accounts for a large proportion of the 
total cost of cellulosic ethanol production today. 
 
The properties of lignocellulosic biomass, including its crystalinity (degree of order of its solid 
structure) and accessible surface area, make it resistant to enzymatic attack. Pretreatment is 
required to change these properties and open up the biomass fibers, making the lignocellulose 
substrate accessible to the action of degrading enzymes. 
 
A range of pretreatment technologies exists today. The most commonly used and well-tested 
technology is probably dilute acid pretreatment, in which biomass is treated with a low-acid 
concentration (for example, 0.1 to 1 percent sulfuric acid) at high temperatures (100 to 200˚C). 
Other pretreatment technologies are in varying stages of development. Some are being developed 
by companies such as Verenium (dilute acid pretreatment in combination with steam explosion),40 
SunOpta (steam explosion),41 DONG Energy/Inbicon (hydrothermal)42 and Terrabon43 (lime).  
Meanwhile, other technologies, such as ammonia fiber explosion (AFEX) and soaking in aqueous 
ammonia (SAA), remain lab-based.44   
 
The relative proportion of cellulose, hemicellulose and lignin varies from plant to plant; therefore, 
certain types of pretreatment are more effective on some feedstocks than others. For example, 
AFEX, a physico-chemical pretreatment in which biomass is treated with aqueous ammonia in a 
flow-through column reactor, works well on grasses, straws and crop residues, but is less effective 
on softwoods or high-lignin woody plants. Steam explosion, in which biomass is exposed to 
saturated water steam before the pressure is suddenly reduced, is more effective on agricultural 
residues or hardwoods than softwoods. However, available information in this area is still 
fragmentary, and there remains significant uncertainty around which pretreatment is suited to which 
feedstock. 
 
Following pretreatment, enzymes are able to attack the complex sugars in the cellulose and 
hemicellulose, releasing monomeric sugars (simple sugars, consisting of a single component, or 
”monomer”) that can then be fermented into ethanol. Cellulases are used to break down (hydrolyze) 
the cellulose into glucose, while hemicellulases are used to hydrolyze the hemicellulose into C5 
sugars (xylose and arabinose) and C6 sugars (glucose, galactose and mannose). The current focus 
is on creating one general “cocktail” of enzymes amenable to different feedstocks and conversion 
processes. 
 
Enzyme costs have reduced 30-fold since 2001.45  Nonetheless, costs remain high, with current 
estimates at approximately $1 per gallon. This is mainly due to the complexity of the cellulase and 
the large doses required—about 50 times more enzyme is needed than for first-generation biofuel 
production.  
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The costs of second-generation enzymes are expected to remain higher than first generation,46 so 
further cost reductions (or a continued increase in price supports) are needed to make cellulosic 
ethanol commercially viable. The US Department of Energy (DoE) is targeting a second-generation 
enzyme cost of $0.03 per liter ($0.10 per gallon) by 2012,47 but there is no clear picture from where 
the breakthrough will come. Two main types of technology are being developed. The first is 
technologies that create more resistant enzymes, or enzymes that have a wider operating window. 
Enzyme toxicity is one of the main issues with biomass deconstruction today. For example, the 
alcohol produced in the conversion process is poisonous to many types of enzyme. One of the 
technologies being developed to create more robust, better-performing enzymes is gene selection 
and shuffling—a desired gene is identified, selected, extracted from its host organism and 
reinserted into a new organism with a new genetic sequence to create new variants. Although 
several companies are testing this technology, it remains difficult to execute in practice. 
 
The second type of emerging deconstruction technologies is those that integrate processes and 
eliminate steps, such as bio-engineering feedstocks. Genetically modified feedstocks with lower 
lignin content, for example, would need less pretreatment and/or enzyme to release their sugars 
further downstream. Syngenta, the crop protection and seed company, is developing an enzyme-in-
seed technology designed to cut the cost of ethanol production; corn seeds are genetically modified 
to express high levels of the corn amylase enzyme, which turns the corn’s starch into sugar.48  On a 
longer timescale, technologies that integrate processes include the development of microorganisms 
capable of combining pretreatment, enzymatic hydrolysis and/or fermentation into a single step. 
 
Today, despite some integrated pilot- and demonstration-scale testing, biomass deconstruction and 
conversion is largely discussed as a sequence of discrete, sequential steps: pretreatment, 
hydrolysis and fermentation. Integrated testing of deconstruction technologies is critical, as type of 
feedstock will determine the pretreatment, which, in turn, will determine which enzymes will be most 
effective. As the industry matures, a blurring of the lines between pretreatment, enzymes and yeast 
can be expected, as higher-performing microbes collapse the number of steps. Alternatively, 
enhanced feedstocks will reduce the level of pretreatment and enzymes required.  

 
3. Process innovation 
 

Process innovation makes up the applications of technologies or processes that shift the value and 
cost curves of bringing fuel from agriculture to market sustainably.  
 
Key examples include: 
• Innovation in reducing energy: The City of Sioux Falls spent $4.3 million to capture methane 

and pipe it 10 miles down to Chancellor, where POET will use the methane, along with a solid 
fuel boiler burning other waste materials, to provide up to 90 percent of the power needed to run 
its ethanol plant there.49  

• Innovation in reducing water: POET recently introduced a zero-water discharge system at its 
plant in Bingham Lake, Minnesota. This technology will reduce water use per gallon by an 
additional 20 percent.50  

• Waste and other by-product upgrading: Glycos Biotechnologies is one of the companies 
applying synthetic biology targeted at upgrading the co-product and waste streams of first-
generation ethanol and biodiesel plants into higher-value chemicals.51 

• New equipment for harvesting and collection: Feedstock supply and logistics are one of the 
main challenges to the commercialization of biofuels from new feedstocks.  POET Biomass (a 
division of POET) are working with several major original equipment manufacturers (OEMs), 
such as John Deere, to develop new technologies for the harvesting and collection of cellulosic 
feedstocks.52  
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• Leveraging first-generation infrastructure: POET’s project LIBERTY will produce 
approximately 95 million liters per year, mLpy (25 million gallons per year, mgpy) of cellulosic 
from corn cobs with approximately 379 mLpy (100 mgpy) of ethanol from corn. Technology 
would enable POET to upgrade all of its plants.53  

• Ongoing process efficiency and flexibility: POET has also commercialized BPX™, a no-cook 
fermentation process, and BFRAC, a dry-mill fractionation process. Both are enabling 
technologies for the biorefinery of the future.54  

 

 
Challenges 
There are different challenges in feedstock and deconstruction. 
 
Feedstocks 
• Optimize feedstock to local conditions: The future will be populated by multiple feedstocks, 

varying region by region; it will be necessary to understand which crops are best suited to local 
conditions and to focus on their development. 

• Agree on key measurements of crops: There is a need to have a common understanding of 
the key metrics and characteristics associated with each of the feedstocks to allow researchers 
to fully understand and compare each of the potential feedstocks. 

• Drive down costs: Many of the proposed feedstocks for second-generation ethanol have not 
been commercialized. Consequently, associated costs are high relative to their potential. 

• Focus on logistics and pre-processing: According to US Department of Energy analysis and 
Accenture’s interviews with feedstock companies, logistics and pre-processing costs are 
expected to make up 35 to 50 percent of the cost of the feedstock.55  It has been suggested that 
this area offers the potential for significant cost reductions. Some companies are working with 
OEM players to develop approaches to improved harvesting and collection equipment to 
minimize the level of effort required.  

• Match crops to pathways: Feedstock agnosticism has been presented as a basic tenet of 
second-generation biofuels. However, feedstock agnosticism may yet turn out to be a myth. It 
has not yet been proven if particular feedstocks lend themselves best to specific pathways—but 
it is likely that processes and enzymes may need to be tailored to maximize yield.  
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Deconstruction  
• Optimize pretreatment to feedstock: Bench-scale testing has suggested that different 

pretreatments are more effective on some feedstocks than others; however, there remains 
significant uncertainty in this area. 

• Integrate enzyme and pretreatment testing: There is a need for more research on how 
different pretreatments, which are optimized by feedstock, impact enzyme type and dosage and, 
therefore, cost. This will be a key lever in the optimization and total cost of the ethanol production 
process. For example, Chevron Technology Ventures has signed a deal with Mascoma to 
provide various sources of lignocellulosic feedstock for use in producing ethanol using a one-
step processing technology, which Mascoma claim eliminates the need for enzymes and 
additives.56  

• Focus on reducing complexity: Today’s high cost of enzymes is due to the complexity of the 
cellulose—something that improved pretreatment would reduce. Technologies that integrate 
processes and eliminate steps, such as enzymes in seeds or microorganisms that support 
combining pretreatment, enzymatic hydrolysis and fermentation also have the potential to deliver 
cost reductions. 

• Leverage feedstock technology: Feedstock preprocessing and final product characteristics will 
influence pretreatment advances. 

• Determine optimal enzyme-production model: Two primary models of production being 
considered are large centralized “hub” facilities that distribute enzymes to biorefineries, and a 
network of smaller “on-site” enzyme production facilities co-located at biorefineries. Both models 
have their advantages and disadvantages, and no clear winner has yet emerged. The on-site 
model can cater to specific feedstocks and conversion combinations, and has the potential to 
significantly lower overall production costs given the large doses of enzymes required (estimates 
range from five to 10 times more than first generation to 50 times more than first generation).57  
However, as enzyme and process technology improves and the amount of enzyme needed is 
reduced, on-site facilities may become oversized. The main advantages of the “hub” production 
model are economies of scale, constant high utilization of production capacity, efficient plant 
management and the ability to introduce new products and process improvements quickly into 
the production process.  

 
Key findings 
Next-generation agriculture is in its infancy. There is significant potential for improvement, 
particularly given the historic advances made with genetic modification (GM) of crops to obtain 
desired characteristics, increase yield and reduce harvesting and processing costs, coupled with 
the innovation seen in first-generation players to drive down costs, energy and water use, as well as 
GHG emissions. The biggest challenge is the deconstruction, pretreatment and enzymes. These 
costs have to go down, but improvements will come from optimizing the whole system—from 
feedstock to production.  
 
Second-generation biofuels from new crops being brought to market by the agriculture industry will 
probably achieve the same improvements that the corn industry has seen: 60+ percent increases in 
yield and decreases in processing costs58 in a much shorter period (for example, in 20 years versus 
30). In addition, these players will learn from the oil industry, turning their ethanol plants into 
biorefineries.  
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Other findings include: 
• Many feedstocks: There will not be one dominant feedstock (as there is today with sugar cane), 

but many optimized to local conditions. 
• Uncertain merit of marginal lands: The ability to grow a crop on marginal lands does not mean 

that it will be grown only on marginal lands. Farmers who grow crops successfully on marginal 
lands will be attracted by greater yields through growing the same crop on “good” agricultural 
land. 

• Feedstock specificity: It has not yet been conclusively proven if particular feedstocks lend 
themselves best to specific pathways. We believe feedstock agnosticism is a myth, as processes 
and enzymes will need to be tailored to maximize yield (that is, a tradeoff between optimization 
and flexibility). 

• Different refining model and scale: Future fuel production will be characterized by smaller and 
more dispersed fuel production (at less than approximately 379 million liters per year (mLpy) or 
100 million gallons per year (mgpy), so smaller than today’s refineries); in most cases, plants 
need to be close to the feedstock. However, there may be first- and second-generation synergy 
(combined plants). Enzyme companies are likely to develop a range of premium enzymes and 
enzymes specific to the feedstocks and processes used at a particular biorefinery, and locate 
their enzyme production facility on site. 

• Increasing application of bio-engineering across the cellulosic ethanol process: Examples 
range from genetically modified (GM) feedstock to microbes that will optimize (and possibly 
combine) the pretreatment and enzyme activities. 

• First-generation biofuels will continue: Initial commercial scale may be achieved through co-
production with first generation (for example, POET’s Project LIBERTY will produce 25 million 
gallons per year (mgpy) of cellulosic from corn cobs with 100 mgpy of ethanol from corn).59   
Enzyme companies anticipate marketing synergies between first and second generation, with 
first-generation players looking to move into second-generation production being offered more 
competitive rates. 

 
Table 9. Disruptive technology assessment: Next-generation agriculture 

Disruptive criteria Assessment Rationale 
Scalable   
Greater than 20 percent potential impact on 
hydrocarbon fuel demand by 2030  

  Energy cane, miscanthus, sweet sorghum have the highest 
estimated ethanol yield potential (more than 9,000 liters per 
hectare) and can be grown in a wider range of geographies/ 
land types (for example, marginal). 

GHG impact   

Savings greater than 30 percent relative to 
hydrocarbon it is replacing 

  Energy crops/root biomass are carbon negative overall, with 
available data suggesting savings of 31 to 89 percent 
compared to replaced hydrocarbon fuel. 

Cost   
Competitive at oil price of $45 to $90 per barrel at 
commercial date 

  Latest estimates for most energy crops suggest costs below 
$0.50 eper liter. With continued improvements, this makes 
them cost competitive with oil at (or possibly even below) $65 
per barrel. Pretratment and enzymes are probably closer to 
$0.79 to $1.06 per liter ($3 to 4 per gallon) today, but Accenture 
believe this should continue to improve, with targets closer to 
$0.53 to $0.79 per liter ($2 to $3 per gallon) by 
commercialization. 

Time to market   
Commercialization date less than five years   There are already demonstration plants using corn cobs and 

wheat straw and plantings of various grasses and sorghum. 
Commercial sales of dedicated energy crops have already 
begun, with a well-established market for genetically 
enhanced/modified conventional row crops. 
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Ceres is a seeds and traits 
business for energy crops. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1.2.1 Case Study: Ceres 
 
 
Ceres is a crop biotechnology company, based in California.  Defining themselves as a “seeds and 
traits business for energy crops,” Ceres’ focus is on the development of improved energy crops 
(switchgrass, sorghum, miscanthus and energy cane), as well as enhanced traditional row crops 
(such as corn and soybean). With their origins as a genomics technology company, Ceres applies 
similar technologies to those gained through their work on the Human Genome Project (a 13-year 
project coordinated by the US Department of Energy and the National Institutes of Health to 
identify, sequence and store the entire human genome),60 to the development of crops with 
enhanced germplasm (genetic material) and traits such as drought resistance, increased yield, salt 
tolerance and improved fertilizer utilization.  
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“The energy crop that melts in your mouth” 
While high yield density is the single most important feedstock characteristic, the ease with which a 
feedstock can be refined is also important. Ceres describes its products as “the energy crop that 
melts in your mouth” due to their ongoing development of feedstock for energy production that is 
designed to deconstruct more easily. While a number of firms in the second-generation biofuels 
market have chosen to focus on improving the refining technologies, Ceres feels there is a lack of 
attention paid to development of the substrate (the material upon which the processing enzyme or 
chemical acts)—an equally important part of the value chain. With a belief that development of 
feedstocks should co-evolve in conjunction with development of the refineries—just as different 
crude oils require different refining processes—Ceres has defined itself as a leading player in this 
field.  
 
With exclusive rights to more than 35 issued US patents, and more than 250 additional 
US/international applications pending, Ceres has developed a range of proprietary technology 
platforms for optimized trait identification and incorporation techniques. These include high-
throughput genomics and model systems (rapid DNA sequencing tools that allow faster progression 
from knowing the genetic makeup of preferred traits to breeding model plants), compositional 
analysis (biochemical and molecular biological techniques to understand crop metabolism and 
structure and how these can be applied to improve fuel yield/refining) and marker-assisted breeding 
(the utilization of molecular markers to flag important genetic sequences and assist the combination 
of preferred traits into “elite” plant lines). As a basis for its development, Ceres focuses on 
developing the best parental breeding lines (i.e., those plants with the best existing genetics) on 
which to apply their “plug and play” enhanced traits.  
 

 
 
 
 
 

Figure 14. Ceres' high-throughput trait pipeline 
 

 
 
Source: Ceres, Used with permission 
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Developing a market for energy crops 
When it comes to second-generation feedstocks and the associated technologies, some companies 
speak of “feedstock agnosticism” and a belief, for example, that every refining technology will work 
with every feedstock. Ceres is quick to point out that, unfortunately, there is, in their opinion, no 
silver bullet—all feedstocks have their pros and cons—and the optimum feedstock will vary 
depending upon the geography, just as the optimum process will vary depending upon the 
feedstock. Switchgrass, sorghum and miscanthus are the energy crops that have been the focus of 
most of Ceres’ attention. These energy crops also provide good examples of the company’s beliefs 
regarding optimum feedstock dependency on geography and process. For example, switchgrass is 
more popular in the United States, sorghum in India and China, and miscanthus in Europe. 
Furthermore, even within these regions, not all acres are the same. Comparing feedstocks to 
determine superiority has to go beyond looking at a standardized “maximum yield” table, as no 
single figure exists for these crops. Breeding, says Ceres, is optimizing the growth of crops to local 
conditions. One area of Ceres’s research has been on seasonal feedstock rotation to maximize 
local yield based on tailoring the choice of feedstock to local growing conditions. To develop a solid 
evidence base for their product development, Ceres has conducted tests on hundreds of cultivars at 
more than 30 testing sites around the world. Following on from this, the company recently launched 
their first commercial sales of switchgrass and sorghum seeds through its Blade™ Energy Crops 
brand.  

 
Future market 
Does the growing interest in dedicated energy crops mean that it is time for first-generation biofuels 
to step down? For Ceres, the answer is a clear “no.” Despite obvious reductions in overall life-cycle 
GHG benefits that can be achieved with crops such as switchgrass and miscanthus, the company 
believes there is still a role for first-generation biofuels; for example, those produced from corn 
cobs, particularly during the transition period.  
 
However, second-generation feedstocks are Ceres’s priority. Since its 1997 beginnings, Ceres has 
forged multiple R&D collaborations and has sequenced more than 70,000 plant genes, developing 
one of the world’s largest proprietary gene collections. This scientific endeavor has culminated in 
one of the first commercial releases of energy crop seeds. Taking this one step further is an 
agreement to provide specially developed cultivars of its energy crops to one of the first commercial 
cellulosic biorefineries being built by ICM (one of the leaders in the design, construction and support 
of ethanol plants), near St. Joseph, Missouri. Through projects such as this, Ceres remains 
committed to demonstrating the scalability of what may be a truly carbon-negative transport fuel 
solution—meaning that more carbon is sequestered from the atmosphere than is released in the life 
cycle of producing and burning the fuel.  
 
In terms of the big picture, Ceres see itself akin to an oil services company, working broadly across 
the industry, and may offer refineries local exclusivity to its products, as well as other specialist 
services such as contract growing. The need to tailor the right feedstock to the right plant and local 
growing conditions means that there is a growing audience for its products, in a market that extends 
beyond “biomass to biofuels” to “biomass to power.” In the biofuels value chain, feedstocks account 
for 50 to 60 percent of costs, with harvesting and transportation being the single largest cost; 
therefore, a high-yielding feedstock has the potential to substantially improve economics. The US 
Renewable Fuels Standard of 136.26 billion liters (36 billion gallons) of biofuels by 2022 represents 
a significant opportunity for Ceres.61  The second-generation biofuels industry may still be in its 
infancy, but firms like Ceres could ensure that it grows up fast. As CEO Richard Hamilton said, 
“once we get crops in the field and biomass moving through a refinery, the industry will start 
bringing down costs, and ramping up production.” 
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Genencor is one of the world’s 
largest developers and 
manufacturers of industrial 
enzymes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1.2.2 Case Study: Genencor 
 
 
Genencor, a wholly owned subsidiary of Danisco, is one of the world’s largest developers and 
manufacturers of industrial enzymes.  The company’s products are used in a range of markets, 
including biofuels, grain processing, cleaning and textiles. Genencor produces enzymes for the 
production of first- and second-generation ethanol (amylases for first-generation ethanol, and 
cellulases for the production of cellulosic ethanol). Since 2000, Genencor has worked with the US 
Department of Energy’s National Renewable Energy Laboratory (NREL) to develop a new 
generation of enzymes for the production of cellulosic ethanol fuel. The partnership, which originally 
targeted a 10-fold cellulase cost reduction, achieved a 30-fold decrease in the cost of cellulase 
enzymes over a four-year period. Today, Genencor and NREL are working toward further reducing 
enzyme costs to meet NREL’s $0.07 to $0.13 per liter ($0.25 to $0.50 per gallon) target cost for 
enzymes.  
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Pioneering second-generation enzyme technology 
In 2007, Genencor launched Accellerase™ 1000—the first commercially available enzyme 
developed specifically for second-generation ethanol production. The product was developed as a 
“stepping-stone” enzyme solution, designed to help the cellulosic ethanol industry scale up from the 
lab to pilot and demonstration plants. An enhanced version of Accellerase™ 1000, Accellerase™ 
1500, was launched in February 2008, and a newer version is expected to be on the market in the 
near future. All versions of the product are created with a genetically modified strain from the micro-
organism Trichoderma reesei, a fungus. While Genencor is also looking at bacterial enzymes, most 
degradation is seen as coming from fungal strains and these, therefore, are their focus. 
 
Accellerase™ 1500 breaks down cellulose and hemicellulose to glucose and xylose sugars, which 
then can be fermented into ethanol. Although marketed as one enzyme, Accellerase™ 1500 
contains a complex of enzymes—mainly exoglucanase, endoglucanase, hemicellulase and beta-
glucosidase—which have been selected and engineered to work together synergistically to 
hydrolyze the biomass. The exoglucanase enzyme (cellobiohydrolase or CBH) attacks the ends of 
the cellulose chain, releasing cellobiose units. At the same time, the endoglucanase attacks along 
the chain, creating more chain ends for the CBH. Finally, the beta-glucosidase converts the 
cellobiose units to glucose. Accellerase™ 1500 contains high levels of beta-glucosidase to ensure 
almost complete conversion of cellobiose to glucose and reduce cellobiose accumulation, which 
can cause product inhibition and reduce enzyme effectiveness. 
 
 
Business model 
Genencor has a two-pronged business strategy. The first is its stand-alone Accellerase enzyme 
business, through which it supplies enzymes to companies that are piloting cellulosic ethanol 
technology. In addition to supplying enzymes, Genencor works with some of its customers more 
closely, looking at how to optimize its enzyme technology with the rest of the customer’s conversion 
process. 
 
As its customers use a variety of different feedstocks, pretreatments and conversion processes, 
Genencor designed its Accellerase™ product to be as broadly useful as possible, compatible with a 
wide range of biomass and technologies. Accellerase™ 1500 has been shown to successfully 
hydrolyze a range of feedstocks, including paper pulp, corn stover, sugar cane bagasse, wood 
chips and waste paper, which have been pretreated using several different techniques, including 
dilute acid, steam expansion and ammonia fiber expansion (AFEX). The enzyme is also able to 
operate in simultaneous saccharification and fermentation (SSF) processes or two-step, sequential 
hydrolysis and fermentation (SHF) processes, or hybrids of the two. As the cellulosic ethanol 
industry develops and matures, Genencor expects to develop different enzymes for specific 
biomass and pretreatments. 
 
The second branch of Genencor’s business strategy is its 50/50 joint venture with DuPont, 
announced in May 2008.62  The partnership, with a planned initial investment of $140 million, aims 
to develop and commercialize cellulosic ethanol technology by integrating the whole process 
together and, once this has been achieved, to license and sell the whole technology. DuPont 
Danisco Cellulosic Ethanol’s (DDCE’s) pilot-scale cellulosic ethanol facility is being built in Vonore, 
Tennessee. 
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Addressing the challenges ahead 
Genencor sees the industry as having huge potential. However there are hurdles to overcome. 
First, technology integration across the whole platform needs to happen. Genencor’s joint venture 
with DuPont reflects its view that process optimization is critical to the development of the industry. 
Creating a cellulosic ethanol industry requires a coordinated effort across the technology pathway—
feedstock needs to be optimized with pretreatment, which needs to be optimized with enzymatic 
hydrolysis, which needs to be optimized with fermentation. The company cites the efficiency of its 
Accellerase™ enzyme as an example—the interdependency between pretreatment and enzymes 
makes it difficult to say exactly how efficient the company’s enzyme is. About 80 to 90 percent of 
sugars can be hydrolyzed using Genencor’s technology, but that is before the enzymes have been 
integrated with all the other conversion processes. Genencor recognizes this interdependency as a 
“trade off”—the more time and effort that is spent on pretreatment, the less efficient the enzyme 
needs to be, and vice versa. 
 
Another key hurdle facing the industry is reducing enzyme costs. Though Genencor has, through its 
partnership with NREL, succeeded in lowering the cost of enzymes significantly, enzyme costs 
today are still at least double NREL’s target cost of $0.07 to $0.13 per liter ($0.25 to $0.50 per 
gallon). There are two main reasons for the high cost of cellulases today. The first is volume—the 
dose of enzyme needed to hydrolyze cellulosic biomass is up to 50 times higher than the dose 
needed for first-generation biomass. The second reason is that second-generation enzymes are 
considerably more complex. Whereas Genencor’s first-generation enzymes consisted of an alpha 
amylase and glucose amylase, Accellerase™ 1500 contains more than five different families of 
enzymes which are required to work together synergistically.  
 
Table 10. Comparison of enzyme dosage for first-generation and second-generation feedstocks. 

Process Enzyme activities 
needed 

Approximate cost in $ per liter 
ethanol ($ per gallon ethanol) 

First generation - starch 2 Less than $0.01 ($0.03 to $0.05) 

Second generation -
lignocellulosic 5 to 8 $0.07 to $0.13 ($0.25 to $0.50) 

 
 
Going forward, Genencor believes that co-locating its enzyme plants with cellulosic ethanol 
biorefineries may have significant cost advantages. The high enzyme dosage requirements for 
cellulosic biomass, and therefore huge volumes of enzymes involved, suggests co-locating could be 
the best option once a certain scale is reached, for example, 39 million liters (10 million gallons) of 
ethanol per year or more. If this does prove to be the case, and Genencor’s future enzyme facilities 
are co-located at ethanol biorefineries, then it is likely that these facilities will produce a single 
cellulase which is specific to the biomass and technologies used at that particular biorefinery.  
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Glycos Biotechnologies seeks 
to restructure the way fuels 
and chemicals are made, by 
applying molecular biology 
and bioprocess research to 
transforming biofuel and 
conventional chemical plants 
into biorefineries. 
 
 
 
 
 
 

 

2.1.2.3 Case Study: Glycos Biotechnologies 
 
 
A revolution in the way fuels and chemicals are made has ushered in new biological means of 
replacing traditional fossil fuel-based starting materials.  Petrochemical production is increasingly 
burdened by higher (volatile) costs, competition, and strained margins.  Glycos Biotechnologies 
(“GlycosBio”) seeks to restructure the way fuels and chemicals are made, by applying molecular 
biology and bioprocess research to transforming biofuel and conventional chemical plants into 
biorefineries. Biorefineries tap alternative feedstock streams to add new bio-based energy and 
chemical products to an otherwise traditional biofuel, or chemical plant capabilities. With a belief 
that biodiesel and ethanol plants are moving to biorefineries, the fundamental basis for its model is 
simple: “Why wait for second-generation feedstocks when co-products and waste are available?” 
 
GlycosBio uses metabolic engineering to modify microbial strains to transform glycerin into high-
value products. For example, this would allow a biodiesel plant to then process its low-value 
glycerin into advanced biofuels and bio-based chemicals (see Figure 15). Demand for these 
products is growing quickly across many sectors, including energy, transportation, construction, 
commodity chemicals, oleochemicals, paints and solvents, foods and cosmetics. 
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Figure 15. Leveraging GlycosBio's existing infrastructure to develop an integrated biorefinery 
 

 
Source: Glycos Biotechnologies, Used with permission 
 
 
Advanced  bioprocesses using microbial catalysts 
GlycosBio is a science-driven company, focused on discovering efficient microbial routes to biofuels 
like ethanol, and chemicals like succinate, propylene glycol, and adipic acid – all from alternative 
sources of glycerin and other disadvantaged chemicals.  Its principal business function is to 
produce and sell microbes capable of transforming certain low-value by-products (for example, 
glycerin) into fuels and chemicals, and to develop the processes to optimize productivity and cost. 
 
The technology revolves around select microorganisms that function as catalysts, or biocatalysts, 
for a particular product.  Further modifications made to the microbes through metabolic engineering 
and molecular biology techniques produce a biocatalyst capable of reaching high selective yields of 
product.  Modified microbes are performance-screened and applied to a proprietary fermentation 
process where bulk production is optimized. Both the microbes and the metabolic pathways are 
covered by GlycosBio’s patents; the intellectual property for the production of specific chemicals is 
then licensed to partners for specified periods of time. The company also structures collaborative 
joint ventures with partners interested in leveraging existing plant and equipment. This approach 
allows for minimal disruption to current production processes, with the key benefit of GlycosBio’s 
approach being the ability to profitably leverage existing feedstock sources, infrastructure and 
logistics, while diversifying production product lines. 
 
The company’s process can currently address many different feedstocks: oils, free fatty acids 
(FFA), algae, cellulosics, corn, glycerin and sugars.  To date, testing and production have been 
confined to the laboratory, but the company has demonstrated the microbial fermentation process 
at a pre-commercial scale of 250 liters. With the integrated nature of both the technology and 
business model, further testing to evaluate demonstration-scale ability will require close working 
relationships with partner producers. The time to market for the GlycosBio technology will be largely 
driven by the time to implement the plant modifications at the partner facility, currently estimated to 
be nine to 15 months. 
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Figure 16. The range of end products from the GlycosBio process 
 

 
 
Source: Glycos Biotechnologies, Used with permission 
 
 
Value proposition and economic incentive 
Among the advantages of GlycosBio’s sustainable model is the potential to sell into the large and 
growing market for bio-based products.  Predictions estimate that biofuels and bio-based chemicals 
will grow to consume 82 percent of the $203.5 billion market for all bio-based products by 2020.  
Processes based on fermentation methods will generate 14 percent or $27.9 billion by 2020. The 
value captured within these markets predominantly exists because glycerin and other reduced 
carbon sources comprise a very small feedstock cost per unit of product.  Glycerin is generated as 
a by-product in biofuels production, in a form that carries marginal economic value.  Other carbon 
sources generated within industrial and agricultural processes represent similar low-cost, high-
volume streams that can be used as feedstock.  Furthermore, GlycosBio’s low-cost conversion 
involves an environmentally redeemable process that mitigates CO2 impact and heat loss due to the 
use of highly-efficient bioreactions.  
 
Another key benefit of a process such as this (that aims to add value to an existing value chain 
rather than create an entirely new one) is the relatively low cost of implementation.  Specifically, the 
low feedstock value and the lean use (and low cost) of materials and utilities ensure a low overall 
cost of production—an important driver of adoption. Compared with petrochemical or first-
generation (e.g., cornstarch) renewable feedstocks, GlycosBio estimates that commercial 
production will show between a 45 to 60 percent reduction in the cost of production.  The 
bioreaction itself accomplishes a high rate of conversion from minimal nutrient requirements and 
lean requirements of chemicals and utilities. This consumes less than 25 percent of the price of 
succinic acid—an attractive precursor to 1,4-butanediol, one of the largest growing chemical staples 
of the construction, transportation, and packaging industries. Lastly, the GlycosBio model requires 
relatively low plant capital investment; while this varies depending on the technical complexity of 
producing and recovering the particular product, it is comparatively less than traditional 
petrochemical production.  GlycosBio estimates that the capital cost to convert an existing plant is 
around $15 to $20 million, or about $4.41 per kilogram ($2 per pound) of plant capacity.  
 
The development of biochemicals through fermentation rather than the traditional, intensive 
thermochemical processes allows for further cost savings, with the claim that the end-product cost 
is one-third of those derived from traditional petrochemical routes. As a result, bioconversion of the  
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crude glycerin by-product to chemicals could allow a 378 million liters per year, mLpy (100 million 
gallons per year, mgpy) biodiesel production facility to make an incremental $17 million net income 
through the production of approximately 168 million kilograms (76 million pounds) per year of a 
petrochemical equivalent such as succinic acid. Another way to view the economic impact of the 
technology is to evaluate the incremental value created from the feedstock source; GlycosBio 
estimates that it can increase the value of crude glycerin and/or a free fatty acid co-product stream 
by 10 to 15 times the original value of the feedstock, considering the end target biochemicals the 
company can help produce. 
 
 
Figure 17. Example GlycosBio biocatalyst economics: Biodiesel glycerin to succinic acid 
 

 
 
Source: Glycos Biotechnologies, Used with permission 
 
 
 
Future market 
The range of potential end products, coupled with a need to drive incremental profits out of the 
value chain, provides a considerable market opportunity for those companies looking to diversify 
into alternative chemicals, as well as to leverage existing assets, plant and equipment into higher 
margin opportunities. With the addressable market based on the target chemicals or the relative 
size of the regional biofuels and oleochemical markets, GlycosBio highlights that there is existing 
infrastructure and know-how that will allow new producers to tap into a multibillion-dollar commodity 
chemical market. As with all niche processes, an unavoidable constraint to taking the technology to 
market is a need for capital. With financial difficulties facing the entire biofuels industry, the 
diminishing capital available for the upgrading of plants does limit the target market for GlycosBio’s 
technology. However the company is confident that the “plug-and-play” nature of the strategic and 
economic benefits the GlycosBio biological process can bring to a biorefinery partner should help 
make the proposition more attractive.  
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Novozymes develop and 
manufacture industrial 
enzymes, microorganisms and 
biopharmaceutical ingredients 
for use in the production of 
numerous products. 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1.2.4 Case Study: Novozymes 
 
 
Novozymes develops and manufactures industrial enzymes, microorganisms and 
biopharmaceutical ingredients for use in the production of numerous products including biofuels, 
detergents, feeds and crops. The company operates in more than 40 industries and 130 countries. 
Today, Novozymes is the market leader in delivering the enzymes needed for first-generation 
ethanol production, with a global market share of 55 percent. In addition, the company supplies 
enzymes for second-generation ethanol production to laboratories and pilot plants globally. 
Anticipating significant future growth in cellulosic ethanol, Novozymes is investing heavily in 
second-generation enzymes, with over 100 scientists working on developing the technology—the 
single largest research project ever undertaken by the company. Within biofuels, Novozymes has 
271 patents granted and a further 188 patent families submitted to date. 
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Super enzyme technology 
Novozymes’ research is focused on lowering enzyme costs through the development of enzymes 
that are better performing and less costly to produce.  Working with its partners, Novozymes has 
shown that its enzymes work on a range of different feedstocks, pretreatments and conversion 
processes, including simultaneous saccharification (breaking a complex sugar into simple, single 
sugars) and fermentation (SSF) and sequential hydrolysis (breaking down large sugar molecules 
into simple, single sugars, by using water) and fermentation (SHF).  
 
The company’s Cellic product family—Cellic CTec and Cellic HTec—is specifically designed to 
hydrolyze cellulosic feedstock. Key features of the product are its high levels of beta-glucosidase 
activity and its unique hydrolysis boost option with hemicellulase Cellic HTec.  
 
Cellic CTec is a cellulase complex. It includes endoglucanases, which fragment the cellulose chain 
into shorter lengths; cellobiohydrolases, which attack the ends of the cellulose chains to release 
mainly cellobiose; and beta-glucosidases, for the breakdown of very short sugar chains such as 
cellobiose into glucose. To support the CTec cellulase, a hemicellulase—Cellic HTec—has been 
developed. The hemicellulose found in biomass—the exact content varies by feedstock and 
pretreatment—can obstruct the CTec enzymes’ access to the cellulose. Cellic HTec, which contains 
an enzyme that is especially effective at breaking down hemicellulose, was created to overcome 
this issue and improve hydrolysis yields. HTec can be used in combination with CTec to provide a 
boost in performance. 

 
Strategic positioning 
Novozymes sees the solution to cellulosic ethanol as being several feedstock and technology types 
versus a single one. For this reason, the company has taken a broad approach to how it develops 
its enzymes. Novozymes’ Cellic product family has shown proven ability on many different 
feedstock types and processes. For example, the product has been successfully tested on corn 
stover and cobs, sugar cane bagasse, wheat straw, woody feedstocks, and a number of other 
agricultural residues. Use of Cellic HTec in combination with Cellic CTec has been demonstrated to 
boost hydrolysis yields with a range of different feedstocks. 
 
To further position itself for an industry it expects to be characterized by different feedstocks and 
technologies, Novozymes has taken a broad approach to how it partners. As well as supplying 
enzymes to labs and pilot plants in the United States, China, Europe and Brazil, Novozymes is 
focused on working with its partners to overcome the hurdles it faces with the technology it is trying 
to implement using Novozymes’ enzymes.  
 
The company is anticipating a huge increase in demand for cellulosic ethanol. In order to meet this 
demand, Novozymes is building a new enzyme plant in Blair, Nebraska in the United States. The 
plant is expected to be fully operational in 2012.63  



 
Copyright © 2009 Accenture. All Rights Reserved.  77 
  

Challenges ahead 
Since its first US Department Of Energy (DoE) project in 1999, Novozymes has made significant 
progress in lowering enzyme use costs to approximately $0.26 per liter ($1 per gallon) of ethanol  
and feels it is on track to produce commercially viable enzymes at a cost of $0.13 per liter ($0.50 
per gallon) of ethanol, by 2010.64  
 
Figure 18. Cost of enzyme use per gallon of ethanol has declined significantly. 

 

Source: Novozymes, Used with permission 
 
In addition to enzyme cost reductions, Novozymes is working with its partners and focusing its 
efforts on understanding the cellulosic ethanol process as a whole, recognizing how each step 
affects others. Through these efforts, the company is making progress in reducing total production 
costs.  (The next figure represents where Novozymes believes further cellulosic advancements can 
take the industry). 
 
Figure 19. Total cost reductions have come from taking a holistic approach to  
cellulosic ethanol production. 

 
Source: Novozymes, Used with permission  
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To accelerate the development of the industry, Novozymes is currently evaluating the best 
production model for cellulosic ethanol enzymes. Preliminary analysis points to a hub production 
model as a promising candidate for enzyme supply. While on-site enzyme production has potential 
benefits, Novozymes believes these are offset by running large, central hubs that distribute 
enzymes to biorefineries. The hub production model provides economies of scale, which translate 
into lower operational costs, and means that new enzymes and process improvements can be 
quickly incorporated into production. A hub model also reduces capital costs for cellulosic ethanol 
plants, who would have to invest capital dollars in building enzyme manufacturing capacity that 
would soon be outdated due to continue breakthroughs in enzyme development. The company’s 
new facility, being constructed in Blair, Nebraska, will be able to supply enzymes to cellulosic 
ethanol producers across the United States and Brazil. 
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POET is the largest ethanol 
producer in the world. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

2.1.2.5 Case Study: POET 
 
 
POET is the largest ethanol producer in the world.  Founded as Broin in 1986 and rebranded as 
POET in 2007, the company currently operates 26 plants in seven states throughout the United 
States, producing more than 1.5 billion gallons of ethanol annually. POET has more than 11,000 
farmer investors and 30,000 farmers delivering grain. With a 75,700 liters per year (20,000 gallons 
per year) second-generation pilot facility opened in 2008 (using corn cobs and fiber as feedstocks), 
this is POET’s final development milestone before Project LIBERTY. Project LIBERTY is the 
company’s first commercial-scale, cellulosic ethanol plant. The plant will be located in Emmetsburg, 
Iowa.  
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A continuum, not a divide 
As the yield and water/energy-use curves suggest, POET may have mastered the art of producing 
ethanol from corn.  
 
 
 
Figure 20. POET plants: Ethanol yield 

 
 

Source: POET LLC, Used with permission 
 
 
 

 
Figure 21. POET plants: Water use versus ethanol production 

 
 

Source: POET LLC, Used with permission 
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Figure 22. POET plants: Natural gas consumption trend in ethanol production 
 

 
 
Source: POET LLC, Used with permission 
 
 
 
 

 
However, acutely aware of the (at times scientifically unfounded) hostility toward first-generation corn-
based ethanol, POET has appreciated the need to keep moving. With more than 20 years’ experience 
in the biorefining industry, millions of dollars spent on R&D investments and a proven ability to 
successfully commercialize innovative biotechnologies, POET has decided to integrate cellulosic 
feedstocks into its existing infrastructure rather than to create an artificial divide between generations. 
In keeping with this focus, POET’s second-generation philosophy is similar to its first—to develop a 
business for long-term success rather than for short-term profit. The aim, therefore, is to replicate the 
first-generation business model in the cellulosic ethanol space. Realizing that first-generation ethanol is 
an integral part of the renewables solution, POET has decided to capitalize on the benefits of co-
location synergy at the Project LIBERTY biorefinery.  

Due to open in 2011, this biorefinery will transform an existing 189 million liters per year, mLpy (50 
million gallons per year, mgpy) ethanol plant into an integrated corn-to-ethanol and cellulose-to-ethanol 
biorefinery. Once complete, the facility will produce 473 mLpy (125 mgpy) of ethanol, of which 95 mLpy 
(25 mgpy) will initially be from corn cobs, with the remainder from corn. By adding cellulosic production 
to an existing ethanol plant, POET estimates it will be able to produce 11 percent more ethanol per 
bushel of corn and 27 percent more per acre of corn, with biomass also providing operational power for 
the plant. From a technology perspective, ethanol production at Project LIBERTY will combine the 
enzyme technology of Novozymes with the processing expertise of POET. A demonstration project, 
Project Bell, is already underway. While many players look at a range of feedstocks in the lab, POET 
has remained focused on their goal of perfecting production from one feedstock, including the 
collection, harvesting and logistics, before moving onto others. Corn cobs, POET’s preferred feedstock, 
will be used due to their consistency, as well as a number of associated factors such as ease of 
collection, nutrient value, yield density, etc. This decision to focus on corn-waste also reinforces the 
argument against “feedstock agnosticism,” i.e., where the conversion process is independent of the 
type of feedstock, in the second-generation biofuels space.  
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A holistic solution 
When it comes to the production of ethanol, POET operates in all aspects of the process, from 
sourcing locations and buying land; to financing, building and upgrading refineries. POET works 
closely with the OEMs to develop the equipment required for all aspects of the feedstock logistics. 
With the refining process greatly improved and close to commercialization, it is in feedstocks, an 
often-overlooked space, that POET feels further improvements need to be made to lower the 
overall costs of the feedstock supply chain. Little has been done in feedstock logistics, including 
areas such as equipment, harvesting, collection and storage. As waste feedstocks come to the 
forefront, this is an important element of the value chain; cost reductions here could considerably 
improve the commercial competitiveness of second-generation biofuels. With the potential to 
produce 19 billion liters per year (5 billion gallons per year) from corn cobs alone, POET believes 
this presents an ideal market opportunity for feedstocks such as corn cobs to be commoditized like 
grain. 

 
Future market 
POET still sees significant mileage in first-generation biofuels, particularly if blending limits are 
raised above 10 percent. The company feels that second-generation—while an integral and 
growing aspect of the biofuels market—should be viewed as complementary rather than as a 
replacement. From its perspective, financing is likely to be the biggest challenge for the ethanol 
industry in the short term. With diminishing private capital being invested, POET feels that there will 
be a growing reliance upon farming system credits and government commitment for reducing the 
US reliance on foreign oil to maintain growth. As far as corn ethanol is concerned, the company 
aims to be competitive at $0.41 per liter ($1.55 per gallon)—thereby competing with oil at $50 per 
barrel.  
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2.1.3 Waste-to-Fuel 
 
Waste streams can provide a substantial, ready source of feedstocks for energy. Their use marks a 
further shift from non-food, to non-crop feedstocks, with waste already available for use today. 
Further key advantages of using wastes for fuel production and energy generation include the 
potential for net reductions in GHG emissions with certain wastes, as well as a reduction in waste 
sent to landfills, helping ease the growing space constraints on landfill sites in certain geographies.  
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Why waste? 
There are a wide range of suitable sources, including municipal solid waste (MSW), fats, oils and 
greases (FOG), agricultural waste, forestry waste, woody biomass (wood and paper products), and 
industrial flue waste gases. With more than four billion tons of municipal solid, industrial, 
construction and agricultural solid waste produced worldwide per year,65 these streams could 
provide a considerable contribution to achieving biofuel production targets; one ton of combusted 
MSW can reduce oil use by approximately 170 liters (45 gallons) and coal use by approximately 
0.28 tons.66   
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

 
Figure 23. Waste feedstock sources 

 
 

Source: Accenture Research 
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In the 1960s, a waste-to-energy (WTE) drive in the United States resulted in mass burn incinerators 
burning 30 percent of all MSW. Although this subsequently decreased to 13 percent by 1988 due to 
concerns about emissions, the combustion of waste for combined heat and power (CHP) 
generation has since become widely adopted worldwide, with the technology having become 
relatively mature.67   
 
With biomass comprising a considerable (in many cases, greater than 50 percent) proportion of 
MSW, the developments in deconstruction and conversion of newer cellulosic feedstocks have 
been increasingly applied to waste streams for the production of fuel.68  Experiments using frying oil 
as a feedstock for biofuel production have also evolved since their inception in the 1980s, and a 
number of waste-to-fuel projects are now underway worldwide to utilize this increasingly popular 
waste feedstock. Both biochemical and thermochemical processes can be applied, and newer 
microbe-based hybrid technologies may help expand the potential of waste. With a few exceptions, 
waste-to-fuels remains largely in the lab/pilot stages of development, although several players are 
now looking to scale up operations.  
 
Other sources of organic waste, such as residue from forestry operations can also provide a 
considerable source of feedstock for biofuel production. Around half of a tree's biomass is currently 
left as residue which cannot be used for timber or paper production.69  A number of initiatives are 
being set up to make use of this underutilized resource. Catchlight Energy, a joint venture between 
Chevron and Weyerhaeuser, was formed in 2008 to produce fuel from forest-based biomass. At the 
heart of Catchlight’s business model is full control of the end-to-end value chain, from biomass 
handling to product marketing and distribution. As such, the company aims to leverage Chevron’s 
downstream expertise with Weyerhaeuser’s experience in growing, harvesting and deconstructing 
biomass.  Weyerhaeuser can provide Catchlight with three types of forestry biomass: harvesting 
residues, wood waste from manufacturing, and energy crops grown in an intercropping strategy. 
Currently each type of feedstock is being tested with different deconstruction technologies in order 
to identify the most cost effective approach.70  
 
Other initiatives in forestry include the NEMO project (novel high performance enzymes and micro-
organisms for conversion of lignocellulosic biomass to bioethanol). Launched in August 2009 by the 
VTT Technical Research Centre of Finland, the project is a collaborative research effort involving 
European research institutes and companies to develop technologies for the production of cellulosic 
ethanol. The NEMO project, which has received funding of approximately $8.4 million (€5.9 million) 
from the European Union’s FP7 (Seventh Framework Program), is aimed at developing 
technologies to produce cellulosic ethanol from agricultural and forestry waste, such as straws and 
wood chips, via a biochemical route.71  
 
In the United States, current policy under the Energy Independence and Security Act (EISA) 
prohibits using wood found on federal land as feedstock, with wood thinning also excluded from the 
EISA definition of “renewable biomass”. With vast reserves of wood waste to be found in national 
forest land, there is a need for policies to encourage better forestry waste management. With over 
60 million dry tons per year estimated to be available from forests for bioenergy uses (considering 
factors such as forest access, residue recovery and desirability of the recovered biomass for 
conventional wood products), along with a further unquantified volume of woodchips from logging 
operations, forest waste provides a vast untapped feedstock reserve for fuel production.72  
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Technology 
There are three phases to the waste-to-fuels process: 
 
 
Figure 24. The phases of the waste-to-fuels process 
 

 
 
Source: Accenture 
 
 
 
Collection 
• MSW is usually collected by waste management companies under contract to the local authority. 

Currently, waste companies receive a fee for this service, which varies by region but may be 
about $20 per ton.73  

• Primary waste collection is done with mid-size trucks. However, unless the disposal point is very 
close, it is not economical to drive these vehicles to the end destinations. Thus, a local transfer 
station will aggregate the waste before sorting and loading it on to transportation to the landfill or 
another disposal point. Much of the infrastructure is already in place to implement the waste 
processing described here. 

• Some regions, such as Europe, will face an acute shortage of landfill capacity in the near future.  
• Commercial waste disposal is usually negotiated on a spot or short-term contract basis, with 

prices depending on the nature of the product.  
• Some wastes are subject to local programs for free collection (for example FOGs from 

restaurants). Commercial waste volumes are subject to an additional landfill tax in many regions.  
• Forestry waste is often fully or partially mechanized (that is, mechanically cut by chainsaw) and 

is therefore often dense and relatively easy to transport. Nonetheless, depending on the hauling 
distance, the delivery cost of forestry biomass to plant can be as high as $100/ dry ton.74  
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Processing 
The nature of the processing phase depends upon the feedstock and conversion process to be 
used. A key challenge is separation of the usable feedstocks from the contaminants. The purer the 
input waste stream, the purer the end product. 
• For MSW, the materials recovery process includes simple removal of bulky, non-combustible 

items, as well as more complex processes of materials recovery (for example, drying, sorting and 
shredding). 

• After the waste is unloaded from collection vehicles onto the tipping floor, and following a check 
for any hazardous materials, both mechanical and manual sorting processes can be used to sort 
the waste by size and to remove materials that cannot be processed, such as inorganic 
recyclable materials including aluminum, ferrous and nonferrous metals.  

• Mechanical sorting methods include magnets and eddy current separators. The feedstock is then 
dried and fluffed, ready for pretreatment. 

• For biochemical and thermochemical processing, materials recovery is important in preventing 
contamination of downstream processes. Subsequent processing includes: 
‒ FOGs: Collected in undersink and in waste pipe traps, and undergoes either 

transesterification to biodiesel or processing to solid fuel. 
‒ MSW: Cellulosics (most of organic component) require varying degrees of pretreatment (for 

example, dilute acid hydrolysis). 
‒ Plastics: Go through several phases before the feedstock is usable, including bale breaking, 

primary grinding, classification and separation and granulation. Some plastics also require 
optical sorting and dry cleaning. 

‒ Sludge: Prior to use, the sludge undergoes an acidification process where it is mixed with 
acid and acidic filtrate to kill pathogens, reduce solids, digest organics and generate CO2. 

 
Once sorted into suitable streams, the conversion of waste feedstocks to usable fuels can be 
undertaken using a variety of processes. 
 
Conversion processes 
There are several approaches to using waste feedstocks for fuel production.  These range from 
rudimentary thermochemical processes (such as incineration) that yield relatively unstable end 
products and considerable toxic/polluting emissions, to biochemical treatments that incorporate a 
pretreatment step and produce higher-quality end products (such as ethanol). Newer, hybrid 
approaches aim to combine the best elements of these processes.  
 
 
Table 11. Waste biofuel pathways. 

 Biochemical Thermochemical Physiochemical 
Hybrid biochemical 
gasification 

Processes  Aerobic or anaerobic 
decomposition (in 
controlled 
reactors/digestors) and 
anaerobic fermentation 
(most common in 
landfills), acetone-
butanol-ethanol (ABE) 
for butanol. 
Pretreatment required 
(acid, enzymatic or 
hydrothermal 
hydrolysis) prior to 
fermentation. 

Mass-burn incineration 
(combustion) or pyrolysis 
(decomposition by burning 
in the absence of oxygen) 
 
Gasification to syngas 
followed by either Fischer-
Tropsch diesel or 
microbial biofermentation 
to ethanol 

Physical and 
chemical synthesis 
of products (e.g., 
biodiesel)— 
such as via 
transesterification 
of triglyceride 
molecules in lipids, 
into mono-alkyl 
esters (i.e., diesel) 

Thermochemical 
gasification to syngas 
followed by fermentation 
to ethanol 



 
88 Copyright © 2009 Accenture. All Rights Reserved. 

 

Table 11. Waste biofuel pathways (Continued). 

 
 Biochemical Thermochemical Physiochemical 

Hybrid biochemical 
gasification 

Conditions  Lower temperatures and 
reaction rates 

Higher temperatures and 
reaction rates 

 High pressure and 
temperature in 
thermochemal  stage 

Feedstocks  High-moisture 
feedstocks (i.e., those 
that cannot convert 
lignin component), 
including sewage 
sludge and animal 
waste (for anaerobic 
digestion) 

Lower-moisture 
feedstocks (can convert 
whole organic 
component)—e.g., plastics 

Waste fats, oils 
and greases (FOG) 

Biomass or other 
organic waste 

Products  Biogas (from anaerobic 
digestion, primarily 
upgraded to 
biomethane), ethanol, 
biobutanol 

Ethanol, methanol, mixed 
alcohols, Fischer-Tropsch 
liquids, renewable 
gasolines/diesels, 
pyrolysis oils 

Biodiesel, glycerine 
(co-product) 

Ethanol and other 
alcohols 

Cost  $20 per ton of waste 
feedstock; 
$21 to $56 per ton 
(anaerobic digestion); 
$0.90 per liter 
(municipal solid waste 
to ethanol) 
 
 

$43 to $79 per ton 
(incinerating municipal 
solid waste containing 
PVC). 
$140 to $270 per ton 
(gasification—high cost 
due to emissions filtering 
requirements) 

$0.66 to $0.80 per 
liter ($2.50 to $3.00 
per gallon) 
depending on cost 
of feedstock 

$0.26 to $0.53  per liter 
($1 to $2 per gallon), 
assuming zero 
feedstock cost 

Examples of 
players 

BlueFire Ethanol, 
Masada Oxynol, POET 

Dynamic Fuels, Range 
Fuels, Syntroleum 

BioFuelBox Coskata, Lanzatech 

 
Source: Accenture research/interviews  
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These processes can be applied to a number of different approaches to the conversion of waste 
feedstocks, as shown in Figure 25: 
 
Figure 25. Various conversion routes can be used for biomass-based waste feedstocks 
 

 
 
 
 

 
Challenges 
There remain several challenges to the use of waste feedstocks for fuel production. The relative 
merits will vary depending on geography and local market conditions; for example, the relatively 
higher constraints on landfills in Europe may increase the attractiveness of municipal solid waste-to-
fuels technologies in this region. Some of the key issues include: 
 
• Collection 

‒ Small volumes generated at multiple, geographically diverse locations require collection in 
“milk runs,” increasing costs and reducing the GHG benefits of the waste-to-fuel process. 

‒ Collection of MSW may account for greater than 70 percent of waste management budgets.75  
Depending on the nature of the integration between conversion facility and waste collection 
players, the costs of transporting this waste from the landfill site to the conversion facility 
could potentially be significant. 

‒ This also results in greater energy consumption, countering the potentially beneficial impact 
of using waste feedstocks on GHG emission savings. 

‒ A dispersed or modular production model could help achieve energy savings through co-
location and integration. 
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• Processing 
‒ Different conversion processes require different degrees of separation and processing of 

heterogeneous wastes into separate streams. 
‒ Need to ensure safe handling/containment/filtering of toxic by-products (for example, heavy 

metals) and contaminants (for example, in animal wastes). 
‒ Due to the lack of commercial scale-tested, waste-to-fuel technologies, there remains no 

standardized process for this step; each technology has its own requirements. 
 

• Conversion processes - a number of different technologies exist, each with their own 
challenges. 
‒ The deconstruction step of the biochemical conversion processes share the same difficulties 

discussed in the Next-generation agriculture section—an issue compounded by the fact that 
waste feedstocks are heterogeneous.  

‒ For the hybrid processes (for example, those used by Coskata and Lanzatech), the end 
product (such as ethanol) has an inhibitory effect on the organism used for the conversion 
process. This can limit maximum yields. The companies working this process are looking to 
solve this problem, for example by removing the ethanol as it is produced, thereby reducing 
its concentration in the conversion chamber and reducing its inhibitory effect.76  

‒ Although gasification and Fischer-Tropsch conversion is a mature technology, gasification for 
syngas to liquid fuel production, while a promising process (as it can utilize a heterogeneous 
range of waste streams) remains largely in the early stages of development. Several issues 
including high cost, down-scaling (from “mega-scale” to smaller, more “local” scale), catalyst 
stability, high water use, corrosion, use of oxygen versus air, and disposal of toxic waste 
products are all areas that are being addressed. Newer, plasma arc gasification technologies 
(for example, those being developed by companies such as AlterNRG, Pyrogenesis) are yet 
further from widespread commercialization, with high cost and low reliability being particular 
issues that need to be resolved.77  
 

• End-product transportation 
‒ Storage and transportation of the end product (ethanol) is also associated with obstacles, 

largely related to some of the properties associated with ethanol (low flash point, high affinity 
for water). Different models (for example, Terrabon’s production of an inorganic salt from 
organic wastes, which can be transported to refineries for conversion into fuel and blending) 
may help improve the safety and economics of this process.78  
 

• Legislation 
‒ While local government pilot projects exist worldwide, there remains little in the way of 

legislative support or financial incentives to encourage the adoption of waste as a feedstock 
for fuel production. Even in the case of industrial gases (that is, steel mill flue gas), there are 
no GHG incentives to reprocess this waste into fuel. 

‒ While there is limited support (tax credits from the US Biogas Production Incentive Act of 
2009, for example),79 MSW has a historical association with “dirty” incineration; consequently, 
most regions have greater legislative incentives for recycling versus other methods of 
municipal solid waste management. 

‒ With landfills in the United States releasing considerable amounts of methane (approximately 
32 million metric tonnes of CO2-equivalent per year) there is an urgent need for incentives to 
reduce emissions.   



 
Copyright © 2009 Accenture. All Rights Reserved.  91 
  

• Economics  
‒ MSW is currently considered to be a “negative” cost feedstock, with local authorities paying a 

disposal or tipping fee to agencies or landfill owners for the disposal of waste. 
‒ There is a risk that as the market establishes, municipal solid waste may become 

commoditized to a degree, thereby shifting the economics. However, this waste also 
represents a public health burden for local authorities, who need long-term, stable disposal 
contracts. The “need to dispose” may differentiate MSW from other, more commercial 
wastes, such as restaurant FOGs. 

‒ The cost of other waste feedstocks varies considerably by region. The unstable economics 
pose a difficulty for this growing industry. 

‒ Companies developing the waste-to-fuels process estimate that production costs of ethanol 
from waste feedstocks are under approximately $0.26 per liter ($1 per gallon).80  

 
Key findings 
The production of transport fuel from waste is a nascent technology, largely in the lab and pilot 
stages of commercialization at present. Subsequently, while there are small local government pilot 
projects in place, there is currently little in the way of legislative support or financial incentives to 
develop the technology. Scalability will remain a key challenge, without which the use of waste-to-
fuels technologies will remain confined to niche applications. However, if the technology can be 
brought to scale, then waste feedstock processing could solve two problems at once—a source of 
low-cost, low-carbon renewable fuel and a solution to the ever critical issue of landfill reduction. 
With such obvious benefits, it would seem likely that this technology is suitable for a much larger 
role in the world’s future transport fuel mix. 
 
Table 12. Disruptive technology assessment: Waste-to-fuel technologies 

Disruptive Criteria Assessment Rationale 

Scalable   

Greater than 20 percent potential impact on 
hydrocarbon fuel demand by 2030  

? High theoretical feedstock availability and 
modular conversion technologies, but collection 
and transportation logistics that are not reliant 
upon hydrocarbons may prove the crunch point. 

GHG impact   

Savings greater than 30 percent  relative to 
hydrocarbon it is replacing 

 Some incineration processes are fairly GHG 
intensive. More advanced techniques offer better 
emissions reduction performance, and it is likely 
that a reduction in GHG will be a requirement. 

Cost   

Competitive at oil price of $45 to $90 per barrel 
at commercial date 

 Feedstock costs represent a considerable 
proportion of biofuel production costs; with under 
zero or even negative feedstock costs (for 
example, due to tipping fees), the economics of 
waste-to-fuel processes appear favorable.  

Time to market   

Commercialization date less than five years  Hybrid technology is the furthest away, but 
several prominent players are aiming to be 
commercial within three years. 
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LanzaTech is developing a  
proprietary gas fermentation  
technology that can produce  
ethanol from industrial waste  
gas or biomass-derived  
synthesis gas. 
 
 
 
 
 
 
 
 
2.1.3.1 Case Study: LanzaTech 

 
 
New Zealand start-up LanzaTech is developing a proprietary gas fermentation technology that can 
produce ethanol from industrial waste gas or biomass-derived synthesis gas (syngas, a gas mixture 
containing varying amounts of carbon monoxide and hydrogen). LanzaTech is aiming to be a 
leading technology provider in the bio-commodities market, and is targeting full commercialization 
of its gas fermentation technology by 2013. The company has 30 patents covering all aspects of the 
production process. 
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Biofermentation technology 
LanzaTech was founded in 2005 to develop and commercialize a technology for the production of 
ethanol from steel mill flue gas. The steel industry produces large volumes of waste gas containing 
high levels of carbon monoxide and little or no hydrogen. Per LanzaTech estimates, conventional 
feedstock such as biomass can account for 50 percent of the total cost of producing ethanol. 
LanzaTech recognized the potential of this gas over such conventional feedstocks and developed a 
process to convert steel mill gas to ethanol using bacteria to ferment the gas.  
 
In 2007, LanzaTech attracted Series A funding from a consortium led by Khosla Ventures, and 
expanded the focus of its gas fermentation program to include biomass-derived syngas—a carbon 
monoxide (CO) and hydrogen gas produced by heating the biomass at 600-850 degrees Celsius in 
the presence of oxygen. This process, known as gasification, breaks down the chemical bonds in 
the biomass, making up to 80 percent of the energy available for fermentation.81  Syngas can be 
produced from any biomass resource, including municipal waste, organic industrial waste (tires) 
and waste wood, and as such the LanzaTech process is feedstock agnostic (i.e., works irrespective 
of the type of feedstock). 
 
To convert industrial waste gas or biomass syngas into ethanol, the gases are first scrubbed and 
cooled, then sent to a bioreactor. Here, the carbon component of the gas is used as a food source 
for the proprietary LanzaTech bacteria. LanzaTech have developed a strain that can produce 
ethanol efficiently using a minimal nutrient media using CO gas as the only source of carbon and 
energy. This strain was developed over two years by natural selection. This microbial strain has 
been patented. These non-genetically modified, non-pathogenic bacteria ferment the gas into 
ethanol.   
 
LanzaTech’s process has several advantages over other ethanol technologies. Although the 
bacteria and process is tailored to use steel mill flue gas, with very little modification, biomass 
syngas could be used and requires little gas clean-up as the proprietary LanzaTech bacteria are 
resistant to impurities in the syngas. Dust in the gas is filtered out to protect the compressor and 
oxygen is removed, but no further gas clean-up is needed. Furthermore, unlike catalysts, the 
bacteria do not need to be replaced—bacteria reproduce over time, so by maintaining cell density 
and washing out residual cells, the bacteria will reproduce. 
 
Scaling up 
Today, ethanol from steel mill gas costs $0.21 per liter ($0.78 per gallon, assuming zero cost of 
feedstock). Over the next five to 10 years this figure is expected to decrease further with efficiencies 
of scale, new legislation around carbon capture and storage and improved technology. LanzaTech 
is piloting its waste gas-to-ethanol technology at a steel production plant in New Zealand. The 
facility has a capacity of approximately 56,775 liters (15,000 gallons) of ethanol per year from live 
feeds of steel mill flue gas. The next scale-up will increase capacity to approximately 378,500 liters 
(100,000 gallons) per year. Next steps for the company are to partner with groups from the steel 
mill industry to develop its next plant, which has a planned capacity of 7.6 million liters per year, 
mLpy (2 million gallons per year, mgpy). These groups include not just steel producers, but also 
technology suppliers (for example, carbon capture and storage providers) who are agnostic about 
at which steel mill they are based. 
 
Ethanol from biomass syngas is more expensive than steel mill ethanol, due to the cost of biomass. 
However, as the cost of biomass decreases over time, the cost of biomass syngas ethanol may 
reduce accordingly. 
 
While LanzaTech’s biomass syngas technology is currently less developed than their steel mill gas 
technology, the company aims to leverage the advances it has made in steel mill gas fermentation 
and scale the technologies in parallel. A biomass syngas pilot facility is in the pipeline; in 2008  
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LanzaTech established the company’s presence in the United States in order to focus on the use of 
syngas, and also to enable them to be eligible for US government grants for scale-up. Today, the 
company has eight staff based in Colorado.  
 
Eventually, LanzaTech believes its technology has the potential to produce 151 mLpy (40 mgpy) 
ethanol from gas produced at a single steel mill, with the capital cost of such a plant being $100 
million. LanzaTech is aiming for commercial-scale production by 2013. The main challenge the 
company faces in getting its technology to market are raising funds to develop demonstration plants 
and the scaling-up process. Today, agriculture-based biomass tends to be the focus of funding. 
However, LanzaTech remain optimistic about these challenges—the fact that large-scale gas 
fermenters have been achieved before, coupled with the fact that the company has tested and de-
risked its technology, means these challenges can be overcome. Most importantly, given the 
feedstock agnostic nature of LanzaTech’s process, and the highly robust microbes and process 
engineering employed, LanzaTech may have an inherent global advantage in their ability to 
produce lowest-cost ethanol from multiple feedstocks, in any part of the world. 
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2.1.4 Marine Scrubbers 
 
Scrubbers (also known as exhaust gas cleaning or flue gas desulfurization systems) are not new. 
Widely used in factories and power stations, only recently has their application to marine vessels 
been considered. Marine has been one of the few areas of transport to remain relatively unscathed 
by emissions regulation. Thus, the sector has experienced little innovation; while sulfur emissions in 
road fuels have decreased significantly, there has been little or no change in sulfur emissions from 
marine transportation.  
 
However, radical new legislation governing sulfur emissions from marine vessels has brought 
scrubbing technology to a position of prominence. In response to increasing pressure from 
international agencies and governments, the International Maritime Organization (IMO) has now 
agreed an approach to achieving a limit of 0.5 percent sulfur emissions from marine vessels (2020) 
from 4.5 percent today. A phased implementation in several Emissions Control Areas (ECAs) 
means that some vessels must comply with heightened limits today (a 1.5-percent limit in Baltic Sea 
and North Sea).82  To meet this requirement, vessels must either switch to low-sulfur fuel oil (LSFO) 
or use a scrubber to extract sulfur from exhaust emissions.  
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There are a growing number of companies developing marine scrubber technology. These 
companies have either completed demonstration projects or are close to doing so—with scrubbers 
seen as a viable alternative to LSFO within the next five years.83  

 
Why marine scrubbers? 
Both options for meeting IMO requirements—refineries upgrading their LSFO or vessel 
owners/operators installing scrubbing technology—require significant capital expenditure. The key 
uncertainty in the market is who will make this capital investment and when. 
 
Today only 20 percent of fuel oil is low sulfur and therefore eligible to comply with the 0.5 percent 
limit. Thus, the market for the remaining 3 to 4 million barrels per day84 of high-sulfur fuel oil (HSFO) 
will cease to exist as vessel owners and operators will not be able to use it in ECAs in the short 
term or anywhere in 2020. This HSFO will require further processing in refineries to upgrade it to a 
middle distillate to comply with the IMO requirements. Given that the middle distillate market is 
already tight—with limited spare capacity, processing HSFO into more attractive LSFO would 
require significant investment to upgrade refineries and expand capacity.  
 
Some commentators have pointed out this refining investment would, in itself, merely increase the 
life-cycle CO2 emissions for a marine vessel, as the overall energy intensity required to upgrade the 
HSFO would be greater than using a scrubber. 
 
For vessel owners/operators, adopting LSFO will mean an increase in operational costs. The price 
differential between HSFO and LSFO is insignificant today (see Table 13). LSFO is a real option to 
achieve compliance for the short term—vessels can switch to this fuel when entering ECAs and use 
HSFO in other territories.  
 
Demonstration projects have shown that scrubbers have already achieved the IMO’s 2020 target, 
removing more than 95 percent of sulfur oxides produced by HSFO. After an upfront investment, a 
vessel’s operating costs will be less volatile in the medium term as it would not be exposed to the 
tight and growing market demand for middle distillate. The IMO has already recognized marine 
scrubbers in its policy—and has approved the use of scrubbers to meet legislative requirements. 
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Table 13. Comparison of marine scrubber investment with the use of low-sulfur fuel oil (illustrative) 

 Scrubber Low-sulfur fuel oil (LSFO) 

Initial investment $3,000,000 - 

Installed power  30 MW 30 MW 

Fuel consumption per year 26 KT 26 KT 

Additional operating costs 
per year    

• 0.5 percent LSFO  $52,000 $2,156,852* 

• 0.1 percent LSFO $52,000 $8,628,038* 

Sulfur emissions <0.1 percent 0.1 to 0.5 percent 
 
*Converted from UK£ to US$ at rate of 1.66 
Key: MW = megawatt; KT = kiloton 
 
Costs are based upon the following assumptions: 
• $50 – 0.5 percent low-sulfur fuel oil premium 
• $200 – 0.1 percent distillate low-sulfur fuel oil premiums  
• $200 per ton – HSFO price (for cost of scrubber operation)  
• 50 percent utilization of installed power (mixture at sea/in port) 
• 100 percent time in ECA (cruise/ferry) 
• 1 percent parasitic losses for scrubber operation 
• Payback based on 0.5 to 2.5 years 

 

Source: Krystallon 
 
 
 
Technology 
Scrubbing technology uses alkaline solutions to neutralize the dissolved sulfur emissions from the 
exhaust gas. There are two types of exhaust scrubbing technologies currently in development for 
marine applications. The key difference between the two is that one is a chemical added process 
and the other is not:  
 
• The first type—known seawater scrubbing—uses seawater’s natural alkalinity to neutralize the 

emissions. After scrubbing, particulate matter is removed in a water treatment plant before 
washwater is discharged to the sea. 

• The second type—known as freshwater scrubbing—is when a chemical (usually caustic soda) is 
added to fresh water, which neutralizes the sulfur emissions. After scrubbing, particulate matter 
is removed in a water treatment plant before washwater is discharged to the sea. 

 
Each method has advantages and disadvantages, and no clear winner has yet emerged (see Table 
14). Companies developing seawater scrubbing include Krystallon85 and Marine Exhaust 
Solutions.86  Wärtsilä is developing freshwater scrubbing technology.87  Clean Marine is currently 
investigating both seawater and freshwater scrubbing technologies. 
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Table 14. Marine scrubbing solution options 

Type Pros Cons 

Seawater 
scrubbing 

- Simplicity—requires neither 
additional chemicals nor fresh water 
for operation 

- Most cost-efficient 
- Several reference projects from 

different companies available  
- Approximately 95 percent 

efficiency—high-efficiency 

- To maintain efficiency levels, 
needs a high flow of seawater with 
an adequate level of alkalinity 

Freshwater 
scrubbing 

- 90 percent efficiency—high-
efficiency cleaning 

- Avoids seawater alkalinity issues 
- Power demand on pumps is low 
- Much smaller water treatment plant 

- No commercial testing complete 
- Cost of chemicals 

 
 
 
Challenges 
Business case not yet compelling to ship owners/operators 
The business case for scrubbers is not yet compelling. Because the legislation is relatively new and 
will not be globally implemented until 2020, the industry is still adjusting to the compliance 
challenges that it faces. The differential between the cost of LSFO and HSFO is minimal today. The 
short-term trend is likely to be a switch to costlier LSFO when traveling in ECAs before reverting to 
HSFO with a scrubber system. However, this is unlikely to be a sustainable approach beyond 2015, 
when the differential between the two fuels will increase as more vessels must comply with the 0.5 
percent limit. Installation of a scrubber on a new build is more cost effective than a retrofit, and the 
timelines for building vessels are often two to three years. Thus, key industry players should assess 
scrubbers as they plan for capacity in 2012. 
 
Sludge—monitoring and safe disposal 
Both types of scrubbers yield a sludge waste product that contains sulfur sludge and other 
contaminants. There is currently no port infrastructure to enable environmentally-friendly disposal of 
this waste. Opinions on the scale of this challenge vary. Krystallon sees the volume of this waste in 
kilograms, and envisions relatively little effort to overcome this. Regardless of volume, this waste 
will demand a port infrastructure that does not yet exist. The monitoring of the use of the scrubbers 
and sludge disposal is critical. Secure, marine-approved monitoring and data storage for both 
exhaust and water discharge has been developed, but effective enforcement will be critical to 
success.  
 
Negative impact on the sea, particularly near ports and environmentally sensitive areas 
One concern about scrubbers raised by commentators is that exhaust gases will simply be pumped 
into the sea instead of the air, increasing acidity and posing an environmental threat to both marine 
plants and animals. Scrubbers have been tested in a wide variety of environments. To date, 
meeting IMO criteria for washwater acidity has not proved to be a problem for demonstration 
projects.88  However, because this technology has not been tested at scale in a port, concerns 
remain that the gases may have a greater impact than previously thought.  
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Key findings 
This technology could avoid the need for significant refinery capital investment into upgrading 
capacity (and corresponding increases in refinery CO2 emissions), as well as greater dependence 
on costlier, low sulfur crudes. Also, it has the potential to significantly and economically reduce 
sulfur emissions from seagoing vessels beyond that which can be achieved by simple fuel-
switching.  
 
Marine scrubbing is technically feasible—several companies have successfully tested the 
technology on demonstration projects. However, the final technology winner has not yet been 
identified with investment dollars currently spread across seawater and freshwater solutions. 
Although scrubbing will not be viable in all cases across a vast, diverse fleet, it represents a real 
opportunity for operators to minimize their exposure to LSFO price rises while meeting legislative 
requirements. 
 
The alternative to marine vessel exhaust scrubbing technology is not appealing. Given that LSFO is 
already in short supply, a complete conversion to LSFO would result in fuel shortages, a very high 
rise in fuel costs and higher CO2 emissions from refineries.  
 

 
Table 15. Disruptive technology assessment: Marine scrubbers 

Disruptive criteria Assessment Rationale 

Scalable   
Greater than 20 percent potential impact 
on hydrocarbon fuel demand by 2030  

 Need to identify/engineer a winning 
technology solution and standardize 
production process to achieve scale, but 
it is expected that this technology will 
prevent at least 20 percent of the 
current HSFO market from switching to 
LSFO. 

GHG impact   
Savings greater than 30 percent relative 
to hydrocarbon it is replacing 

 Will avoid significant increase in net CO2 
emissions by offering alternative to 
upgrading HSFO to meet IMO’s sulfur 
emissions limits for marine 
transportation. 

Cost   
Competitive at oil price of $45 to $90 per 
barrel at commercial date 

? Dependent on differential between 
HSFO and LSFO and on where the 
vehicles operate. It is expected that for 
some vehicles it will make sense while 
for others it will not. 

Time to market   

Commercialization date less than five 
years 

 Commercialization expected by 2011—
for at least one company. 
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Krystallon supplies on-board 
emissions control solutions to 
the global marine industry. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.1.4.1 Case Study: Krystallon 
 
 
Headquartered in West Sussex, England, Krystallon supplies on-board emissions control solutions 
to the global marine industry.  Founded in 2006 as a joint venture between oil major BP’s marine 
fuels business and Kittiwake Ltd.—a manufacturer of marine technology solutions—Krystallon was 
created to develop innovative seawater scrubbing technology to reduce the environmental impact of 
ships' emissions to air by removing sulfur and particulates. Having successfully demonstrated this 
technology, BP sold its majority shareholding in Krystallon to Kittiwake in September 2008.  
 
Since then, Krystallon has focused on building a robust, scalable fabrication and installation 
capability to manufacture and install seawater scrubbers to new and existing ships to meet growing 
customer demand. The business considers itself too small to truly exploit the magnitude of the 
market opportunity—and envisages a trade sale to a major player engaged in either selling 
engineered products to shipyards, or retrofits. This would enable these players to add a scrubbing 
technology to their portfolio of products and services for ship owners. 
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Proven technology—in a variety of environments 
Krystallon’s seawater scrubbing technology is derived from established land-based scrubbing 
techniques and has been developed over the past three years. In its seawater scrubber, water 
absorbs and neutralizes sulfur emissions and traps particulate matter from the vessel’s exhaust 
gas. This creates a discharge that flows to a treatment plant in the engine room of the ship. The 
treatment plant cleans the water and discharges it to the ocean. The particulate matter removed 
from the scrubber water is then discharged as waste into the existing oily waste tank. Throughout 
the scrubbing process, exhaust and water discharge data is monitored and stored to track 
compliance.  
 
The maximum size for Krystallon’s current technical solution is a 20 megawatt (MW) vessel—the 
company is currently building solutions for up to 14 MW-size vessels. The minimum size 
requirement is a 1 MW vessel. All units are custom-manufactured to the specific inquiry and 
manufacturing time is approximately six to nine months. The system is designed for a minimum 25-
year life. Krystallon installs the technical solution to the vessel. Note that the installation must be 
completed when the vessel is in dry-dock.  
 
Krystallon’s seawater scrubber technical solution has been independently assessed by three 
universities to validate that seawater discharges meet stringent criteria. Additionally, it has 
completed a trial with P&O Ferries, the UK shipping company, to demonstrate its operational 
viability. The seawater scrubber solution has also completed more than 25,000 operating hours in a 
large variety of marine environments—from Japan to the United States’s west coast. The testing 
has reportedly demonstrated that the Krystallon operational scrubber removes 95 percent of sulfur 
oxide and 80 percent of particulate matter. 
 
The company has five patents in various stages of progression. However, it believes that the “know-
how” of its team is the key to market advantage.  

 
Informing policymakers through real field data 
Throughout the development of its technology, Krystallon has sought to support legislative decision-
making by providing real field data from its demonstration plants and pilots. The company 
developed the original set of washwater and particulate matter discharge criteria for the IMO’s 
Annex VI guidelines. It has also shared data with the market through nongovernmental 
organizations including the Bluewater Network and Friends of the Earth, as well as with national 
regulators including the Environmental Protection Agency in the United States and the Maritime and  
Coastguard Agency in the United Kingdom. 

 
A three-year payback based on a newly built vessel operating within an 
Emissions Control Area (ECA) 
Krystallon claims that its technical solution will eventually pay back within three years of installation, 
should a vessel operate in ECAs. However, there are a number of different elements, which dictate 
the payback period for a marine scrubbing solution: 
 
• Differential between High Sulfur Fuel Oil (HSFO) and Low Sulfur Fuel Oil (LSFO)—As the 

alternative to scrubbing is switching to LSFO, the price differential between the two drives one 
element of the payback assessment. 

• New build versus retrofit—It is more expensive to retrofit a scrubbing solution to a vessel. 
Vessels typically have a lifespan of 20 to 25 years.  

• Time spent traveling in ECAs—Ships traveling constantly in ECAs would require more LSFO 
than others that do not. 
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For cruise and ferry operators, often operating in environmentally sensitive areas, an additional 
consideration is soot from the funnel falling onto the deck. This brings health and safety concerns 
that can be resolved by using a scrubbing solution. This group also sees scrubbers as an 
opportunity to demonstrate their environmental credentials. 
 
Krystallon sees three main challenges in getting its technical solution to market at scale. The first is 
the current low price differential between high and low sulfur fuel oil—the company believes this will 
change as the emissions targets become increasingly more stringent, driving up the price for LSFO 
in a tight market. The second challenge relates to the inconsistency with which national regulators 
treat scrubbing technology. While port authorities in some countries are very receptive to the 
solution (e.g., the United States and Germany), others are less so (e.g., Norway and Sweden)—and 
guidelines can be murky. Finally, the third challenge is the perceived technical complexity of the 
solution.  
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2.2 The Revolution:  

Fungible Fuels 
 

 
Many scientists argue that ethanol is not the ideal fuel; that corn is not the ideal crop; and that 
hydrocarbons are much more efficient than biomass. But what if you could produce gasoline or 
diesel equivalents with biomass? This is the promise of technologies in this section:  fuels with the 
same or better energy content as today’s hydrocarbons that can be “dropped” into the existing 
distribution infrastructure, and also dramatically reduce greenhouse gas (GHG) emissions. 
 
The success of any of the technologies in this section will affect the speed at which biomass-based 
fuels can scale. They will then be able to avoid the infrastructure constraints faced by the 
technologies in the Evolution section of this report, which rely primarily on new cars and/or are 
limited by the ethanol-blending walls (the maximum percentage of alternative fuel that is permitted 
to blend with conventional, petroleum-based fuel). 
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Accenture has chosen the following five 
technologies, although there are probably 
many others, to illustrate just how much 
activity is going on in the area of “fungible 
fuels.” 
 
 
 
 
• Synthetic biology: Sugar cane to diesel. In our first biofuels report, Irrational Exuberance, we 

stated that the biodiesel market would take longer than the ethanol market to develop because 
there was “no sugar cane for biodiesel.”  We are now finding companies that use synthetic 
biology techniques to develop microbes that can convert sugar cane into an ultra-clean diesel. 

• Butanol. Butanol drops into the existing gasoline infrastructure, does not have the same 
blending wall as ethanol, and is more energy-efficient than ethanol (approximately 90 percent of 
the energy content of gasoline). However, butanol has faced technical and economic challenges. 
We are now finding companies that are also able to apply synthetic biology techniques to 
develop microbes that can overcome these challenges. 

• Bio-crude. Bio-crude is a green crude, made of biomass, that can be processed in today’s 
refineries to produce the same suite of products. This could significantly reduce the capital 
investment required to scale up biomass-based fuels and also benefit the oil companies. 

• Algae. These organisms are rich in oil, which can be processed into many different fuels and has 
incredible yields—more than 7,570 liters (2,000 gallons) per acre compared with sugar cane 
(2,422 liters or 640 gallons per acre), corn (1,514 liters or 400 gallons per acre), and palm oil 
(1,855 liters or 490 gallons per acre). Research into algae-based fuels dates back to the 1970s. 
The critical question: How long until this technology can compete with crude oil at $45 to $90 per 
barrel? We have been able to find companies who claim they will be competitive in less than five 
years. 

• Airline drop-ins and design innovation. The skepticism that existed in 2007–2008 (when we 
were writing our Time of Transition report) regarding whether an airline could fly on biofuel has 
since been overcome. The challenge now is the availability of feedstock supply. Nonetheless, 
biofuels are one of the few ways for airlines to reduce emissions; meanwhile, innovation in 
design and operations continue to drive improvements in fuel efficiency.  

 
 
To illustrate the activity and innovation in these areas, along with the potential impact of these 
technologies, Accenture has included ten case studies of companies across these technologies. It 
is important to note that this report is not an endorsement of the companies. Nor is it an 
endorsement of the technologies, as there are many competing companies and technologies. 
Rather, we intend the selection of technologies and companies to illustrate the creativity and 
science being applied to develop and produce fuels. It is in this section that we find the greatest 
diversity in management teams—with biotechnologists, marine biologists, refiners, pharmaceutical 
and chemicals executives working together to develop a renewable solution. 
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2.2.1 Synthetic biology: Sugar cane-to-diesel   
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What is synthetic biology? 
Synthetic biology, the deliberate design of novel biological systems and living organisms using 
engineering principles, is a branch of biotechnology.89  A precise definition and categorization of 
synthetic biology remains elusive; while some regard it as a separate activity, it is probably more 
appropriately considered as the next logical step in the evolution of genetic engineering.  

 
Figure 26. An overview of biotechnology90 
 

 
 

 
 
Significant advances in biotechnology have already transformed the pharmaceutical and agricultural 
industries. The aim of biotechnology in the energy industry is to apply this technology to fuel 
synthesis. Its application extends from novel conversion processes, to the upgrading of bioproducts, 
deconstruction of feedstocks and genetic engineering of new feedstocks. This section will provide a 
broad overview of the technology, followed by a discussion of its application in the production of 
diesel from sugar cane. Our next chart demonstrates the wider applications of synthetic biology 
and, indeed, genetic engineering in the biofuels industry. Other sections of this report consider 
some of these applications (for example, Next-generation agriculture—feedstocks, enzymes 
upgrading by/co-products; Butanol—organisms used in fuel synthesis).  
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Figure 27. Wider applications of genetic engineering 
 

 
 
Source: Accenture Research; company websites 

 
Synthetic biology for fuel production 
In the context of biofuels production, synthetic biology can be regarded as the engineering of new 
microbes that are an alternative to yeast. These microbes quickly and effectively ferment sugars 
into biofuels. By building a custom organism using specific genes that code for required functions, 
this approach allows the metabolic pathways within the organism to be defined for the task at 
hand—for example, creating a chemical plant in a microbe. The focus of synthetic biology in this 
field is “fuel synthesis.” In this context, synthetic biology techniques are being applied to create 
microbes that can covert feedstock, with no waste, into gasoline (versus ethanol), diesel or other 
high-value chemical products.  
 
The next chart from the Joint BioEnergy Institute (JBEI), illustrates the role of synthetic biology:   
 
Figure 28. The role of synthetic biology 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

Source: Joint BioEnergy Institute (JBEI), Used with permission  
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Technology 
In this section we have considered the underlying technology behind synthetic biology in general 
(rather than synthetic biology applied specifically to fuels) as its tailoring for fuel production is 
evolving, with the processes for doing this being proprietary and often company-specific.  
 
 
Technology and tools play a key role in the broader development of synthetic biology: 
 
• Advances in computing power, genomic sequencing and techniques, such as high-throughput 

screening, to achieve diverse biological sampling and gene collection 
• Storage of these sequences in biological databases, including open-source libraries, such as 

those of the University of California, Davis (databases of genes for trees), the US Department of 
Energy’s Joint Genome Institute (JGI), or MIT’s “BioBricks” platform and “Registry of Standard 
Biological Parts”91  

• Advances in proteomics (study of the structure and function of proteins); for example, modeling 
of the 3D molecular structure of the macromolecule in order to help design the optimum structure 
for the required function  

 
How does the overall synthetic biology process work? 
 
• Identify the genetic basis of the chemistry in the plant that occurs naturally 
• Import the required genes from the plant into the microbe  
• This reroutes the metabolic reactions in the microbe’s cell, which increases the production of the 

desired chemicals in the cell  
• The key is the ability to clone the genes in the target plant, so they could incorporate select 

genes into the microbe 
• Concept is to produce an artificial organism with the “minimal” set of genes required for the 

desired function; this minimizes the requirements of the organism and allows maximal diversion 
of any sugar inputs into producing the desired end product 

 
Has synthetic biology technology been commercially applied? 
Synthetic biology has been successfully applied to produce chemicals, including 1,3 propanediol 
(by DuPont/Tate and Lyle) and polyhydroxyalkanoate (PHA, by Metabolix).  However, the most 
commonly cited example of the practical application of synthetic biology is for the production of 
Artemisinin, a drug used in the treatment of malaria and developed by Amyris and Sanofi-Aventis.92  
An organism was engineered that could synthesize the precursor substance, artemisinic acid, from 
sugar. This process is particularly relevant to fuel production, as the microbe initially converts the 
sugar “feedstock” into a hydrocarbon compound. The subsequent oxidation of this hydrocarbon 
produces artemisinic acid, which can then be converted to Artemisinin using conventional 
chemistry. The production of this drug at commercial scales has been demonstrated, and its supply 
would remove the cyclic nature of Artemisinin supply and demand, thus reducing the price for end 
users.  
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Figure 29. Forecasted rate of progress in the development of Artemisinin  
(a hydrocarbon-based drug for the treatment of malaria) 
 
 
Aimed to increase yield 10 million-fold to achieve target cost of $0.10/g 

 

 
 

 
Source: Amyris, Used with permission  
 
 
 
 
Challenges 
A number of issues need to be addressed before this technology can achieve commercial viability 
for fuel production. Two key challenges are cost and scale: Can the microbes be produced and the 
processes run at commercial scale with costs that are competitive with other second- and/or third-
generation biofuel processes? Current costs are no doubt higher than those of ethanol production; 
however, producers argue that costs will decrease by commercialization, and the end product—
diesel or gasoline—is far more valuable than ethanol. With the successful application of 
biotechnology to foods and pharmaceuticals having already been demonstrated at commercial 
scale, we can remain optimistic that similarly positive results can be achieved with fuel production.  
 
One consideration is that the leading players are focused on using sugar cane, a first-generation 
feedstock. However, as per the US Renewable Fuels Standard (RFS) program, there is a push for 
cellulosic. In the Next-generation agriculture section of this report, Accenture discuss sugar cane, 
the continued potential for this feedstock and the deconstruction challenges of cellulosic. From a 
technical perspective, one of the principal difficulties associated with cellulosic feedstocks remains 
the toxicity to the organism of either the intermediates or the end product. This issue is being 
addressed in a number of novel ways—for example, by developing more resistant organisms or 
yielding nontoxic products, or alternatively by engineering feedstock to not produce certain toxic 
intermediates during the initial deconstruction.  
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Before synthetic biology makes the leap from the lab, three other important issues also need 
to be considered. While perhaps rather generic at this stage (because the technology is 
relatively young), these all remain potential stumbling blocks to the commercial application 
of the technology: 
 
• Safety: Uncertain impact if the microbes engineered to produce fuel eventually mutate; building-

in protection mechanisms (such as a dependence upon certain nutrients that can then be 
deprived in order to “switch-off” the organism) may provide a solution to this. However, the safety 
of genetically modified organisms has been well proven through the production of both drug-
producing strains (more than 20 years of experience) and chemical-producing strains (more than 
10 years of experience). 

• Intellectual property protection: If individual genes are patented by different parties, then 
assembling an organism containing several genes may be cost-prohibitive. 

• Regulation: There is a need to achieve internationally agreed harmonization, as well as to deal 
with potential societal concerns. While recombinant DNA techniques—the precursor to synthetic 
biology—involved genetic modification, these received considerable criticism from a religious and 
ethical standpoint for tinkering with or cloning “God’s code.”  

 
Table 16. Potential challenges to the acceptance of synthetic biology93 

Challenge  Issues  Potential approaches to risk mitigation  

Scaling and 
continued 
development of 
technology  

• Limited experience of mass production. 
Problems (including funding challenges) are 
likely to arise from the scale up  

• Fuel production is limited by first-generation 
feedstock (sugar cane) so will have the same 
issues as other technologies  

• Need to develop partnerships for all aspects of 
commercialization, including feedstock and 
distribution 

• Gain an understanding of the precise remit of 
microbes and their efficacy at scale with other 
feedstocks  

Regulation/ 
standard-
setting  

• Potential for harm is unknown as technology is at 
a very early stage; devising regulation is 
therefore difficult  

• ”Stress testing” of organisms to observe their 
response has yet to be conducted. This testing is 
necessary to understand the potential risks (e.g., 
potential for mutation)   

• Potential for lack of harmonization between 
national regulatory systems, leading to trade-
related conflict  

• Develop robust international governance framework 
in advance of commercial availability, with protocols 
for containment 

• Engineer microbes with built-in safety mechanisms 
(e.g., dependence upon nutrients with limited 
availability) 

• Look to developments in regulation and safeguards 
with earlier genetic advances (e.g., recombinant 
DNA) 

• Debate merits of independent regulatory body vs. 
statutory regulation 

Intellectual 
property  
protection  

• The role of IP in synthetic biology (operating at 
the confluence of biotechnology and 
computation) is an unexplored area that 
traverses patent and copyright law 

• Concerns patents may either be too broad 
(leading to commercial monopolies that inhibit 
research) or too narrow (overcomplicating the 
process and requiring multiple patents to create 
a single organism – economic risk)  

• Venter’s attempt to patent the minimal genome 
of the first synthetic organism (“Synthia”) has 
attracted considerable criticism  

• With biotechnology patents, courts do not tend to 
enforce the “obviousness” clause of most IP. As it is 
already based upon old patent law for chemicals, 
the law on “owning life” requires clarification. 

• Maximize use of open-source libraries to expand 
access to research data. As with other 
technologies, the final process is likely to be a 
combination of an IP and open-source “commons” 
approach.  

• Private researchers/firms may wish to consider the 
merits of royalty-sharing patent pools (similar to the 
pharmaceutical industry’s approach to 
neglected/orphan drugs) or other 
licensing/contracting avenues to strike a balance 
that does not restrict initial development 

Public 
acceptance/ 
ethical approval  

• As with all genetic advances, concerns remain 
regarding potential threats (e.g., bio-terrorism)  

• Volatility with religious/cultural acceptance of GM 
technologies and  ”playing God.” This is similar 
to the persistent concerns with 
cloning/recombinant DNA, the precursor 
technology to synthetic biology (recombinant 
DNA is tinkering with the code of life, whereas 
synthetic biology “oversteps the boundary” by 
engineering new life). 

• Partnership with ethicists, social scientists and 
public representatives to encourage debate, keep 
all parties informed and gain support 

• Assign project licenses only for projects with a 
specific remit, and after clear demonstration that all 
of the risks have been considered 
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Key findings 
The world has long awaited a biofuel diesel solution. In our first report, Irrational Exuberance, we 
stated that the biodiesel market would take longer to develop because there was “no sugar cane for 
biodiesel.” Synthetic biology applied to the sugar-to-diesel pathway changes this situation. If the 
economics could come close to the sugar cane-to-ethanol economics, there would be significant 
potential in diesel markets given the cost and availability of sugar cane versus traditional biodiesel 
feedstocks, such as palm, soy and rapeseed. The use of synthetic biology to convert sugars to 
diesel has advanced significantly in the past couple of years, and it is close to commercial 
viability. Two companies, Amyris and LS9, are planning to break ground on commercial plants in 
2011, with Amyris due to start production in April 2011 and LS9 to start production by 2013.  
 
There are indications they will meet their targets: 
 

• Amyris already produces 189,250 liters (50,000 gallons) per year in a pilot plant, and its second 
plant (in Brazil) opened in 2009.94  

• LS9 has plans for a plant producing 5.7 to 7.8 million liters per year, mLpy (1.5 to 2.0 million 
gallons per year, mgpy). The plant will be developed through tolling.95  

• Amyris is registered with the US Environmental Protection Agency (EPA) and has conducted 
some road testing. This testing has led to the development of an externally validated fuel that 
meets the American Society for Testing and Materials (ASTM) specifications for petroleum 
diesel.96  

• LS9 has ASTM testing in progress for its UltraClean™ diesel, with the latest round of testing 
(July 2009) having exceeded both ASTM and Brazilian National Agency of Petroleum ANP-7 
specifications.97  

 
Other elements of the synthetic biology solutions companies are developing: 
 

• The costs are expected at $45 to $75 per barrel of oil for the first commercial plant. 
• Sugar cane is the feedstock of choice, but the technology is, in theory, feedstock agnostic and 

can move to cellulose when its cost becomes competitive with sugar (this will require adjusting 
the microbe used, the operating conditions or both). 

• Diesel (“ultra clean,” “no compromise”) or biodiesel is the main fuel that players are targeting. 
This fuel can produce 100 percent of the product, with no co-products if desired, and is less toxic 
to the organisms (likely to develop more quickly than the processes for gasoline production). 

• Players are considering various business models, with a significant variation in activities (for 
example, build capability across the value chain, licensing and focusing on manufacturing and 
technology and partnering for feedstock and distribution, etc.). 

• Capital costs range from $50 to $55 million (approximately 151 mLpy or 40 mgpy incremental to 
existing first-generation plants in Brazil), to $250 to $400 million (approximately 379 mLpy or 100 
mgpy new build). 
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In summary, synthetic biology transforming sugar cane to diesel utilizes the principles of molecular 
biology and genetics to generate living organisms tailored for specific functions. While this emerging 
field is fast demonstrating commercial viability, a number of hurdles—including cost of scalability 
and a variety of regulatory and societal challenges—remain to be addressed before it can prove 
itself to be a practical alternative to other bio- and thermochemical processes for renewable fuel 
production. 
 
 
Table 17. Disruptive technology assessment: Synthetic biology—sugar cane-to-diesel 

Disruptive criteria Assessment Rationale 

Scalable   

Greater than 20 percent potential impact on 
hydrocarbon fuel demand by 2030  

 Theoretically constrained only by sugar 
cane availability. However, a key challenge 
is scaling up the process, at a competitive 
cost. Currently less than 3.8 million liters 
per year, mLpy (1 million gallons per year, 
mgpy) produced in pilot facilities, although 
commercial-scale production has been 
demonstrated in other industries. 

GHG impact   

Savings greater than 30 percent relative to 
hydrocarbon it is replacing 

 Will be similar to sugar cane (88 percent 
reduction). 

Cost   

Competitive at oil price of $45 to $90 per 
barrel at commercial date 

 Estimated costs for first commercial plant 
are expected at $45 to $75 per barrel. 

Time to market   

Commercialization date less than five years  Building of commercial plants due to start 
in 2011, with commissioning in 2013. 
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Amyris applies synthetic 
biology to create their brand of  
“No Compromise”© renewable 
fuels and chemicals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2.1.1 Case Study: Amyris 
 
 
Amyris is a renewable products company that focused on addressing the global energy and climate 
crises by applying a unique science platform to develop its brand of “No Compromise”© renewable 
fuels and chemicals. Unique in biofuel technology companies, Amyris has a first-generation ethanol 
trading business that it established to develop the partnerships and capabilities it believes are 
needed to bring its renewable fuels to market by 2011, and with the intention of distributing these 
directly to customers. Amyris has already demonstrated the application of its technology to provide 
considerable yield improvements in the production of synthetic artemisinin, an anti-malarial therapy, 
due to be commercialized in 2010.  
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Creating an integrated renewables platform 
Amyris has set itself the goal of being the world’s leading integrated renewables platform, focused 
on fuels, chemicals and other related products. Fuels will be its core focus, with Amyris starting with 
the fuel that it perceives offers the best initial position (diesel) before moving onto chemicals, jet fuel 
and other products. The company’s model is intended to be capital light and scaleable, allowing full 
integration with customers in large commercial markets.  
 
Amyris’s technology, based on the work of Professor Jay Keasling, at the University of California, 
Berkeley, revolves around the ability to alter the metabolic pathways of microorganisms such as 
yeasts, in order to create living “factories” that produce molecules with defined practical 
applications. Amyris’s proprietary technology, based on three key elements (biology, manufacturing 
process and feedstock), transforms plant-based feedstocks, such as sugar cane, into approximately 
50,000 different isoprenoids—molecules used in a wide variety of energy, pharmaceutical and 
chemical applications. By focusing on the more downstream aspects (i.e., the conversion process), 
the “secret” to Amyris’s process is in the biology, which allows the conversion of sugars to high-
value molecules of defined lengths, that can be designed for specific purposes. One end product is 
a renewable diesel fuel that has twice the energy density of hydrous ethanol and burns cleanly, with 
low particulate emissions. Amyris has obtained multiple composition of matter patents around the 
fuels and fuel compositions. The company also holds patents for its processes, the organisms and 
for some of the individual changes to the microbes, as well as for some of the unique techniques 
used for engineering microbes. 
 
The Amyris process is based upon the fermentation of sugar. The technology can use any 
feedstock that results in fermentable sugars, and the initial implementation of the technology is 
focused on sugar cane because of feedstock cost, scalability and sustainability. As a result of 
broadly basing its technology on existing fermentation and conversion processes, two-thirds of the 
capital costs are in nonproprietary conversion equipment. Sugar cane will continue to be the 
feedstock of choice until cellulosic feedstock is comparative on a cost or sustainability basis, i.e., 
less than $0.26 per liter ($1 per gallon) in order to effectively compete with oil.  
 
The current geographic focus for Amyris is in hubs in major demand markets including the 
European Union (United Kingdom, France, Germany), the United States (Northeast, West Coast, 
Southeast) and Brazil. While the production technology is relevant to any region that has access to 
scaleable sugar cane production, from an economic as well as a GHG balance perspective, it is 
important that these locations are comparable to the highly cost-competitive and efficient processes 
of Brazilian sugar cane (and not all cane is the same) in their cost to produce and GHG impact. In 
this regard, energy generation, the approach to waste and the growing cycle all need to be 
comparable to Brazilian sugar cane. With this in mind, the company’s immediate three to five year 
focus is to produce out of Brazil. Subsequently, the preferred business model is likely to vary by 
country. For example, in some countries with access to feedstock, yet nonconducive markets (such 
as India, with its fragmented regulation), Amyris is looking at third-party licensing of its technology 
rather than actively engaging in manufacturing and installation of infrastructure of its own.  
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Experience in the field 
While its competitors also may have the scientific know-how, it is the steps that Amyris has taken to 
develop its practical experience that places the company with a possible competitive advantage 
with regard to approaching the final hurdle in the synthetic biology story—the cost-effective scale-up 
to commercial-scale production. With the aim of building to develop its capability throughout the 
value chain, from production through to the end market, Amyris Fuels markets ethanol from Brazil 
and the midwestern United States and has operations/contracts with nine supply terminals in the 
southeastern United States, with 2008 revenues of $12 million to $14 million and estimated 2009 
revenues of around $50 million to $75 million. Through these activities, Amyris is building the 
capacity, skills and back-office functions to deal with integrated fuel supply chains, thereby planning 
for a rapid scale-up as soon as the technology is ready. The company’s production capabilities are 
also growing, with partnerships to secure feedstock and manufacturing, including a partnership with 
Brazilian cane producer Santelisa Vale, and a joint venture with Crystalsev (Amyris-Crystalsev 
Pesquisa e Desenvolvimento de Biocombustiveis Ltda), a distributor and marketer, providing 2.5 
million tons of cane crushing capacity.98  The overall business model will be based upon a contract 
manufacturing approach, using Amyris’ proprietary technology. 
 
With pilot-scale testing at its Emeryville plant already producing 189,250 liters per year (50,000 
gallons per year) and another plant in Brazil opened this year, Amyris plans a commercial plant to 
be operational in 2011, with capacity of over 121 million liters per year, mLpy (32 million gallons per 
year, mgpy). With respect to road testing its fuels, Amyris Fuels is the only US Environmental 
Protection Agency (EPA) registered biofuel, excluding ethanol and biodiesel. While there have been 
limited on-road demonstrations to date, the company’s fuel was tested in a hybrid diesel bus in 
Chicago in April. Larger demonstrations are subsequently planned with fleet operators. 
 
Beyond the technology development and capital challenges that are common to all those in the 
industry, Amyris is focusing on challenges in an area it terms “product acceptance.” The company is 
clear in the belief that it is certainly not enough to simply make a great fuel. Beyond the regulatory 
challenges, there remains the need to receive product acceptance from the various standard-setting 
organizations and OEMs—something that Amyris is paying close attention to. Engaging with OEMs, 
in particular, will be key; so far, the warranties of Cummins’s engines permit the use of a 20 percent 
blend.99  Amyris is now working with leading truck manufacturers as one of its target markets will be 
heavy-duty diesel vehicle customers. Additionally, the company also is seeking to engage with 
leading diesel automotive manufacturers.  
 
 
Future market 
While there is extensive debate on how much fuel can be produced from sugar cane, there is 
growing consensus that there is a lot of untapped potential, with Brazil using only 1 percent of its 
arable land for sugar cane and many other geographies (such as Africa) well suited to sugar cane. 
Greater densification of cattle production in line with the intended US model could also allow for 
increased land availability for production, with no impingement on the rainforests. While other 
commodity prices rose in 2007 and 2008, sugar cane prices actually stayed level and in many 
periods fell. 
 
For the immediate future, the challenge facing Amyris is the same as that facing its peers: 
increasing yields and achieving cost-competitive commercial-scale production. The company’s 
current targets are certainly ambitious—3.8 billion liters per year (1 billion gallons per year) by 2015, 
and 7.6 to 11.4 billion liters per year (2 to 3 billion gallons per year) by 2020. The constraints, the 
company feels, will be financial rather than technical, with access to capital likely to be the limiting  
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factor. However with considerable interest from venture capital firms, as well as the independent oil 
companies (IOCs), Amyris is well-positioned to approach the challenges that lie ahead. A key 
advantage of its fuel, the company states, is the low cost; Amyris Fuel is expected to cost half the 
price of “conventional” biodiesel, with diesel produced by the Fischer-Tropsch process costing three 
times as much (considering fully loaded costs, without government subsidies). Furthermore, due to 
the integrated nature of the production process, the investment costs required are incremental to 
the cost of the existing ethanol plant—i.e., in the region of $50 million to $55 million. In addition, the 
specialty chemicals (that its processes are able to produce) can be produced at a lower cost than 
its petroleum alternatives, generating a further $0.26 profit per liter ($1 profit per gallon).  
 
In addition to its energy efforts, Amyris is still set on its goal of treating malaria. Having already 
proven that it has the ability to push synthetic biology techniques into achieving commercial-scale 
yields through the development of artemisinin, also a hydrocarbon molecule, a success in fuels 
production would certainly be a landmark step for both Amyris and biotechnology.  
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LS9 has developed a one-step 
fermentation process that uses 
its proprietary Microrefinery™ 
catalysts to efficiently convert 
renewable feedstocks to a 
portfolio of UltraClean™ fuels 
and sustainable chemicals. 
 
 
 
 
 
 
 
 
 

 
 

2.2.1.2 Case Study: LS9 
 
 
LS9 is a Californian industrial biotechnology company that develops renewable fuels and 
sustainable chemicals through the use of synthetic biology techniques.  Founded in 2005, LS9 kept 
a low profile during its first few years, focusing on diligently developing and testing its technology in 
the laboratory. Having developed a one-step fermentation process that uses its proprietary 
Microrefinery™ catalysts to efficiently convert renewable feedstocks to a portfolio of UltraClean™ 
fuels and sustainable chemicals, LS9’s focus is now on achieving low-cost, commercial-scale 
production.  
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Engineered microbes with a sweet tooth 
The basis of LS9’s process involves the conversion of fatty acid intermediates into petroleum 
replacement products via the fermentation of renewable sugars. Through the discovery and 
engineering of new classes of enzymes and their associated genes to efficiently convert fatty acids 
into hydrocarbons, LS9’s biofuel production process yields two primary products: UltraClean™ 
biodiesel, which is a fatty acid methyl ester, and UltraClean™ diesel, which is a pure hydrocarbon. 
The chemicals production process can produce many end products, including surfactants, olefins 
and resins.  
 
As with much of synthetic biology, the design of the microbes is conducted with the end-product in 
mind; the first step is to determine the ultimate product, with the necessary pathways subsequently 
custom-engineered to achieve the desired goal. The process is designed to be repeatable and 
consistent, with a key advantage being the potential to produce an end product with a precisely 
specified composition. The LS9 approach also allows considerable flexibility, with the ability to alter 
the length, saturation and branching of the product molecules by changing the nature of the gene 
sequences in the cell. These aspects have the potential to make issues such as cloudy diesel, 
which plugs engines, a thing of the past. Furthermore, unlike conventional fermentation ethanol, 
both of LS9’s biofuel products are insoluble in water and separate naturally during the fermentation, 
improving the energy efficiency of the recovery process. As a result, the process is reported to 
preserve approximately 90 percent of the energy of the sugar cane, with the expectation that by the 
time of the first commercial plant, between 80 and 85 percent of the maximum theoretical mass 
yield will be achieved. The finished product is another differentiator, as the whole product can be 
made using a one-step conversion process with no need for further upgrading.  
 
One of the important aspects of this process is that the metabolic pathways are not toxic to micro-
organisms, and continue to push oil through the cell wall with minimal degradation to the microbe. 
In addition, the same process can be used for the production of both fuels and chemicals. In 
principle, the technology is “feedstock agnostic,” allowing the cheapest and most abundant 
renewable feedstock to be used, although in practice this will be limited by the ability to deconstruct 
other cellulosic materials. The ultimate benefit of such a process, compared with production of fuels 
from fossil-based sources, is an estimated reduction in manufacturing GHG emissions by greater 
than 90 percent. LS9’s UltraClean™ fuels are also designed to contain no carcinogens (e.g., 
benzene), and only trace amounts of sulfur. LS9 has protected its developments with a number of 
patents covering processes and production.  
 
The LS9 process currently uses sugar or energy cane as a feedstock, as they provide an easily 
accessible source of sugars. With Brazil providing a growing source of these relatively inexpensive 
feedstocks, LS9 is planning its first large-scale commercial plant in the country to allow for a 
plentiful supply of feedstock, and the potential to expand supplies without increasing the net amount 
of land under cultivation.  

 
Stepping out of the lab 
At present, LS9 has successfully completed pilot-scale testing; initial testing of the one-step 
conversion process was conducted in 5 to 10 liter fermenters, with September 2008 seeing the 
introduction of a larger, 1,000 liter unit. Their fuel has passed the ASTM 6751 for both on- and off-
road use and has been successfully used in local, off-road applications such as generators and 
tractors. On-road vehicle testing still remains uncharted territory. The next stage will see a 5.7 to 7.6 
million liters per year, mLpy (1.5 to 2 million gallons per year, mgpy) demo plant in the United 
States. Using this add-on approach, LS9 expects to cut one year from the normal plant 
development time. Commissioning of this demo plant is expected in early 2010. Providing demo-
scale testing proves successful and the necessary approval is granted, e.g., American Society for 
Testing of Materials (ASTM) and Environmental Protection Agency (EPA), the final step in the LS9 
journey is the development of a commercial plant (379 mLpy, 100 mgpy). This is currently planned 
for a construction start in 2011, with completion in 2013. The company’s ultimate goal is to have the 
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capacity to produce greater than 1 billion gallons per year, through 13 to 15 plants built within the 
next 10 years. While these claims might seem ambitious at this stage, they are no bolder than those 
made by the proponents of other second- and third-generation technologies.  
 
Furthermore, the company appears grounded on the challenges that will arise during the scaling-up 
of the technology, with a clear expectation that the science has to evolve in parallel with the scaling. 
Using disciplined milestones to guide development, flexibility will remain key; for example, through 
the sizing of plants to reflect and sustainably optimize local feedstock situations. The technology 
also can be used to complement existing refining infrastructures, with a “plug-in” approach to the 
use of the LS9 technology providing an easier, quicker and cheaper solution than building or 
extending hydro-treating (refining process to removes contaminants, e.g., sulfur and nitrogen) 
capacity. 

 
Future market 
Critics of synthetic biology lost the first round, with the technical viability of this technology having 
been demonstrated between 2005 and 2007. The second challenge, achieving commercial yields 
and scale, are the issues that are now receiving focus. Despite these major crunch issues, a 
considerable number of investors have been sufficiently impressed with LS9’s technologies, with 
venture capital financing coming from firms including Flagship Ventures, Khosla Ventures and 
Lightspeed Venture Partners.100  LS9 recently announced a strategic partnership with Procter and 
Gamble101 for joint development and commercialization of sustainable chemical products. LS9’s 
technology has also been the subject of interest from an as yet unnamed oil and gas company that 
has tested the approach in its laboratories and has reportedly been impressed with the results. For 
the step up to commercialization, capital will be key, with build costs expected to be slightly higher 
than a conventional first-generation plant; however the capital expenditure required to build is 
estimated to be similar to cellulosic ethanol plants, at around $250 million to $400 million, 
depending on location. The ability to upgrade existing plants may provide a successful alternative 
business model. LS9 intends to focus on the technology and production, and is looking to form 
partnerships for the supply of feedstock and for the off-take with existing fuel suppliers. With costs 
of its fuel currently on par with oil at $100 per barrel, LS9 anticipates that this will be competitive 
with oil at $45 per barrel without subsidies by commercialization, with subsequent improvements in 
yield further driving down costs. While the challenges may be both great (and, to an extent, 
unknown), LS9 has demonstrated that the potential is certainly there, bringing the company’s goal 
of producing renewable petroleum—regarded by LS9 as the “ideal biofuel”—one step closer.  
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2.2.2 Butanol 
 

Despite the increased focus butanol has recently received as a potential biofuel, it is not a new 
product and has been produced for nearly a century. Today, butanol is typically derived from 
petroleum sources. However, up until the mid-20th century, biobutanol was made from fermented 
sugars, such as glucose in corn or molasses, and used mainly as an industrial solvent. During the 
first half of the 20th century, the production of butanol from biological sources was commercially 
viable, but low yields, coupled with high recovery costs and the increased availability of petroleum 
feedstocks after World War II, sidelined fermentation-based systems for biobutanol production.  

The current market for butanol is largely industrial, where it is used as a plasticizer or solvent. Even 
so, the advantageous fuel properties of butanol have seen several companies working on reviving 
the traditional process and developing new ones—using modern biological approaches to address 
any limitations in the production of butanol. Such companies include Gevo, BP-DuPont (Butamax), 
Metabolic Explorer, Green Biologics, Advanced Biofuels, and Cobalt.102  Several of these 
companies are also using synthetic biology to enable organisms such as E. coli and yeast to 
produce butanol.  
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Why butanol? 
Many of the advantages of butanol over other biofuels are focused on the fuel rather than the 
process: 
 
• Butanol is a four-carbon alcohol. The extended carbon chain improves the energy content 

relative to (two-carbon) ethanol, bringing it in line with the energy produced by gasoline.  
• Butanol is more “hydrophobic” than ethanol, meaning it has a higher tendency to repel water. 

This allows butanol to integrate into existing infrastructure without modification to blending 
facilities, storage tanks or retail sites. Unlike ethanol, it is expected to be suitable for use in 
existing pipeline infrastructure. 

• Butanol burns cleanly without any kind of modification to gasoline engines and can be blended 
with gasoline at a higher ratio than ethanol.  

• Butanol has a low Reid vapor pressure (RVP, a measure of fuel volatility)—butanol = 0.33 
pounds per square inch (psi), ethanol = 2 psi and gasoline = 4.5 psi—resulting in lower 
evaporative emissions. 

• Other fuels—gasoline, diesel or jet fuel—can be produced from butanol using established 
chemical processes.  

  
Butanol can use classic food crop feedstocks, such as sugar cane and corn, but it is also 
compatible with cellulosic feedstocks, such as energy crops, agricultural waste, forest residues and 
municipal solid waste.  

 
 
 
Technology 
Biobutanol has traditionally been produced through a process known as “ABE,” so named because 
it produced acetone, butanol and ethanol in an approximately 6:3:1 ratio. The butanol is produced 
as a metabolic by-product, of relatively low yield, and also is toxic to the organisms that make it. 
Thus, making it in bulk is not attractive. Clostridium strains were used as the fermenting organisms 
to create the chemicals from molasses-type feedstocks. This ABE process nearly disappeared in 
the 1960s as it was unable to compete on a cost basis with the more economical production of 
solvents from cheap, plentiful petroleum.  
 
The process for making biobutanol has traditionally been plagued by low yields and high costs. The 
main limitations of the traditional process are that the process has limited butanol yield, the final 
concentration of butanol is low due to its toxicity to the organisms, and high capital costs are 
required. Research is focusing on overcoming these limitations through improved processing or 
adaptation of the overall approach to make the fuel more competitive. 
 
An improved process for the production of butanol is being developed by the US Department of 
Agriculture. In line with other biobutanol processes, engineers at the department’s Agricultural 
Research Service, National Center for Agricultural Utilization Research in Peoria, Illinois, have 
developed an approach that uses species of Clostridium bacteria to carry out fermentation and 
reduces the number of steps in the process. After the feedstock has been pretreated with dilute 
sulfuric acid or other chemicals, it is fermented in a bioreactor containing three different types of 
commercial enzymes and a culture of C. beijerinckii P260, with the enzymes and bacteria doing 
their jobs simultaneously. As soon as the enzymes hydrolyze the straw and release the simple 
sugars, the bacteria set to work fermenting them. A procedure known as “gas stripping” is used to 
continuously remove the acetone, biobutanol and ethanol as they are produced, protecting the 
bacteria by keeping biobutanol levels from reaching levels harmful to them—an issue that has  
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plagued traditional butanol production. In early trial runs, it was found that the method increased 
biobutanol productivity twofold above traditional glucose-based fermentation. Furthermore, the 
P260 strain produces a specific ratio of the three chemicals, and efforts are now underway at the 
center to develop genetically modified bacteria that will make only biobutanol. It is intended that 
production levels will be scaled up in 2009.103  
 
Taking a different approach, Butamax and Gevo are using synthetic biology technology to develop 
microbes that increase yield and productivity and are more resistant during the conversion of 
sugars to butanol. Conventional butanol-producing organisms also produce significant quantities of 
acetone and ethanol. Both Butamax and Gevo have overcome this problem by developing 
organisms where butanol is the primary output.  

 
Challenges 
The process of producing butanol has long been hampered by an inefficient, costly process. The 
economics of butanol production remains arguably one of toughest challenges facing the industry. 
The primary step will require one of the players to demonstrate that there is a process that can 
commercially produce butanol at scale.  
 
If companies are able to overcome this issue and demonstrate the ability to produce commercial-
scale volumes of butanol economically, then the challenges faced by the industry will be of a 
different nature. Although there will be some market-adoption challenges as the industry works to 
reconfigure to the new process and product, the key challenge, after proving it can be produced 
economically, will be to scale up to produce the volumes demanded. A key attraction of butanol is 
its ability to produce high-value products, but producing these in volume will be a challenge. In that 
situation, there will be a need to rapidly build plants. As a result, access to financing will be a key 
challenge.  

 
Key findings 
Fuel from butanol is a highly desirable product with energy content similar to gasoline—higher 
octane and less affinity to water. These characteristics enable butanol to be transported through 
existing pipelines, to use existing infrastructure and to be blended with gasoline at any ratio. 
However, there are clear issues hampering the production of butanol and the economics are 
unproven. Researchers are looking to adapt the traditional butanol production via the ABE process 
by consolidating process steps and potential genetic modification of bacteria. Genetic engineering 
and advances in synthetic biology could also lead to breakthroughs from companies such as 
Butamax and Gevo, which have demonstrated their technology in pilot plants. 
 
The estimated production costs from various published sources and interviews with key players 
ranges from approximately $0.19 to $0.43 per liter ($0.71 to $1.61 per gallon), but one important 
point to consider is the value of the other products that can also be produced. 
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Table 18. Disruptive technology assessment: Butanol 

Disruptive criteria Assessment Rationale 

Scalable   
Greater than 20 percent potential impact on 
hydrocarbon fuel demand by 2030  

 A fungible fuel with a wide range of 
applications that can be produced from a wide 
range of possible feedstocks. New processes 
have been proven at pilot scale, with demo 
plants on the way.  

GHG impact   

Savings greater than 30 percent relative to 
hydrocarbon it is replacing 

 Aim is for 80-percent reduction based on use 
of combined heat and power. 

Cost   
Competitive at oil price of $45 to $90 per 
barrel at commercial date 

 Target approximately $50 to $60 per barrel of 
oil.  

Time to market   
Commercialization date less than five years  Commercialization expected by 2014. 
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Butamax™ Advanced Biofuels, 
a joint venture between BP and 
DuPont, aims to bring 
biobutanol to market at a 
competitive cost relative to 
ethanol. 
 
 
 
 
 
 
 
 
 
 
 
 

2.2.2.1 Case Study: Butamax 
 
 
ButamaxTM Advanced Biofuels, a joint venture created by BP and DuPont, was formed in July 2009 
to develop and market biobutanol.  The company is based in Wilmington, Delaware, United States 
and brings a deep industry skill-set to the developing biofuels industry, combining BP's expertise in 
fuels technology, development, marketing and infrastructure with DuPont's leading capabilities in 
chemistry, process engineering, science, and biotechnology. With respect to intellectual property, 
Butamax has a foundational portfolio in the biobutanol field including worldwide protection of its 
biocatalyst, process engineering and fuels-related technology, much of which was developed in the 
more than four years of the BP and DuPont collaboration. This includes numerous biotechnological 
and process technologies encompassing the production and use of 1-, 2-, and iso-butanol.  
Butamax’s goal is to bring biobutanol to market at a competitive cost relative to ethanol.  With the 
ability of its parent companies to provide such a broad degree of complementary expertise, 
Butamax is focusing on all aspects of biobutanol development, production, distribution and 
commercialization. The BP-DuPont collaboration resulted in identification of the potential of 
biobutanol as an advanced biofuel. Butamax is now at a very interesting moment in its evolution.  
With strength across the entire supply chain and considerable demonstration testing in the pipeline, 
the company is fast approaching commercialization.   
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Advanced fermentation technology 
Butamax describes its technology as an “advanced fermentation process for converting sugar 
intermediates to biobutanol.” This process utilizes an advanced microorganism (biocatalyst) and 
process technology for the fermentation phase. At present, the company’s R&D efforts are 
advancing its technology to commercial scale and addressing issues commonly encountered using 
organism-based conversion processes and is optimizing fermentation rates, titers, and yields in a 
cost effective, integrated process. Developing a robust biocatalyst and process will allow biobutanol 
to compete strongly in the existing ethanol space.  Butamax sees biobutanol as a complement to 
ethanol, in that it provides the ability to get more biofuel into the transportation fuel mix without the 
same infrastructure and vehicle limits associated with ethanol, thereby facilitating the use of more 
renewable fuels in the transport fuels mix. 
 
Although the Butamax production processes can be housed in a dedicated plant, the technology 
has the added advantage of also suiting a retrofit model (i.e., upgrading of existing ethanol plants).  
The cost of constructing a greenfield biobutanol plant is envisaged to be similar to that of an ethanol 
plant. However, a key Butamax offering to the industry is a cost-competitive approach for upgrading 
current ethanol facilities into advanced biofuels facilities using the retrofit model. Further, Butamax’s 
processes and capabilities include options for best complementing the needs of each local market. 
This includes acting as a producer and operator, having direct engagement and ownership of 
plants, engaging in strategic partnerships, and licensing technology. 
 
Biobutanol can be made from many types of biomass, with potential feedstocks including corn, 
wheat, sugar cane, sugar beet and lignocellulosic materials. As it stands, Butamax is testing its 
conversion process with a range of feedstocks in order to demonstrate that the technology is 
adaptable to the most abundant local source of biomass and is not feedstock-specific.    
 
The company owns and is continuing to develop a wide range of intellectual property (IP), covering 
biocatalysts, processes, products and uses. Butamax is involved with all aspects of the value chain, 
which places it in a prime position when they move to market, with all of the necessary legal 
parameters in place.  

 
A road-tested fuel fast approaching commercialization 
Butamax’s research has advanced significantly, and the firm is now at the demonstration phase. 
Scientists working in extensive, state-of-the-art, laboratory facilities have developed the technology 
that is being continuously refined and advanced for scale-up.  Butamax’s flagship technical 
demonstration facility at the BP Saltend site in Hull, United Kingdom, is planned to be operational in 
Q3 2010.  This asset (which is adjacent to the Vivergo bioethanol plant) is a fully integrated 
biobutanol facility and will have a capacity in the region of 150,000 litres (40,000 gallons) per year, 
allowing Butamax to test its processing technology with a variety of different feedstocks and 
optimizations. The company is also in the process of planning further full scale demonstrations at 
multiple local facilities across the world; options to deploy the technology at BP/DuPont biofuel 
assets are also being considered.  
 
Of note is the considerable road vehicle testing that the company has already undertaken with its 
biobutanol fuel—with fleet trials of over 100 vehicles, covering a distance of more than 1.3 million 
vehicle road miles. This testing has confirmed the performance advantages of biobutanol fuel 
blends, with biobutanol blended at a concentration of 16 percent volume (equivalent oxygen content 
to a 10 percent ethanol blend) demonstrating excellent vehicle performance. These commercial 
fuels trials, including a large market demonstration during which a European Union EN228 
specification compliant gasoline containing butanol was commercially sold, have confirmed the 
compatibility of biobutanol with existing fuel infrastructure and consumer satisfaction with the 
product. 
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Aiming for a global market for biobutanol 
Butamax’s goal is for biobutanol to both complement and grow the total volume of biofuels that 
contribute to global transportation fuel supply. Biobutanol has several advantages beyond those 
provided by ethanol, (including an energy content closer to gasoline, lower vapor pressure, and the 
ability to use higher blend concentrations without vehicle modifications), that overcome some of the 
limitations of ethanol in terms of serving the transportation network. The greenhouse gas (GHG) 
benefit, per unit of energy, is on par with ethanol produced from the same feedstock, and in certain 
cases may be advantaged. Further, because of butanol’s lower oxygen content and superior vehicle 
compatibility, it is possible to blend twice as much renewable carbon with biobutanol for a given 
gasoline specification relative to ethanol.  
 
Government policy and market/feedstock characteristics will understandably make certain markets 
more favourable for initial commercial entry. For example, those markets where ethanol penetration 
is facing vehicle compatibility and infrastructure limitations are likely to be better suited for the first 
stage of commercialization. With the help of BP and DuPont, Butamax has a global marketing 
capability and intends to use this advantage to pick and choose those markets that will move more 
expeditiously.  
 
The various butanol isomers have other potential high margin applications in the chemicals and 
materials markets, and the company intends to explore biobutanol use in these markets to add 
further depth to Butamax’s value proposition.  However, the primary focus is transportation fuels 
where Butamax will utilize its foundational capabilities and the strength of BP and DuPont 
technology, brands and experience in global markets, to provide a strongly competitive cost-to-
serve position.  

 
Summary 
Butamax anticipates that its first commercial plant will be operational by 2013. With its fuel already 
conforming to the European Union’s standards, and with no regulatory blockers to the use of 
biobutanol in the existing transport fuel mix envisaged, the company does not expect any major 
stumbling blocks to commercialization.  While there remain a variety of commercial challenges to 
the adoption of biobutanol, Butamax views this as an issue of informing and developing growing 
awareness of the opportunities that biobutanol presents as an advanced biofuel.  With butanol’s 
many advantages, Butamax feels that biobutanol has a great deal to offer, and the company 
intends to be in the vanguard of the advanced biofuels market.    
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Gevo’s focus is on utilizing 
biotechnology to design micro-
organisms that economically 
convert a range of renewable 
feedstocks to butanol. 
 
 
 
 
 
 
 
 
 
 

 
 

2.2.2.2 Case Study: Gevo 
 
 
Gevo’s is pioneering the development of capital efficient biorefinery systems to provide renewable, 
cost-effective building block products to the fuel and chemical industries. The company’s focus is on 
utilizing biotechnology to design microorganisms that economically convert a range of renewable 
feedstocks to biobutanol—utilizing bioengineering to efficiently recover biobutanol and renewable 
hydrocarbons from a range of feedstocks, and then utilizing chemistry to convert these into a range 
of end-products including gasoline, jet fuel, diesel, chemicals, plastics, and other polymers. Based 
in Denver, Colorado, Gevo was co-founded in 2005 by Frances Arnold, Matthew Peters and Peter 
Meinhold of the California Institute of Technology. The company’s CEO, Dr. Patrick Gruber, has 
held several general management positions in technology and business development for Cargill, 
Inc. and has served as a member of the Federal Advisory Committee for Biomass R&D. In October 
2008, the company announced a strategic alliance with ICM to commercialize Gevo’s Integrated 
Fermentation Technology (GIFT) in the USA, which enables the production of isobutanol and 
hydrocarbons from retrofitted ethanol plants.104  The company has been funded by Khosla 
Ventures, Virgin Green Fund, Burrill & Co., The Malaysian Life Science Ventures Fund, and 
Total.105  
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Old fuel, new process 
Gevo is planning to create a “renewables-to-chemicals-and-fuels” company, focusing on the 
production of fungible renewable chemicals and fuels—making products that have traditionally been 
produced from petroleum such as isobutylene, isobutanol, and isooctane, using existing ethanol 
plants and retrofitting them with Gevo’s technology. The company’s aim is to make identical 
products that can be used in existing refineries and chemical plants. The materials produced can 
fulfill multiple roles, including chemicals, high-value blending components and jet fuel. Gevo’s focus 
is on aligning with the existing infrastructure.    
 
While some organizations and companies are looking to adapt traditional approaches for the 
production of butanol that result in the production of lower-value co-products, Gevo is taking a 
different approach using synthetic biology to develop organisms, to ensure butanol is the primary 
product produced. The new area is the development of novel/enhanced microbes for the 
fermentation process. The process uses 165 novel patents across processes, genes, microbes, 
engineering, chemistry and product compositions, including those that have been licensed from 
partner organizations, e.g., technology of James Liao from the University of California, Los 
Angeles.106  Additionally, Gevo licensed yeast technology from Cargill and continues to collaborate 
with the company on R&D to further develop these yeasts.107  Using these patents and licensed 
technology, Gevo created an organism and process that is specifically designed to make butanol. 
Isobutanol was produced by fermenting glucose with modified E. coli bacterium. The E. coli 
bacterium was chosen to be modified first as much was already known about it and having proved 
the concept, Gevo is now looking at other microbes, including yeast, to modify. The fermentation 
process produces biobutanol, which can then be dehydrated to isobutylene, a hydrocarbon 
feedstock for further chemical conversion to isooctane and other fuel/chemical products. It should 
be possible to use any feedstock with the conversion process and, according to Gevo, there is no 
material difference in cost of production from any feedstock. The Gevo process does not face the 
difficulties that conventional butanol production faces around toxicity, high water separation and 
energy use, and is more energy efficient than the production of ethanol. 
 
Partnerships key to scaling 
Gevo has demonstrated the process at a 37,850 liters per year (10,000 gallons per year) pilot plant 
that has been running since early 2008. A 3.8 million liter per year, mLpy (1 million gallon per year, 
mgpy) commercial demonstration plant, at St. Joseph, Missouri—the first successful retrofit of an 
ethanol plant to produce biobutanol—came online in Q3 2009.108  In October 2008, the company 
announced a strategic alliance with ICM to commercialize Gevo’s Integrated Fermentation 
Technology™ (GIFT™), which enables the production of isobutanol and hydrocarbons from 
retrofitted ethanol plants.109  ICM offers a distinct advantage to Gevo as ICM has provided the 
engineering design for over 60 percent of the installed base of USA ethanol plants.  A strategic 
partnership with ICM, the exclusive retrofitters of Gevo’s technology, will allow Gevo to gain access 
to a number of existing ethanol plants for conversion to biobutanol as ICM alone can make 
modifications to the plants using their design. 
 
In this exclusive alliance, ICM will retrofit the biorefineries using Gevo’s technology. The production 
of butanol typically has been held back due to the high capital costs required. The Gevo approach 
offers a solution to this issue. The process is easily scaleable and can be done quickly. 
Furthermore, as the approach is via retrofit of existing ethanol plants, rather than building of new 
plants then there should be no issues with permitting.
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This model, based around retrofitting existing ethanol plants with the GIFT™ separation technology, 
involves replacing the biocatalyst, or yeast, with a micro-organism that produces a high-quality, 
high-purity stream of isobutanol. All of the fermentation equipment can be utilized by the biobutanol 
production.  Therefore, once the separation technology has been installed, a plant can easily be 
switched between producing ethanol or biobutanol.   
 
Rather than building a new plant, the Gevo approach calls for the adaptation of existing ethanol 
facilities, resulting in lower capital requirements (less than 30 percent of original plant cost) and 
reduced build time (less than one year) . Further reducing the risk, the ethanol plant can continue to 
be operated during the retrofit period.  
 
The end product is 99.5 percent pure and has been tested with conventional manufacturers. 
However, Gevo envisages that users will still insist on testing the product for purity, despite the fact 
that it will have the same chemical properties as current products. The demonstration plant is 
intended to provide material for customers’ qualification trials. 

 
New products, existing markets 
As Gevo is producing existing products and not a substitute, the potential demand is as big as the 
current market. Any constraints will be on how quickly production can be scaled up and the speed 
at which the potential markets can be accessed. These markets include chemicals, fuels, jet fuel 
blends, iso-octane, high-value blend stocks, alcolates and diesel blend stocks. With Total as a 
strategic investor, access to markets may be greatly improved. 
 
Gevo aims to be a producer and marketer of isobutanol, downstream hydrocarbons and chemicals. 
The company’s target market is different to that targeted by ethanol producers, as it does not aim to 
go to blenders, but will sell directly to refiners and chemical companies—meaning there will be no 
need for any new infrastructure. Using this business-to-business model, the aim is to offer refiners 
and chemical companies a solution using long-term bilateral contracts tailored to their needs. The 
focused factory approach, with the plant producing isobutanol as a platform substance, allows the 
process to be further configured depending on the prevailing market conditions to change the end-
product. 
 
A commercial plant is planned for the first quarter of 2011 with the start of build due by the end of 
the first quarter of 2010, depending on financing, which remains one of the key challenges that 
Gevo is facing in getting the technology to market. Even though Gevo already has lower capital 
needs due to the retrofit model (approximately $50 million), project financing is currently difficult to 
access. Apart from this, Gevo does not believe it will have a problem with scaling as the microbes 
are optimized and work. Although there may be an initial issue with higher production costs as 
economies of scale will not have been realized. 
 
One of the things that sets the company apart from its peers is the strength of its management team, a 
number of whom previously worked at Cargill and bring extensive experience of plant construction and 
operation. They emphasize that they are not “just scientists” without any idea of the practicalities of 
working with a plant—experience has taught them to recognize that the likely key crunch points can be 
access to capital and rate of delivery of product (users demand high volumes, and rapidly). 
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2.2.3 Bio-crude  
 
What is bio-crude? 
Simply put, bio-crude is a renewable equivalent of petroleum crude oil—a versatile energy medium 
that can be further processed into a range of transport fuels. The majority of biofuel processes 
today produce an oxygenated gasoline or diesel substitute such as ethanol or biodiesel, designed 
for blending at the distribution stage of the value chain. In contrast, bio-crude is an intermediate 
product that, if successfully developed, could be upgraded to any type of transport fuel as 
petroleum crude is today. It is made by converting the cellulose and lignin present in biomass (such 
as trees and grasses) into a green hydrocarbon. 
 
Bio-crude could become a breakthrough product for two key reasons. First, since it can be a 
renewable alternative for diesel and jet fuel as well as gasoline, it is a new substitute for products 
that currently have limited biofuel competitors. Second, bio-crude can leverage the existing 
petroleum infrastructure in refineries and distribution channels, allowing renewables to replace a 
large volume of fossil fuels without needing an equivalent amount of new infrastructure. 
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Current state of the industry 
Bio-crude today is predominantly produced first by the fast pyrolysis of biomass into pyrolysis oil 
and then the upgrading of the pyrolysis oil into bio-crude. Fast pyrolysis is a thermochemical 
decomposition process that takes place in the absence of oxygen and at moderate temperatures to 
produce the necessary chemical reactions for the conversion. The feedstock can be any form of 
biomass, such as forestry residuals (sawdust and agricultural straws, for example). This feedstock 
is dried and ground into small particles and then fed into a pyrolysis reactor.  
 
The reactor is heated up to around 500º Celsius. Upon entering the reactor vessel, feedstock 
particles are quickly vaporized. The vapor is then cooled down until it condenses into liquid 
pyrolysis oil. Gases that cannot be condensed are recycled and used to provide the process heat 
for the reactor, and in some cases the solid char co-product is also burned, a key factor in 
increasing the net energy balance of the product. Currently, there are competing designs for 
pyrolysis reactors that trade off yield and process efficiency with complexity and cost. Two 
examples are as follows: 
 
• Bubbling fluidized bed reactors have been used in the petroleum industry for more than 50 years, 

making the fluidized bed a tried-and-trusted design. It recycles gas in the system to improve 
heating efficiency. It has high heat transfer rates and good reliability, but its throughput capability 
is smaller and feedstock must be ground very finely to be suitable. 

• Circulating fluidized bed reactors feature a second chamber in which the char is burned to heat 
sand before it is sent to the pyrolysis vessel. The hot sand is then used as the heat transfer 
medium. This design has short vapor-residence times and high yields, but it is more complex to 
build and operate. 

 
The resulting product is pyrolysis oil. Using the most basic conversion technology, this is a viscous 
substance that can be used in thermal applications, such as industrial boilers and furnaces, and in 
turbines for electricity generation. With more advanced pyrolysis technology, fewer processing 
steps are subsequently required to convert the pyrolysis oil to transport fuels and it can therefore be 
integrated further down the fuels value chain. 

 
Challenges 
In terms of usability, today’s pyrolysis oil is an imperfect substitute for petroleum crude. It can be 
unstable; over time it reacts with oxygen and becomes more viscous and eventually solid. Ensyn, a 
pyrolysis oil producer, guarantees six-month stability in their product, but others degrade more 
quickly. It also has lower energy content than crude, and its low flashpoint means that it does not 
ignite as easily as diesel oil, limiting its use as a “neat” product.  
 
A further barrier to the widespread adoption of pyrolysis oil has been its heterogeneity. The 
characteristics of the end product change depending on the feedstock used, process conditions and 
age, which raises difficulties in using the oil as a tradable intermediate product in multiple 
applications. However, in June 2009, the ASTM agreed a standard for pyrolysis oil, perhaps 
heralding the start of a more commoditized future for the product. 
 
Given these limitations, pyrolysis oil has not achieved widespread acceptance, and use has been 
largely confined to boilers and other industrial uses rather than as a transport fuel. However, this 
may be set to change in the next few years. 
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Future developments 
Several players are now undertaking research into technologies that fundamentally change the 
value of pyrolysis oil and create a bio-crude that provides a renewable fuel that is a true substitute 
for petroleum crude.  
 
Biomass catalytic cracking 
Houston, United States-based company KiOR is developing a process that inserts a catalyst into 
the biomass structure, which is then crystallized to break down the biomass to its nanostructure.110 
This allows the conversion process to happen at a lower temperature than conventional pyrolysis. 
The resulting product is less viscous and of a higher quality than regular pyrolysis oil, able to be 
upgraded in a petroleum refinery without significant new infrastructure. 
 
Pyrolysis oil upgrading and refining 
Several companies are developing technology to upgrade the pyrolysis oil in a custom-built hydro-
treater. Ensyn has been producing pyrolysis oil on a commercial basis for 20 years. In a joint 
venture with refining technology company UOP, a Honeywell company, Ensyn has been awarded 
significant funding to conduct further research into proprietary bio-crude refining technology.111 
Located at a petroleum refinery, the Ensyn process converts the pyrolysis oil to a product that is 
lighter than petroleum crude and can therefore integrate easily into the middle of the fuels 
processing chain. 
 
Catalytic hydrothermal upgrading (Cat-HTU) 
In a more radical approach, development is underway for a bio-crude solution that does not involve 
pyrolysis. Catalytic hydrothermal upgrading is a process that could meet the requirements for a real 
renewable crude oil competitor. Combining a unique chemical pretreatment and a high-pressure, 
high-temperature conversion process with catalysts to stabilize the end product, the result is a 
stable bio-crude. This bio-crude can be stored and transported to the petroleum refinery for 
upgrading to regular transport fuels. This solves the issue of co-location, as the conversion plant 
can be located near the feedstock to ease the logistical challenge of moving large quantities of 
biomass. When brought to full commercial scale, the process is believed to be cost-competitive with 
crude oil at around $50 per barrel. 
 
Provided that the processes can be scaled as planned and given the challenges in securing 
feedstock faced by all biomass conversion companies, these technologies could prove incredibly 
important to oil companies. It would allow them to leverage their existing refining and distribution 
asset base, a huge advantage in capital utilization terms, and could let them scale up volumes 
quickly. 
 
Several integrated oil companies have made investments in this space already. In March 2008 
Petrobras signed a cooperation agreement with KiOR to develop their bio-crude technology112 and 
ConocoPhillips has a joint venture with agricultural processing company Archer Daniels Midland 
(though few details of the latter technology have been released).113  
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Key findings 
Bio-crude is an industry with enormous potential but also several challenges to overcome. The 
benefits of a bio-crude that could take advantage of existing refining and distribution infrastructure 
with little extra investment are clear, and could lead to a breakthrough in the adoption of renewable 
fuels worldwide. Given this potential, what is most surprising is how few companies and 
technologies there are, compared with many of the other technologies covered in this report. There 
are uncertainties over the technology, but with the right level of investor funding, bio-crude could be 
a disruptive technology for transport fuel. 
 
 
 
Table 19. Disruptive technology assessment: Bio-crude 

Disruptive criteria Assessment Rationale 

Scalable   

Greater than 20 percent potential 
impact on hydrocarbon fuel demand 
by 2030  

 As with all biomass conversion 
processes, feedstock is the most likely 
bottleneck. 

GHG impact   
Savings greater than 30 percent 
relative to hydrocarbon it is replacing 

 GHG balance depends on the process 
used, but the best have a GHG impact 
significantly above 30 percent. 

Cost   
Competitive at oil price of $45 to $90 
per barrel at commercial date 

 With the anticipated scaling efficiency 
and technology, bio-crude from both 
pyrolysis and catalytic hydrothermal 
upgrading are expected to be 
competitive within this range. 

Time to market   
Commercialization date less than five 
years 

 Companies projecting commercial 
operation within five years. 
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Ensyn first began developing 
Rapid Thermal Processing™, 
its fast pyrolysis process, in 
1984 and built its first 
commercial plant in 1989. 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.2.3.1 Case Study: Ensyn 
 
 
Ensyn first began developing Rapid Thermal Processing (RTPTM), its fast pyrolysis process, in 1984 
and built its first commercial plan in 1989.   The company has been operating on a commercial 
basis since then. To date, its technology and equipment has been deployed—either by Ensyn or 
under license—in seven biomass plants across North America. The largest is the Ensyn-owned 
facility in Renfrew, Ontario, Canada, with a capacity of 100 dry tonnes feedstock processing per 
day. 

In 2008, the company announced a joint venture with UOP, a global supplier and licensor of fuel 
refining technologies, to improve its RTP plant-build capabilities and to develop and deploy 
technology that allows the pyrolysis oil to be upgraded to transport fuel. 
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Innovative reactor design 
Ensyn utilizes a circulating fluidized bed design for its reactor, characterized by the movement of 
heated sand around the reactor vessels. In this process, a gas (not air) enters the bottom of the 
reactor, and hot sand is introduced, creating a whirlwind with a temperature of 500 to 550 degrees 
Celsius. Upon contact with the whirlwind, feedstock particles are flash vaporized, leaving a gas and 
some remaining solids. Upon leaving the reactor, gases are combined with a spray of previously 
made pyrolysis oil; this condenses the gas into new pyrolysis oil. 

The solids that remain are a combination of sand and char, which are redirected to a second 
vessel. In here, the char parts of the mixture are ignited by the introduction of air. This provides the 
necessary combustion to heat up the sand mixture to the temperatures required for the flash 
vaporization in the reactor vessel. This is a key factor in increasing the net energy balance, and 
consequently the GHG reduction, of the end product. 

Some of the gases are non-condensable, but they can be used in other ways. Some are used as 
the carrier gas, which is introduced into the bottom of the fast pyrolysis reactor, and can be used as 
fuel in a dryer to reduce the moisture in the biomass (from around 45 percent for green biomass to 
the 6 to 8 percent moisture level necessary for the flash vaporization process). 

The product of fast pyrolysis is pyrolysis oil; this pyrolysis oil is currently used in thermal 
applications, as well as in turbines to produce electricity. It is also used to produce specialty 
chemicals. 

 
 
 

 
Joint venture with UOP to accelerate new plant construction 
In October 2008, Ensyn formed a joint venture with Illinois-based UOP, a Honeywell company, 
supplying technology, catalysts, plants and consulting services to the petroleum refining industry.114   
The partnership, called Envergent Technologies, carries two key advantages. 

Scaling up from the current 100 dry tonne per day plant size is facilitated by engineering expertise 
(100 tonnes is equivalent to a full-scale commercial plant for chemical production, but plants that 
are principally for fuels will need to be larger). Envergent have engineered 200 plants, each of 400 
dry tonnes per day, with a 1,000 dry tonnes per day plant under development. The joint venture 
brings UOP’s plant building expertise, and the mode of deploying the technology has changed from 
an on-site piece-by-piece construction, to a modular assembly process used by UOP when building 
fossil refineries. This entails constructing modules offsite, and then delivering them to a site where 
they are connected together. With this approach, the elapsed time from planning to plant 
commissioning is approximately 18 months. Construction materials for the plants are standard 
materials such as carbon steel plate and stainless steel and refractory. Since the Rapid Thermal 
Processing (RTP) unit is not dissimilar to a fluidized catalytic cracker they developed for the oil 
refining business, UOP can leverage some pre-existing knowledge in the plant design. This has 
reduced capital costs, and the capital expenditure investment for a 400 tonnes per day plant is 
significantly less than is required for an equivalently sized gasification or cellulosic ethanol plant. 
Plants currently being deployed carry a UOP/Honeywell guarantee of performance, which mitigates 
risk for those seeking financing to build plants.  
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The second objective of the joint venture is to scale up and offer pyrolysis-specific hydro-treating 
technology for sale. Hydro-treating, a process that converts the pyrolysis oil to an already partially 
refined bio-crude has been developed by UOP and has been demonstrated at bench-scale to work 
on pyrolysis oil. This partially refined bio-crude can then be further refined in a normal petroleum 
refinery into a range of fuels, including green gasoline, green diesel and green jet fuel. The hydro-
treating process could be located either at the pyrolysis plant (if there are sufficient feedstock 
volumes present), or more likely at the refinery. 

UOP currently offers hydro-treating technology for fossil fuel refining and is well-placed to adapt it 
for pyrolysis. This is the crucial step in unlocking the potential of the pyrolysis oil—expanding its use 
from a fuel used to generate heat and electricity, to being the basis for mass-market premium 
transportation fuels. 

 
Forestry: the target industry 
Biomass energy conversion processes are particularly appealing to those industries with secured 
supplies of biomass feedstock, and a desire to want to reduce the carbon footprint of their product. 
With its ready supply of residual feedstock such as sawdust, the forestry industry is a natural 
choice. Envergent has therefore begun to target forest products companies by advertising in 
industry publications. Ensyn envisages customers in this industry may use the pyrolysis oil product 
to generate heat and electricity in the first instance. In Europe, some forestry players have begun to 
take responsibility for the end-of-life of the wood products they previously produced and this 
technology also provides a convenient solution for processing wood-based construction and 
demolition materials. 

Since feedstock becomes more expensive the farther it is transported, the process has a cost 
advantage if it can be co-located with existing forestry operations. In North America, residual woody 
biomass such as sawdust could cost as little as $15 to $20 per dry tonne under certain 
circumstances—well below the $50 per dry tonne assumption widely used in government studies. 
The majority of plants currently in operation use hardwood residuals as a feedstock. 

 
Significant GHG savings at competitive economics 
Pyrolysis oil can be carbon neutral or even take carbon out of the atmosphere given the right 
circumstances. These results are dependent on the feedstock used and how the electricity is 
generated to power the blowers and pumps required by the process. Typically, the GHG savings lie 
in the 85 to 95 percent range—the higher end being achieved if hydropower is the electricity source, 
the feedstocks are relatively dry, and a use can be found for the superfluous gas that results when 
raw feedstocks are relatively dry (as is the case with certain agricultural feedstocks).  

On an energy basis, “as-is” pyrolysis oil is competitively priced on an energy basis with the fossil 
fuel that it displaces (middle distillates used for heating etc.). A 2006 study submitted to the US 
Department of Energy by UOP suggests that the combined pyrolysis oil and hydro-treating process 
is competitive at current crude prices.115  
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Licella has developed a 
process for the production of 
bio-oil, known as “catalytic 
hydrothermal upgrading.” 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.2.3.2 Case Study: Licella 
 
 
Licella, a technology start-up, was founded in 2007 and later incorporated in 2008 in Sydney, 
Australia, by a group of conventional-energy professionals and researchers. Over several years, the 
company has developed a process for the production of bio-oil, known as “catalytic hydrothermal 
upgrading.” Licella has a fully operational pilot plant supporting a Catalytic Hydrothermal Reactor 
(CTR), or Licella’s Cat-HTR, in a modular design that is ready to be scaled-up to full commercial 
volumes.  
 
In contrast to the pyrolysis oil produced today, Licella’s distinct product is stable and does not suffer 
the rapid deterioration pyrolysis oils do. This means that their plants do not have to be co-located 
near refineries, giving the process a considerable logistical advantage.  
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Stable, high-yield process 
The Cat-HTR depolymerizes (breaks down the structure of) input biomass feedstock under very 
high pressure and temperature to yield a stable bio-oil. Licella’s Cat-HTR process produces bio-oils 
that retain 90 percent of the original carbon, while eliminating around half the oxygen from the 
biomass. This is a significant improvement on other bio-oil production techniques such as pyrolysis, 
which inherently retains a significantly greater amount of the oxygen from the biomass, the factor 
that leads to instability in the bio-oils produced.  
 
The process includes a feedstock pretreatment stage prior to the Cat-HTR conversion, and 
chemical agents are used to direct and stabilize the overall process. Broadly, it can be broken down 
into the following steps: 
 
1. Separation and pretreatment of the feedstock, which can be any biomass material containing 

either cellulose, hemicellulose and lignin, or a mixture thereof. 
2. Chemical breakdown of feedstock, under conditions adjusted to the individual feedstock. 
3. Heating of the feedstock in water under supercritical conditions (combination of temperature and 

pressure). 
4. Stabilization of the bio-oil, so that it will not start to degrade after production. 
5. Pressure let down—tuning of the process in terms of heat, pressure and catalysts and 

chemicals. During this phase the product can be further tailored to produce a particular fuel 
specification upon further refinement. 

 

 
 

 
Modular, scalable and customized to local conditions 
Licella has a fully operational pilot plant, located close to Sydney, with a processing capacity of 
around 2,000 dry tonnes feedstock per year. The design is modular, allowing subsequent plants to 
be built to a scale appropriate for a given location and size of feedstock resource.  
 
When scaled up to commercial scale, each plant will be composed of multiple reactors, each 
capable of processing 10 kilotonnes (kt) of dry feedstock per year and yielding around 40,000 
barrels of bio-crude. The modular technology is designed to be adaptable to local feedstock, and 
plants can be as large or small as appropriate to suit the location. The plants are built as simply as 
possible so that they do not require specialist engineering skills to build and maintain. The majority 
of the plant comprises off-the-shelf components, and the remaining proprietary pieces are built from 
standard metals.  

 
Cost-competitive at $50 per barrel crude oil 
Licella’s process bio-oil can be used as-is in diesel applications such as stationary power 
generation or marine diesel engines, or can be upgraded to a range of gasoline and middle distillate 
products that are fully compatible with existing on-road vehicles. Licella’s bio-crude has an energy 
density on par with petrochemical crude, that is, at least 35 percent more than ethanol. 

Licella has assumed an approximately $49 per tonne (AU$60 per tonne) cost for its feedstock. This 
is low compared to small-scale European supply arrangements, but is representative of the local 
market in Australia and is in line with medium- to larger-scale supply arrangements in Europe. For 
example, one large utility reports that it buys biomass at $30 to $33 per dry tonne (£18 to £20 per 
dry tonne) for its biomass generation facilities. Since the company has flexibility in feedstock choice  
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this gives some insulation against input cost shocks. There is the opportunity to utilize waste 
product from sawmills in the New South Wales area, potentially further driving down feedstock 
costs. The chemical agents used to direct and stabilize the overall process are inexpensive. Capital 
costs are also comparatively low. A 10 kt (dry) Cat-HTR is estimated to cost approximately $8.2 
million to $9.9 million (AU$10 million to $12 million); costs of $4.1 million to $5.8 million (AU$5 
million to $7 million) can be achieved through using brownfield sites); and a 30 kt unit is about 
AU$30 million. These factors should drive down product costs, with the company estimating that, at 
full commercial scale, a plant will be economic at around $50 per barrel West Texas Intermediate 
(WTI) crude oil. 

 
Seeking funding to get to commercial scale 
Once funding is secured, Licella is ready to scale up to a 10 kt per year processing plant, which 
only involves a 50 percent increase in the reactor tube. The 10 kt module would take approximately 
six to eight months to build, once given the go-ahead. Scaling from 10 kt to 30 kt likely presents no 
additional barriers, as this can be achieved by simply adding Cat-HTR modules.  

Licella has, to date, not sought exclusive partnerships with large oil companies. The company is 
currently negotiating with several mid-size global companies with a view to making joint venture 
agreements. This includes upstream oil producers looking to meet emerging stricter renewable 
content regulations in the United States. The company is executing its business development 
strategy by building up its balance sheet before moving to licensing and royalty model with large 
companies. Licella feels that its process has been designed to eliminate the main technical and 
economic challenges at the design stage, and therefore it is seeking to acquire funding without 
conceding too much intellectual property “contamination.”  In August 2009 Licella was awarded a 
$1.9 million (AU$2.3 million) grant to help build a commercial demonstration unit at its Sydney 
facility.116  

The company has three patents pending that are targeted around process, not product. Licella’s 
ethos is that its product should be immediately compatible with petroleum refineries and should not 
require proprietary equipment to upgrade. 

 
 



 
140 Copyright © 2009 Accenture. All Rights Reserved. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2.4 Algae  
 
Biofuel from algae is not a new concept. From 1978 to 1996, the US Department of Energy invested 
$25 million in researching the potential of algae as a biodiesel feedstock.117  Recent years have 
seen this interest renewed due to high oil prices and increasing concerns about energy security. 
With approximately $256 million in venture capital funding, $100 million in US government funding 
and a growing number of algae-fuel companies in the market, biodiesel/renewable diesel, ethanol, 
gasoline and jet fuel from algae are seen as having significant potential to become competitive with 
hydrocarbon fuels within the next five years.  
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Why algae? 
Algae have several advantages over other oil crops as a source of biofuel. Oil yields per acre from 
algae are estimated at up to 25 times higher than yields from soybeans and six times higher than 
yields from jatropha. Algae also have few variables; unlike other oil crops, it is not dependent on 
rain patterns or soil chemistry. In addition, algae organisms have rapid growth rates, do not 
compete with food or feed crops, can sequester carbon dioxide from waste streams such as flue 
gas, can grow on non-arable land, including saline or brackish water, and can be turned into a 
number of different fuel products—including bio-crude, biodiesel, jet fuel and ethanol. 
 
 
Table 20. Comparison of algae and soybean resource requirements118 

 Soybean Algae* 

Gallons oil per year 3 billion 3 billion 

Gallons oil per acre 48 1,200 

Total acres 62.5 million 2.5 million 

Water usage (gallons per 
year) - 6 trillion 

CO2 fixed (tons per year) - 70 million 
 

*Based on algae grown in open ponds with daily productivity of 10 grams/m2 with 15 percent triacyglycerol (TAG).  
 

 
 
Table 21. Fuel products that can be produced from algae 

Product Who 

Algae oil Solazyme, Valcent, Solix Biofuels 

Biogas Blue Marble 

Green crude Sapphire, OriginOil, Aquaflow Bionomic, Livefuels 

Ethanol Algenol 

Renewable gasoline Seambiotic 

Renewable diesel Aurora, PetroAlgae, PetroSun 

Renewable jet fuel General Atomics, SAIC 
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Technology 
Algae are single-cell photosynthetic organisms. Depending on strain, they can produce a variety of 
lipids, hydrocarbons and other complex oils. Numerous algal species with high oil content have 
been suggested as possible candidates for producing biodiesel. These include Botryococcus 
braunii, a green alga that has been shown to produce large quantities of lipids in the form of very-
long-chain (C23-C40) hydrocarbons similar to those found in petroleum, and the genus 
Nannochloropsis, a marine species that can be mass cultured relatively easily. Another important 
point to note in the discussion of algal strains is the application of genetic modification (GM) in the 
creation of GM algal strains to improve yields and decrease effort in harvesting and cultivation.  
 
A key distinction in the use of algae is whether it is used as a fermentation organism or as a 
photosynthetic feedstock. Companies that use algae as a photosynthetic feedstock cultivate and 
harvest the organism, typically using a dewatering process like centrifugation or filtration. Oil from 
the algal biomass is then extracted using either wet or dry extraction methods, or a combination of 
both. These include drying the algae and mechanically “pressing” out the oils using an oil press, or 
mixing the wet biomass with chemicals to separate the oil through solvent oil extraction. Once 
extracted, the algal oil can be processed into biodiesel or renewable diesel, gasoline or jet fuel, or 
used as feedstock for the production of cellulosic ethanol. 
 
Other companies (for example, Solazyme) use algae as a fermentation organism to metabolize 
sugars into ethanol or various types of oil. 
 
Today, a range of methods is being developed for algal oil production. Algae can be cultivated 
autotrophically in open ponds or photobioreactors or heterotrophically in the dark. Each method has 
advantages and disadvantages, with no clear winner having emerged (see Table 22). Companies 
developing photobioreactor technologies include Valcent and Solix Biofuels in the United States 
and Algaelink in the Netherlands.  Other companies are growing their algae in various types of open 
pond systems. These include PetroAlgae, Seambiotic, and Livefuels.  Others, such as Aquaflow 
Bionomic Corporation, are also settling ponds of effluent management systems. Solazyme in the 
United States is developing a “grow-in-the-dark” technology, in which algae are grown in tanks 
without sunlight and fed sugars. 
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Table 22. Algae growth systems119 

Cultivation method Design Options Pros Cons 

Open pond • Natural waters 
• Large unmixed 

ponds 
• Circular ponds 
• Raceway ponds 

• Commercially 
used for the 
production of 
human nutritional 
products 

• Simple/cheap to 
construct 

• Easier to operate 
and maintain 

• Individual ponds 
easy to scale up 

• Poor light 
utilization 

• Difficult to control 
light and 
temperature 

• Contamination and 
evaporation 

Closed 
photobioreactor 

• Vertical column 
reactors 

• Tubular reactors 
(vertical, 
horizontal, coiled) 

• Plastic bag 
reactors 

• Flat panel reactors 

• Higher biomass 
productivity 

• Less 
contamination, 
water use and 
CO2 losses 

• Better light 
utilization and 
mixing 

• Controlled culture 
conditions 

• Higher capital and 
operating costs 

• Temperature 
management 

• Oxygen 
accumulation 

• Biofouling 
• Cell damage by 

sheer stress 
• Deterioration of 

materials 
• Difficult to scale up 

individual units 

Heterotrophic 
system 
 
Algae is not a 
feedstock, but is 
used in fermentation 

• Dark tanks 
 

• Grow in higher 
densities due to 
“3D” growing field 

• Higher yields 
• Relatively low 

capital costs, 
according to some 
estimates 

• Requires 
feedstock 
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Challenges 
At full scale, algae-fuel companies are aiming to produce fuel at $50 to $60 per barrel within three 
to five years. The Defense Advanced Research Projects Agency, an agency of the US Department 
of Defense that is developing new jet fuel technology for use by the military, is targeting $1 per 
gallon algal oil, or $3 per gallon finished cost of jet fuel at capacity of 189 million liters per year 
(mLpy) or 50 million gallons per year (mgpy) by the end of 2011.120  However, with current price per 
gallon estimates for algae fuel significantly higher, it is clear that significant hurdles need to be 
overcome before algae-fuel becomes an economically viable alternative to hydrocarbon fuel. 
 
Two main biological factors are expected to influence the cost of algal technologies. The first is 
selecting algal strains with the right kinds of lipids, hydrocarbons and other complex oils for the 
production of biodiesel and jet fuel. Of the 40,000 species of microalgae known to exist, only 
several thousand have been examined for lipids and other oils to date. There is a need to develop 
tools and methodologies that can rapidly identify, isolate and screen algae samples and determine 
their suitability for mass cultivation for biofuel production.  
 
The second biological factor relates to engineering the metabolic pathways that control oil 
production in algae organisms. Strains with the right kinds of oils are not necessarily capable of 
simultaneously achieving high biomass yields (for example, 60 tons per hectare per year dry 
weight) and high oil content (for example, more than 30 percent dry weight). Molecular-level 
engineering can be used to increase the algae’s photosynthetic efficiency, growth rate and oil 
content, and to identify and control the biochemical triggers that cause the organism to accumulate 
oil. The potential of genetic engineering technology has led some industry experts to conclude that 
it is a certainty.  Several companies, including Algenol, Solazyme, Seambiotic, Sapphire Energy, 
and Hawaii-based Kuehnle AgroSystems, are developing genetically modified strains of algae.121 
However, available information about metabolic pathways in algae is still fragmentary. 
 
In addition to biological challenges, various design and engineering barriers need to be overcome to 
drive down the cost of algae biofuels. The fact that algae grow so fast can be a problem as well as 
an opportunity, as it means very large volumes of dilute culture need to be harvested continually— 
up to 1 million liters per day for a one hectare pond at scale. Today, harvesting the algae biomass 
and extracting the oil represent as much as 76 percent of the total cost of algal oil production.122  
 
Several companies claim to have developed new, more effective harvesting and extraction 
methods. Centrifugation is perhaps the most common harvesting method used as it can process 
large volumes of algae culture broth relatively rapidly. However, centrifuges have high-energy 
demands and are expensive, accounting for about one-third of the total investment on equipment.123 
Alternative harvesting methods such as gravity sedimentation and filtration are cheaper, but they 
are also slow and, in some cases, limited to small volumes of culture broth. Similarly a range of 
extraction technologies exists, but each has limitations. For example, solvent oil extraction is 
inexpensive and does not require the algal biomass to be dried, but it has health and safety issues 
related to the use of chemicals such as hexane. Supercritical oil extraction overcomes this problem 
by using carbon dioxide at critical pressure and temperature to act as the solvent in extracting the 
oil, but is very expensive owing to the special equipment required to withstand high pressures.  
 



 
Copyright © 2009 Accenture. All Rights Reserved.  145 
  

Scaling up production systems represents a second major design and engineering challenge. A 
range of confined photobioreactor systems has been proposed, including tubular, flat-plate and bag 
designs. However, their practicality for use in the mass production of algae has been questioned. 
According to some experts, individual growth units cannot be scaled beyond 100 square meters. 
Thus, for commercial-scale biofuel production, thousands of such units would be required at high 
capital and operating costs.  Others have disputed this criticism: Solix Biofuels’ demo plant is 
currently in operation and has 1,000m2 basins. Meanwhile, individual ponds can be scaled up to 
several acres in size, but suffer from such limitations as contamination and evaporation. In 
response to these challenges, Cellana, the Shell-HR BioPetroleum joint venture, is developing a 
hybrid approach in which algae monocultures are grown in photobioreactors before being 
transferred to raceway ponds.  This coupled approach provides a continuous source of single-
species culture, which in turn allows the batch cultures in the open ponds to exhaust the nutrient 
supply in a short time, minimizing the risk of contamination by other species. However, this does 
also increase the number of steps in the process.  

 
Key findings 
Technologically, the algae industry is very fragmented and is possibly the most fragmented of all of 
the industries covered in this report. There are many players looking at a range of methods to 
eliminate steps in the process, thereby reducing complexity and cost. As companies seek the 
lowest-cost option, several operating models are emerging. At one end of the spectrum are players 
such as Algenol, which are developing highly controlled systems in which GM strains are grown in 
enclosed photobioreactors. The benefits of this model are increased yields and the potential to 
eliminate steps; however, scaling up photobioreactor units remains a key challenge. At the opposite 
end of the spectrum is the indigenous operating model, where native algae strains are grown in 
open ponds. Companies developing this model (PetroAlgae, General Atomics, Aquaflow Bionomic 
Corporation) are focused not on biology, but on achieving operational excellence through 
engineering and design. Their goal is to establish a scalable process that is applicable to different 
strains, but the ability to replicate such a system has yet to be proven. In between the indigenous 
and controlled ends of the spectrum are several hybrid players (for example, growing non-GM 
strains in closed photobioreactors).  
 
Based on Accenture’s research, companies are targeting cost competitiveness with oil at 
approximately $60 per barrel (in three to five years). However, with the exception of a few 
companies, the majority remains very far from this target. If those companies that have made 
commercial plant promises are able to deliver, they will break away from the pack in three to four 
years, with consolidation occurring in this space. The optimal algae strain and production system 
have not yet been identified. Companies that have reached commercial stage promise all 
variations—from genetically modified (GM) to non-GM strain and open pond/bioreactors to 
licensor/producer. Matching strains to the most effective growth systems and harvesting and 
extraction techniques presents an additional challenge, and suggests that the entire system may 
need to be replicated for first commercial production. If this is the case, then algae companies are 
likely to follow a system-based business model, whereby strains will be licensed along with the 
accompanying technology. 
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There are indications that fuel from algae will be produced commercially within five years: 
 
• Algae oil from at least one company, Solazyme, has met several US and European standards for 

biodiesel, renewable diesel and jet fuel. They have demonstrated these fuels in unmodified 
engines. The stability of Solazyme’s algae oil has been tested and meets US Department of 
Defense specifications.124  

• Investment from oil majors is providing the necessary operational experience—Shell has formed 
a joint venture with HR Biopetroleum, Chevron is an investor in Solazyme, Valero is developing 
algae biofuel in partnership with Solix, ExxonMobil is partnering with Synthetic Genomics, and 
BP is partnering with Martek Biosciences.125  

 
However, there are considerable technical constraints, and ExxonMobil, in its announcement of its 
investment in Synthetic Genomics, has publicly stated that it will be closer to 10 years before algae 
is commercialized.126  
 
Other elements of the algae solution that companies are developing: 
• The costs are expected at $60 to $80 barrel of oil for the first commercial plants. 
• Most companies are focused on producing diesel or jet fuel (PetroSun, PetroAlgae and General 

Atomics), or algae oil that can be refined into a range of products (Sapphire Energy, Solazyme 
and OriginOil). 

• At least one company, Algenol, is developing a process to produce ethanol from algae. 
• Companies are looking at ways to eliminate steps to reduce complexity and drive down costs—

for example, through wet extraction, simplifying the harvesting process, or genetically 
engineering strains capable of secreting oil. 

• Capital costs for open pond systems are estimated at $0.1 million per hectare, and $0.5 million to 
$3 million for photobioreactor systems. 

 
Table 23. Disruptive technology assessment: Algae 

Disruptive criteria Assessment Rationale 

Scalable   
Greater than 20 percent potential impact 
on hydrocarbon fuel demand by 2030  

 Algae is plentiful and high yielding, but there is the challenge of 
which strain or strains—that is, need to identify/engineer a high 
oil-yielding and highly productive strain and standardize 
production process to achieve scale 

GHG impact   

Savings greater than 30 percent relative 
to hydrocarbon it is replacing 

 Technology to sequester CO2 from power plants being 
developed by several companies  

Cost   
Competitive at oil price of $45 to $90 per 
barrel at commercial date 

? Target approximately $60 per barrel of oil. This is currently 
aggressive given the National Renewable Energy Laboratory 
estimate of $2.24 to $8.45 per liter ($9 to $32 per gallon), which 
is consistent with our research findings 

Time to market   
Commercialization date less than five 
years 

? Commercialization not expected for another 10 years, although 
some companies have made commitments for earlier dates 

P 
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PetroAlgae expects to be the 
first renewable energy 
company to commercialize a 
micro-crop system that 
enables a drop-in replacement 
for fossil fuels. 
 
 
 
 
 
 
 

 
 
 

2.2.4.1 Case Study: PetroAlgae 
 
 
Headquartered in Melbourne, Florida, PetroAlgae expects to be the first renewable energy 
company to commercialize a micro-crop system that enables a drop-in replacement for fossil fuels. 
The company licenses a micro-crop technology to grow biomass allowing the large-scale production 
of green fuels as well as a high-value protein co-product. Its fuels are functionally compatible to 
petroleum-based fuels in the market today and therefore use the existing industry infrastructure.   
 
The company signed its first license deal in April 2009 with GTB Power, a Pacific business 
consortium, for 10 commercial units in China.127  PetroAlgae expects deployment to begin on at 
least one commercial unit by the end of 2009 and estimates it will take two to three years to 
complete a unit. 
 
Each commercial 5,000 hectare unit is expected to produce approximately 450,000 metric tons of 
dried biomass per year.  Approximately 20 percent of this biomass is extracted as protein and 80 
percent as a feedstock for drop-in fuels. The company operates a pilot facility in Fellsmere, Florida, 
which serves as a prototype facility for commercial-scale production. 
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Scalable, clean, sustainable  
Like others in the industry, PetroAlgae recognizes the importance of developing and applying 
leading-practice biochemistry when growing micro-organisms (like algae, diatoms, angiosperms, 
cyanobacteria) into micro-crops.  What differentiates the company is its focus on precisely 
managing the micro-organism’s exposure to light, yielding micro-crops that are believed to be two to 
three times more productive than its competitors.   
  
The micro-crops are grown in one-hectare open pond bioreactors, harvested every few hours, and 
dewatered creating two products—a high-protein liquid and a high-carbohydrate mash. The protein 
will be used for animal feed and in the future will become a direct source of protein for humans. The 
mash is sent to existing refineries for conversion into renewable, drop-in green fuels (diesel, 
gasoline and jet fuel).  
  
At full-scale, PetroAlgae’s ponds are estimated to be capable of consuming approximately 80 metric 
tons of CO2 per acre per year. For heavy carbon emitters such as steel and coal-fired power plants, 
cement factories and manufacturing facilities, PetroAlgae offers a cost-effective process to meet 
increasingly stringent global carbon standards.  
  
PetroAlgae has extensive product and process intellectual property covering methods of production 
and harvesting. Their portfolio includes a mix of defensive and proactive intellectual property, 
system wide and elemental patenting. The company places less emphasis on intellectual property 
around micro-organism strains, working instead with its customers to choose an indigenous species 
and applying its proprietary technology to it.   
 
 
 
 

Competitive with crude at virtually any price  
PetroAlgae’s process claims to be competitive with crude oil at commercial scale at virtually any 
price. There are several reasons why PetroAlgae believes that any price target is achievable.  
 
First, it believes that revenues from the eight to ten metric tons per acre per year protein co-product 
will largely offset the entire cost of commercial operation. There are two primary markets for the 
protein—animal feed and human food. The company says it is positioning the price of its product to 
be competitive with similar protein products in the marketplace. Also, with micro-crops able to 
absorb approximately twice their weight in CO2, PetroAlgae sees carbon management as another 
potentially profitable enterprise for the future.  
  
Second, PetroAlgae’s process is scalable worldwide. Its unit-based, turnkey modular system design 
and growth platform which can be replicated on a large scale, is adaptable to a local region. 
Production can start two weeks after the first one-hectare pond is constructed, therefore a licensee 
will start generating revenue well before the full 5,000 hectare site is completed.  
  
A third reason why PetroAlgae believes its targets are feasible is the strength of its business model, 
which the company considers to be as low-risk as possible in an unpredictable, emerging industry. 
PetroAlgae plans to license its micro-crop production technology to a range of companies with 
capital and market know-how, including national oil companies, refining companies, food 
processors and agro-business companies. Licensees are expected to cover all capital investment, 
which is estimated as being several hundred million dollars per 5,000 hectare unit, provide carbon 
dioxide source, land and water, and pay PetroAlgae a license fee during construction and royalties 
thereafter. The almost-immediate yields from PetroAlgae’s modular system helps the licensee pay 
upfront for production costs, and means a relatively quick payback of capital costs. The internal rate 
of return is estimated to be 20-40 percent.   
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Licenses are to be offered on a unit basis (each unit will be 5,000 hectares), with typical customers 
expected to desire one to ten units. PetroAlgae’s aim is to build long-term relationships with their 
licensees and provide them with full support—during construction, a team of PetroAlgae highly 
skilled scientists and engineers and a quality assurance team will provide advice and guidance. 
Alongside this business, PetroAlgae will have ongoing in-house development of its proprietary 
technology.   
  
A key challenge that PetroAlgae faces in getting its technology to market is managing the customer 
support organization that will be required for the large number of expected global installations.  
 
 

 
 

 
Figure 30. PetroAlgae's two full-scale bioreactors at the company's  
facility in Fellesmere, Florida (Photo used with permission) 
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Solazyme is a renewable oil 
company and a leader in algal 
synthetic biology. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

2.2.4.2 Case Study: Solazyme 
 
 
Solazyme is a renewable oil company and a leader in algal synthetic biology.  Using proprietary 
strains of wild and engineered algae, the San Francisco-based start-up has developed cutting-edge 
technologies to sustainably produce renewable oils for the health sciences, nutritionals, chemicals 
and transport fuels markets. The company is a pioneer in algal biotechnology, involved in both 
identifying and screening strains and controlling growth conditions. Its fuels business aims to 
provide fuel producers with a high-quality algal oil that can be converted into a range of renewable 
transport fuels, and is compatible with the existing refining and vehicle infrastructure.  
 
In addition to its transport fuels business, Solazyme sees huge opportunities in the nutrition and 
health and wellness markets and is developing products to serve those demands. Opportunities 
have been validated by strategic investments from large global industry partners, including a major 
energy company and a food applications company. Solazyme is the only next-generation microbial 
fermentation company to have delivered quantities of fuel and has entered multiple contracts to 
deliver advanced biofuels from algal oil to the US military. 
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Grow-in-the-dark technology 
Solazyme was founded on the idea of photosynthetically growing algae in ponds. However, the 
company has since shifted its focus to a different technology—indirect photosynthesis or 
heterotrophic growth. Tyler Painter, Solazyme’s chief financial officer, explains: “We realized that 
while algae are the most efficient organisms on the planet at turning chemical energy into oil, they 
are not the most effective at turning photons into chemical energy.” Solazyme is harnessing this 
capacity for heterotrophic growth, and believes the technology is capable of producing algal oil far 
more efficiently than is possible via photosynthesis or autotrophic growth. 
 
Algae can grow in the dark by ingesting organic molecules that contain carbon. Solazyme’s 
scientists feed the algae a range of carbon feedstocks such as sugar cane and sugar beets, as well 
as newly emerging cellulosic sources such as switchgrass, miscanthus, sugar cane bagasse and 
sugar beet pulp. The company also has demonstrated an ability to grow on alternative nonfood 
feedstocks such as glycerol and other waste streams. 
 
Having been supplied with feedstock, the algae metabolize the sugars into various types of oil. In 
the space of a few days, the algae’s oil content can reach over 70 percent. The oil then can be 
extracted and further processed to make a range of products, including renewable diesel and jet 
fuel.  
 
The type of oil produced depends on which strain of algae is used. Solazyme uses different strains 
of natural and genetically engineered algae to produce different types of oil. Some strains produce 
triglycerides such as those produced by soybeans and other oil-rich crops, while others produce a 
mix of hydrocarbons similar to light crude petroleum. Solazyme’s scientists are working on 
identifying and screening algal strains and controlling growth conditions to optimize oil output. 
Genetically engineered strains are used to produce oils for the fuels and chemicals markets, while 
natural strains are used for the nutritional and cosmetic markets where genetically modified (GM) 
products are less acceptable. Solazyme utilizes synthetic biology and has taken the advanced 
genetic engineering tools of the biotechnology industry and applied them to algae in order to 
change both what the algae are capable of growing on and what they produce.   
 
The company has 50 patents pending in a number of areas, including the feedstocks algae can 
grow on, novel genetic engineering methods, assays and gene and protein sequences to evolve 
microbes to perform desired biochemical functions.  
 
An important aspect of Solazyme’s technology is its geographic flexibility. Growing algae in the dark 
means the company can locate their facilities anywhere in the world, not just areas that receive 
large amounts of sunlight. Similarly, with technology that is capable of exploiting a wide variety of 
cellulosic and waste feedstocks, Solazyme can produce fuel anywhere, in any climate, from local 
feedstocks and are not limited to certain geographies. Compared to other industrial-scale bio-
manufacturing technologies, which typically rely on bacteria, yeasts or other microorganisms to 
transform carbon feedstocks into desired products, Solazyme’s strains of algae achieve higher cell 
densities and productivity rates. 
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Competitive with hydrocarbon fuels by 2012 
Solazyme is targeting economics of $60 to $80 per barrel of crude algal oil, or approximately $0.53 
per liter ($2 per gallon) of biodiesel. Existing refineries will be able to process this oil 100 percent 
“neat” or blended to yield renewable transport fuels that are identical to the petroleum-derived 
equivalents. 
 
The company is positioning to achieve its target economics by 2012, and has already taken several 
important steps toward the commercialization of its technology. Building in-house manufacturing 
expertise as well as scientific know-how has been considered a priority, and as such engineers and 
staff from a variety of manufacturing backgrounds including Tate & Lyle and Nutrasweet have been 
recruited. Solazyme’s staff is currently the company’s largest cost, although at commercial scale it 
expects that its main cost will be feedstock. Solazyme’s proprietary extraction techniques have 
been demonstrated at large scale to be very low cost.  
 
Product testing is recognized as another key step toward commercialization. Solazyme has several 
operational pilot and demonstration facilities and works with multiple commercial manufacturing 
partners. These facilities have produced thousands of gallons of algal oil, including biodiesel, 
renewable diesel and jet fuel. Solazyme’s fuel has passed some of the most challenging 
specifications needed to meet road and aviation requirements, including ASTM D6751 and EN 
14214 standards for biodiesel, the ASTM D975 standard for renewable diesel, and the ASTM 
D1655 standard for jet fuel. In addition, the company has worked with the US Department of 
Defense to ensure the commercial viability of its oil; Solazyme’s algae-derived diesel has been 
tested under different conditions and met all of the stability specifications required by the 
Department of Defense.  
 
Unlike many other algae companies, Solazyme is not looking to be vertically integrated across the 
value chain. Instead, it plans to scale up business and take its technology to market by forming 
strategic partnerships with key players in various industries. Potential partners in the upstream 
include agricultural and industrial companies. In the downstream, Solazyme is aiming to partner 
with large oil companies, chemical companies and food manufacturers. In January 2008, Solazyme 
entered into an agreement with Chevron Technology Ventures, a division of Chevron Inc., to 
develop and test an industrial process for deriving biodiesel from algae.128  

 
Future market 
Looking ahead, Solazyme see several interesting opportunities emerging in markets outside the 
United States, with both Asia-Pacific/China and Europe viewed as potential long-term opportunities. 
As the company expands into new markets, the business model will shift to a hybrid model in which 
it will continue to produce oil, but also will license its oil production technology in certain markets or 
geographies, or alternatively enter into joint ventures, as required by local regulations. 
 
Ultimately, Solazyme believes that a barrel of its oil will be worth more than a barrel of light sweet 
crude because unlike existing crude, its oil will be a uniform product—a whole barrel of diesel fuel or 
jet fuel, for example. However, the company is not basing its business model on the assumption 
that it will receive a premium for the product. 
 
Tyler Painter, chief financial officer of Solazyme, acknowledges that scaling up the company’s 
technology to meet the significant volume demands of the commercial fuel market will be a 
challenge. Overall however, the challenges that Solazyme faces may be less significant than 
currently assumed, due to the fact that its process can produce organisms with such high oil 
content (greater than 70 percent at commercial economics). Furthermore, the grow-in-the-dark 
process overcomes one of the main obstacles to large-scale production of algae fuel: getting 
sunlight to the algae in industrial-scale processes. 
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Solix Biofuels is an alternative 
energy technology company 
with an emphasis on supplying 
low-cost, scalable 
photobioreactors for the 
production of algae biofuels 
and chemical intermediates. 
 
 
 
 
 
 
 

2.2.4.3 Case study: Solix Biofuels 
 
 
Fort Collins, Colorado-based Solix Biofuels is an alternative energy technology company with an 
emphasis on supplying low-cost, scalable photobioreactors for the production of algae biofuels and 
chemical intermediates.  Solix aims to integrate its production platform into the value chain to 
enable the production of algae biofuel on a commercial scale. The company is a direct intellectual 
descendant of the US Department of Energy’s Aquatic Species Program, which researched 
biodiesel from algae from 1978 to 1996, and was spun out of Colorado State University in 2006 to 
continue this work. The company counts US oil refinery operator Valero among its funding 
partners.129   
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An engineering challenge 
Consisting of a team of entrepreneurs and Colorado State University engineers, Solix’s focus is on 
refining and scaling a breakthrough design for a closed photobioreactor that is cost competitive with 
open pond systems. “There are two domains for large-scale commercial production of algae fuel,” 
explains Solix CEO Doug Henston, “a biology domain and an engineering domain. Solix sees algae 
fuel as an engineering challenge—we are coming at this from an engineering perspective.”  
 
The company’s Algae Growth System (AGS) TM Technology is a photobioreactor that houses a 
series of long, narrow sealed containers immersed in water. It is designed to be low-cost, adaptive 
and scalable, enabling producers to minimize infrastructure costs while at the same time maximize 
yields through controlled conditions. In this way, Solix sees its technology as a hybrid, with 
attributes of both open pond systems (lower infrastructure costs) and closed photobioreactor 
systems (controlled conditions). The oil-rich algae that is cultivated using Solix’s AGS TM Technology 
is used for the production of bio-crude, green diesel, bio jet fuel, biodiesel and chemical 
intermediates.  
 
While the AGS TM Technology is designed to be species agnostic, the huge diversity of strains in 
existence means the technology is more accurately described as strain agnostic within a certain 
range. Currently, Solix uses wild strains of algae in their process. Going forward, it believes 
genetically modified organisms will be the future of the industry, but this is not likely to happen for 
another seven to 10 years due to resistance toward genetically modified organisms and the need to 
test and stabilize the organisms.  

 
 
 
 
Production focus 
Solix’s business model is focused on integrating its technology into the value chain, by partnering 
with companies that have access to resources such as CO2 or refining technology. 
 
 
Figure 31. The algae value chain. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Source: Solix interview, Used with permission  
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Path to commercialization 
Solix expects to be producing yields of 13,248 to 18,925 liters per acre (3,500 to 5,000 gallons per 
acre), per year, in 18 to 36 months’ time. At this scale, the company is aiming to be competitive at 
$80 to $100 per barrel of oil, or $0.53 per liter ($2 per gallon) of fuel. From a geographic 
perspective, Solix is targeting areas with high levels of sunlight, for example, the southwestern 
United States. Access to CO2 sources also is an important geographic consideration. 
 
The company has taken several key steps to test and scale up its technology. The pilot facility in 
Fort Collins, Colorado, has been operational since late summer 2007 and has achieved production 
levels of 5,678 liters per acre (1,500 gallons per acre), per year. Solix aims to build on this success 
as it expands into its two-acre demonstration facility at Coyote Gulch, located in southwest 
Colorado. Land for the facility is provided by the company’s partner, the Southern Ute Alternative 
Energy Fund. The demonstration plant will grow algae using Solix’s AGS TM Technology in 
wastewater generated through coal-bed methane production. CO2 will be captured from a nearby 
amine plant and redirected through the algae culture.  
 
Construction of the facility began in February 2009. In July 2009, Solix announced it had completed 
$16.8 million in Series A funding,130 and that it used the additional funding to complete construction 
of the facility. Operations at Coyote Gulch commenced later that month. The company expects to 
achieve yields of 11,355 liters per acre (3,000 gallons per acre), per year, at its new facility. 
 
According to Doug Henston, CEO of Solix, the algae biofuel industry faces three main challenges in 
the path toward commercialization. The first is the technological challenge of driving yields up and 
costs down. The second challenge is existing biofuels legislation, which currently excludes algae; in 
the United States, for example, the blenders’ credit does not include algae. While legislation will 
change over time, it leaves algae biofuels disadvantaged today. The third challenge relates to the 
biofuels industry generally and involves market expectation. Compared with biotechnology or 
information technology, next-generation biofuels have a much longer technological development 
cycle than the market expects.  
 
Despite these challenges, Solix believes the algae oil market could be enormous, accounting for as 
much of 10 to 25 percent of the market in the longer-term future.  
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2.2.5 Airline drop-ins and design/operational innovation 
 
Technological developments in the aviation industry over the past 40 years have been inseparable 
from efforts at cost reduction, of which fuel efficiency as a major driver is. Twin pressures—the 
deregulation of the industry (rooted in the US Airline Deregulation Act of 1978131) and the oil crises 
of the 1970s—made a previously secure industry vulnerable to cost pressures and heralded an 
increased focus on efficiency. Neither are these forces disappearing from view; the influx of “low-
cost carriers” in major markets such as Europe and the United States has renewed competitive 
pressure, while the cost of fuel has come under the spotlight again following the dramatic oil prices 
increases in 2008 (fuel costs accounted for 26.1 percent of operating expenses among US airlines 
in the fourth quarter of 2008, down from a high of 35.6 percent in the previous quarter).132 Cost in 
general, and more specifically fuel efficiency, have thus been at the forefront of airlines’ agendas for 
some time. 
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Why aviation? 
Coupled with the economic incentive for airlines to increase fuel efficiency is an increasingly strong 
environmental rationale for airlines to reduce fuel consumption and thus CO2 emissions. Although 
air travel accounts for just 3 percent of total worldwide CO2 emissions,133 much of this occurs high in 
the atmosphere, creating a greater warming effect than near-ground emissions. Despite airlines’ 
own efforts at reducing fuel consumption, the environmental lobby has been clamoring for an 
attitudinal shift towards emissions. Legislation looks set to bring about a degree of change, with 
aviation already set for inclusion in the European Union’s Emissions Trading Scheme (EU ETS) 
from 2012 (beginning in 2011 for flights within Europe).134  Under this framework, airlines would be 
given a number of tradable “allowances,” equivalent to CO2, wherein the total number of allowances 
set a cap on overall CO2 emissions. However, airlines have argued against this regional approach, 
with the United States even threatening to challenge the scheme in the international court of justice 
for breach of international aviation agreements.135  The International Air Transport Association 
(IATA) has instead proposed a global, sectoral approach to “avert creating a patchwork of 
conflicting and potentially overlapping national and regional policies.”136  
 
The IATA’s proposal would seek to cap CO2 emissions from aviation at 2020 levels, with any 
shortfall made up by the use of offsetting and/or carbon credits, similar to the ETS. However, the 
pathway to 2020—stipulating a 1.5 percent improvement in efficiency year-on-year—has been 
called “cautious and conservative” by industry analysts.137  What is ultimately likely is some 
amalgamation of the two proposals, such that the ETS falls underneath a global scheme to be 
regulated and administered by the IATA. 
 
There are a number of ways in which reductions could be achieved in the level of CO2 emitted by 
the aviation industry, which are summarized in the next table.    
 
 
Table 24. Approaches to achieving CO2 reduction: indicative data for costs and  
associated reduction potential by 2020138 

 % reduction in 
CO2 

Cost 

1. Fleet renewal 
• 5,500 planes replaced by 2020, 27 percent of 

total global fleet 
21% $1,500 billion 

2. Operations 
• Reduced auxiliary power unit usage 
• More efficient flight procedures 
• Weight reduction 

3% $1 billion 

3. Infrastructure 
• More efficient air traffic management and 

airport infrastructure 
4% $58 billion 

4. Engine retrofits and airframe technology 
• Winglets, drag reduction, etc. 1% $2 billion 

5. Biofuels 
•  Assuming 6 percent use of second-generation 

biofuels by 2020 
5% $100 billion 
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Technology 
Broadly speaking, the methods that can be implemented to reduce the level of CO2 emissions by 
the aviation industry can be grouped into two areas: 
 
• Firstly, the carbon intensity of fuels can be reduced through the use of substitute fuels that have 

lower-lifecycle carbon emissions.  
• Secondly, the total volume of fuel consumed can be reduced. That is, airlines can make overall 

improvements in efficiency.  
 

These options are discussed in more detail in the subsequent paragraphs. 
 
Substitute fuels  
Compared to other forms of transport, aviation has fewer potential substitutes for jet fuel. Ethanol 
would freeze in the aircraft wings and suffers from a lower energy density on combustion. Step-out 
solutions that are feasible for automobiles, such as batteries, are not feasible for aircraft because of 
the huge increases in weight that result. Moreover, substitutes that are chemically different require 
significant and costly changes to distribution channels and/or aircraft engine design. As a result, 
efforts in this space have focused on options that create chemically similar “drop-in” fuels—either 
through Fischer Tropsch (FT) synthesis or natural oil processes, such as UOP’s renewable jet 
technology. UOP’s process results in drop-in replacements for jet fuel, and UOP has manufactured 
almost 6,500 gallons to date for trial flights for commercial aviation operators.  Another example in 
this space is the US Navy, which has recently signed an agreement with Sustainable Oils to supply 
40,000 gallons of camelina-based jet fuel.139  
 
Meanwhile, FT conversion involves the creation of a synthesis gas from natural gas or coal, which is 
then converted to middle distillates. While this synthesis is renowned for being cost and resource 
intensive, there is some momentum within the airline industry for FT substitutes for jet fuel. Bio-jet fuels 
tested thus far have been shown to emit just 16 percent of the standard GHG levels of jet fuel.140 
Synthesis gas from biomass is also an option, although this is cost intensive relative to other routes.  
 
Figure 32. Fuel mix in biofuel trials141 
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Design and operational efficiency 
A second approach to the potential reduction of emissions—technological improvements that result in 
better aviation efficiency—can be subdivided into either design or operational improvements. The most 
substantive of these are improvements in design efficiency. These are generally more disruptive in 
nature, and usually involve the introduction of a new technology. Typical examples from aviation history 
include the adoption of the jet engine or sweptback wings. As the industry matured toward the end of 
the 20th century, however, the rate of these innovations naturally slowed. Nevertheless, as each 
incremental efficiency gain is so important, airline manufacturers continually research improvements in 
design. A more recent example is the industry’s movement toward “winglets.” These are near-vertical 
tips that can be retrofitted or built in at the end of the wings to improve the lift-to-drag ratio of the wing 
itself. They generate additional lift at the wing tip by smoothing the airflow across the upper wing while 
disrupting wing-tip vortices that cause drag. Evidence suggests that winglets can reduce block fuel 
consumption (end-to-end fuel consumption in engines) by 3 to 5 percent,142 saving more than 100,000 
gallons of fuel per year per aircraft.143  
 
Gains in operational efficiency make up the remainder of technology improvements affected by 
technology. This can be achieved in many different ways: primarily from adopting better air traffic 
control systems and more fuel-efficient flight paths, but also from other measures, such as reducing 
onboard weight and cruising longer at higher altitudes. 
 
One company that is active in the operational space is Wheeltug. Wheeltug is a subsidiary of Chorus 
Motors, incorporated in Gibraltar. Wheeltug’s technology is an onboard system that moves aircraft on 
the ground using electric motors. This generates savings for prospective customers (the airlines) in 
terms of fuel consumed, as the aircraft engines are no longer used for taxiing, which could provide a 
savings to the airline of 50 gallons of fuel per flight. This figure quickly becomes significant for an airline 
with a fleet of several hundred planes flying several times per day. The system also would allow for a 
reduction in fuel carried in flight, as the aircraft would not need as much fuel for the taxi margin (the 
reserves of fuel needed in case an aircraft has to queue while taxiing). This reduction would offset the 
additional weight of the system itself. In addition, airlines could reduce costs by employing fewer 
“tugs”—the vehicles that push and pull aircraft during taxiing. They would also save money on 
maintenance since damage from foreign object debris is substantially reduced if engines are not in 
operation on the ground. Insight SRI has estimated that 50 percent of foreign object damage costs can 
be eliminated using Wheeltug.144  

 
Challenges 
 
Substitute fuels  
As part of our previous Time of Transition report, Accenture interviewed airlines, and operationally 
there seemed to be a path forward.  The issue today is primarily feedstock supply—around 137 
million metric tons (MT) of natural oils are currently grown in the world.145  Yet, all of these 
feedstocks are primarily used in food production, which has been a hot topic for biofuels for some 
time. For drop-in biofuel substitutes to really take hold, the stakeholders involved must adequately 
demonstrate that the components can overcome sustainability concerns. Moreover, despite the 
likely arrival of a global scheme to limit carbon emissions, there remains no biofuel mandate in the 
sector at present. This means that road transportation is the predominant home for biofuels, 
attaching a price premium to biofuel components and creating disincentives for developments in 
aviation. 
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Figure 33. Aviation biofuels—key considerations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source: Quotes from Accenture interviews with airlines 
 
Design and operational efficiency 
By contrast, design and operational solutions to improving efficiency will generally be “good for all 
seasons.” In other words, there are few long-term economic or environmental barriers that can 
prevent their uptake. However, in the short term, such solutions are capital intensive (that is, they 
have a high initial outlay for the purchase of new aircraft or for retrofit of existing aircraft). In such 
situations, the long lifespan of aircraft and slow rate of introduction of new aircraft—coupled with the 
time required to retrofit the existing fleet—will slow the impact these solutions make on the overall 
aviation industry. 
 

 
Key findings 
Because of the high cost of fuel and competitive nature of the market, the aviation industry will face 
increased pressure to increase efficiency and reduce carbon emissions. The outlook for biofuels in 
aviation is positive, as it is one of the few ways in which the industry can reduce emissions, and 
many of the technological challenges have been overcome. However, feedstock supply constraints 
create questions of scalability. This demand for feedstock will continue to support developments in 
high-yielding feedstocks, such as algae, and will also provide support to other diesel alternatives for 
cars and trucks (that is, there may be a push to save the supply for jet fuel). Improvements in 
design and operational efficiency will also continue to be important. However, given the scale of the 
task at hand, it is likely that biofuels will play a substantial role in satisfying the carbon reduction 
obligations of the aviation industry, albeit further down the line. Therefore, while the legislative 
outlook for the foreseeable future does not specify exactly how to achieve lower CO2 emissions, the 
airlines that take a proactive stance on the uptake of biofuels will be rewarded in the long run—not 
least from an advocacy standpoint. Increasing demand will therefore be placed on fuel suppliers to 
help their commercial clients gain first mover advantage in this space. 
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Table 25. Disruptive technology assessment: Airline drop-ins and design/operational innovation 

Disruptive Criteria Assessment Rationale 

Scalable   

Greater than 20 percent potential impact 
on hydrocarbon fuel demand by 2030  

 Although it is still to be determined whether 
there will be enough feedstock for an airline 
biofuel to account for 20 percent of jet fuel, 
the combination of design improvements and 
biofuel could reduce fuel consumption by 20 
percent 

GHG impact   

Savings greater than 30 percent relative to 
hydrocarbon it is replacing 

 Will likely be part of the requirement 

Cost   

Competitive at oil price of $45 to $90 per 
barrel at commercial date 

? Producing a biofuel that can replace jet fuel 
will be one of the more expensive processes 
because of the tight specification 

Time to market   

Commercialization date less than five 
years 

? Technology has been proven; it is reliant on 
regulation as production costs may be above 
$45 to $90 per barrel of oil 
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UOP regards biofuels as an 
extension of its core business. 
The UOP/Eni Ecofining™ 
process converts natural oils 
and second-generation 
feedstocks into “green diesel,” 
a drop-in replacement for 
diesel fuel. 
 
 
 
 
 
 

2.2.5.1 Case Study: Honeywell’s UOP 
 
 
As the airline industry and external regulators look for ways of making air travel less carbon-
intensive, the potential to use biofuels as a substitute for existing jet fuel has been touted with 
increasing regularity over the past few years. Current jet fuel, known as Jet A-1, has tight 
specifications, meaning that the technological hurdle in developing a biofuel solution has been 
greater than with on-road fuels. Moreover, the airline industry itself is reticent to introduce a new 
fuel type that would require developing new infrastructure—be it in the supply chain or engineering 
changes to aircraft or airport components. The success or failure of biofuels in airlines is dependent 
upon the creation of a “drop-in” solution, i.e., a fuel with chemically similar properties to Jet A-1 that 
does not require additional infrastructure to be deployed. 
 
Keen to flex their green credentials, several airlines have undertaken trial flights using biofuel-
derived jet fuel as a blend in one engine. UOP, a refining and petrochemical technology company 
and subsidiary of Honeywell, has been the fuel partner in three of these trials. UOP has been in 
existence since 1914, and is the largest licenser of technology to the refining sector. While it does 
not produce fuels in significant quantities itself, UOP technology is in every refinery in the world, 
and significant proportions of global gasoline and diesel production involve UOP processes at some 
stage.  
 
As with global fuels production in general, UOP has come to regard biofuels as an extension of its 
core business. This has resulted in a new technology that UOP calls the UOP/Eni EcofiningTM 
Process, which converts so-called natural oils (that is, first-generation feedstocks, such as soybean, 
canola and palm, and also second-generation feedstocks such as camelina, jatropha and algae) 
primarily into “green diesel,” a drop-in replacement for conventional diesel fuel. As a result of a 
development program funded by the US Defense Advanced Research Projects Agency, UOP has 
now extended this technology to create a renewable jet process, which takes the same feedstocks  
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but primarily makes “green jet,” a drop-in blending component for Jet A-1. In the preparation of the 
trial flights for Continental, Japan Airlines and Air New Zealand,146 UOP has manufactured almost 
25,000 liters (approximately 6,500 gallons) of green jet fuel in this fashion to date, and has begun 
production of approximately 720,000 liters (190,000 gallons) for the US Navy and approximately 1.5 
million liters (400,000 gallons) for the US Air Force under a joint program with the US Defense 
Energy Support Center (DESC).  The program is focused on testing and certification of renewable 
jet fuel on military platforms. By 2014, between 1.9 billion and 3.8 billion liters per year (0.5 billion 
and 1 billion gallons per year) could be realized. However, in the longer term, the volumes that can 
be achieved are entirely dependent on feedstock availability, which in turn is a function of two 
factors—the cost of feedstock relative to crude, and the extent of any incentive structure in place for 
the commercialization of biofuel solutions. 
 
Taking these two factors in turn, it is clear to see that barriers to widespread adoption of biofuels in 
the airline industry are exogenous, rather than endogenous. While the trial flights have only used up 
to 50 percent biofuel in the fuel mix, the limitation is not technological. Although 50 percent is where 
OEMs are currently comfortable (as UOP’s existing renewable jet technology is not designed to 
produce aromatics as well as paraffins), longer term it is possible to make the aromatics from 
renewable processes such as pyrolysis, so 100 percent biofuel is achievable. UOP’s bio-based 
technologies are no more capital-intensive than conventional refining. Roughly 85 percent of the 
operating cost is the feedstock, so the process is not cost competitive when crude is significantly 
cheaper than the biofuel feedstock unless incentives are in place. The expectation within UOP is 
that the feedstock can be cost competitive with crude, although the processing breaks even when 
crude is around 10 percent more expensive than the feedstock, so soy at $150 per barrel would be 
competitive with crude at $165 per barrel. 
 
In the current price environment, then, where crude is still cheaper than bio-derived alternatives, 
significant incentives would need to be introduced to make biofuels in jet fuel a more feasible 
proposition. While the EU Emissions Trading Scheme (EU ETS) extends to aviation, and US jet fuel 
qualifies for the $0.26 per liter ($1 per gallon) incentive, far greater short-term price support is 
required to kick-start the industry. Furthermore, there is no guarantee of how long these incentives 
will remain. Companies like UOP are also not helped by the lack of a consistent position in the 
regulatory and legislative arena on the relative merits (e.g., life cycle carbon intensity) of individual 
feedstocks. 
 
In general, the uncertainty around and limited extent of legislation are acting as a disincentive for 
companies to invest in this area. Companies such as UOP have demonstrated that the technology 
behind creating airline drop-in bio-derived fuels is viable, and airlines themselves have displayed a 
willingness to adopt these practices. However, as with much in the airline industry, this issue will 
become distilled to that of cost alone. Currently neither supply-demand economics nor the 
regulatory arena are conducive to biofuels in aviation “taking off”—although the rapidly changing 
nature of both factors could yet herald a greener way to fly. 
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2.3 The Game Changer: 
Electrification  

 

 
The case for electrification is compelling: 
• In some markets, such as the United States, even in peak times power from the grid is cheaper 

than gasoline or diesel: 7.6 cents per kWh (average US electricity price in 2003) equivalent to 
approximately $1 per gallon of gasoline147  

• Opportunities for off-peak (and lower-cost) charging: Off-peak charging rates indicate lower 
costs, equivalent to approximately 50 cents per gallon of gasoline148  

• An EV- or PHEV-powered on coal electricity emits less CO2 than an internal combustion engine 
on gasoline149  

• Opportunities for wind and solar: Storage and distributed/off-grid charging 
• Vehicle-to-grid (V2G): Opportunities to provide ancillary services (for example, regulation and 

spinning reserve) to the grid 
 
Assessment of the various technological components that make up electrification indicates that it is 
a technically feasible concept. Add to this extensive support from national governments around the 
globe and it seems that electric vehicles, particularly plug-in hybrid electric vehicles (PHEVs), are 
destined to play a starring role in the future transport industry.  
 
The key questions: How much, how fast and how widely can electrification scale? Important in 
understanding these questions are the player landscape and the technologies. This section 
describes the evolving player landscape as part of the context setting, but the focus is on the key 
technologies that will affect the speed and scale of electrification, plug-in electric vehicle (PEV) 
engines (including batteries), charging and V2G.  
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Player landscape  
This future creates a new value chain by interlinking electricity generation with transportation, but 
the business model for electrification still needs to be defined.  
 

 
Figure 34. Electrification value chain 
 

 
 

Source: Accenture analysis 
 
 
All major OEMs are investing in hybrid electric vehicles (HEVs), PHEVs and/or electric vehicles 
(EVs)—although these products represent only a small part of their development portfolio, which is 
still be dominated by the internal combustion engine. In fact, all major OEMs have announced 
release dates for these first vehicle types from 2010 onward. OEMs such as GM, Toyota, Renault 
Nissan, Mitsubishi and BMW have been leading the way with R&D and pilots enabling them to set 
standards and benefit from first-mover advantages. These developments represent a massive 
economic and time commitment. For example, GM has invested more than $1 billion thus far on the 
development of its PHEV, also known as an extended range vehicle (ERV), the Chevy Volt (due for 
release in 2010).150  To support these developments, governments are pledging loans to large 
automotive manufacturers—enabling them to invest in these new technologies. In June 2009, the 
US government released the first of $25 billion in loans to OEMs, with $8 billion in loans going to 
Ford, Nissan and Tesla to propel the development of advanced vehicle technologies.151  
 
The complexity of electrification, however, means that OEMs cannot operate in a silo and must 
seek collaboration with industry partners, including utilities and battery manufacturers. This 
collaboration has been tested through the numerous pilots that have emerged over the past few 
years. Renault provides an interesting example: Through its partnership with Better Place, Renault-
Nissan has guaranteed infrastructure to support its electric vehicles in Israel, Denmark, San 
Francisco, Australia and other locations.152  The French manufacturer has also recently announced 
a partnership with EdF in France to support the uptake of electric vehicles.153  EdF has developed a 
power-line communication technology. This technology will communicate with the vehicle, providing 
billing and state-of-charge data when the vehicle is connected to a charging point. Volvo and 
Vattenfall are making similar footprints with their recently announced partnership to develop PHEVs 
in Sweden by 2012. Volvo will be responsible for developing the vehicles, while Vattenfall will 
develop the supporting infrastructure.154  
 
Partnerships with battery manufacturers are rapidly evolving. Batteries are the “feedstock” of 
electrification—pivotal to cost and performance—so these partnerships represent critical decisions 
for OEMs. Key considerations for these partnerships are the cost, performance and safety of the  
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battery, along with the company’s ability to scale up and meet rising product demand. While 
companies such as Chrysler and Shanghai Automotive Hybrid Vehicles have selected A123 
System as their battery partner, GM plans to use the Korean battery company, LG Chem, to provide 
batteries for its Chevy Volt.155  Nissan has also recently announced its partnership with EnerDel to 
develop high-performance lithium-ion batteries at the Argonne National Laboratory in Chicago. 
 
While these investments and partnerships are evidence of existing OEMs making advances in the 
field of electrification, the companies are nonetheless proceeding with caution given market 
uncertainties and the huge investment required. Pilots to date have thus been quite small scale; for 
example, BMW testing a mere 500 Mini-Es.156  Moreover, this caution has been magnified of late as 
the economic recession has caused OEMs to reassess priorities and focus on pressing financial 
matters as opposed to future market developments. While OEMs are likely to continue to pursue 
these technologies, a timeframe is more difficult to judge.  
 
 
Figure 35. OEMS in the electrification value chain 

 

 
Source: Accenture analysis 
 
 
If OEMs are treading with caution, utilities are a few steps further behind. With steady revenue 
streams, the regulated businesses tend to approach technological advances with greater skepticism 
than other industries. Therefore, while electrification could provide utilities with new revenue, utilities 
across the globe have been slow to act. With their existing customer bases and payment systems, 
utilities have the potential to evolve their businesses and provide services and tariffs targeted at 
consumers of plug-in electric vehicles. In the short term, electrification requires little investment 
from the utility side. However, to support large-scale penetration, utilities will need to significantly 
invest in the system and upgrade the grid. Pilots and demonstrations will provide more insight into 
the levels of investment required and the necessary control, communication and payment systems.  
 
However, over the past few months, there has been increasing activity in this space—indicating that 
utilities are waking up to this opportunity and realizing they need to act quickly to gain a larger 
percentage of market share. Ford has recently announced that it is collaborating with 10 utility 
companies and the US Department of Energy on a smart-grid scheme to allow PEVs to 
communicate with the grid for optimal recharging.157  Other utilities are taking a more proactive 
stance and are leading PEV initiatives themselves. Southern California Edison, for example, has 
launched an Electric Vehicle Technical Center to test vehicle performance, battery performance and 
to demonstrate the potential of this technology.158  Indeed, the utility has partnered with a number of 
industry players to launch pilots. Examples include a partnership with Ford to test 20 PHEVs159  and 
a partnership with Mitsubishi to test the MiEV’s performance and integration to the smart grid. In 
Europe, EdF, EDF Energy, Dong Energy, RWE and Vattenfall are among the utilities that have 
begun pilots in this space. EdF in France, for example, has been working with the French 
government to roll out charging stations across Paris. Meanwhile, EDF Energy has been doing the 
same in London.160  
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As the source of power, utilities will have a significant influence in shaping the future of 
electrification. Pilots, demonstrations and close monitoring of plug-in electric vehicle take-up will be 
critical to how far into the value chain they want to play, what level of investment into the grid will be 
required and who will pay for it.  
 
 
Figure 36. Utilities in the electrification value chain 
 

 
 
Source: Accenture analysis 
 
One of the reasons existing value chain players have been proceeding with such caution is the 
technical expertise required for many of the components that make up electrification. New industry 
players with this technical expertise provide interesting challenges to existing market structures and 
players.  
 
 
Figure 37. New market entrants in the electrification value chain 
 

 
Source: Accenture analysis 
 
On the vehicle side, a number of start-ups have emerged. These companies, such as Duracar, 
Th!nk, G-Wiz and Tesla, play off emissions legislation and target niche markets, offering consumers 
deep expertise and environmentally friendly options.  While the estimated potential of this market is 
$10 billion annually by 2015,161 the players are not without challenges. Indeed, their ability to 
access capital, scale up production and manage high battery costs indicates that only some will 
survive and successfully compete with the increasing number of OEMs entering this space. The key 
to sustainability is a unique and differentiated offering, along with the ability to overcome high 
battery costs through battery leasing and/or servicing subscriptions.  
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Battery companies also are gaining market share in an evolving industry. While many companies 
are emerging, few have the proven capability to mass-produce reliable and long-lasting batteries for 
plug-in electric vehicles. Players that have received the most attention include A123 Systems, LG 
Chem and NEC. Evidence of this attention is their partnerships with the major OEMs: Chrysler and 
SAIC (A123 Systems), GM (LG Chem) and Nissan (NEC).162  
 
Finally, charging companies are emerging in abundance. Public charging infrastructure is critical to 
mass scale-up of plug-in electric vehicles and provides the owner with control. While the existing 
technology is proven and available, scale up of this technology requires significant investment; 
charging stations are estimated to cost many thousands of dollars per unit, and some estimate that 
as many as two charging stations will be required per vehicle.163  Pilots are key to roll out and scale 
up the technology, and companies investing in pilots will likely dominate this space. This is 
particularly true given the long life cycle of a charging unit, estimated to be 20 years.  
 
Coulomb Technologies, GridPoint, Elektromotive, Aerovironment and ECOtality are among the 
companies involved in numerous pilots across North America and Europe.164 These companies are 
providing the charging infrastructure, and sometimes the communications control system, to 
support plug-in electric vehicle trials and are thus partnering with car manufacturers and utilities. 
For example, Nissan has developed partnerships with a number of these charging companies, 
including Aerovironment in the District of Colombia, Elektromotive in the United Kingdom and 
ECOtality in Arizona in the United States.165  These partnerships aim to create charging networks 
within the cities while freeing consumers of the burden of worrying about where or how to recharge 
their vehicles. These pilots will provide greater insight into where the charging stations should be 
placed and how energy demand should be managed.  
 
The charging companies previously mentioned have capitalized on market demand and established 
themselves as incumbents in this new space. Should plug-in electric vehicles reach the scale and 
market potential assumed by some, these companies will benefit hugely.  
 

One final business model that is emerging through industry developments is a role for the mega 
integrator. This is the role of the central coordinator that will bring together all of the various industry 
players, manage the infrastructure and operations and help establish standards. While this implies 
a strong position of control, it also requires upfront investment and depends on strategic 
relationships with key industry players.  
 
Figure 38. The mega integrator in the electrification value chain 
 

 
 
 
 
 
 
 
 
 
 
 
  

Source: Accenture analysis 
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To date, municipalities have taken the lead in this area. This is particularly important given that 
should plug-in electric vehicles take off, initial concentration would be in cities. San Francisco’s 
municipality, for example, has been working with vehicle manufacturers, utilities and charging 
stations to develop an efficient and sustainable model to support the adoption of plug-in electric 
vehicles. Indeed, the San Francisco Bay Area has announced its goal to become the “EV capital of 
the United States” by 2012.166  The principality of Monaco is another example. Through a 
partnership with Mitsubishi Motors, Monaco plans to develop charging infrastructure to support the 
vehicles. Mitsubishi will deliver a fleet of its iMiEVs to a variety of local organizations such as the 
phone company, post office and some of the hotels and casinos.167 The city of Amsterdam is a final 
example with its announcement to deploy 200 charging points by 2012.168  
 
Working with municipalities, Better Place is another example of a mega integrator. The company, 
discussed in more detail in the following case study, aims to respond to all of the challenges posed 
by electric vehicles. By offering battery leasing subscriptions, the company reduces the upfront cost 
of the vehicles. Through its charging stations and battery swap stations, it also helps ensure 
consumers have the means to keep their vehicles running. In rolling out the business model, this 
start-up has developed partnerships with governments, utilities, OEMs and battery manufacturers 
and thus operates as the central unit of control. Although Better Place’s business model is not 
without its challenges, the significant advances it has made are evidence of the market need and its 
current dominance in this space.  
 
 
 
 
 
 
 
 
Figure 39. Plug-in electric vehicle partnerships 
 

 
 

Key: EV = Electric vehicle; PHEV = Plug-in electric vehicle; V2G = Vehicle-to-grid; DK = Denmark; SWE = Sweden; NOR = Norway 
 

Source: Accenture analysis 
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It is in this context that Accenture examines the key technologies that 
need to be commercial for electrification to become a reality. These core 
technologies include: 
 
• Plug-in electric vehicle engines. The engines that will deliver the performance and fuel 

economy necessary for electricity to be part of the fuel mix. As part of this assessment, 
consideration of battery development is critical. The capital cost of batteries continues to be the 
biggest cost element of EVs and PHEVs, and there are many types of batteries in the pipeline, 
as well as R&D to drive down costs. 

• Charging. The infrastructure required for scaling electrification has been widely highlighted. In 
this section, we look at the service providers and technology developing this area. 

• Vehicle-to-grid (V2G). V2G is the movement from the vehicle just drawing from the grid to true 
optimization of resources by providing distributed storage and even ancillary services to the grid. 



 
Copyright © 2009 Accenture. All Rights Reserved.  171 
  

Better Place aims to accelerate 
the adoption of battery-electric 
vehicles by providing an 
integrated electric-vehicles 
solution. 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.3.1.1 Case Study: Better Place 
 
 
Better Place is a venture-backed electric services company based in Palo Alto, California, which 
aims to reduce global dependence on oil and accelerate the adoption of battery-electric vehicles 
(BEVs) by providing an integrated electric-vehicles solution. Since its inception in 2007, Better 
Place has raised more than $300 million in capital toward the company’s sustainable energy 
solution, encompassing the construction and operation of the infrastructure and systems required to 
support widespread adoption of battery-electric vehicles at a low cost.  
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The business model 
The Better Place business model attacks all of the key challenges preventing widespread adoption 
of battery-electric vehicles today—cost, range and performance—allowing the consumer to drive 
their vehicles wherever they desire at a competitive cost. 
 
Cost is by far the most pivotal factor, which has prevented wide-scale adoption of electric vehicles. 
Currently, the high cost of batteries indicates a premium on electric vehicles compared to 
conventional internal combustion engines, meaning the vehicle cannot compete in the marketplace. 
The Better Place business model takes this cost out of the consumer value chain by separating 
vehicle ownership from battery ownership and operating a battery subscription model. Better Place 
would own the battery and merely lease it to consumers who would have the choice of multiple 
contracts, including monthly contracts and pay-as-you-go tariffs, similar to mobile phone contracts. 
By removing the material cost of the battery, Better Place is able to offer competitive tariffs as the 
consumer benefits from the low cost of electricity versus that of gasoline. Depending on geographic 
location, the Better Place model is competitive with the gas model in terms of operating costs as 
well as total cost of ownership. While this model requires significant upfront investment by the 
company, as the industry establishes itself and mass production commences, battery prices will 
drop enabling Better Place to manage this investment. Better Place estimates that this industry 
maturation will be established in the next two to three years.  
 
Range is a second consideration for the consumer adoption of electric vehicles. To overcome this 
challenge, Better Place has designed an infrastructure network to support electric-vehicles with the 
creation of battery charging stations and battery-swapping stations, enabling consumers to extend the 
driving range of their electric vehicles. Battery charging stations would be spread across the geography 
in question and located outside of homes, business sites, etc. These charging stations would meet the 
everyday consumer requirements, enabling them to drive their vehicles to a set location and charge 
their vehicle while, for example, at work or at the gym. Complementing these battery-charging stations, 
but on a much smaller scale (e.g., hundreds of units), would be battery-swapping stations. These 
battery-swap stations would enable consumers to greatly extend their driving range when, for example, 
on long trips. “The Better Place automotive battery switch technology allows for a full battery swap in 
the space of a minute and 10 seconds which is faster than getting gas today”.169  As the first test case, 
Better Place is currently building up this infrastructure in Israel today with the deployment set for 2012 
(and the commercial launch set for 2011). Again, this requires massive upfront investment to set up in 
the infrastructure; however, this investment in the first set of customers is critical to increase scale and 
spread the investment cost.  
 
Performance of the vehicle is a final consideration for the consumer, as consumers want powerful and 
durable engines. For electric vehicles, the crux lies in the battery. At inception, Better Place conducted 
extensive due diligence with regard to battery vendors to ensure battery manufacturers that would offer 
sustainable and high performing solutions were selected. The result of this analysis was partnership 
with two battery manufacturers, one based in the United States and the other based in Asia: A123 
Systems and AESC, respectively.170  Both companies produce lithium-ion based batteries with slightly 
different variations. While A123 Systems using nano-phosphate technology to increase power, safety 
and life span, AESC has opted for a lithium manganese spinel battery chemistry. As the business 
model extends, so, too with the number of battery vendors and chemistries, and through its due 
diligence process, Better Place will only accept “best-in-class” battery cells in terms of safety, 
chemistry, performance and reliability. Complementing these battery choices, Better Place has 
developed packaging hardware and software to extend the life and performance of these batteries. To 
optimize performance by market, Better Place is tailoring the battery chemistry for different geographies 
in order to meet local market conditions, such as varying weather and temperatures. All battery cells 
are then packed into a standard design ensuring the different battery types are of the same standard. 
The combination of these considerations provides Better Place with a more robust product for their 
consumers.  
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A global and scalable market 
The core notion of the Better Place business model does not change market by market. Climate 
change, oil dependency and energy security are global issues and thus the company’s solution can be 
replicated across all geographies. The solution is tailored to consider local market challenges, such as 
that some markets produce a lot of renewable energy but are unable to use all of it, providing Better 
Place with an added selling point.  
 
The solution’s scalability is evident in the partnerships that Better Place has developed to date. With the 
first deployment scheduled in Israel for 2012, the model will be rolled out to other geographies including 
Denmark, San Francisco, Hawaii, Australia and Canada. Within all of these geographies, Better Place 
has managed to develop key partnerships with those players in the EV space and will continue this 
strategy in its expansion to other markets. As Jeff Johnson (Director of Business Economics for Better 
Place) says, “Better Place is in the business of coordinating multiple stakeholders and needs to 
cultivate relationships with all of the players touching EVs.”  
 
The flexibility of the offering further indicates its scalability. For example, the first models that Better 
Place will bring to market are family sedans. However, given that the battery is swapped underneath 
the vehicle, it can be designed to fit any vehicle model, increasing the potential market size.  
 
There is a wide range of estimates announced by varying industry speculators as to how big this 
market will be and by when. While each estimate takes into consideration differing assumptions, there 
are a number of factors, which will influence uptake by market, namely: 
 
• Geography, with the Better Place solution being more attractive in regions where gas prices are 

high, such as Europe, locations where trip distances are constrained and also in locations where 
renewable energy is in abundance. 

• Regulation, including the level of gasoline tax and the incentives put into place. The level of this 
influence makes the United States an interesting test case.  

• Consumer interest and behavior. 
 

If the attention Better Place’s business model is receiving and the financial backing the company has 
secured are anything to go on, the electric-vehicle market space will be substantial, particularly when 
supported by a strong regulatory structure. 
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Challenges 
Better Place is the first company to offer an integrated solution to mass-scale adoption of battery-
electric vehicles. The Better Place solution has secured more than $300 million in financing as well as 
partnerships with key industry players, car manufacturers and governments across the globe.  As 
Better Place begins deployment however, there are still a number of challenges that need to be 
overcome.  
 
First of all, investment is not the only infrastructure hurdle. Laying out the infrastructure required to 
support battery-electric vehicles requires time to build the infrastructure, but also to manage the 
bureaucracy associated with it. Partnerships with local governments are thus critical in this regard. In 
order to mitigate the risks associated with this, Better Place has made these partnerships a key 
component of their business model and is thus working with local government in all of the geographies 
where the company is operating.  
 
Secondly, standardization of infrastructure, vehicles and battery types is a prerequisite to the 
maturation of the industry. Negotiations with key stakeholders, including other industry players, local 
government and industry bodies will enable Better Place to be a part of this process and influence 
outcomes. Industry conformation to such defined standards will, in turn, widen Better Place’s consumer 
base. 
 
Finally, a challenge which Better Place (and the industry as a whole) faces is consumer behavior. The 
rates of battery-electric vehicle adoption will depend heavily on consumer behavior and consumers’ 
willingness to change the current relationship they have with their vehicle, both in terms of usage and 
bills. Currently, this willingness is undertested and “the proof will be in the revenue, sales and the 
adoption rates, so it would be naïve not to include this as a barrier to market entry” (Jeff Johnson, 
Director of Business Economics for Better Place). As a test case, Israel presents an interesting set of 
circumstances as vehicles are usually sold in fleets, hence in large numbers and for short periods of 
time. Better Place will closely monitor this deployment in order to gather intelligence on consumer 
behavior and uptake. 
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2.3.2 Plug-in electric vehicle (PEV) engines 
 
With today’s increasing pressures of climate change, high oil prices and energy security, 
electrification of the transport industry has seen increasing governmental support and momentum. 
When considering electrification, three key models need to be considered: 

• Hybrid electric vehicles (HEV) have been on the market since 1997 with the introduction of the 
Toyota Prius,171 and subsequently the Honda Insight in 1999.172 These vehicles combine 
conventional internal combustion engines with rechargeable energy storage systems and run in 
a charge-sustaining mode, whereby the internal combustion engine is used to supplement the 
electric motor, extending the vehicle range. Although HEVs are a serious market contender, 
given that they never run off of grid electricity, they are not considered “disruptive” for the 
purpose of this report. 

• Plug-in hybrid electric vehicles (PHEVs) are a type of plug-in electric vehicle (PEV) built on 
HEV technology—combining the dual-fuel engine with grid capacity and allowing the vehicle 
owner to re-charge the vehicle off the grid and thereby lower running costs. This capability 
enables PHEVs to operate in three modes: the HEV charge-sustaining mode, highlighted above, 
and two charge-depleting modes—a blended mode whereby the battery (the grid electricity) 
provides a portion of the power with the internal combustion engine providing the rest, and an all-
electric mode, running purely off of grid power, without the gasoline engine turning on. PHEVs 
running in the blended mode are often referred to as extended-range vehicles (ERVs). The first 
PHEV on the market was released in China by Chinese automaker BYD in December 2008.173  
Since then, all major OEMs have announced upcoming release dates for PHEVs. The next 
model, GM’s Chevy Volt, is expected to come online in 2010.174  
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• Electric vehicles (EV) replace conventional internal combustion engines with rechargeable 
energy storage systems, allowing the vehicles to run off electricity alone. The batteries are then 
recharged by plugging the vehicles into the grid, either at home or at a charging station. EVs 
were first launched in 1996 with GM’s EV1.175 However, much like the driving range of these 
vehicles, consumer response was limited. Recently, EVs have been relaunched into the 
marketplace with auto manufacturers announcing EVs with ranges of 100 miles or more.  

 
Electrification of the transportation industry is an attractive solution; it offers significant potential to 
reduce GHG emissions, displace oil consumption and provide consumers with a more economic 
fuel alternative. PEVs have most recently been in the limelight with industry studies positioning 
PHEVs as the most promising interim solution to the wide-scale introduction of electric-drive 
vehicles given their dual-fuel flexibility. As a result, PHEVs will be the focus of this section. 
 
Table 26. Vehicle comparison metrics176 

 

 

Internal 
combustion 
engine 
(Toyota Avensis) 

HEV 
(Toyota Prius) 

PHEV-60 
(BYD F3DM) 

EV 
(REVA  
G-Wiz) 

EV 
(Tesla Roadster) 

Miles per gallon 
(mpg) and one 
full charge for 
PHEV/EV (miles) 

54.3 mpg 72.4 mpg 62 miles (EV only); 360 
miles (combined) 

48 miles 244 miles 

CO2 emissions 
(g/km) 

147 g/km 89 g/km 70 g/km 63 g/km 46.1g/km 

Estimated cost of 
vehicle ($) 

$30,000 $30,000 to 
$35,000 

$22,000 $13,952 $101,500 

Engine/battery 
overview 

124 mph engine 105 mph engine 
and a 1.3 kWh 
Ni-MH battery 
pack 

50 kWh lithium-ion 
battery pack with more 
than 2,000 full 
lifecycles (or more than 
300,000 miles) and a 
100 mph engine 

Lead-acid 
battery pack 

53 kWh micro-
processor controlled 
lithium-ion battery pack 
with more than 
100,000-mile lifecycle 

 
Key: g/km = grams per kilometer; mph = miles per hour; kWh = kilowatt-hour 
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PHEV technology 
As noted, PHEVs build on more than a decade of HEV technology. While the premise of both 
vehicle types remains their ability to use electricity to augment performance, PHEVs have an added 
plug-in capability, enabling drivers to recharge their vehicle batteries straight from the grid. 
However, the range of the vehicle depends on the energy density of the battery. The most common 
structure includes a battery with a higher energy density than that found on HEVs complemented by 
an internal combustion engine. The higher energy density battery enables the PHEV to switch 
between electric and gasoline modes, thereby extending the driving range while maintaining the 
ability to run in pure-electric mode. The electric range of a PHEV is determined by the number of 
electric miles that can be driven on a single charge, and can vary from 20 to 60 miles. The Chevy 
Volt—expected to come online in 2010—will be a PHEV-40, while BYD’s PHEV is said to have an 
all-electric range of 62 miles. With 30 miles as the average number of miles driven per day in the 
United States, it is assumed that a PHEV-20 or PHEV-40 would be sufficient to meet daily 
consumer demands on one charge.177  
 
PHEVs can also operate in a charge-sustaining mode, similar to HEVs. In this case, PHEVs are 
equipped with batteries with lower energy densities relative to other PHEVs (but higher than an 
HEV battery), to supplement the efficiency of the internal combustion engine. This design reduces 
the overall cost of the vehicle. The battery can be smaller because the internal combustion engine 
charges the battery as it is being used, extending the range (similar to how a hybrid works). This 
option indicates that PHEVs could be directly comparable to HEVs and could ultimately eliminate 
HEV demand. Toyota, the largest producer of HEVs, has recently announced its PHEV Prius due 
for release in 2012, and said that “in response to the diversification of energy sources, plug-in 
hybrids are currently the most suitable environmentally considerate vehicles for widespread use.”178 
PHEVs offer the best of both worlds, enabling consumers to drive solely off electricity for short 
distances and enabling them to extend their range using the internal combustion engines for long 
trips. 
 
In addition, compared to both counterparts, PHEVs benefit from lower running costs. While this will 
depend on electricity tariffs in a given country, as well as charging times, use of off-peak charging 
and only electric miles, PHEVs have the potential to run at less than $0.26 per liter ($1 per 
gallon),179 providing a large economic incentive for consumers (note: this excludes the capital cost 
of the battery). A National Renewable Energy Library study assessing the costs associated with 
PHEVs concluded that the ability to benefit from off-peak charging would enable PHEV owners to 
save as much as $350 per year in fuel relative to an HEV and as much as $700 per year in fuel 
relative to an internal combustion engine.180  

 

Table 27. Comparison of range and costs of internal combustion engine, HEV and PHEV181 

 Internal combustion 
engine HEV PHEV 

Range – electric miles - - 20 to 40 
Cost equivalent – $/l ($/g) $0.68 ($2.57) $0.68 ($2.57) $0.20 ($0.75) - 

(8.6 cents/ kWh) 
Annual fuel cost – $ $1,375 $993 $614 to $778 depending 

on frequency of charge 
Key: kWh = kilowatt-hour; g = gram 
Assumptions: Analysis based on a mid-size car with a drive energy of circa 9 to 10 kWh and a vehicle efficiency of 2.9 miles/kWh 
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While these savings will be relative to the price of electricity and gasoline, researchers from the 
University of California, Berkeley, suggest this is another advantage of PHEVs. They are the only 
vehicle type to have the flexibility to play the fuels off of each other. For example, if the price of 
gasoline is high, they could opt to run in all-electric mode; alternatively, if the price of electricity is 
high, they could choose to run on gasoline only.182   While this real-options model does not make up 
for the high battery premium of a PHEV, it does provide consumers with additional post-purchase 
incentives.  
 
The appeal of HEVs and PHEVs is primarily their reduced impact on the environment. Considering 
the full well-to-wheels impact, one question often raised is whether a PHEV charged from electricity 
generated by high-emission power plants will still have the potential to achieve GHG savings 
relative to hydrocarbon fuels. While the savings comparative to HEVs are minimal, significant 
savings can be realized when compared to internal combustion engines. A study conducted by the 
Electric Power Research Institute (EPRI) and the Natural Resources Defense Council (NRDC) 
assessed the environmental impact of PHEVs—from the generation of the electricity through 
charging of the batteries and running of the vehicle in high-, medium- and low-carbon environments 
with high-, medium- and low-PHEV penetration rates. The results indicated that by 2030, the 
potential reduction in GHG emissions ranged from 100 million metric tons (MT) per year to almost 
300 million MT per year. Therefore, even when powered by high-emission power plants, PHEVs 
can achieve substantial reductions in GHG emissions when compared to internal combustion 
engines.183  
 
As discussed, the gain relative to HEVs is less evident. Research by the University of California, 
Berkeley compared internal combustion engines to HEVs and PHEVs, and HEVs to PHEVs (both 
PHEV-20 and PHEV-40). The research compared different models, as well as sizes (that is, 
compact cars and SUVs), to assess the GHG impact of each vehicle type under varying electricity 
generation mixes. The study found that PHEVs—both compacts and SUVs—emitted fewer GHGs 
than internal combustion engines, under all of the generation mix scenarios studied. These 
included:  
 
• Natural gas combined cycles 
• Integrated gasification combined cycle with carbon, capture and storage 
• Integrated gasification combined cycle without carbon capture and storage 
• Wind 
 
However, the study also found that in an integrated gasification combined cycle, PHEVs actually 
emitted more GHG than their HEV counterparts—280 g- CO2-eq/mi (gram of carbon dioxide 
equivalent per mile) versus 225 g-CO2-eq/mi. This suggests that when using electricity generated 
from an integrated gasification combined cycle, PHEVs will emit fewer GHGs if they run in a 
charge-sustaining mode, versus running purely off electricity. Under all other generation scenario 
mixes specified above, as well as with nuclear and renewables, PHEVs were able to achieve up to 
85 percent emissions savings. Table 28 highlights these findings in more detail.  
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Table 28. Comparison of GHG emissions of gasoline and different generation mixes of electricity184 

Petroleum use 
(BTU/mi) 

GHG emissions from gasoline use and from electricity use with 
different generation mixes (g-Co2-eq/mi) 

 

Gasoline 
NGCC 
electricity Gasoline 

US 
average 

California 
average NGCC 

IGCC 
w/o 
CCS 

IGCC 
w/ CCS Wind 

Compact car 

CV 3,260 - 294 - - - - - - 
HEV 2,490 - 225 - - - - - - 
PHEV-
20 2,330 10 211 199 116 135 282 38 1.4 

PHEV-
60 2,240 10 203 198 115 134 280 37 1.4 

Sport utility vehicle (full-size SUV) 

CV 6,750 - 605 - - - - - - 
HEV 4,450 - 401 - - - - - - 
PHEV-
20 4,170 18 375 346 202 234 490 65 2.4 

PHEV-
60 4,070 17 367 329 192 222 466 62 2.3 

 
Key: NGCC: natural gas combined cycles; IGCC: integrated gasification combined cycle; CCS: carbon capture and storage 
 
 
The other point to consider when assessing the impact on the environment is the need to build 
additional power-plant capacity to meet rising electricity power demands. The National Renewable 
Energy Laboratory conducted a study to assess the impact of PHEV penetration rates on Xcel Energy’s 
Colorado territory.185  Assuming a PHEV-20 driven an average of 13,900 miles per year, 500,000 
PHEVs on the Colorado territory grid and optimization of the grid with off-peak charging, no additional 
capacity would be required. This is because off-peak charging would enable utilities to level out load 
using a valley-filling algorithm, thereby deferring new build investment. To implement this, smart 
charging—which is discussed in greater detail in the next section—would be required. Again, it is 
important to bear in mind regional differences when assessing the impact to the grid, as demand 
increase depends on a region’s base electricity demand, as well as its transportation demand. A 
second study conducted by the National Renewable Energy Laboratory sought to measure the impact 
by region. The study broke down the United States into six regions and found that considering a PHEV 
penetration rate of up to 50 percent of the vehicle fleet across the United States and assuming off-peak 
charging, no new capacity was required. As found in the previous study, electricity demand would 
increase by between 5 and 10 percent but would be leveled out to optimize baseload.186 Greater detail 
on the impact on utilities is provided in a later section of this report. 
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Potential market size  
PHEVs have received a considerable amount of attention from government and industry players 
alike. Governments have an incentive to support the wide-scale adoption of PHEVs due to their 
positive impact on GHG reduction and their contribution to energy security. Industry players have 
numerous incentives to support PHEV adoption due to the benefits they offer utilities and the new 
revenue streams they have the potential to generate. The output of these incentives is evident. With 
US President Barrack Obama’s target of one million PHEVs on the road in America by 2015, OEMs 
have begun to enter the market with a number of models due to be released to consumers in the 
next two to three years. This trend is further seen across the globe—in China, Japan and Europe—
and is highlighted by numerous ongoing pilots and demonstration projects.  
 
The size of the market will differ by geography and will be affected by government incentives and 
regional variations. While the United States has traditionally been the leader in electric-drive 
development, China, Japan, Korea and India are markets to watch. Approximately 95 percent of 
lithium batteries are produced in Japan, Korea and China. REVA, which makes the popular G-Wiz, 
is an Indian company. In addition, India and China are growing at exponential rates, estimated to 
double in size by 2015. With this, India’s and China’s vehicle manufacturing capability grows and 
their capability to mass produce at a lower cost further underscores their position as attractive 
options. Investments into these markets are evidence of this, with China, for example, announcing 
its goal to be the biggest EV producer in the world.  
 
Given the current economic climate and the long OEM lead times required in vehicle development, 
the key question at the moment is whether electrification will maintain momentum. With OEM 
priorities shifting and Toyota, for example, reportedly postponing release of its lithium-ion battery 
PHEV Prius until late 2010,187 we must consider how far back this is pushing market developments 
and if others will follow suit. 
 
Given these regional variations and market uncertainties, the global potential market size is difficult 
to assess. Indeed, the ranges of potential market size differ hugely from study to study. On the 
optimistic side, the Electric Power Research Institute conducted a study suggesting three possible 
futures for PHEVs by 2050.188  
 
 
Table 29. New vehicle market share scenarios189 

2050 new vehicle 
market share by 
scenario Internal combustion engine HEV PHEV 

Low penetration 56 percent 24 percent  20 percent  

Medium penetration 14 percent  24 percent  62 percent  

High penetration 5 percent  15 percent  80 percent  
 

 
 
Even under the Electric Power Research Institute’s low-penetration market scenario, PHEVs could 
gain a 20-percent market share of new vehicles by 2050. On the other hand, some studies are at 
the other end of the range, anticipating a market share of only 4 percent of new vehicles by 2020. 
Numbers and targets set by governments and OEMs provide the best starting point for market-size 
assumptions. The variety of these targets by market further indicates that the uptake will be heavily 
dependent upon the region. What’s more, with an average electric driving range of between 20 and 
40 miles, it can be assumed that penetration will be concentrated in cities.  
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Challenges 
While PHEVs present an attractive offering to consumers and industry players alike, there are a 
number of challenges that must be addressed—and that will determine their market scalability.  
 
First, PHEVs, like electric vehicles (EVs), are burdened by a significant cost premium on initial 
purchase of the vehicle, putting PHEVs at a disadvantage compared to both internal combustion 
engines and HEVs (see Table 30). The key factor: high battery costs. The batteries performance 
requirements for PHEVs is higher than that of HEVs and EVs (i.e., combination of energy density, 
power density, life cycle, recharge time and safety).  

 

Table 30. Cost premium comparison190 

Vehicle type 
Internal combustion 

engine HEV PHEV 

Cost premium ($) - $2,500 to $3,600 $4,500 to $6,000 

Assumptions: Analysis based on costs for a mid-sized vehicle 
 
These high battery costs can be factored down in situations in which the vehicle is regularly used. 
This is because the fuel savings are much higher and thus the break-even battery cost is achieved 
much more quickly. A study produced by Renault concluded that assuming a cost of $100 per 
barrel and no tax incentive, the total cost of ownership of a plug-in electric vehicle would be 
economical should the consumer drive 20,000 miles per year or more.191   PHEVs will be most 
economical for fleets or consumers who drive their vehicles regularly. Pilots further support this with 
the Zero Emissions Vehicle Network Enabled Transport program (Zev Net) in Southern California 
as a prime example. Zev Net provides mass transit in near zero-emission vehicles for commuters in 
Southern California.192 Paris is another example of a city that is investing in plug-in electric vehicles 
for fleet purposes through the operation of its car-sharing program.193  Under this program, 
consumers can pick up a PEV from a given location at their convenience and then pay for the 
vehicle by the hour. This approach makes economic sense because of the regular vehicle usage. It 
also offers city consumers a nearly emission-free means of getting from point A to point B. This 
approach has been replicated in cities such as San Francisco.194  
 
Creative financing also could drive the affordability of the vehicles. Access to high sums of upfront 
capital to cover the battery costs of PHEVs is often the greatest challenge to the purchase of the 
vehicle. Thus, providing funding for this upfront cost would enable greater market penetration at a 
faster speed. This model has been adopted in the city of Berkeley, California, to increase uptake of 
energy efficiency measures and solar power usage. Indeed, the municipally financed Berkeley 
FIRST (Financing Initiative for Renewable and Solar Technology) provides funding to applicants 
wanting to adopt energy efficiency measures and/or solar technology. Individuals are asked to 
apply for funding and, if approved, the purchase price is reduced and instead they pay a tax on the 
measure/item for a certain period of time.195  Initial response to these programs has been 
overwhelmingly positive and could provide an interesting opportunity for municipalities to encourage 
the uptake of plug-in electric vehicles.  
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The venture capital–backed California startup Better Place also has found a way to reduce the 
upfront premium of plug-in electric vehicles. While its model applies to electric vehicles (EVs), it 
could easily be used to the advantage of PHEVs as well. The company has separated out the 
battery from the vehicle and simply leases the battery to consumers, enabling them to sign up to a 
contract and pay for the miles they use, similar to minutes used on a mobile-phone contract. This 
innovative solution enables companies to offer consumers a low-cost, sustainable option.196  
 
Again, however, these solutions will be effective only should the appropriate regulatory structure be in 
place to support it. Governments need to ensure that PHEVs remain at the forefront of the government 
and, thus, public agendas and that they continue to provide industry players the right incentives to 
move the market forward. 
 
Secondly, PHEVs face competition from gasoline-fueled vehicles. OEMs are currently developing more 
efficient internal combustion engines at lower costs (refer to the next-generation internal combustion 
engine section of this report). Should these vehicles reach high performance at low emission reduction 
and a more competitive price, they could pose a direct threat to PHEVs in areas where electricity is 
“dirty.” HEVs, too, pose a threat. HEVs have been on the marketplace since the late 1990s and have 
seen sales increase significantly over the past decade, with, for example, Toyota reaching global hybrid 
sales of over one million in 2007.197  Today, HEVs are cheaper than PHEVs due to the ability to use 
Nickel-Metal Hydride batteries, which are less expensive than lithium and continue to improve in cost 
and performance with each generation. Therefore, they are more likely to achieve significant market 
share in the next five to 10 years should prices remain stagnant. Moreover, as the study by the 
University of California, Berkeley suggests, in certain scenarios an HEV will emit fewer GHG than a 
PHEV. However, industry players recognize the benefits of the dual-fuel engine and the ability of 
PHEVs to play these fuels off each other and selecting the most economical and most environmentally 
friendly option. OEMs are thus expanding their HEV offering by providing retrofit options, indicating 
increasing demand for PHEVs. Moreover, if PHEV costs come down, the lower cost to run the vehicle, 
the extended driving range and the dual-fuel flexibility will further widen the appeal of PHEVs.  
 
These challenges indicate that whatever the market share, the future electric-vehicle fleet will contain 
several options. Announced OEM plans for vehicle release dates provide further evidence of this. 
 

 
 

Figure 40. OEM electric vehicle timeline 
 

 
 
Source: Accenture Analysis 
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The scale-up of PHEVs will be a further challenge as penetration rates above one million vehicles 
will require reinforcement of the grid. To manage this, communication among key industry players, 
and particularly between OEMs and utilities, is critical to measuring the growing impact and 
planning accordingly. Evidence of this cooperation and communication is present today. For 
example, the Electric Power Research Institute, Ford Motor Company and Southern California 
Edison are currently working together to demonstrate the integration of PHEVs into the home 
energy system and the grid.198  The results of these projects and demonstrations will set up the 
industry for increasing PHEV adoption rates.  
 
Changing consumer behavior is a final, and often cited, challenge. While PHEV adoption would 
indeed change the relationship between a driver and vehicle given the need to recharge from the 
grid, the dual-fuel engine provides comfort to the traditional consumer and will help manage this 
process. Moreover, early consumer surveys indicate positive responses to PHEV adoption.  
 
 
Key findings 
• Plug-in electric vehicles have received growing attention from government and industry, 

indicating they will be part of the future vehicle landscape. PHEVs are likely to be the most 
disruptive model within the next five years. 

• Plug-in hybrid electric vehicles benefit from lower running costs than both internal combustion 
engines and HEVs, as well as extended driving range over EVs. However, issues such as the 
high capital cost and availability of the battery and the need for further regulatory support still 
need to be resolved for mass adoption.  

• The reduction in GHG emissions is highly dependent on the generation mix and will therefore 
vary by market. Studies at the University of California, Berkeley have concluded that under all 
generation scenario mixes, PHEVs will achieve significant savings in GHG relative to their 
internal combustion engine counterparts. However, in an integrated gasification combined cycle 
without carbon capture and storage, HEVs actually achieve greater savings in GHG emissions. 
The real value of a PHEV is therefore its fuel flexibility. 

• In the short-term, PHEVs could be accommodated for without grid expansion. Taking into 
account regional differences and using smart, off-peak charging, up to 500,000 PHEVs could 
potentially penetrate the grid in the Colorado territory of the United States, without the need for 
additional capacity being installed. 

• Using smart, off-peak charging, PHEVs enable base load leveling for utilities.  
• Forcing a positive PHEV business case will be entirely dependent upon electrification remaining 

high on the policy agenda. 
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Table 31. Disruptive technology assessment: PEV engines 
 

Disruptive criteria Assessment Rationale 

Scalable   
Greater than 20 percent potential impact on 
hydrocarbon fuel demand by 2030  

? 

The Electric Power Research Institute estimates that 
under a medium-penetration scenario, PHEVs could 
reach more than 40 percent of new market vehicle 
sales. But, on the more conservative end, some 
studies estimate a figure of only 4 percent of new 
vehicle sales by 2020. 

GHG impact   
Savings greater than 30 percent relative to 
hydrocarbon it is replacing 

 

PHEVs can achieve substantial savings in GHG 
emissions over internal combustion engines. While 
their savings are no greater than those of HEVs in an 
integrated gasification combined cycle scenario, they 
are able to play the fuels off of each other to ensure 
the greatest economic and emissions savings.  

Cost   
Competitive at oil price of $45 to $90 per barrel 
at commercial date 

? 

PHEVs can run at an equivalent price of $0.25 per liter 
($0.75 per gallon), but the battery premium over an 
internal combustion engine is still $4,500 to $6,000 
and a HEV is $2,000 to $2,500, revealing a key cost 
dependency.  

Time to market   
Commercialization date less than five years 

 
The first PHEV was launched in China in 2008 with all 
major OEMs releasing models in the next two to three 
years. 
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2.3.3 Batteries 101 
 

Batteries represent the biggest cost and constraint to electrification. Large and diverse, the battery 
market continues to evolve with both incumbents and startups introducing new chemistries and 
alternative storage technologies. In the same way that Accenture has dedicated a separate report 
to feedstock supply in biofuels, batteries would also require a separate report in order to serve the 
subject matter justice. Instead of trying to cover batteries as a five- to 10-page section, we have 
decided to include this primer, based upon our research and interviews with manufacturers of three 
different types of lithium batteries. We have included one of these interviews as a case study—a 
company bringing to market the lithium chemistries that will be in several electric vehicles (EVs) and 
plug-in hybrid electric vehicles (PHEVs). This very much summarizes the situation today versus 
exploring the challenges, opportunities and trends—of which there are many. 

Battery technologies have progressed since the early electric cars of the 1990s—from the GM EV1 
(introduced using lead acid batteries) to the more advanced electric or hybrid vehicles of today, 
such as the Toyota Prius (Hybrid) and the Chevrolet Volt PHEV (using nickel-metal hydride and 
advanced lithium-ion technology, respectively).199 

However, batteries continue to account for a considerable capital cost element in purchase 
cost for EVs, hybrid electric vehicles (HEVs) and PHEVs (see Table 32).  
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Batteries are one of the key elements to unlocking the potential of electrification. Consequently, 
there is rapidly growing interest among government entities, R&D corporations, power utilities and 
venture financiers around funding new battery technologies with better performance metrics and 
improved cost element. Some of the government-driven initiatives include:  

• Japan: 90 percent tax reduction in car purchases taxes for EVs.  
• South Korea: The Ministry of Knowledge Economy (MKE) has allocated a $40 million budget, 

for five years, to develop advanced batteries. This budget will be allocated to Hyundai, LG Chem 
and SB LiMotiv. 

• United Kingdom: The government’s electric car strategy is set to invest up to £250 million with 
incentives of up to £5,000 for consumers to buy electric vehicles.  

• United States: Of the Department of Energy’s $2.4 billion in electrification grants from the 
American Recovery and Reinvestment Act of 2009 (ARRA), $1.5 billion has been earmarked for 
the manufacturing of advanced batteries and components200.  

 
 
Battery technologies 
EVs, HEVs and PHEVs have different battery requirements. Batteries can be classified based on 
the power or energy density, life cycle or calendar life, operational safety and cost. The energy and 
power-density ratio is important to ensure the performance is comparable to combustion engine 
vehicles and suitable for standard or large-size vehicles. For example, EVs require a significant 
amount of energy storage (energy density) that enables range/distance capabilities, while HEVs 
require good acceleration ability and, hence, a high power density. Battery life cycle defines how 
long the battery can last before it requires replacing. Superior life cycle ability helps reduce the third 
important metric of cost: replacement cost. 
  
Table 32 provides examples for the current batteries being used in EV, HEV and PHEV today.  

  
Table 32. Examples of EV, HEV and PHEV and battery technologies201 

 

 

 

  

Vehicle 
type 

Car 
example 

Approx power to 
energy ratio 
requirements Battery type 

Energy 
density 

Power 
density 

Electric 
range (full 
charge) 

Life cycle 
(100% 
DOD) 

Recharge 
time  Cost 

REVA 
Gwiz 

Lead acid No info 
available 

No Info 
Available 

50 miles No Info 
Available 

80% - 
2.5h, 
100% 
- 8h 

~$12,500 EV 

 

Telsa 
Roadster 

2:1 

Lithium-ion 
(ESS 
System) 

53Wh/kg 200Wh/kg 220 miles <1000 3.5h ~$100,00
0 

HEV Toyota Prius 30:1 NiMH 46Wh/kg 1000Wh/kg + 
(depending on 
model) 

No info 
available 

No info 
available 

No info 
available 

Starting at 
~$22,000 

PHEV VYD-F 3DM 10:1 Lithium-ion 
phosphate 

100Wh/kg No info 
available 

68 miles ~10000 9h ~$22,000 
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Lithium-ion technology is one of the most popular battery choices in the portable electronics space; 
however, it has taken significant research and investment for lithium technology to be considered viable 
for use in electric vehicles. In 2007, EnerDel became the first battery company to successfully integrate 
a lithium-ion battery into an operating HEV. EnerDel managed to demonstrate the successful 
integration of its technology (a lithium-ion variant, Mn Spinel LTO) into a modified Toyota Prius, which 
delivered twice as much energy as the current nickel-metal hydride battery used in the Prius and 
significantly increased performance.202  Since then, the industry has seen increasing uptake of lithium 
variants by automakers within the EV, HEV and PHEV space with the introduction of BYD Auto (lithium 
iron phosphate-fueled PHEVs),203 the Chevrolet Volt (LG Chem’s lithium-ion—Mn Spinel Natural 
Graphite technology),204 Chrysler’s use of the A123 Systems lithium nanophosphate battery in its EVs 
and HEVs,205 and the Tesla Roadster’s ESS lithium-ion system.206  However, there are still cost and 
safety challenges to overcome. Table 33 compares the advantages and disadvantages of the various 
battery types in the market and in development.  
 
 
Table 33. Advantages and disadvantages of the various battery technologies207 

Battery Vehicle 
Examples 
of players Advantages Disadvantages 

Lead acid 

 

EV JCI 
(Johnson 
Controls) 

• Relatively inexpensive 
• Low self-discharge rates 
• Proven durability and performance in EV use 

• Lowest energy and power density of the 
battery types suitable for EV use on the 
market 

• Limited full-discharge cycles 
• Potentially hazardous to the environment 

due to lead content 

Nickel-
metal 
hydride  

HEV Panasonic 
(Prius) 
Sanyo 
Cobasys 

• Higher energy density than lead acid  
• Environmentally-friendly 

• Limited lifecycles—approximately 600 to 
1,000 cycles and fewer if repeatedly deeply 
cycled 

• Limited discharge current  
• High self-discharge  
• Performance degrades if stored at elevated 

temperatures  
• Constrained supply  

Nickel zinc HEV PowerGenix • Higher energy density than nickel-metal 
hydride  

• Materials are less expensive than those used 
in a nickel-metal hydride battery and safety 
and manufacturing systems required for 
lithium-ion batteries are not necessary  

• Performs very well at both high and low 
temperatures  

• Safe (materials not combustible as lithium-ion 
batteries), environmentally clean and 
recyclable 

• 40 percent smaller and lighter than nickel-
metal hydride 

• High voltage (1.6 volts versus 1.2 volts for 
nickel-metal hydride) 

• Can be manufactured on existing nickel-metal 
hydride production lines  

• Less durable than lithium alternatives—a 
life of around 500 cycles 

• Lower power/energy density than lithium-
ion alternatives 

• Losing out to lithium-ion technology in 
terms of investment funds from venture 
capital groups and large automakers  

Lithium-ion 
(hard 
carbon - 
HC) 

EV 
small HV  
PHEV 

EnerDel • High energy  
• Good power capability 
• Good cycle performance 
• Good safety performance 
• Good low-temperature performance 

• No information available 

Lithium-ion 
(lithium 
titanium 
oxide – 
LTO) 

 

HEV EnerDel • Excellent life cycle—up to more than 20,000 
cycles  

• High power density (key reason this type of 
battery is so attractive for HEVs) 

• Long life charge-discharge characteristics 
• Ability to fast charge even at low 

temperatures, improving safety aspects 
• Lightweight material 
• Low self-discharge rate 

• Low cell voltage—only 2.5 V  
• Highest cost of all the lithium variants 
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Table 33. Advantages and disadvantages of the various battery technologies. (Con’t) 

Battery Vehicle 
Examples 
of players Advantages Disadvantages 

Lithium-ion 
(NCA - 
nickel-
cobalt-
aluminum) 

EV 
HEV 
PHEV 

Saft (joint 
venture with 
Johnson 
Controls) 

Toyota 

• Highest energy density of all battery types 
(along with Lithium-ion NCA) 

• Operating temperature range from -30 °C to 
more than 60 °C  

• Long calendar life (more than 20 years at 
ambient temperature, which is the highest 
compared to other lithium variants)  

• Faradic efficiency close to 100 percent 

• Higher cost than the nanophosphate and 
iron phosphate lithium alternatives 

• Lower usable energy than the 
nanophosphate and iron phosphate lithium 
alternatives 

Lithium-ion 
(Mn Spinel, 
natural 
graphite) 

 

EV 
HEV 
PHEV 

LG Chem 
AESC 

• High energy density 
• One of the lowest-cost battery types along with 

the nanophosphate and iron phosphate lithium 
alternatives 

• Highest voltage capability of all the lithium 
variants  

• Good efficiency and safety (although 
nanophosphate lithium outperforms in the 
safety area) 

• Poor durability—low lifecycle  
• Lower usable energy than iron phosphate 

and nanophosphate variants 

Lithium 
iron 
phosphate 
(LiFePO4) 

 

EV 
HEV 
PHEV 

BYD • Excellent usable energy—up to 95 percent for 
EV, 70 percent for PHEV and 65 percent for 
HEV 

• Lowest cost of all the lithium variants along with 
the nanophosphate variant 

• Excellent life cycle ability—up to 2,000 full 
charge and discharge cycles (potential 10-year 
calendar life 

• Lower energy density versus the 
nanophosphate variant 

• Poor power density versus all the lithium 
variants 

Lithium 
nano-
phosphate 
(Li4Ti5O12) 

EV 
HEV 
PHEV 

A123 • Highest combined energy/power density of all 
battery types commercially available  

• Excellent safety and durability 
• Highest usable energy (along with iron 

phosphate) 
• Lowest cost metrics of all lithium iron variants 

• Cost, while the lowest of all battery 
technologies, is still high relative to costs for 
a regular combustion engine vehicle 

Zinc air 
battery 

  • Over twice as much energy as conventional Li-
ion batteries 

• Cost less than Lithium batteries to manufacture 
• Good safety record and environmentally -

friendly 
• Cheap, abundant base material (zinc)—no 

supply constraints 

• Rely on ambient conditions and dry out 
once exposed to outside air 

• Flooding potential 
• Short active life 
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Other technologies 
While batteries remain the most prevalent energy storage option for PHEVs, EVs and HEVs, there are 
other types of energy storage technologies that show promise and receive funding for further research 
from government, such as the US Department of Energy’s FreedomCAR and Fuel Partnership Plan in 
conjunction with USCAR and others. Some of these technologies include:  

• Ultrabattery (part battery/part capacitor technology): Essentially this technology takes existing 
battery chemistries (for example, lead acid) and combines them with a supercapacitor. This 
solution couples the energy density of lead acid with better rates of discharge and higher 
performance than regular battery chemistries can achieve alone. The main researcher of this 
type of technology is the Commonwealth Scientific and Industrial Research Organization 
(CSIRO) in Australia. 

• Ultracapacitors: A version of this type of technology has been built and patented by Texan 
company EEStor. Their electrical energy storage unit (EESU) is currently one the most debated 
alternatives to battery technologies. EEStor claims its EESU technology is capable of charging in 
a matter of minutes, lasting 100,000+ lifecycles, providing an energy density of 340Wh/kg (with a 
range of more than 500 miles and at a fraction of the cost of current battery technologies.208  
Zenn Motor Company, based in Toronto, Ontario, is developing a low-speed EV city car using an 
EEStor’s EESU technology. Their vehicles are now commercially available in Quebec, with a 
government tax credit available on their purchase.209  However, there are scientists in the 
industry who challenge the claimed capabilities of this technology based on the information 
provided in the patent descriptions. For example, in a recent paper, John Miller, an industry 
super capacitor expert, highlighted "unrealistic charge times,” whether or not the technology 
could be scaled, and the reliability of the system due to the “thousands and thousands of small 
electrostatic capacitor parts.”210  
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BMW’s “Project i” division 
explores sustainable green 
alternatives to traditional cars; 
their aim is to create a new 
range of near-zero emissions 
city vehicles. 
 
 
 
 
 
 
 
 
 

 
 

2.3.3.1 Case Study: BMW 
 
 
BMW has made a name for itself by developing vehicles with highly efficient internal combustion 
engines and vehicles with low CO2 emissions.  Continuing in this vein, the company is investing in an 
R&D division called “Project i,” which explores sustainable green alternatives to traditional cars. The 
aim of Project i is to create a new range of near-zero emissions city vehicles, culminating in the 
“megacity vehicle”—BMW’s first mass produced, dedicated, battery-powered vehicle. 

This is part of an integrated mobility concept being explored by BMW, and includes the development of 
a global vehicle suite offering that could extend beyond cars to the likes of battery-powered 
motorcycles. A wide range of hardware is currently being tested to see what can be taken to market, 
and when. The first vehicle to be publicly piloted is the Mini E, the all-electric Mini, with approximately 
500 vehicles currently being tested. This is a small-scale test and the vehicles will be kept in the market 
for about a year to measure their performance and efficiency, as well as consumer responses. While 
quantities for the megacity vehicle will be on a much greater scale, the results from the Mini-E trial will 
be critical to the development of the megacity vehicle itself.  
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The technology 
Still in the exploratory stages, BMW has not yet released the specifics of the megacity vehicle. 
However, the company has indicated that it is looking into a number of engine types for its near-zero 
emissions offerings, which range from hybrid electric engines to pure electric engines. The latter is 
particularly pertinent due to the strong regulatory push behind electric vehicles.  

A key question in the development of this technology is how to resolve the issue of range. In the 
interim, a plug-in hybrid electric vehicle (PHEV) is the optimal solution, whereby the vehicle is fitted with 
both an internal combustion engine and a battery. In this case, the vehicle would use the internal 
combustion engine as a back-up in emergencies so as to ensure the battery was fully charged when 
required. 

BMW has recently selected SB LiMotive as a supplier of lithium-ion batteries for its megacity vehicle.211  
This decision is a considerable milestone as the various chemical make-ups of batteries highlight the 
need to evaluate the pros and cons of each, with weight, price and safety being key considerations. 
Although the high price of batteries is often quoted as being a key impediment to the development of 
hybrid and electric vehicles, as Dr. Joerg Pohlman, CFO of Project i puts it, “The battery landscape is 
looking much more positive than BMW had envisaged a few years ago. While there will still be a cost 
premium for hybrid and electric vehicles, it is not as bad as had been predicted.” Indeed, battery prices 
have come down a lot in the past year and a half, predominantly due to increased competition in the 
space.  

Moreover, the strong regulatory push behind electric vehicles means that when a tax incentive is 
applied in the range of approximately $8,212 (£5,000) per vehicle, the premium is cancelled out. Added 
to this is the cost advantage of using electricity over conventional gasoline. This is particularly true for 
European markets. While the Mini costs approximately $11 to $17 (€8 to €10) per 100 km to run 
(depending on the market in which it is operating), the Mini-E costs just $3 (€2) per 100 km, increasing 
the vehicles’ attractiveness to consumers.  

The end-product will be a more economical and environmentally-friendly vehicle. BMW’s investment 
into this space gives the company quiet confidence that it will be able to differentiate itself in the 
marketplace by offering a lightweight and economical solution to consumers. 

 
Scalability of the market 
Like many OEMs, BMW is investing heavily into the development of near-zero emissions vehicles. 
However, the key question currently facing the company is determining how many vehicles it will be 
able to sell and what the starting point should be. Estimating that these near-zero emission vehicles will 
sell at a 20 percent cost premium over internal combustion engines, BMW anticipates that the market 
has the potential to reach around 10 percent of new vehicle sales by 2020. An assessment of the 
likelihood of this market is critical given the long lead time required to produce vehicles on a mass 
scale, the answer to which will depend heavily on the development of infrastructure to support hybrid 
and electric vehicles, and utilities seeing electrification as an opportunity to be capitalized. 

In this sense, partnerships will be fundamental. As previously discussed, BMW will choose a battery 
manufacturer to partner with in order to fit its vehicles with a fit-for-purpose battery (that has a life span 
of approximately ten years) and to ensure sufficient production capacity to meet demand for tens of 
thousands of vehicles. This necessitates a considerable amount of testing to manage the industrial 
capacity that will be required.  

With regard to the development of infrastructure, discussions with governments and public utilities are 
critical. BMW is underway in this arena, with a case in point being the city of Berlin, whereby BMW is in 
discussions with city authorities to determine what type of infrastructure is required to support the 
vehicles and where the infrastructure should be located. Thinking more long term, there are also a 
number of questions that relate to the infrastructure around vehicle-to-grid and how batteries in the 
vehicles could be used to support the electric power network. “Interestingly, one of the early questions 
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we considered was whether or not new power plants were required next to big cities to support these 
vehicles. The answer was no, as we discovered that consumers could feed the power of their batteries 
back into the grid,” said Dr. Joerg Pohlman, CFO, Project i. Again, cooperation with utilities will be 
critical to resolving these issues. BMW has thus developed relationships with utilities in the European 
pilot markets, including Vattenfall and Scottish and Southern Energy.212  

The answers to these questions will provide consumers with the support they require to operate hybrid 
and electric vehicles, and the announcements by OEMs to develop more and more electric-drive 
vehicles between 2010 and 2012 will support the requests for this infrastructure. BMW itself expects to 
begin large-scale production of the megacity vehicle in the first half of the coming decade.  

 
Impact on GHG emissions 
The reduction in GHG emissions that these vehicles can offer will be largely dependent on the energy 
mix of each country. Through Project i, BMW aims to ensure all steps of the value chain are consistent 
with the company’s “green” approach. While, BMW has limited control over which power sources a 
consumer chooses to charge its vehicle from and cannot expect consumers to change utility 
companies, BMW projects in Berlin and Munich seek guarantees that utilities are using energy from 
renewable sources. Through this model, BMW seeks an overall picture of the vehicle’s carbon footprint 
and aims to use this in a competitive way to challenge other OEMs.  
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LG Chem is the world’s third 
largest secondary battery 
manufacturer. 
 
 
 
 
 
 
 
 
 
 
 

2.3.3.2 Case Study: LG Chem  
 
 
LGChem is the largest chemical company in Korea and has revenues of $13.3 billion, and earnings 
before interest, taxes, depreciation and amortization (EBITDA) of $1.5 billion in 2008. The company has 
two business areas, “petrochemical” and “information and electronic materials,” with the latter including 
the battery business. As the world’s third-largest secondary battery manufacturer, with a market share 
of 13.4 percent by Q2 2009,213 LG Chem has an annual production capacity of 207 million cells, with 
155 million of these cells produced in Korea, and the remainder produced overseas. LG Chem also is 
the first in the industry to commercially produce 2,600 milliampere hour (mAh) cells. LG Chem’s portfolio 
includes both lithium-ion and lithium-ion polymer rechargeable batteries for various applications, 
including small-sized batteries for mobile phones, notebook personal computers, camcorders and other 
personal electronic devices, and medium- and large-format batteries for electric/hybrid vehicles.  
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Vision 
LG Chem began commercial production of medium-and large-format batteries in 2005. The company 
aims to be a leading medium-size battery manufacturer through cost competitiveness and strategic 
targeting of customers to increase market share. Based on a proven track record in small-size 
batteries, LG Chem is now aggressively pursuing the lithium battery market. With characteristics such 
as high energy density, nominal voltage, lack of memory effect and multiple safety features, lithium-ion 
batteries are ideally suited for a range of applications, including electric vehicles as well as large-size 
electricity storage for grid operation. 

  
Technology 
LG Chem chose lithium-ion polymer due to its strength in slimmer, lighter cells, and its high energy 
density. These characteristics contribute to a decrease in weight and downsizing of the batteries’ form-
factor, with the polymer providing greater flexibility in terms of size, compared to the nickel-metal 
hydride (Ni-MH) battery. With more than 30 years’ experience of petrochemical polymer manufacturing 
to draw upon, LG Chem is able to further differentiate the quality of its raw materials, resulting in lower 
costs, higher durability and improved safety. 

LG Chem has selected Mn Spinel, natural graphite-type lithium-ion batteries, due to their safety, low 
cost and high energy density. The Mn Spinel cathodes compare favorably to nickel cobalt manganese 
(NCM) and nickel cobalt aluminum (NCA), with the following features: 

 

• Power density: Equivalent to NCM and NCA. 
• Energy density: NCM and NCA have some superior points to Mn Spinel, but the gap is getting 

smaller. 
• Abuse tolerance: Superior to NCM and NCA (more resistant to overcharge; less chance of 

electrolyte leakage), but lags behind lithium olivine (iron phosphate, FePO4) batteries. 
• Cost: Superior to NCM and NCA due to low usage of cobalt, despite the relatively high 

manufacturing costs. 
 

Using a graphite anode has several advantages, with graphite’s key benefits including a high rate 
capacity (the discharge capacity, or the amount of energy taken from the battery when discharged 
“naturally”), high coulombic efficiency (charge acceptance), and low irreversible capacity (capacity lost 
in subsequent recharges, compared with the first full discharge cycle). Other features include: 

• High energy density relative to lithium titanium oxide (LTO). Good power density, but lags behind 
LTO. 

• Abuse tolerance is good, but lags behind LTO. 
• The cost-competitiveness is excellent relative to LTO. 

 
LG Chem has acquired multiple intellectual property rights for several unique aspects of its processes. 
For example, its pouch type uses laminated film and a polymer material that has the strength to control 
thermal run-away (a positive feedback loop of temperature increases resulting in further temperature 
increases, leading to damage), resulting in high levels of safety compared to conventional cylindrical 
type batteries. However, this does result in some issues with regards to the cost-effectiveness of the 
packaging (LG Chem believes in the cost-effectiveness of the lamented package over that of the 
cylindrical type).  
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 Table 34. HEV battery characteristics (pack) 

 
 
 
 
 
 
 
 
 

Key: kg = kilogram; L = liter; kW = kilowatt; Wh = watt hours 
 

 
Table 35. HEV battery characteristics (cell) 

 
 
 

 
 

Key: g =gram; L = liter; Ah = ampere hours; Wh = watt hours; kg = kilogram 
 
 
Scale/business model 
When it comes to batteries, LG Chem’s processes are not vertically integrated, however the 
feedstock sourcing is reliable and provided mainly by local manufacturers. Separators come from 
SK Energy, although the electrolytes and anode/cathode materials come from a variety of sources, 
including local manufacturers such as Ecopro,214 and Japanese manufacturers such as Hitachi 
Chemical.215  LG Chem, as a chemical company has strength in the field of materials 
development—particularly when compared to other major battery makers, most of which fall under 
the umbrella of “electronics” entities. LG Chem developed their proprietary separator-ceramic 
coating technology in-house, and uses this for all of their HEV/EV applications. The company has 
also developed a three-component cathode (“NMC”) that has already been applied to small-size 
batteries.  
 
By the end of 2009, the batteries for plug-in hybrid vehicles will be produced at LG Chem’s commercial 
plant and provided to GM for use in the Chevrolet Volt and Buick.216   LG Chem’s batteries for HEV use 
are already available, with car models from Hyundai and Kia217 having become commercially available 
in Korea since July 2009. With an investment of $1 billion, LG Chem is now expanding its 
manufacturing capacity to produce a total of 20 million cells per year for mid-size batteries, by 2013. At 
present, manufacturing capacity is limited to Korea, but there are plans to expand manufacturing to 
other markets in order to match demand. North America, India and China are being considered as 
potential sites. LG Chem already has a branch in the United States, CPI Corp., that focuses on 
marketing, sales and R&D. This branch is led by Dr. Prabhakar Patil, formerly Ford’s director of HEV 
R&D. LG Chem plans to expand its partnerships with vehicle manufacturers and strengthen its 
relationships with existing local vehicle manufacturers, Hyundai and Kia. One potential difficulty is the 
emergence of other battery manufacturers also aiming to penetrate this market as specialist alternative 
battery providers.  

The size of the overall market is anyone’s guess. Once the safety issues have been completely 
resolved, the first lithium-ion battery-using vehicle could be successfully launched.  

 

 Weight 24 kg 
 Volume 20 L 
 Power 30.7 kW 
 Energy 940 Wh 
 Energy density 38.2 Wh per kg 
 Power density 1.28 kW per kg 

 Weight 240 g 
 Volume 0.18 L 
 Energy 5.3 Ah 
 Energy density 84 Wh/kg 
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Challenge 
A key challenge is the size of the overall market and a dependency of the battery market on the 
automobile industry. A particular issue is the size of the market for plug-in electric vehicles, and 
their competition with current HEVs. Commercial manufacturing will only become economically 
viable when the number of vehicles sold exceeds 100,000 per year.  
 
The primary technical challenge is the speed of charging, with high voltage and power density 
requirements for PHEV batteries. With a need for balance between power density and energy 
density, several features are required to increase power density, including increasing the amount of 
high power cathode/anode materials used, reducing the electrolyte loading density, manufacturing 
using a slim coating and increasing the transmittance of the separator. To accomplish this, LG 
Chem is focusing on developing key materials in-house and strengthening their partnerships with 
key materials manufacturers (e.g., separators, electrolyte and cathode/anode materials).  
 
For HEV batteries, LG Chem’s focus remains on ensuring the cost competitiveness of lithium-ion-
type batteries, relative to Ni-MH type and newer lithium-ion-types. 
 
LG Chem’s view is that the Korean electric vehicle market could be a captive one, particularly 
considering that local vehicle manufacturers, especially Hyundai and Kia, retain more than 70 
percent of the market share. However one difficulty with the Korean market is that the electricity 
charging infrastructure remains one step behind the advances made in electric vehicles—a 
challenge that must be overcome in this, and other markets, if LG Chem’s vision is to be realized.  
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2.3.4 Charging 
 
One key challenge to the widespread adoption of plug-in electric vehicles is that the infrastructure to 
support these vehicles simply does not widely exist. There is a common misperception that plug-in 
electric vehicle owners would simply be able to recharge their vehicles at home, but it is important to 
note that the majority of homeowners do not have garages where they could charge their vehicles. 
Indeed, with six times as many vehicles as garages in San Francisco, 51 percent of these vehicles are 
parked on the street. The same issue is replicated across the United States with five times as many 
cars on the roads as garages where they could be charged. The situation is even worse in Europe.218  
Construction of the right infrastructure in homes and public spaces is critical to support wide-scale 
adoption of plug-in electric vehicles. As a result of government targets and financial incentives, 
municipalities, utilities and new market entrants are working together and heavily investing in charging 
points to slowly build the required infrastructure to support the vehicles and their drivers.  
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Technology  
Several variations of charging infrastructure are appearing on the market today. Three key options 
will be explored. 
 
Level I and level II charging 
As noted, certain charging infrastructure exists today. We will call this “simple charging.” Simple 
charging includes plug sockets where vehicles can be plugged in, allowing them to feed off the grid. 
At-home plugs are being complemented by public charging points. The equivalent to gasoline 
stations, these charging points would allow plug-in electric vehicle consumers to recharge their 
vehicles overnight and/or while at the office, for example. The technology required to support simple 
charging differs little from the way that our electricity grid operates today. Industry players, 
particularly utilities, have been hesitant to express support for the adoption of this infrastructure 
since simple charging would not provide them with the opportunity to manage load and could thus 
prove to be a threat to the electricity grid. Even so, simple charging will make up a significant 
portion of the charging infrastructure in the initial stages. To mitigate the risk, utilities can offer PEV 
customers off-peak energy tariffs to encourage charging at off-peak times. Pacific Gas & Electric 
(PG&E) is among the utilities that have implemented tariffs for plug-in electric vehicle owners.219 
 
Controlled charging or “smart charging” provides utilities with the ability to support a high degree of 
market penetration, as the charging points and utility systems are equipped with software allowing 
them to communicate with the vehicle and the grid to control the time and pace of vehicle charging, 
depending on consumer preferences. These charging stations are designed to be placed where 
consumers park. Although charging time depends on the energy density, state of charge and 
connection size of the battery, stations are capable of charging vehicles in up to four hours. 
Furthermore, they have the ability to use intermittent renewable energy resources as the 
communication system matches up supply and demand as it occurs. GridPoint and Coulomb 
Technologies are among the companies producing smart charging–enabled endpoints. 
 
Level III charging  
Finally, high-energy, DC-charging or “fast-charging” claims to charge vehicles within 10 to 15 
minutes—enabling charging points to more closely resemble gasoline stations. The charging points 
have a higher level of power to quickly charge the batteries with control systems that avoid draining 
battery life and avoid causing the batteries to be overheated. eTec (a subsidiary of ECOtality) is one 
company that has invested in this technology, with their “Minit-Charging” stations, but the cost is 
currently estimated at approximately four to five times the cost of a level II charging station.220  To 
date, eTec’s Minit-Chargers have focused on heavy-duty vehicles, servicing forklifts, automated 
guided vehicles and airport ground support equipment. The company has installed 4,300 Minit-
Charger stations, providing power to approximately 5,000 truck lifts in the United States and 
Canada. While the technology is gaining momentum among the heavy-duty applications, it remains 
distant for light-duty vehicles, given the high cost per unit and the fact that particular batteries are 
required in the vehicles to ensure battery safety and longevity.  
 
This report will thus focus on controlled charging. As a key technology supporting the optimization 
of vehicle electrification, it has the potential to disrupt the market and provide the supporting 
infrastructure required for mass take-up of plug-in electric vehicles within the next five years. 
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A growing and scalable market 
Utilities, municipalities and businesses are recognizing the necessity to roll out controlled charging 
stations and are thus investing ahead of the game, enabling the creation of infrastructure to ensure 
that consumers can charge their vehicles at their convenience. 
 
 
Figure 41. Electric vehicle charging infrastructure 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Accenture analysis 

 
The aggressive targets set for the deployment of charging points are directly related to the number 
of plug-in electric vehicles announced for mass production by OEMs, with each vehicle requiring 
approximately two charging points (an as yet unsubstantiated estimate). This growing market 
provides opportunities for market players today to scale up production as well as opportunities for 
new entrants to gain market share. Nu Element is one example. With a background in micro-grid 
applications, Nu Element is a company that provides charging points integrated with distributed 
energy resources, including renewables, to better enable load management and to offset demand 
during peak hours.  
 
Other more established companies, such as eTec and Coulomb Technologies, are making the most 
of their first-mover advantages and expanding their charging-point network. eTec has installed more 
than 400 charging stations for PEVs,221 while Coulomb Technologies has pilot deployments across 
the United States and recently signed a contract to provide 200 charging stations to the city of 
Amsterdam by 2012.222  
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Better Place is also ramping up deployment and promoting its system—in Israel, Denmark, 
Australia, Canada, Hawaii, San Francisco and, most recently, Japan. The company will be 
constructing electric vehicle charging infrastructure throughout these locations.223  The Better Place 
model provides charging points where consumers could plug their vehicles in overnight, as well as 
battery-swap stations, enabling consumers to extend the range of their vehicles on long trips or in 
the case of an emergency. The first pilot will be in Israel, where 500,000 charging stations are 
expected to be deployed by 2012.224  
 
Government targets for plug-in electric vehicles provide a reasonable benchmark for estimating the 
potential market size of the charging infrastructure. In the United States, for example, President 
Obama’s target of one million PEVs on the road by 2015 would mean a minimum of two million 
charging stations ahead of this time to support the vehicles.225  Pike Research estimates that 
worldwide the number will be five million.226  
 
Challenges 
The growth of the controlled charging market is dependent on the growth of PHEVs and EVs and 
how the regulatory and business incentives are structured. Other challenges include: 
• Optimization of the grid and standardization of how charging is achieved must be a key part of 

how electrification is rolled out. For example, with a standard now adopted in the United States 
for level I and level II charging (charging within approximately four hours), the same needs to be 
applied in Europe and Asia. This will enable the market to remain truly global and limit the 
necessity for companies to produce market-tailored products. Awareness of these issues and 
industry collaboration will be key to a scalable, sustainable model. 

• Battery technology affects how much and how quickly the battery can take the charge. This 
needs to be developed to optimize charging technology. 

• Consumer behavior is also a factor. Consumers need to become accustomed to plugging in their 
vehicles when they get to work or when they come home at night and to sign up to the right tariff 
to meet their demand and have minimal impact on the environment.  

 
Key findings 
• Controlled charging enables utilities to manage energy demand more effectively and consumers 

to benefit from lower off-peak tariffs. This will be key in delivering the aspirations of widespread 
electrification of vehicles. 

• Municipalities across the globe have announced ambitious rollouts of charging-point 
infrastructure. 

• The growth of the controlled charging market will be heavily dependent on the uptake of plug-in 
electric vehicles and how incentives for the growth of PEVs are driven/managed by policymakers 
and business. 
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Table 36. Disruptive technology assessment: Charging 

Disruptive criteria Assessment Rationale 

Scalable   

Greater than 20 percent potential impact on 
hydrocarbon fuel demand by 2030  ? 

Market growth will be dependent on the 
uptake of plug-in hybrid electric vehicles. 

GHG impact   

Savings greater than 30 percent relative to 
hydrocarbon it is replacing 

 

A number of pilots are currently 
demonstrating the ability to use intermittent 
renewable energy sources, such as wind or 
solar, to charge vehicles at the charging 
points.  

Cost   

Competitive at oil price of $45 to $90 per 
barrel at commercial date 

 

Utilities and/or businesses would own the 
charging points (estimated at approximately 
$5,000 per unit) and would offer 
subscriptions to consumers, competitive at 
$40 per barrel of oil, dependent on consumer 
preferences. 

Time to market   

Commercialization date less than five years 
 

Charging points are currently commercially 
available and are being rolled out as part of 
pilots across the globe.  
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Coulomb Technologies aims to 
encourage electric 
transportation through the 
creation of an infrastructure 
network of charging points. 
 
 
 
 
 
 
 
 
 

2.3.4.1 Case Study: Coulomb Technologies 
 
 
Coulomb Technologies was founded in 2007 with the aim of encouraging electric transportation through 
the creation of an infrastructure network of charging points, thereby allowing consumers to recharge 
their vehicles when not in use, for example at night, while at the office, or while running errands. The 
company hopes to ensure that “all other things equal, consumers choosing between electric vehicles 
and conventional internal combustion engines, do not concern themselves with the need for charging 
their vehicles.”227 
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The technology 
The founders of Coulomb Technologies have extensive experience in networking technologies and 
have leveraged this expertise to their charging stations. The company’s charging stations are made 
up of the following components: 
 
• A billing system, which includes an authentication system that allows the driver to confirm 

charging. The station then debits the consumer’s account. Coulomb Technologies offers 
consumers a wide range of subscription tariffs to charge at Coulomb Technologies charging 
stations, ranging from off-peak and grid-friendly plans, to pay-per-use.  

• Networking convergence, implementing smart grid policies to enable demand response and 
provide utilities with the ability to control charging times based on consumer preferences. 

• Consumer interface, which enables consumers to manage and monitor parameters, such as 
the state of charge of their vehicles. One feature developed as a result of the increasing 
emergence of fleet vehicles is an alarm system alerting the consumer when the vehicle is not 
charged. A second notable feature is the inclusion of all Coulomb Technology charging stations 
on Google maps. This enables the consumer to ascertain where the stations are, whether they 
are switched on and whether they are occupied, thus minimizing time spent trying to find an 
available parking spot.  

 
Coulomb Technologies’ patented technology provides a unique offering that optimizes vehicle 
charging through networking technologies. The system is smart grid enabled, allowing the utility to 
manage energy more efficiently. The charging stations recharge vehicles in between four and 10 
hours, depending on the battery and the vehicle’s state of charge. Given that cars are driven an 
average of one hour per day, this provides scope for charging during the remaining 23 hours per 
day. The charging points need to be placed at convenient locations for the consumers, for example 
outside homes, offices or leisure centers.  
 
The sale and placement of these charging stations is the core of Coulomb Technologies’ business, 
with clients ranging from businesses, to municipalities, to utilities. Its subscription business provides 
revenue to cover the ongoing costs of energy and maintenance. The take-up of plug-in electric 
vehicles is key to an increase in demand and a growing market.  

 
A growing and scalable market 
“By 2020, the market will be humongous,” says Richard Lowenthal, CEO and founder of Coulomb 
Technologies. Two charging stations are required for every car, and with President Obama’s target 
of one million plug-in hybrid electric vehicles (PHEVs) on the road in the United States by 2015, this 
means two million charging stations. When electric vehicles (EVs) and the European markets are 
added, this number increases significantly. Of notable interest are the preemptive moves being 
made by progressive utilities and municipalities. These industry players have shown great interest 
in plug-in electric vehicles (PEV) before the vehicles themselves have been made publicly 
available. Partly fueled by government incentives, with a 50 percent tax credit on all charging 
applications and $330 million of US federal government capital to be invested into alternative fuel 
infrastructure, the creation of infrastructure signals great promise for the widespread adoption of 
PEVs. 
 
Further evidence of the potential market size and Coulomb Technology’s growing market share are 
the number of pilots being rolled out across the United States and Europe, all measuring different 
elements. A couple of prime examples are pilots in Chicago and Hawaii that are both measuring the 
ability to use renewable energy in the charging points (solar and wind, respectively). Going forward,  
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the number of pilots is expected to increase, with considerably deeper market penetration in 
Europe; London recently announced 25,000 charging points to be set up across the city. This 
momentum behind plug-in electric vehicles is paving the way for growing demand and Coulomb 
Technologies is steadily preparing itself for this. 
 
At present, the company can cater for 20,000 charging points and is ensuring sufficient capacity to 
scale up their technology. The company has one data center in Silicon Valley and is currently 
constructing a second one in Berlin to cater for rising European demand. Cost is also something 
that Coulomb Technologies is closely monitoring. Today, charging points cost between $2,500 and 
$4,000 each, indicating a high-margin business. However, with an anticipated move toward a 
commodity market, Coulomb Technologies is constantly looking at cost reduction in order to 
maintain market competitiveness.  
 
Moreover, the company is constantly researching new technologies to stay ahead of the pack. 
While there are currently no standards for “fast charging,” also known as direct current charging 
(DCC), Coulomb Technologies is developing novel technologies and plans to be ready when this 
technology comes to market. Likewise, close contact with the automotive world is critical to 
ensuring the charging points meet the OEM requirements and solutions going forward.  
 
First to market, Coulomb Technologies is trying to take advantage of its market position and is 
working to develop new technologies to allow it to retain this position. 
 
 
 
 
 
Challenges 
To capitalize on this growing market, there are several challenges that need to be monitored and 
mitigated. The greatest challenge to charging infrastructure development is undoubtedly market 
take-up of PEVs.  
 
Standardization is another major challenge. EVs were first rolled out as a trial in California and 
Arizona in 1996, but no common standard was adopted. Despite this limiting the vehicles’ abilities 
and resulting in the trials failing, it provided key learnings going forward. A common standard for 
charging infrastructure has now been adopted across North America (Standard J1772),228 but it 
seems Europe is adopting a different standard. Moreover, within Europe, Italy is developing its own 
standard and this could lead to considerable difficulty in the future, including the inability to drive 
vehicles across borders and the need for OEMs to target specific countries when developing these 
vehicles. These issues need to be considered at the outset in order to minimize challenges of 
scalability.  
 
A final challenge to note is the reaction of utilities. While utilities are beginning to pick up pace with 
regard to the new industry trends, they have been fairly slow to react, particularly in the United 
States. Although European utilities have taken a more progressive stance, monitoring the actions of 
these companies across the globe is critical to ensuring a scalable and cooperative market. Again, 
the rising number of pilots in this space indicates the potential for electrification of the transport 
industry to wholly disrupt the current market landscape. 
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GridPoint acquired V2Green to 
strengthen its electric vehicle 
management offering and 
contribute to its vision of 
intelligent grid-enabling utilities. 
 
 
 
 
 
 
 
 
 

2.3.4.2 Case Study: GridPoint 
 
 
GridPoint is a leading smart grid software solutions company that provides utilities with a smart grid 
software platform.  The software applies information technology to the grid, enabling communication 
with distributed endpoints that represent sources of load, storage and generation. This provides an 
interactive interface for consumers and utilities. Among the solutions offered by the software platform 
are home energy management, load management, renewable integration, energy storage management 
and electric vehicle management. In September 2008, GridPoint acquired V2Green to strengthen its 
electric vehicle management offering and contribute to its vision of intelligent grid-enabling utilities to 
manage peak loads and energy more efficiently.  
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The technology 
Electric vehicles are a challenging, but valuable asset to manage. They are challenging because 
they are mobile, intermittently connected to the grid, and dependent on consumer behavior. Despite 
these challenges, they are incredibly valuable as they are essentially batteries on wheels and 
sources of distributed storage for utilities. “Storage is the holy grail for utilities,” says John Clark, 
marketing lead for GridPoint. GridPoint’s electric vehicle management system offers utilities a 
platform to communicate with the vehicle and intelligently integrate the vehicle’s energy 
requirements into the wider demands of the grid, also called “smart charging.” Even without 
considering vehicle-to-grid (V2G) technology, smart charging enables utilities to time when and how 
fast they charge plug-in electric vehicles (PEVs), bearing in mind the requirements of the consumer. 
This provides utilities with the flexibility to manage their load and the ability to bring a greater 
amount of renewable energy online. Wind, for example, is a very intermittent source of energy, but 
with the appropriate energy management system, utilities could switch on electric vehicle charging 
to match the flow of wind power. 
 
GridPoint’s software application for electric-vehicle management is one of the leading offerings in 
the marketplace and the company appears to be one of the most experienced in managing fleets. 
Their charging offering is a robust interface for both drivers and utilities. Deployment of these 
vehicles on a small scale has demonstrated its functionality. These demonstrations include, among 
others, pilots with Austin Energy, Xcel Energy, Duke Energy and Seattle City Light.229  All of these 
pilots have slightly different missions: Austin Energy and Xcel Energy are looking at the ability to 
integrate renewable energy into the grid, while Seattle City Light is measuring the impact of the 
distribution grid in urban environments, including load, times of peak load and management of that 
load. GridPoint is also working the Xcel Energy’s SmartGridCityTM in Boulder, Colorado in order to 
integrate this electric vehicle management system into the wider energy management system via 
the smart grid.230  All of these activities are in early development stages and are small scale, 
meaning a vehicle test fleet of between ten and twenty vehicles. 
 
GridPoint has various patents filed and their solution is now commercially available. The company 
offers its product to utility companies, but is also partnering with charging infrastructure companies 
and auto manufacturers. By maintaining an open platform, GridPoint embraces the various benefits 
and positive attributes of the different emerging business models.  
 
Scalability of the market 
The GridPoint solution is scalable and the company’s system currently has the capability to provide 
smart charging for millions of vehicles–far ahead of current market requirements. However, as 
demand grows, there will be further challenges to manage. The primary challenge impacting 
scalability will be the communication networks being used. Currently, some of the communication 
systems used do not have large amounts of bandwidth to deal with mass penetration of PEVs and 
other distributed communicating endpoints. GridPoint is developing optimization methods to enable 
the effective use of these relatively narrowband communications networks. 
 
A second challenge is influencing the regulatory environment. Indeed, “technology is not the 
number one challenge, but getting participants to play together in a way that makes everyone win 
will be more challenging,” says John Clark, marketing lead for GridPoint. All industry players need 
to work closely together in order to make this solution scalable, as regulators will need to incentivize 
utilities and utilities will need to incentivize consumers through the establishment of tariffs and 
energy management programs.  
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Further down the line, the solution will also enable V2G technology to come online. While V2G, 
today, is technically feasible, mass commercialization of PEVs and the economic evolution of the 
technology are required before the technology achieves any significant uptake. 
 
In the meantime, PEVs will gain ground and increase in market share. Assessing the potential size 
of this market is difficult, as it is still in development. The automotive market is worth hundreds of 
billions of dollars. Over time, PEVs are anticipated to reach a similar scale. In terms of GridPoint’s 
own market share, the company estimates the software market to reach multibillion-dollar status 
within the next five years, with further growth as the PEV market develops. While this estimate may 
seem rather bullish, consideration of the regulation currently in place, as well as the need to reduce 
dependency on oil, suggests that the foundations that the development of this market needs, are 
certainly in place.  
 
Supporting this vision, GridPoint’s solution aims to provide utilities with the technology for today, 
tomorrow and the future. The electric transportation market will be a large feature of this. 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 42. Example screenshot demonstrating how GridPoint’s smart grid software allows  
utilities to synchronize the charging behavior of electric vehicles opted into smart  
charging programs with the availability of wind (used with permission) 
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2.3.5 Vehicle-to-Grid (V2G) 
 
Vehicle-to-grid (V2G) was first coined by the electric-drive company, AC Propulsion, in a joint project 
with the University of Delaware. V2G describes a system of bi-directional power flow between the 
vehicle and the grid. As with conventional electric vehicles (EV) and plug-in hybrid electric vehicles 
(PHEV), the grid is used to recharge the vehicles when the battery has depleted or is at a low state of 
charge. V2G reverses the direction of flow of electricity so that energy stored in idle vehicles can be 
used to provide power back to the grid. Following extensive research by industry and academia alike, 
the potential of V2G is currently in demonstration, with take-up expected following market penetration of 
electric-drive vehicles.  
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Why V2G? 
V2G provides a unique offering to utilities and consumers. Vehicles are currently used 
approximately 4 percent of the time and sit idle the remaining 96 percent of the time. With 
approximately 150 million vehicles in the United States alone, this represents a total of more than 
12 terawatts (TW) of theoretical power available to the grid—the equivalent of approximately 12,000 
power plants—should these vehicles be fitted with electric-drive systems and V2G capacity.231  With 
a distributed energy storage resource of this size, utilities could also use it to assist integration of 
renewable energy generation from fluctuating sources. V2G further provides an attractive offering 
for consumers as vehicle drivers would, in effect, be able to sell power capacity of the vehicle back 
to the grid, providing them with a new source of revenue. 

 
Technology 
V2G requires vehicles with a power electronics system, as well as communications and control 
hardware.  The power electronics must be designed to enable bi-directional flow of power and the 
control hardware directs the flow of power based on communications with the electric grid operator.  
The grid operator requests are honored contingent upon vehicle owner preferences and the state of 
charge of the vehicle. 
 
AC Propulsion first tested the power electronics system in 2000 and has since developed a 
commercial offering at $400 incremental cost to the price of a non-grid-enabled electric-drive 
vehicle. The company is supplying its vehicles to a number of demonstration projects internationally 
to prove its drive train and, in a few cases, to test the V2G power electronics components on the 
vehicle. As part of the Mid-Atlantic Grid Interactive Cars Consortium (MAGICC), the AC Propulsion 
vehicle was in 2007 fitted with V2G communications and control technology developed by the 
University of Delaware to test the power available to the grid and the ability to provide this power 
when required. In June 2009, AC Propulsion licensed Autoport (Delaware, USA) to start producing 
the eBox and begin conversions of internal combustion engines to PEVs (AC Propulsion holds 
patents on the power electronics components and the University of Delaware holds patents on the 
communications and control infrastructure).232 
 
The power available to the grid will depend on the electrical connections in the building or parking 
lot as well as the battery vehicle chargers on the vehicle. To a lesser extent, it depends on the size 
and capacity of the battery. AC Propulsion’s V2G automotive power electronics provides 80 
amperes (A) in either direction, varying between 16 kW for a commercial building and 19 kW for a 
residential building. To minimize deep battery cycles and to start with the highest-value markets, 
research by the University of Delaware for the California Air Resources Board and the State of 
Delaware has determined that the provision of power from the vehicle to the utility is best suited to 
ancillary services. Ancillary services account for approximately $12 billion a year in the United 
States and include regulation services and spinning reserves. Regulation services maintain 
frequency stability of the power system and adjust for the short-term balance between generation 
and load. They account for approximately 80 percent of the cost of ancillary services. Traditionally, 
generators that choose to contract for regulation services are automatically controlled by connection 
to the grid operator. Regulation services require quick response times and can be called upon up to 
400 times a day for periods of a few minutes at a time. Spinning reserves respond to sudden 
failures of generation or transmission, providing additional power within five minutes of the request. 
Spinning reserves are dispatched much less frequently, but for longer periods of time, than 
regulation services. Regulation services could provide consumers with up to $4,000 a year in 
revenue, with spinning reserves accounting for about $1,000 per year.233  
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Figure 43. How V2G works. 
 

 
 

 
 
Source: Willett Kempton, Used with permission  
 
Use of vehicle power could provide additional benefits to utilities in the future, after the high-value 
regulation and spinning reserves markets are satisfied. First, V2G enables utilities to level out their 
daily cycle of power load, ensuring greater asset utilization. This pushes back new build 
requirements, thereby deferring costs. Second, V2G provides utilities with distributed energy 
storage—minimizing the need for upgrades to the transmission and distribution system and further 
reducing costs. The distributed energy storage also provides utilities with the ability to bring a 
greater amount of renewable energy online. Today, storage is limited. Thus, if renewable energy is 
produced but demand is insufficient, the energy created is wasted. V2G offers utilities additional 
storage space to store the renewable energy if it cannot be used immediately. The vehicle can use 
this energy directly or feed some of it back onto the grid later as required. The University of 
Delaware is currently testing this feature of V2G.  
 
A final notable feature of V2G is its integration into the smart-grid concept. The smart grid enables 
an interactive system with real-time information and fast response. The system manages energy 
demands across the grid. Use of the University of Delaware-developed systems, coupled with 
intelligent communications hardware and software aboard the vehicle, as well as powerline carrier 
internet communications, should ensure interoperability with existing grids without smart meters, as 
well as new smart grids; the University of Delaware system design aims to allow integration of this 
storage resource with the energy demands of any location. 
 
V2G could play a very large role in maximizing the value of the smart grid. The largest appliances 
controlled in a home with smart grid, or demand-management, technology are in the 1 to 4 kW 
range, and can only be loads, switched on or off. Vehicles with V2G can be controlled for any value  
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between 19 kW of load and — 19 kW of “generation”—almost 10 times the control range of the 
largest appliance. Utilities are currently exploring and piloting the smart grid concept, assessing its 
ability to provide utilities with a network of distributed resources; the most prominent example is 
Xcel Energy’s SmartGridCity pilot in Boulder, Colorado. Among the integrated energy concepts that 
Xcel Energy will be testing is V2G. With a number of vehicles converted to PHEVs in 2008, the 
utility is currently testing 60 PHEVs on the system to gather learnings and assess scalability. 

 
Challenges 
At full scale, the hope is that electric cars for transportation would be competitive at $40 to $60 per 
barrel.234  This factor does not include the additional benefits available to consumers through the 
provision of ancillary services to the grid, an option that would significantly increase the 
technology’s competitiveness. However, current technology costs and industry maturity indicate that 
there is a long way to go and a number of challenges to overcome.  
 
First, a key dependent of V2G is commercialization and mass-scale production of plug-in electric 
vehicles. As previously highlighted, these vehicles are in turn dependent on battery cost dropping in 
the next two to three years. As these technologies develop and become more cost competitive, so 
will V2G. Furthermore, few electric-drive vehicles currently being designed, and none currently in 
large-scale production, are fitted with bidirectional power electronics capability. Surprisingly, this 
may not translate into any additional cost when designed in from the beginning, but as an add-on it 
can be very expensive—thousands of dollars for only 4 to 6 kW. For V2G to become cost 
competitive, vehicles will have to be mass-produced with V2G incorporated by the OEM from the 
start—for example, if V2G industry players influence OEMs to produce their second line of electric-
drive vehicles with V2G enablement. This involves educating OEMs on the power electronics of the 
vehicles and their potential. The added advantage that V2G-enabled electric-drive vehicles will 
have is that potential revenue from providing electric services to the grid will offset the vehicle’s cost 
premium. Achieving this will require extensive collaboration between the various industry players 
and creation of more consortiums, such as MAGICC, to develop the technology in parallel and thus 
manufacture complementary solutions. 
 
Furthermore, the unpredictability and low levels of electric-drive vehicle penetration may prove 
challenging in the early stages. If utilities cannot control the power and storage available to them, 
they cannot reap the full benefits of V2G. Until there is high penetration of these vehicles, V2G will 
not be a scalable offering in the consumer markets. Bearing this in mind, V2G would be more 
profitable and the uptake more rapid if targeted at vehicle fleets, such as those used by national 
postal services. This is because these fleets are predictable and controllable. Demonstrations in 
this space would further benefit V2G scalability. 
 
This challenge has seen competing offerings, such as stationary energy storage, rise in the market. 
Inanovation, A123 Systems and other lithium-ion manufacturers are providing offerings in this 
space. For example, based on lithium-ion technology, Inanovation has traded off energy density for 
a robust and safe battery to be used as support to the grid, much the way vehicles would work. The 
economics of this offering are strong; the batteries require little to no maintenance, have an 
expected life of 15 to 20 years and are capable of discharging energy within a matter of minutes.235 
Furthermore, they are predictable sources of distributed energy. In the short term, the use of large 
lithium-ion batteries as grid storage may slow the penetration of V2G. However, when PHEVs hit 
critical mass, using them as storage avoids the high capital cost of the battery, and also allows 
energy to be sold back to the grid, thereby making this solution more economically favorable to the 
electric grid. 
 
Indeed, consumer behavior is critical to the scalability of all of these components—from electric-
drive transportation to smart grids to V2G. While consumer markets will push the demand for plug- 
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in electric vehicles, significant education of the consumer population is required because of 
fundamental changes to the driver- vehicle relationship. V2G drivers will also have to understand 
their driving patterns to make and set key decisions regarding the amount of power they want to 
make available to the grid, and at what times. This understanding could be part of a wider 
comprehension of energy usage across the grid with the smart grid. Through V2G demonstrations 
and pilots, industry players can slowly begin learning what consumers want and educating 
consumers, thereby increasing the potential for consumer demand and propelling the 
commercialization cycle. Initially, R&D support from government and industry bodies will be key.  

 
Key findings 
V2G is technically feasible with demonstration projects currently underway. These projects vary in 
focus, with some assessing the communications between the vehicle and the grid, others looking at 
how to maximize vehicle storage to increase the quantity of renewables being used, and still others 
looking at a more integrated smart-grid offering. All projects, while in early stages, have proven that 
V2G has the potential to significantly disrupt supply and demand relationships—with end electricity 
consumers potentially becoming an essential grid storage resource—and to change the landscapes for 
electric power and transport fuels. To reach this potential, however, V2G depends on the 
commercialization of electric-drive vehicles, cooperation between the various industry players and the 
education of consumers. Initial electrification initiatives will determine the latter’s potential success.  

 
 
 

Figure 44. Electrification pilots 
 

 
 
 
 

Source: Accenture Research 
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This assessment indicates that V2G has the potential to develop in pockets within the next five to 10 
years, namely in fleet transport, but that full-scale consumer commercialization is unlikely to develop 
before 2020.  

 
Table 37. Disruptive technology assessment: V2G 

Disruptive criteria Assessment Rationale 

Scalable   

Greater than 20 percent potential impact on 
hydrocarbon fuel demand by 2030  ? 

V2G will gain momentum in vehicle fleets, but is 
unlikely to reach 20 percent impact in the 
consumer market by 2030. 

GHG impact   

Savings greater than 30 percent relative to 
hydrocarbon it is replacing  

While savings will vary by market, V2G has the 
potential to reach up to 99 percent savings over 
the hydrocarbon it is replacing if renewable 
energy is optimized. 

Cost   

Competitive at oil price of $45 to $90 per barrel 
at commercial date 

? 

At full scale, target estimates are that V2G will be 
competitive at between $40 to $60 per barrel of oil 
for plug-in hybrid electric vehicles and at $0 per 
barrel of oil for electric vehicles (as the consumer 
would be able to sell power back to the grid). 
Furthermore, potential revenue streams from 
providing ancillary services to the grid could offset 
these costs, rendering the technology even more 
cost competitive. However, there are considerable 
assumptions in these assumptions.  

Time to market   

Commercialization date less than five years 

? 

AC Propulsion already has developed a vehicle 
with bidirectional power flow, and the 
communications systems required to support V2G 
are currently in demonstration phase. AutoPort is 
in limited production of electric vehicles with V2G 
built-in, indicating V2G could be commercially 
available within the next five years.  
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The Mid-Atlantic Grid 
Interactive Cars Consortium 
(MAGICC) was created in 2007 
to help develop and test 
vehicle-to-grid technology. 
 
 
 
 
 
 
 
 
 
 

2.3.5.1 Case Study: MAGICC 
 
 
The Mid-Atlantic Grid Interactive Cars Consortium (MAGICC) was created in 2007 to help develop and 
test vehicle-to-grid (V2G) technology. Consortium members include representation from industry and 
academia: 
 
• The University of Delaware first proposed the V2G concept in 1997 and has undertaken 

extensive research in developing V2G equations and policy.236  
• Pepco Holdings, Inc is a utility covering five states and approximately two million electricity 

customers in northeastern United States. The utility has funded research at the University of 
Delaware and is now funding implementation of these technologies. In parallel, the utility is 
assessing the interconnection of these technologies with the smart grid.237 

• PJM Interconnection is an independent systems operator providing grid services to more than 
fifty million customers across 13 states in the United States. The independent systems operator 
is providing MAGICC with the signals required to control the flow of electricity and help manage 
the communications system.238  

• AC Propulsion is an electric-drive vehicle manufacturer whose vehicles are being used in the 
MAGICC V2G demonstrations.239 

• Comverge is a smart grid company that uses demand-response technology to control consumer 
electricity use. Comverge is developing the communications system required for the MAGICC 
demonstrations.240  

• Atlantic County Utilities Authority is a New Jersey-based utility that owns a 7.5 megawatt (MW) 
wind farm. The wind farm will be used to demonstrate the V2G potential in bringing greater 
amounts of renewable energy on-stream, balancing out current fluctuations.241  
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• AutoPort is a vehicle up-fitter with retrofit capability more than 200,000 vehicles per year. The 
company is in limited production of V2G-capable vehicles using AC Propulsion and University of 
Delaware technology. 

  
V2G has been proven as a technology through extensive research at the University of Delaware, 
and is currently in the demonstration phase. Continued development of the battery industry will lead 
to lower-cost batteries enabling their usage for additional purposes and wider penetration of V2G. 
This distributed storage will further allow for much greater penetration of renewables such as wind. 
In the short term however, only high value markets, such as ancillary services for the grid, will justify 
V2G technologies at current costs. 
 
 
 
 
 
 
 
 
 
 
 
 
The technology 
The V2G technology developed by MAGICC’s members combines numerous components to 
enable bidirectional power flow. At the base of the technology is the electric-drive vehicle, designed 
by AC Propulsion. The vehicle is fitted with a power electronics system designed to drive the 
vehicle and allow for bidirectional power capability to the grid. When the drive electronics are used, 
the transfer of high power to the grid at a very low cost is made possible. Controlling this power flow 
is a series of communications and control and software technologies developed by the University of 
Delaware. First is the vehicle unit, the “vehicle smart link” (VSL) that controls charging and optional 
discharging based on signals from the grid operator or aggregator. The aggregator software 
intelligently dispatches power from the vehicles, depending on the current state of the vehicles and 
the preferences of the vehicle owners, based on signals from the grid operator and on needs. The 
vehicle control further has a “graceful degradation” mode so if communications to the grid operator 
are lost, the VSL charges based on the driving needs and the time of least burden to the electrical 
system. 
 
Key pilot parameters and results are included in Figure 45. 
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Figure 45. MAGICC pilot overview242. 
 

 
 

 
The V2G model developed by MAGICC is unique in that it makes use of existing electric grid and 
vehicle infrastructure to provide electric services and provide back-up renewable energy. The 
vehicle is fitted with smart charging in order to place minimal strain on the grid and can actually 
optimize plant efficiency. Furthermore, through the V2G concept, the business of aggregator is 
created, adding on potential revenue streams for current industry players and encouraging new 
market entrants. 
 
The unique components of the technology are patented, including the AC Propulsion eBox (an 
electric vehicle) encompassing the drive systems with the two-way power flow, the V2G equations 
developed by the University of Delaware. The first University of Delaware patent was entitled 
“System and Method For Assessing Vehicle-to-grid (V2G) Integration” (covering algorithms and 



 
Copyright © 2009 Accenture. All Rights Reserved.  217 
  

calculation methods for determining the amount of power that can be reliably produced by a parked 
electric or plug-in electric vehicle) and the second was patented as the  “Hierarchical Priority and 
Control Algorithms for the Grid-Integrated Vehicle” (covering the multiple design aspects of control 
of charging and discharging of a plug-in vehicle, including interaction with the local distribution utility 
and the grid operator, and “graceful degradation” that allows satisfactory performance even on 
failure of some sensors or communications). To encourage scale-up, the university will license the 
technology and provide set-up and training under contract. 
 
As previously mentioned, MAGICC is currently in the V2G demonstration phase and are 
undertaking a number of tests. In October 2007, MAGICC successfully connected the AC 
Propulsion eBox to the PJM Grid (the utility) using a direct signal from the PJM Control Center to 
test the bidirectional power flow and assess whether the vehicle could be considered a reliable 
resource for ancillary services, particularly regulation services. Building on these results, an 
aggregation server is currently dispatching vehicles in early 2009 and MAGICC has received 
authorization from two local utilities to prove V2G services through the retail meter by the end of 
2009.243  The consortium will then measure the performance of the vehicles and their reliability.  

 
A scalable market 
AutoPort Inc. and AC Propulsion have an agreement to produce vehicles fitted with V2G 
technology; the first of such vehicles was produced in September 2009.244  Initial production 
capacity will be 200 vehicles per year and will increase as demand increases and new 
developments are made.  
 
Scale-up of the technology is currently feasible for up to 10,000 vehicles, after which greater 
infrastructure capacity will be required. The current communications system, catering for up to 
10,000 vehicles is estimated at a cost of under $30,000 and requires enhancements to the charging 
system enabling communication to the vehicle as well as enhancements to parking lots with the 
addition of 80 amp electrical plugs and Internet capability.  
 
Demand for V2G will need to be closely monitored in order to allow system requirements to be 
increased as necessary. This is particularly pertinent given the wide range of the potential market 
size—ranging from production from one OEM factory, estimated at approximately 100,000 vehicles 
per year, to the total vehicle market of 10 million new vehicles per year in the United States 
alone.245  Initially, the targeted markets for V2G will be cities in developed countries where the 
average trip is less than 100 miles due to the limited range of electric-drive vehicles and the lower 
power capabilities of the developing world. As the range of the vehicles is developed, the market 
pools will expand.  

 
Challenges 
The technology demonstrated by MAGICC provides a unique offering to utilities and consumers. 
For the technology to be disruptive, however, there are a number of challenges that need to be 
overcome. A first challenge is the commercialization of electric-drive vehicles themselves. 
Currently, the high cost of the battery is preventing these vehicles from achieving commercialization 
and, without these vehicles, V2G is not possible. The cost premium over a regular internal 
combustion engine today is $55,000 for a battery-electric vehicle with an additional $3,000 for V2G 
add-ons. Therefore, the commercialization of V2G will follow that of electric-drive vehicles and could 
contribute as little as $500 to the cost premium of a battery-electric vehicle well before 2020. 
Furthermore, V2G is likely to be two steps behind as, apart from the small-scale production 
mentioned above,  the mass-market electric-drive vehicles being designed and tested lack the 
flexible drive power electronics capable of two-way power flow. Adding this component to the  
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vehicle is costly and not a sustainable solution. For V2G to be attractive to consumers, a second 
fleet of electric-drive vehicles will need to be commercialized with two-way power designed in from 
the start.  
 
A second challenge is the integration of all industry players. OEMs dominate the automotive 
landscape and, at the moment, they may not have a deep understanding of the potential value of 
V2G to the power markets. Therefore, consortiums that bring together all players in order to share 
knowledge and develop complementary solutions may be critical. Again, this will follow the 
development and commercialization of electric-drive vehicles and in the short term, V2G will be 
reserved for high-power markets.  
 
Finally, “there is a high amount of fear, uncertainty and doubt related to V2G,” says Professor 
Willett Kempton at the University of Delaware. The demonstrations being conducted by MAGICC 
may act to prove the potential of V2G to achieve revenue, without undue battery wear or safety 
concerns.  
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2.4 Commentary:  
The transition from ICVs to 
PHEVs and EVs 

 
By Daniel Kammen (Co-Director, Berkeley Institute of the Environment, and 
Founding Director, Renewable and Appropriate Energy Laboratory, RAEL) 
and Derek Lemoine (Energy and Resources Group, University of California, 
Berkeley) 
 
 
Electrified vehicles present novel solutions to three critical energy problems. First, the transportation 
sector is one of the world's largest sources of the greenhouse gases (GHGs) whose accumulation 
in the atmosphere drives global climate change. Electrified vehicles offer a means of adapting the 
electricity sector's multiple low-carbon fuel sources to the provision of transportation services. 
 
Second, many large and powerful economies are net importers of petroleum, which highlights 
security concerns regarding supply and transit. If adopted in significant numbers, electrified vehicles 
could reduce vulnerability to disruptions in world oil markets.  

 
Third, while better emission control regulations and technologies have improved air quality in the 
developed world, the problem is growing more acute in the developing world with rapid urbanization 
and expansion of automobile ownership. Electrified vehicles could reduce pollutant emissions and 
move them outside of urban centers. 

 
While electrified vehicles can mitigate several longstanding and growing social problems, they also 
face obstacles. All-electric vehicles must overcome concerns about range, charging time, and 
charging infrastructure availability. By contrast, plug-in hybrid electric vehicles retain a gasoline (or 
biofuels) tank for use when the battery is sufficiently depleted. However, they still face two other 
problems common to all electrified vehicles: battery cost and battery durability. At current fuel costs 
in most nations, batteries add more to the vehicle cost than they eventually save through avoided 
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fuel consumption, and there is much concern about how this expensive investment would hold up 
under real-world driving patterns and over the decade-or-more lifetime of a vehicle. Many 
companies are working on battery weight and cost, and many claim that costs would fall 
significantly with mass production. Concerns about battery durability may be assuaged by 
experience, by lowered costs that reduce the importance of battery failure, and by new business 
models that insulate the vehicle owner from the cost of battery failure. Because conventional 
vehicles lack the expensive battery investment and involve gasoline suppliers rather than electric 
utilities and charging system operators, the business models of conventional vehicles may not be 
the best fit for electrified vehicles. New business models may be able to shift some of the battery 
cost and risk from vehicles purchasers to companies better placed to mitigate the risk, better 
informed about the risk, and better able to capture residual value in stationary uses after batteries 
are no longer suited for more demanding transportation applications. 
 
Just as business models may evolve as new vehicle technologies become competitive, so too the 
distribution of vehicle technologies in the fleet may change. The vehicle fleet has been largely 
divided between gasoline and diesel technologies. While the choice between gasoline-fueled and 
diesel-fueled light-duty vehicles often depends on regional policies and fuel prices, diesel 
technology's performance characteristics have made it the fuel of choice for long-haul freight. All-
electric and plug-in hybrid technologies each have their own advantages and disadvantages relative 
to each other and to conventional vehicles. As these technologies develop, the vehicle fleet may 
pass through a period in which vehicle technologies end up sharing the market based on the 
applications and geographies in which they find their strongest relative advantage. Which 
companies profit from new vehicle technologies may depend not just on technological 
characteristics and business models but also on how those companies adapt and market the 
technologies to different portions of the larger vehicle market. 
 
Finally, the benefits and the costs of new vehicle technologies are strongly dependent on the policy 
context. Purchase incentives such as tax credits or “feebates” (a self-financing system of fees and 
rebates that can be used to help shift buying habits—for example, high fees on high-carbon vehicle 
purchases, with rebates on low-carbon vehicle purchases) may provide an important push to the 
technologies' development and acceptance. However, other policies could limit the benefits of a 
pleasant surprise on the vehicle technology front. For instance, if the electricity sector's GHG 
emissions are capped, electrified vehicles could introduce an effectively zero-carbon fuel into 
transportation, but if transportation emissions also are included in a cap or are subject to a low-
carbon fuel standard, then electrified vehicles may not provide any net climate benefit because their 
introduction may enable more use of higher-carbon transportation technologies. Lowering permit 
prices may be an important economic benefit, but it is not the same as the benefit of reducing GHG 
emissions. In the realm of energy security, if electrified vehicles produce tradable credits in a 
petroleum fuel-efficiency standard, they may not reduce societal petroleum consumption and, 
depending on the regulation's design, could even end up increasing it. Electrified vehicles promise 
to mitigate several important problems, but to do so they must avoid having their benefits offset by 
policies designed for a different technology mix. 
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What about hydrogen? 
 
 
Hydrogen has been promoted as a zero-emission fuel since the early 1970s.  However, critical 
technological barriers and large infrastructure investment requirements mean that none of the major 
supporters of hydrogen research believe it can reach commercial scale before 2020. In addition, 
alternatives such as electric vehicles are outstripping the economic and environmental benefits case for 
hydrogen, pulling away potential funding.  

 
Challenges 
• Reducing vehicle production costs 
• Improving durability 
• Developing compact onboard hydrogen storage  
• Reducing hydrogen production cost  
• Establishing a comprehensive hydrogen production, storage and transport infrastructure 
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Progress toward a hydrogen fuel cell vehicle (FCV) 
The leading supporters of hydrogen are Japan, Scandinavia and the United States. Small pilot 
hydrogen projects have operated worldwide for almost a decade, showing that a hydrogen transport 
network is technologically feasible, however major government and industry supporters appear to be 
pushing out or reducing targets:  
 
The US Department of Energy (DoE) has invested $1.2 billion from FY2004 to 2008 to support the 
Hydrogen Fuel Initiative (2003) and the Energy Policy Act (2005), which set a roadmap for the 
commercialization of FCVs by 2020. The program defined critical path technologies and set 2015 cost 
targets to support a commercialization decision. However, in 2009 the DoE reported to Congress that, 
despite good progress on fuel cell costs, issues around infrastructure and renewable generation had 
slipped. They therefore believe their goal of 100,000 FCVs by 2010 will not be met, and a target of 2.5 
million by 2020 would require “substantial supportive policies and incentives.” 
 
The Japanese Ministry of Economics, Trade and Industry (METI) championed hydrogen in its New 
Energy Strategy (2006) and Cool Earth Report (2008). METI plans to invest $1.5 billion (¥160 billion) 
from 2007 to 2012 in order to overcome the technological barriers with the 2020 targets for durability 
(5,000 hours) and overall vehicle cost (1.2 times the cost of an internal combustion engine vehicle) to 
support commercialization. In 2003, METI set targets of 50,000 FCVs by 2010 and 5 million by 2020. 
However, it has stepped away from fleet size targets in later programs.   
 
Shell has invested heavily in hydrogen and has built test stations in California and Iceland. However, in 
a June 2009 statement on future transport fuels, former Shell CEO Jeroen van der Veer set a distant 
timeline that “after 2030, fuel cell vehicles powered by hydrogen will be a small, but growing part of the 
fleet.”246  Rival ExxonMobil has developed fuel cell technology that converts gasoline into hydrogen 
onboard. While not zero-emission, ExxonMobil announced that it will “emit 45 percent less CO2 than 
today’s internal combustion engine.” However, this technology is still only in trials and there are no 
plans to develop a car.247  
 
General Motors launched a test fleet of hydrogen-powered Equinox FCVs in 2008 in New York City, 
Washington, D.C., and Southern California.248  However, even they are targeting only 1,000 FCVs on 
the road in California by 2014—which is considerably smaller than their anticipated fleet of Volt electric 
vehicles (EVs). Similarly, Ford has stated that: "the next major step in Ford’s plan is to increase over 
time the volume of electrified vehicles.”249  
 
Accenture’s “Understanding the Changing Energy System” survey of energy industry leaders was 
asked to rank transport fuels by market share in North America and Europe by 2020. Hydrogen was a 
distant 6th place, with all respondents placing it behind gasoline, diesel, electricity, bioethanol and 
biodiesel. 
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Infrastructure 
Widespread use of FCVs will require new and expensive infrastructure to produce and transport 
hydrogen to users. The generation method is critical to CO2 emissions and economic viability and cost 
estimates range from billions to trillions of dollars depending on: the level of network coverage, whether 
production is centralized or decentralized, and whether production is from natural gas or nuclear or 
renewable-based electrolysis. There is not yet a definitive best approach and research is pursuing a 
number of concepts. The lack of clear vision is indicative of how far from realization large-scale 
infrastructure is and, while governments are taking the lead in developing standards, final ownership of 
the development of this network is still poorly defined, with start-ups unable to bear the capital 
requirements.  
 
Hydrogen has the technical capability to make a significant impact on CO2 emission reduction and 
considerable investment still continues into overcoming the obstacles around scalability and total costs. 
However, the obstacles are still some years from being overcome and there are no programs currently 
in place that will lead to a material diffusion of fuel cell vehicles prior to 2020. 
 
Table 38. Critical pathway targets 

Critical pathway US target 2015 2008 level 

Durability 5,000 hours  
(~150,000 miles) 

1,900 hours  
(~57,000 miles) 

Fuel cell cost $30 per kW $73 per kW 
Hydrogen 
production cost 

$2/gge (from natural gas) 
$4.80/gge (from renewables) 

$3/gge 
$5.90/gge 

Tank storage 50 percent increase in capacity 0 percent 
 
Key: gge = gasoline gallon equivalent 
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3. Markets 
 

 
This section of our report focuses on 10 markets (Brazil, Canada, China, France, Germany, Japan, 
Netherlands, South Korea, United Kingdom, United States), considering how the potential for each 
technology differs within each of these markets. In both of our previous reports, “Irrational 
Exuberance” and “Time of Transition,” we emphasized the domestic agenda (and its patchwork of 
regulation) and expressed our view that the markets would, for at least a few years, start to look 
increasingly different with respect to how they introduced new transportation fuels into their 
portfolios. This growing market diversity becomes more pronounced when we consider the 
technologies in this report. Since this report is not exhaustive regarding all potentially disruptive 
technologies in transport fuels, it is important to note that the market diversity is actually more 
complex than described here. 

 
In the ten markets we have selected to review for this report, we 
compare: 
• Government support - the targets/mandates, incentives and direct government investment.  
• Private investment - the investment size and growth and number of companies/plants. 
• Potential demand - how attractive the market is to the technology. 
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Government support 
In the search for an alternative to hydrocarbon-based fuels, governments have offered a very 
“visible hand” of long-term support—for example, through the growing degree of incentives and 
mandates in order to help ensure a guaranteed demand for end products. Such measures are 
critical for companies and investors, particularly those seeking project finance for their nascent 
projects. 
 
Table 39 compares the level of government support across the 10 markets. Much of government 
support has been on providing mandates (thereby generating demand), offering incentives (such as 
blending credits or tax rebates for producers) and funding pilots across sectors to promote 
development of technologies including increased efficiency engines, next-generation agriculture, 
waste-to-fuel and electrification.  Research into fungible fuels is patchy, with research and 
development (R&D) investment concentrated in only a few areas beyond the United States, such as 
China, Japan and the United Kingdom. Only the United States is investing significantly in centers 
dedicated to researching almost all of the technologies considered in this report.  
 
 

 
 
 
 
 
 

 
 
Table 39. Government support (between 2004 and 2008) across the 10 markets 

  Evolution Fungible Fuels Electrification 

  
Next 

Generation 
ICE 

Next 
Generation 
Agriculture 

Waste-To-
Fuel 

Marine 
Scrubbers 

Synthetic 
Biology Butanol Bio- 

Crude Algae Airline 
Drop-Ins 

PHEV/EV+   
Electrification 

Of Engines 
Batteries Charging Vehicle  

To Grid 

US              
Canada              
UK              
Germany              
France              
Netherlands              
China              
Japan              
South Korea              
Brazil              

 
Key 
Neither regulation/targets nor gov’t incentives/investment  
One of either regulation/targets or gov’t incentives/investment 
Both regulation/targets and gov’t incentives/investment  

 

 
 

Source: Accenture research and New Energy Finance (www.newenergyfinance.com) 
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Private investment and activity 
Between 2004 and 2008, more than $7 billion has been privately invested into these disruptive 
technologies (see Figure 46). In Accenture’s analysis, we have looked to private investors, such as 
venture capital and private equity, to get a feel for which technologies are attracting interest, as well as 
for how fast and in which markets. 

 
Figure 46. Private investment in disruptive technologies250 

 

Key: “Private” investment includes: venture capital (VC), private equity (PE), asset financing and public markets. “Other” private includes 
committed investments. “Other second-/third-generation” includes firms using synthetic biology (sugarcane to diesel), butanol, bio-crude 
and other thermochemical processes.   
 
 
It is important to note that it is quite difficult to get private investment data for some markets and that 
certain investments are not always disclosed, so our conclusion of “more than $7 billion” understates 
the actual investments being made. For example, in addition to this amount of disclosed private 
investment data available for between 2004 and 2008, there have been other announced/committed 
investments in 2009, particularly in the areas of algae and synthetic biology.  

 
Through news reports and media announcements, we have learned: 
• In July 2009, Algenol Biofuels announced a partnership with Dow Chemical Company to build 

and operate an algae-to-ethanol pilot plant in Texas that will utilize carbon dioxide (CO2) from 
Dow’s adjacent facility. Algenol is reported to have raised $70 million in private funding for this 
project. Previously, Algenol also announced an $850 million, 3.8 billion liters per year (1 billion 
gallons per year) algae project with Mexico’s Sonora Fields (a wholly-owned subsidiary of 
BioFields).251 

• ExxonMobil announced that it is planning to invest $600 million into algae, with $300 million 
going directly into its partner firm, Synthetic Genomics.252  

• BP has a $10 million joint development agreement with Martek Biosciences to establish a proof 
of concept for large-scale, cost-effective microbial biodiesel production through fermentation.253    
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For disruptive technologies in transport fuels, private money often follows government support.  For 
example, in the United States alone, the government has, to-date announced investments of more 
than $1 billion, including $385 million in grants for six commercial cellulosic ethanol biorefineries, 
$200 million for pilot-scale biorefineries to develop novel refining processes, $777 million for clean 
energy research centers and $23 million for the development of more efficient microbes for 
conversion of biomass to ethanol.254  In Table 40, we have overlaid private investment activity onto 
Table 39.  
 
Table 40. How does private investment activity follow government support?255 
 

  Evolution Fungible Fuels Electrification 

  
Next 

Generation 
ICE 

Next 
Generation 
Agriculture 

Waste-To-
Fuel 

Marine 
Scrubbers 

Synthetic 
Biology Butanol Bio- 

Crude Algae Airline 
Drop-Ins 

PHEV/EV+   
Electrification 

Of Engines 
Batteries Charging Vehicle  

To Grid 

US PI PI PI PI PI PI PI PI PI PI PI PI PI 
Canada PI PI PI PI   PI PI  PI PI PI  
UK PI PI PI PI PI PI PI*   PI PI PI  
Germany PI PI PI PI PI  PI PI  PI PI PI  
France PI PI PI   PI* PI*   PI PI PI  
Netherlands PI PI PI    PI PI*  PI PI PI PI 
China PI PI PI   PI PI PI  PI PI PI  
Japan PI  PI   PI   PI PI PI PI PI 
South Korea PI PI PI  PI     PI PI   
Brazil PI PI PI  PI   PI  PI  PI  

 
Key 
Neither regulation/targets nor gov’t incentives/investment  PI - Is there a company or plant developed with this technology. 
One of either regulation/targets or gov’t incentives/investment PI*-Investment by an IOC (for example, Shell, BP, Total) not in IOCs headquarters country 
Both regulation/targets and gov’t incentives/investment  Note: investor can be from another market but the company and investment is in this country 

 
 

 

 
 

 
Potential demand 
The attractiveness of a disruptive technology to a particular market will vary depending on a number 
of factors, including the gasoline or diesel mix; access to feedstocks (in the case of biofuels); and 
availability of underlying technologies and infrastructure. For example, plug-in hybrid electric 
vehicles (PHEVs) are attractive in Japan and South Korea because of their domestic battery 
manufacturing capacity; whereas PHEVs are attractive because of the development of “smart” grid 
infrastructure in the state of California (United States).  
 
As market attractiveness is largely reflected by the degree of government support and private 
investment, we have, for the most part, relied upon an assessment of government/private activity as 
a proxy. Mention of other, specific factors that relate to market attractiveness have only been 
considered for technology/market combinations to which either investors would not yet have had 
access (for example, when a technology would be promising for a particular market but the 
company has not yet approached investors), or when technologies are too new for governments to 
have yet evaluated them. 
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Figure 47. Petroleum demand by product across the 10 markets 

 
 
Table 41 is a top-down assessment of the level of activity in each technology, across all of the 
markets. This considers factors such as government activity (e.g., legislation, subsidies, incentives) 
and private investment (e.g., venture capital/private equity funding). For the United States and 
China, our assessment is somewhat superficial, as all of the technologies, if they prove viable, will 
have a high potential impact given the considerable size of these markets. It is important to note 
that this table is not one of market potential, as this would be reflected by demand factors such as 
whether the market is predominantly a gasoline or a diesel market, or the competitive landscape 
and the ability of the companies that exist to scale, etc. 
 
Following the “level of activity” table, we profile each of the ten markets, highlighting the key 
government and private activity. Within each market profile, we indicated the perceived “current 
activity level,” based upon the criteria discussed above—government activity (regulation, targets, 
incentives or investments) and private activity (pilots, private investment).  
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Findings  
Accenture’s market profiling has revealed some interesting observations about the traction 
of the different technologies in the different markets: 
 
 
 

• Ethanol is expected to substitute at least a portion of gasoline given the level of overall activity. 
Blending mandates have become progressively stronger in most markets.  

• Although waste-to-fuel is an option in all markets, the supportive legislation is stronger in certain 
markets (such as the European Union) than others. 

• Government support for improvements to internal combustion engines has largely been indirect 
(through the setting of fuel efficiency targets), with limited funding provision. This is surprising 
given the positive impact such improvements could have on most markets.  

• Butanol is also gaining traction in many markets—particularly with advances in synthetic biology 
technologies (China, Japan, South Korea, United Kingdom, United States). 

• Acceptance of synthetic biology will be keen to the continued development and uptake of 
biofuels. As a result, markets reluctant to accept this technology (for example, France and 
Germany) may move toward adopting other fuel technologies versus biofuels.  

• Government support and investment in plug-in hybrid electric vehicle (PHEV) technology is 
particularly strong across most markets. However, different approaches have been taken, with 
some markets developing the infrastructure and/or battery capabilities, while others are only 
focusing on implementing the roll-out of PHEVs.  

• As expected, there is an interest in bio-crude in markets with large refining infrastructure 
(Canada, France, Netherlands, United Kingdom, United States). However, the overall degree of 
activity is not as large as would be expected given the considerable potential of leveraging 
existing infrastructure.  

• Marine scrubbers and airline biofuel drop-ins are seeing growing regulatory support; however, 
the speed of activity remains slow in these sectors.  
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Table 41. Level of government and private activity across all 10 markets 

 
  Evolution 

  
Next generation combustion 
engine Next generation agriculture Waste-to-fuel Marine scrubbers 

Brazil Medium: Large automotive market, 
although ethanol has a massive 
foothold, which diminishes the 
requirement for engine 
advancements. Will tend to act as a 
customer of European or US 
vehicles, so will realize the benefits 
of improvements elsewhere 

High: Most mature biofuels market 
globally 

High: Several biodiesel plants 
investments based on waste 

Low: No regulation other than 
global IMO targets  

Canada Medium: Canada will likely follow 
the US as an importer of vehicles 

High: Large land mass providing 
ample crop space  

High: Large land mass providing 
ample forestry waste. Several leading 
players are based here (e.g., plasma 
arc waste technology pioneer, 
Pyrogenesis) 

Medium: Canada followed 
the US and submitted a 
Proposal in March 2009 to 
create Emission Control 
Area. However, there is no 
major ship building industry 
to follow this through 

China High: Many companies are targeting 
China with new technology, as the 
fastest growing automobile market 
in the world. July 2009 saw the start 
of discussions around implementing 
mandatory fuel economy standards 

High: China is world's 3rd largest 
biofuels producer, with an 
expectation that biofuels will meet 
15% of transportation needs.  
Extending beyond traditional 
feedstocks into sorghum and 
cassava, and also encouraging 
cellulosic 

High:  Lots of waste. Biodiesel is 
dominated by used vegetable oil and 
small scale biogas production facilities 
that are currently in operation 

Low: No regulation other than 
global IMO targets  

France High: German and French OEMs 
have tended to place more 
emphasis on the ICE rather than 
hybrids and electric vehicles. 
European countries will tend to 
move in phase to meet European 
fuel efficiency targets of 130g/km 
CO2 . Car scrappage incentive of 
∼$1,400 (€1,000) will stay in place 
until 2010 

High: Europe’s 2nd largest biofuels 
market. Mandatory EU target of 10% 
energy content of transport fuels 
from renewable sources by 2020  

Medium: EU waste legislation (June 
2008):  50% of waste materials have 
to be re-used or recycled by 2020. 
Europe faces an acute shortage of 
landfill capacity in the near future 

Low: No regulation other than 
global International Maritime 
Organization (IMO) targets  

Germany  High: German and French OEMs 
have tended to place more 
emphasis on the ICE rather than 
hybrids and electric vehicles. 
European countries will tend to 
move in phase to meet European 
fuel efficiency targets of 130g/km 
CO2. Car scrappage incentive of 
∼$7 billion (€5 billion)  

High: Europe’s largest biofuels 
market has attracted investment 
from agribusiness and independents, 
increasing the number of pilot 2nd-
generation biodiesel plants. 
However, there is a restrictive 
genetic modification (GM) policy. 
Mandatory EU target of 10% energy 
content of transport fuels from 
renewable sources by 2020  

High: Germany has the highest global 
recycling quota and faces acute 
shortage of landfill capacity. EU waste 
legislation (June 2008):  50% of waste 
materials have to be re-used or 
recycled by 2020. $36 and $30 million 
investment for biodiesel plants based 
on municipal/industry and agricultural 
residues  

High: EU Sulphur Emissions 
Control Areas (SECAs) 
already established in North 
Sea and Baltic (1.5% sulphur 
emissions allowed vs 4.5% 
globally). Germany supports 
the inclusion of marine 
targets in the ETS 

Japan High: Japanese manufacturers have 
looked to shift developments 
towards hybridization rather than 
focusing on the ICE. Tough fuel 
economy standards in place to 2015 
- 2009 Stimulus: Y250k car 
scrapping scheme and tax cut on 
fuel-efficient vehicles 

Medium: Missing land base for 
expansion in agriculture, Japan will 
depend on imports for its domestic 
biofuels industry. At present there is 
only a test facility owned by the 
government, and no commercial 
biodiesel plant 

High: Japan has one of the toughest 
waste regulations and is a leading 
market in MSW combustion plants. 
Only commercial plasma arc MSW 
plants in the world (operated by 
AlterNRG) 

Low: No regulation other than 
global IMO targets  

Netherlands Medium: Driven by EU fuel 
efficiency targets 

Medium: Important agriculture 
industry, but late entrant. Lacks 1st- 
generation infrastructure.  Mandatory 
EU target of 10% energy content of 
transport fuels from renewable 
sources by 2020  

High: EU waste legislation (June 
2008):  50% of waste materials have 
to be re-used or recycled by 2020. 
Europe faces an acute shortage of 
landfill capacity in the near future. 
$142 million waste-to-biodiesel plant 
planned (Greenmills 2008)  

Medium: EU Sulphur 
Emissions Control Areas 
(SECAs) already established 
in North Sea and Baltic (1.5% 
sulfur emissions allowed vs 
4.5% globally) 

South 
Korea 

High: Korean manufacturers have 
recently been instructed to hit 
targets of 40mpg or 140gCO2/km by 
2015 

High: Missing land base for 
expansion in agriculture, however 
growing investment in fungible fuels 
by private firms. The government is 
also planning to expand R&D in this 
area in the future. 

Medium: Local companies with mainly 
waste-to-energy facilities for 
heating/electricity generation. 
Biodiesel production from fats, oils 
and grease (FOG) also popular. An 
increase of the biofuels blending 
mandate (3% by 2012) may 
encourage further production 

Low: No regulation other than 
global IMO targets, but does 
have a large shipping 
industry 

UK High: Driven by EU fuel efficiency 
targets: 
- ∼$3,300 (£2,000) incentive for 
scrapping vehicles (2009 budget) 
- Several involved companies (e.g. 
Ford Econetic, Oxonica, 
NevisEngine, CleanAirPower, 
Lysanda) 

Medium: Late entrant into biofuels 
production. However UK companies 
(independents/ oil cos/ food 
producers/ technology) having been 
involved in biofuels projects 
worldwide. Feedstock focus is on 
Jatropha. Mandatory EU target of 
10% energy content of transport 

High: Acute shortage of landfill 
capacity (less than 10 years of 
remaining void). Several specialized 
UK companies (e.g. TMO 
Renewables, Ineos Bio, Biocaldol). EU 
waste legislation (June 2008):  50% of 
waste materials have to be re-used or 
recycled by 2020 

High:  EU Sulphur Emissions 
Control Areas (SECAs) 
already established in North 
Sea and Baltic (1.5% sulfur 
emissions allowed vs 4.5% 
globally). UK company 
Krystallon supplies on-board 
emissions control solutions to 

High 
Medium 
Low 
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  Evolution 

  
Next generation combustion 
engine Next generation agriculture Waste-to-fuel Marine scrubbers 

fuels from renewable sources by 
2020  

the global marine industry 

US High: Increasingly stringent fuel 
economy standards coupled with 
the government's bailout money, 
should ensure significant 
improvements 
- Car scrappage incentive of 
$3.500-$4.500 (Initial $1bn has 
been increased by another $2bn) 

High: On track for Renewable Fuels 
Standard (RFS) program for blended 
renewable fuel 

High: Large amount of waste  
- One of the few markets to support 
waste-to-fuels via tax credits. 
Majority of players in the waste to 
energy space are based in the US 
- Synergy opportunities in biomass for 
WTE and biofuels 

High: Proposal submitted in 
March 2009 to create 
Emission Control Area 
around US (along with 
Canada). CARB regulations 
for ocean-going vessels 
within regulated California 
waters. Limits of 0.5% sulfur 
in fuel from Jan 2007; 0.1% 
from Jan 2010. 

 
 
Table 41. Level of government and private activity across all 10 markets (con’td) 

Fungible fuels 

  Synthetic biology Butanol Bio-crude Algae Airline drop-ins  

Brazil Medium: Brazil is the 
largest producer of 
sugar cane in the world 
(primary feedstock). 
Smaller, but growing, 
biodiesel industry. 
Amyris opened its 
second plant in Brazil in 
2009 

Low: Building on existing 
gasoline infrastructure 

Low: Cheap forestry 
feedstock but high 
domestic competition 
from sugar cane ethanol.  

Medium: PetroSun have plans to 
expand production in Brazil 

Low: AlgoDyne is planning 
algae-based bio-kerosene 
projects with airlines 

Canada Low/Medium: Although 
there are no pilots in 
Canada yet, there is a 
high potential due to 
vast land availability for 
feedstock growth, and 
considerable R&D into 
conversion techniques.  

Low/Medium: favourability 
to GM crops and biofuel 
targets make butanol a 
good solution 

Medium/High: Large 
refinery infrastructure, 
large forestry industry. 
Several industry players 
are headquartered or 
active here (Dynamotive, 
Ensyn) 

Low: A limited number of algae 
companies are based in Canada  

Low: Air Transport 
Association of Canada 
members are committed to 
improvements in efficiency. 
However Canada's air 
industry is weak and 
struggling financially, 
therefore is unlikely to lead 
the way 

China Low: Sugar cane to 
diesel could provide a 
diesel solution (a diesel 
vs. biodiesel 
specification) for China, 
and the government 
does not seem to have 
issues with genetic 
modification. The 
challenge is that 
biodiesel struggles due 
to lack of biodiesel 
standards 

Medium: No national 
biofuel standards, 
reducing butanol's 
advantage over ethanol. 
Biggest butanol project in 
the world (Jiangsu Lianhai 
Bio Tech has invested 
$80mn USD to producing 
butanol in Haimen city) 

Medium: Extensive and 
growing refinery base. 
Increasing diesel and jet 
demand 

Medium. Increasing number of 
investments (PetroSun, 
PetroAlgae) and/or government 
programs/incentives 

Low: No current or 
anticipated regulation 

France Low: Large diesel 
market but the future for 
synthetic biology will be 
largely dependent on 
the future attitude 
towards its application 
and genetic 
modification (GM) 

Medium: Butanol would 
assist in meeting biofuels 
targets without new 
infrastructure build. 
Recent investment by 
Total  in biobutanol 
pioneer Gevo positions 
Total in a strong position 
to take advantage of this 
technology. Two EU R&D 
projects  

Medium: Extensive 
refinery infrastructure, 
large diesel market, and 
established forestry 
industry. JV between 
Total France and HVC. 
Pilot in Germany from Air 
Liquide subsidiary Lurgi. 
R&D at PNRB 

Low: Algae Physiology and 
Biotechnology Laboratory at 
IFREMER plans algae farm 
close to Faeroe Islands. 
Established industry around 
turning wild algae into products. 
Vast maritime coast to utilize 

Low: Aviation will be 
included in the next EU 
ETS. No pilots so far. Paris 
is a potential hub 

Germany  Low: Biggest biodiesel 
market in the world in 
terms of production and 
consumption, with 
continued growth 
potential. Established 
biodiesel companies, 
however, a restrictive 
GP policy 

Low: Butanol would assist 
in meeting biofuels targets 
without new infrastructure 
build. 
- Germany exports 
Butanol 
- Two EU R&D projects  

Low: Extensive refinery 
infrastructure, large 
diesel market, and 
established forestry 
industry 

Low: RWE launches Pilot Algae 
Plant in cooperation with 
University of Bremen and Juelich 
Research Centre. Limited 
maritime coast 

Medium: Aviation will be 
included in the next EU 
ETS. Presence of hub 
airports will mean Germany 
could lead other markets in 
biofuel drop-ins. No drop-in 
pilots so far, but Munich 
and Frankfurt are piloting 
emission-based landing 
fees 

Japan Low: Japan has very 
limited potential as an 
investment opportunity 
despite the large 
potential market 

High: Japan ranks 3rd 
after the US and Western 
Europe, accounting for 
nearly 10% of the world 
butanol capacity 

Low: Medium feedstock 
availability and desire to 
reduce energy imports 

Low: Japan has very limited 
potential as an investment 
opportunity despite the large 
potential market 

Medium: Japan Airlines is 
one of a handful to trial 
flights with biofuel drop-ins 
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Fungible fuels 

  Synthetic biology Butanol Bio-crude Algae Airline drop-ins  

Netherlands Low: Minimal activity 
from government and 
private players.  

Low: Butanol would assist 
in meeting biofuels targets 
without new infrastructure 
build. Two EU R&D 
projects  

Medium/High: Large 
refining industry.  Two 
leading industry players 
(KiOR and HVC) are 
based here.  Reduced 
forestry operations 
domestically, but 
extensive access to 
imported volumes 

Low/Medium: Dutch company 
Algaelink is active 

Low/Medium: Aviation will 
be included in the next EU 
ETS. Presence of hub 
airports will mean the 
Netherlands could lead 
other markets in biofuel 
drop-ins 

South Korea Medium: R&D 
investment is mainly 
being made by private 
companies (e.g. SK 
Energy, SK Chemical) 

Medium: R&D investment 
is mainly being made by 
private companies. SK 
Energy (a large refinery 
company) invests in 
butanol R&D 

Low. Large refineries, but 
low interest 

Medium: R&D investment is 
mainly being made by private 
companies. SK Energy (a large 
refining company) invests in 
R&D for algae/macroalgae 

Low: Limited movement 
thus far towards biofuels. 
Korean Airlines have not 
announced any plans but 
would implement drop-ins 
once the technology is 
proven 

UK Medium: Large diesel 
market but resistance to 
genetic modification 
(GM) technology may 
hamper domestic 
production. Few UK 
based biotech 
companies specializing 
in biofuels 

High: Butanol would assist 
in meeting biofuels targets 
without need for new 
infrastructure build. 
Resistance to GM 
technology may hamper 
domestic production, but 
several specialized UK 
companies (e.g., BP joint 
venture, Green Biologics) 
and two EU R&D projects  

Medium: Refinery 
infrastructure but fewer 
forestry operations. 
Feedstock prices higher 
than in North America 

Low:  ~$43 million (£26 million) 
publicly-funded project to 
develop transport fuels made 
from algae by 2020. No UK 
companies involved yet 

Medium: Aviation will be 
included in the next EU 
ETS. Presence of hub 
airports will mean UK could 
lead other markets in 
biofuel drop-ins. British 
Airways and Rolls-Royce 
have announced 
alternative fuel tests for 
2009 

US High: US lacks sugar 
cane and has a lower 
demand for diesel (but 
still a big market).  
However, the US is the 
most advanced in 
genetic engineering and 
has accepted this 
process 

High: Large gasoline 
market and US accepts 
GM crops (a potential 
solution to butanol 
processing issues) and 
current crops and 
infrastructure can be 
used/leveraged 

Medium: Extensive 
refinery infrastructure, 
large forestry industry. 
Several players operating 
in this market already 
(Ensyn, Dynamotive).  
Surprisingly, not as much 
investment as other tech 
(except ADM-
ConocoPhillips 
partnership) 

High: Growing investment from 
government funding, private 
equity and oil cos (e.g., BP, 
Shell, ExxonMobil, Chevron, 
Valero).  Country with most 
algae start-ups  

Medium: If approved,  
Waxman-Markey bill will 
mandate the Environmental 
Protection Agency to set 
CO2 emission standards for 
new aircraft/engines, from 
2012. Congress working 
within int'l frameworks 
(e.g., IATA) for limiting CO2 
emissions. Continental has 
run a trial flight 

 
 

Table 41. Level of government and private activity across all 10 markets (con’td) 
Game Changer – Electrification 

 
PHEV/EV + electrification 
engines Batteries Charging Vehicle-to-grid 

Brazil Medium: A few EV companies. 
No investments in electrification 
(only one investment, back in 
2005) 

Low: Although Brazil has some 
Lithium reserves, both government 
and private activity remains limited.  

Low: Petrobas Pilot 
(solar powered charging 
stations for a small fleet 
of electric buses). 
Mainly for R&D 
purposes, joined with 
cities and universities, 
to prepare for EV 

Low: No pilots 

Canada High: Strong (regional) regulatory 
backing with incentives for 
EVs/PHEVs of up to ∼$7,200 
(CA$8000). Ontario, the most 
populous and urban province, is 
a leader for PHEV programs and 
investment 

High: Zenn Motor Company plan to 
use a battery/ultracapacitor device 
(called the EESU) in small 
passenger vehicles. Electrovaya is a 
world leader in design and 
manufacture of lithium ion battery 
systems 

High: BetterPlace has 
signed a contract with 
the Province of Ontario 
to build EV 
infrastructure in the 
province 

Medium: BetterPlace has signed a 
contract with the Province of 
Ontario to build EV infrastructure in 
the province 

China High: China has the 
manufacturing scale, produces its 
own batteries, and has 
announced its ambition to have 
the most EVs in the world. 2009 
special subsidy for companies 
and institutions that use hybrid 
vehicles. BYD launched first 
PHEV in 2009 

High: Major player in the battery 
manufacturing space, with 
companies such as BYD.  One of 
the top two producers of lithium 
batteries in the world  

High: SGCC (State Grid 
Corporation of China) 
plans to build EV 
charging stations in 
Beijing, Shanghai and 
Tianjin 

Medium: Approx. $7.3-8.8 billion 
(RMB$ 50-60 billion) to be invested 
in the next 3-5 years to build smart 
grids. In the long-term horizon of 15 
years, the government plans to 
invest more than ∼$585 billion 
(RMB$ 4 trillion) 

France High: Target of 100,000+ PHEVs 
by 2012. Renault-Nissan/EdF 
partnership to support the up-
take of electric vehicles, including 
an  “Autolib” EV car sharing 
scheme - E3Car Partner (Alcatel, 
Atmel, Valeo, STMicroelectronics 
and CEA). Cost advantage of 
using electricity over petrol in 

Medium: Few lithium and EV battery 
manufacturerers (e.g. SAFT, Alpha 
batteries, Maximus Racing) 

High: EdF and Renault 
testing EVs and 
charging points In 
France. EdF has been 
working with the French 
government to roll out 
charging stations across 
Paris 

Medium: EDF (ERDF) has planned 
a smart grid pilot with 300,000 
smart meters in Lyon and Tours. 
The EU has published new 
proposals to boost the use of smart 
technologies to combat climate 
change   
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Game Changer – Electrification 

 
PHEV/EV + electrification 
engines Batteries Charging Vehicle-to-grid 

Europe  

Germany  High: Target of 1 million/5 million 
EVs/PHEV by 2020/2030, 
respectively. Strong tax 
incentives (~$5,000 per vehicle). 
Pilots in Berlin (RWE and Daimler 
Chrysler), with BMW planning a 
“megacity vehicle” and Deutsch 
Post DHL. E3Car Partner 
(Siemens, infineon, Atmel). Cost 
advantage of using electricity 
over petrol in Europe  

High: Established battery industry 
with several global players 
(e.g.Varta AG, AEG-Electrolux, AIM) 

High: RWE and Daimler 
Chrysler launching an 
EV and charging station 
pilot in Berlin. BMW 
planning a 'megacity 
vehicle' (see the case 
study) 

Medium: The EU has published new 
proposals to boost the use of smart 
technologies, with ~$2.8 billion (€2 
billion) for transport infrastructure  
(road and marine) including smart 
cities (as part of the 2009 stimulus 
plan). No pilot so far 

Japan High: 90% tax reduction for car 
and purchases taxes for EVs 
have made Toyota's PHEV Prius 
Japan's topselling car. Toyota 
and Honda are leading in PHEV. 
Nissan, Mitsubishi and Subaru 
are also launching PHEVs 

High: Major player in the battery 
manufacturing space, with firms 
such as Panasonic EV and Sanyo. 
$200 million from Ministry of 
Economy, Trade and Industry 
(METI) to reduce battery costs by 
50% (between 2005-2010) 

Medium: The issue of 
recharging 
infrastructure remains a 
large obstacle to the 
wide-spread adoption of 
EVs. Tokyo Electric 
Power is developing 
charging infrastructure 
across Tokyo 

Medium: BetterPlace have signed a 
deal with the Japanese government 

Netherlands High: Up to ∼$7,000 (€5,000) in 
tax cuts for HEVs. No EV targets 
yet, but tax incentives will be 
confirmed in 2009. Cost 
advantage of using electricity 
over petrol in Europe  

High: Philips and Epyon (lithium-ion 
battery manufacturer) are E3Car 
partners 

High: Elektrobay (5 
stations) and Coulomb 
Technologies (200 by 
2012) are installing 
charging stations in the 
Netherlands. Utilities 
are coming together to 
plan a 10,000 charging 
station roll-out across 
the country 

High: Amsterdam Smart City will 
look into the integration of PHEVs 
onto a smart grid 

South Korea High: EV and battery 
manufacturing capability . LG 
Chem (5th largest lithium ion 
battery maker globally). Hyundai 
and Kia launched the HEV in July 
2009. Renault-Samsung plan to 
launch an EV by 2011. GM 
Daewoo plan to launch a PHEV 
by 2010. No mandatory EV 
targets but tax incentives 

High: Major player in the battery 
manufacturing space, with 
companies such as   LG Chem and 
Samsung SDI (SB LiMotive) 

Medium: Charging 
infrastructure is growing 
slower than EVs. No 
charging stations so far, 
but the government 
plans to implement 
these in a few years' 
time as part of the smart 
grid initiative  

Medium/High: A pilot city will be 
implemented as one of the aspects 
of the smart grid pilot 

UK High: Government's electric car 
strategy  is set to invest up to 
∼$400 million (£250 million), with 
incentives of up to $8,200 
(£5,000) for consumers to buy 
EVs. Several UK PHEV/EV 
companies (e.g. Zytec, Modec, 
EVO  Electric, CPowerT). Pilots 
in several UK cities 

Medium: Government's electric car 
strategy  is set to invest up to ~$400 
million (£250 million). Several lithium 
battery manufacturers (e.g. Axeon, 
Nanotecture, Oxis Energy, Xipower, 
Nexeon, Nissan to create battery 
plant in Sunderland) 

High: 100 Elektromotive 
“Elektrobay” recharging 
station in London and a 
further 68 around the 
UK (Nissan 
Partnership). EDF 
Energy has been 
working with the 
government to roll out 
charging stations across 
London  

Medium: The EU published new 
proposals to boost the use of smart 
technologies to combat climate 
change. Regulator (Ofgem) has 
approved ∼$2.1 billion (£1.3 billion) 
per year over the next 5 years 
(+25% increase) to rebuild the 
electricity network infrastructure and 
encourage smart grid 
technology.No pilot planed so far 

US High: Strong regulatory backing 
for EV with a target of 1 million 
PHEVs on the road by 2015, e.g. 
US government provided Nissan 
a $1.6 billion low-interest loan to 
re-tool their plant for EV 
production 

High: 2009 stimulus package 
allocates $2.4 billion in grants for the 
manufacturing of advanced batteries 
and components (US currently lacks 
battery producing facilities).  Multiple 
companies in this space (e.g. 
Enerdel, A123 Systems, Altairnano, 
Saft) 

High: Charging 
infrastructure is building 
up, particularly in 
California with 100+ 
charging points across 
the San Jose/ San 
Francisco area.  

Med: Only few actual pilots, but lots 
of enthusiasm/potential (e.g. 
University of Delaware research). 
Will be tested at Xcel Energy's 
SmartGridCity in Boulder, Colorado 
$11 bn for smart grids (2009 
stimulus) 
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3.1 Brazil 
 
 
 
The Brazil transportation sector is fairly balanced between diesel and non-diesel (ethanol and 
gasoline) demand and consumes approximately 19 billion liters of gasoline, 37 billion liters of diesel, 
19 billion liters of ethanol and 800 million liters of biodiesel per year. Approximately 50 percent of 
the oil consumption in Brazil is used for transport and there are approximately 56 million vehicles.256  
 
No formal vehicle fuel efficiency standards have yet been set.   



 
236 Copyright © 2009 Accenture. All Rights Reserved. 

 

Brazil is the world’s second largest producer 
of ethanol at approximately 27,500 million 
liters per year (mLpy) and is the lowest-cost 
producer of sugar cane ethanol (equivalent 
to crude oil at $45 per barrel).257   
 

 
 
 
 
 
With the exception of activity in next-generation agriculture and waste-to-fuel (fields in which the 
focus is on maximizing yield), considerations such as the value and efficiency of sugar cane, as well 
as R&D and investment into other disruptive technologies remain areas of limited focus, with most 
work restricted to universities and academic research centers. Government stimulus packages are 
underway, but progressing at a very slow pace. The Brazilian National Development Bank (BNDES) 
is the largest funding provider for most of the government initiatives, with a portfolio of funding 
schemes available to support the renewable energy and ethanol industries. 

 
Brazil––disruptive technology highlights 
 
Table 42. Brazil: summary of market activity 

Technology 
Regulation 

/targets 

Government 
incentives 

/investments 
Pilot/private 
investments 

Current 
activity level 

Next-generation internal 
combustion engine Planned YES YES M 

Next-generation agriculture  YES YES YES H 

Waste-to-fuel YES YES (R&D) YES H 

Marine scrubbers NO NO NO L 

      

Synthetic biology:  
Sugar cane-to-diesel NO NO YES M 

Butanol NO NO YES (R&D) L 

Bio-crude NO NO YES (R&D) L 

Algae NO NO YES M 

Airline drop-ins NO NO YES (R&D) L 

      

PHEV/EV/electrification 
engines NO YES YES M 

Batteries NO NO NO L 

Charging NO NO YES L 

Vehicle-to-grid NO NO NO L 
 

Key: Scoring primarily based upon number of “YES” responses: 0 to 1 = Low (L); 1 to 2 = Medium (M); 2 to 3 = High (H).  
If “Planned” then scoring assigned according to certainty of activity. If additional factors increased the potential for a market, then 
higher/multiple scores have been allocated (for example, L/H or M/H).  
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Key highlights 

Next-generation internal combustion engine. Brazil has a large automotive market, but the 
massive foothold of ethanol and flexible-fuel vehicles has limited the impetus for engine 
advancements. However, as most of the large original equipment manufacturers (OEMs) are 
present in Brazil (almost 3 million vehicles were produced in 2007), efficiency improvements will 
also benefit the growing Brazilian home market. 
 
Next-generation agriculture. Brazil is focused on sugar cane ethanol. Although the country has 
a large ethanol industry, current players remain skeptical about cellulosic ethanol. However, they do 
believe that they will strongly benefit from next-generation biofuels, and a number of trials are 
underway looking at genetically modified (GM) sugar cane.   
 
Waste-to-fuel. Waste-to-fuel is already a reality in Brazil. Several biodiesel plant investments 
were made based upon using waste as a feedstock, including ten plants using waste vegetable oil, 
and three plants using municipal solid waste (MSW), industrial waste or other organic waste.258  
Biomass, mostly bagasse, accounts for more than 5 percent of total electricity generation. In 2008, 
biomass energy contracts achieved outputs of 2.4 gigawatts (GW). This industry has a considerable 
revenue potential of $5 billion over the next 15 years.259  
 
Synthetic biology: sugar cane-to-diesel. Brazil is the largest source of sugar cane feedstock, 
so the sugar-to-diesel pathway is a natural fit. Both Amyris and LS9 are planning their first 
commercial plants in Brazil.260  In August 2009, Amyris closed $24.7 million from existing investors 
in a series C funding round, bringing it one step closer to commercialization.261  The company 
already has a 35,000 liter per year (9,234 gallon per year) sugar cane-to-diesel demonstration plant 
running in Campinas, Brazil.  
 
Algae. At the state-run power company CGTEE's Candiota plant (a 446 megawatt, coal-fired, 
thermal power plant), 12 open algae bioreactors will be installed by 2012. The algae bioreactors will 
be capable of absorbing 10 percent of the unit's CO2 emissions. The algae will then be pressed into 
oils, which will be refined into biodiesel using a proprietary technology developed by the Federal 
University of Rio Grande (Furg).262  
 
Electrification. Growing government support is evident, with incentives such as reductions in 
electric vehicle ownership tax. Infrastructure/charging pilots are underway, and Petrobras have 
already installed the first gas station with battery charging infrastructure, projected to power 20 
utility vehicles and approximately 200 motorcycles in the city of Rio de Janeiro. The energy for this 
will be provided by either the grid or solar panels.263   
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3.2  Canada 
 
 

The Canadian transportation sector is predominantly a gasoline market and consumes 
approximately 42 billion liters of gasoline, 16 billion liters of diesel, 0.6 billion liters of ethanol and 93 
million liters of biodiesel per year.  Approximately 65 percent of the oil consumption in Canada is for 
transport and there are approximately 28 million vehicles.  
 
 
Fuel efficiency standards for passenger cars are currently set at 27.4 miles per gallon (mpg).  
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Canada produces approximately 600 million 
liters per year (mLpy) of ethanol and 93 
mLpy of biodiesel. To-date, Canadian 
legislation, research, and investment have 
focused on cellulosic ethanol, waste, bio-
crude and electrification.264   
 

 
 
 
 
 
 
 

 
 
Canada––disruptive technology highlights 
 
Table 43. Canada: summary of market activity 

Technology 
Regulation 

/targets 

Government 
incentives 

/investments 
Pilot/private 
investments 

Current activity 
level 

Next-generation internal 
combustion engine YES YES YES M 

Next-generation agriculture  YES YES YES H 

Waste-to-fuel YES YES YES H 

Marine scrubbers YES YES YES M 

      

Synthetic biology:  
Sugar cane-to-diesel NO NO NO L/M 

Butanol NO NO NO L/M 

Bio-crude NO NO YES M/H 

Algae NO NO YES L 

Airline drop-ins NO NO NO L 

      
PHEV/EV/electrification 
engines YES YES YES H 

Batteries NO YES YES H 

Charging NO YES YES H 

Vehicle-to-grid NO YES Planned M 
 

Key: Scoring primarily based upon number of “YES” responses: 0 to 1 = Low (L); 1 to 2 = Medium (M); 2 to 3 = High (H).  
If “Planned” then scoring assigned according to certainty of activity. If additional factors increased the potential for a market, then 
higher/multiple scores have been allocated (for example, L/H or M/H). 
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Key highlights 
Next-generation agriculture. Canada has a large land mass providing ample crop space. 
Cellulosic players include Iogen (whose investors include Shell and PetroCanada),265 the first 
company to start selling cellulosic ethanol (in a 10 percent ethanol blend) in North America. This 
one-month trial commenced in June 2009, at a Shell service station in the country’s capital of 
Ottawa. The biofuel is produced locally from non-food raw materials at Iogen Energy Corporation’s 
demonstration plant, which now produces 40,000 liters of fuel per month.266  

 
Waste-to-fuel. Canada’s large land mass also provides it with ample forestry waste. Several 
leading players are based in Canada, such as plasma arc waste technology pioneer Pyrogenesis 
and Enerkem. GreenField Ethanol (Canada’s largest ethanol producer and biofuels technology 
company) and Enerkem have signed a 25-year deal with the city of Edmonton to build the world’s 
first industrial-scale facility to produce biofuels from municipal solid waste. The facility, costing 
approximately $64 million (CA$70 million), will initially produce 36 million liters per year (mLpy) of 
ethanol.267  
 
Marine scrubbers. The United States and Canada have proposed the designation of an 
Emission Control Area (ECA) for specific portions of US and Canadian coastal waters. This action 
would control the emission of nitrogen oxides (NOx), sulfur oxides (SOx), and particulate matter 
(PM) from ocean-going ships, most of which are flagged outside of the United States. This would 
require vessel operators to meet with more stringent standards sooner than the current International 
Maritime Organization (IMO) guidelines demand. Should the ECA proposal be approved by the 
Marine Environmental Protection Committee, it could be expected to enter into force as early as 
August 2012.268 
 
Butanol. Despite the lack of existing infrastructure, Canada has several favorable factors that 
suggest high potential for a butanol market to develop. These include a gasoline market and 
agricultural sector, an acceptance of genetic modification (GM) technology, and proximity to the 
United States.  
 
Bio-crude. Canada has a large refinery infrastructure and a large forestry industry. Several 
industry players are either headquartered or active here (such as Dynamotive and Ensyn).  Ensyn 
has designed and built seven commercial rapid thermal processing (RTP) plants in the United 
States and Canada. The largest (located in Renfrew, Ontario) has the capacity to process 100 
tonnes of dry residual wood per day into bio-oil for use in power generation or for further refining 
into transport fuels.269  
 

Electrification. A federal roadmap on electric vehicles (EVs) is expected in February 2010; 
current incentives and programs are highly regional due to the utilities infrastructure being 
developed and managed at provincial level. Utilities companies emerged from former provincial 
public providers (e.g., BC Hydro in British Columbia, Ontario Power Authority, Hydro Quebec270). 
Ontario, the most populous urban province, is a leader for plug-in hybrid electric vehicle (PHEV) 
programs and investment. Rebates of approximately $1,800 to $7,200 (CA$2,000 to CA$8,000) on 
hybrid vehicles are already available to 80 percent of Canadians (a few provinces do not offer 
rebates).271 Key private activity includes: 
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• In 2009, Magna, a Canadian original equipment manufacturer (OEM) that employs 74,000 
people in 25 countries, unveiled an electric vehicle (EV) produced in partnership with Ford. 
Magna has also announced plans to invest approximately $270 million (CA$300 million) to mass-
produce its own EV within three years. Magna is seeking low-interest government loans to keep 
production in Canada.272  

• Zenn Motor Company, based in Toronto, Ontario, is developing a low-speed EV city car using a 
battery/ultracapacitor device (called the EESU), developed by EEStor (a Texas-based company). 
The vehicles are now commercially available in Quebec, with a government tax credit available 
on their purchase.273  

• Electrovaya, a world leader in design and manufacture of lithium-ion battery systems, launched 
Maya 300 in January 2008, an inner-city EV. Electrovaya is partnering with Tata Motors and 
Miljø Grenland/Innovasjon to build EVs using Electrovaya’s lithium-ion superpolymer battery 
technology. The Tata Indica EV is scheduled to be launched in Norway in 2009 and India in 
2010. Electrovaya’s batteries are expected to last 120 miles on a single charge.274 
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3.3 China 
 
China’s transportation sector is predominantly a diesel market and consumes approximately 38 billion 
liters of gasoline, 92 billion liters of diesel, 1.6 billion liters of ethanol and 0.6 billion liters of biodiesel 
per year; approximately 60 percent of the oil consumption in China is for transport and there are 
approximately 23 million vehicles.  

Fuel efficiency standards for passenger cars are approximately 29.4 miles per gallon (mpg) by 2011, 
rising to 30.2 mpg thereafter.  
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China is currently the world’s third largest 
producer of ethanol; although most of this is 
used in the pharmaceutical and beverage 
industries, about 1,800 million liters per year 
(mLpy) is fuel ethanol.275   
 

 
 
 
 
 
China sits second to the United States in terms of disruptive research, with a primary focus on next-
generation agriculture and electrification. There have also been recent investments in algae and 
butanol. China, like the United States, is a key target market for most of the disruptive technologies 
discussed in this report. Exceptions to this appear to be airline drop-ins (because most airplane 
components are imported with little domestic manufacturing of alternative fuel systems) and marine 
scrubbers (limited government/private investment into R&D in this field).   
 
 
China—disruptive technology highlights 
 
Table 44. China: summary of market activity 

Technology 
Regulation 

/targets 

Government 
incentives 

/investments 
Pilot/private 
investments 

Current activity 
level 

Next-generation internal 
combustion engine Planned Planned YES H 

Next-generation agriculture  YES YES YES H 

Waste-to-fuel NO YES (R&D) YES H 

Marine scrubbers NO NO NO L 

       
Synthetic biology:  
Sugar cane- to-diesel NO NO NO L 

Butanol NO YES (R&D) YES M 

Bio-crude NO NO YES M 

Algae NO YES (R&D) YES M 

Airline drop-ins  NO NO NO L 

       

PHEV/EV/electrification engines YES YES YES H 

Batteries YES YES YES H 

Charging NO YES YES H 

Vehicle-to-grid NO YES Planned M 
 

Key: Scoring primarily based upon number of “YES” responses: 0 to 1 = Low (L); 1 to 2 = Medium (M); 2 to 3 = High (H).  

If “Planned” then scoring assigned according to certainty of activity. If additional factors increased the potential for a market, 
then higher/multiple scores have been allocated (for example, L/H or M/H). 
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Key highlights 

Next-generation internal combustion engine. With the fastest growing automobile market in 
the world, many companies are targeting China with their new engine technologies. Government 
discussions regarding the implementation of mandatory fuel economy standards commenced in 
July 2009. While targets have been proposed, these have not yet been executed.276  
 
Next-generation agriculture. China is the world's third-largest biofuels producer, with an 
expectation that biofuels will meet 15 percent of transportation needs by 2020. China’s focus 
extends beyond traditional feedstocks, into sorghum, cassava and cellulosic. After the United 
States, China has the highest number of planned cellulosic ethanol plants, with the potential to 
convert agricultural residues to fuel ethanol and reduce gasoline consumption by 39 billion liters in 
2020.277 Fuel ethanol producers receive government subsidies to cover potential losses due to the 
relatively high cost of feedstocks.278  
 
Butanol. The butanol industry is increasingly active in China, for example with companies such as 
Jiangsu Lianhai Biological Technology Co Ltd. having invested $80 million to produce butanol in 
Haimen City.279  Their plant is expected to be completed in 2010. Production capacity will be 
200,000 metric tonnes (MT)/year, with claims that this will make this the biggest butanol project in 
the world. There are also several government initiatives to support this field.  
 
Bio-crude. First pyrolysis plants are planned based on corn stover as a feedstock. This 
technology will help to meet increasing diesel and jet-fuel demand, and to leverage an extensive 
and growing refinery base. Dynamotive and Great China New Energy Technology Services Co. 
Limited (GCNETS) are cooperating to construct up to10 new pyrolysis plants.280  
 
Algae. Algae investments are continuing, particularly with the entry of PetroSun281 and 
PetroAlgae282 into China.   
 
Waste-to-fuel. With an abundance of waste feedstocks, biodiesel production is dominated by 
used vegetable oil, and small-scale biogas production facilities are currently in operation. 
International investors see considerable potential in the Chinese waste-to-fuels market, with up to 6 
million jobs and about $4.7 billion (RMB 32 billion) in revenue from these technologies.283 However, 
a lack of defined standards has slowed growth in the biodiesel market. Waste-to-energy is also a 
growing industry, for example with waste treatment firm China Everbright International having won a 
loan of up to $200 million from the Asian Development Bank to develop waste-to-energy plants in 
China.284  
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(PHEV) and electric vehicles (EV) commercialization, with an ambition of having the highest 
number of PHEVs/EVs in the world. China is well positioned to reach this target as it has the scale 
in both car and battery manufacturing (one of the world’s top two manufacturers of lithium 
batteries). In line with government planning and subsidies, the first wave of HEV/EVs will be 
deployed by state-owned entities (SOEs) and the public sector, for tasks such as public 
transportation and logistics. The required charging infrastructure should also come up to scale with 
the State Grid Corporation of China’s (SGCC’s) plans to build charging stations in Beijing, Shanghai 
and Tianjin. Key private activity includes: 
• BYD—Launched the first PHEV in 2008 and plans to invest $439 million (RMB 3 billion) into 

alternative energy buses and motor coaches after acquiring Midea, a bus manufacturer. BYD will 
build its third production plant for alternative vehicles in Changsha. The first 1,000 units of buses 
using alternative energy (HEV) will be delivered to Shenzhen municipal government by the end 
of 2009.285 BYD will also supply lithium-ion batteries to Shanghai Automotive Industry Corp 
(SAIC) ––one of their first deals with a Chinese OEM286.  

• Shanghai Automobile—Investment of $293 million (RMB 2 billion) on alternative energy 
automobile systems, key components and automobile assembly lines.287 

• China BAK Battery—Large investment of $3.5 billion (RMB 2.4 billion) announced by one of the 
largest manufacturers of lithium-based battery cells in the world.288  
 

 
One final technology to highlight is Synthetic biology—Sugar cane-to-diesel. Although there is 
currently little activity in this area, sugar cane-to-diesel could provide China with an alternative 
diesel solution (i.e., biomass but with a diesel vs. biodiesel specification). This is aided by the fact 
that the government does not seem to have issues with genetic modification (GM)-based 
technologies.  
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3.4 France 
 
 
The French transportation sector is predominantly a diesel market and consumes approximately 13 
billion liters of gasoline, 39 billion liters of diesel, 0.4 billion liters of ethanol and 1.3 billion liters of 
biodiesel per year. Approximately 67 percent of the oil consumption in France is for transport and 
there are approximately 39 million vehicles.289  
 
European Union (EU) fuel efficiency standards for passenger cars are currently set at 49 miles per 
gallon (mpg) by 2012, due to rise to 65 mpg by 2020.290 
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France is the world’s fifth-largest producer 
of ethanol (approximately 539 million liters 
per year, mLpy) and third-largest producer of 
biodiesel (approximately 1,526 mLpy). It is 
also one of the first movers in electrification 
with active involvement from its automotive 
and utilities sector. Through the cooperation 
of its cities, there are ongoing plans to 
increase the number of available charging 
points.291  
 

 
 
 
 
Focus of investment and government regulation has been on next-generation internal combustion 
engines, new agriculture, and electrification. However, Total has made some interesting 
investments in Gevo (butanol) and HVC (bio-crude).292  

 
France—disruptive technology highlights 
 
Table 45. France: summary of market activity 

Technology 
Regulation 

/targets 

Government 
incentives 

/investments 
Pilot/private 
investments 

Current activity 
level 

Next-generation internal 
combustion engine YES YES YES H 

Next-generation agriculture  YES YES YES H 

Waste-to-fuel YES YES (R&D) YES M 

Marine scrubbers YES Planned NO L 

      
Synthetic biology:  
Sugar cane-to-diesel NO NO NO L 

Butanol NO NO YES M 

Bio-crude NO NO YES M 

Algae NO NO NO L 

Airline drop-ins NO Planned NO L 

      

PHEV/EV/electrification engines YES YES YES H 

Batteries NO YES YES M 

Charging NO YES YES H 

Vehicle-to-grid NO YES Planned M 
 

Key: Scoring primarily based upon number of “YES” responses: 0 to 1 = Low (L); 1 to 2 = Medium (M); 2 to 3 = High (H).  
If “Planned” then scoring assigned according to certainty of activity. If additional factors increased the potential for a market, then 
higher/multiple scores have been allocated (for example, L/H or M/H). 
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Key highlights 
New-generation internal combustion engine. This continues to be important. France has 
one of the highest vehicle efficiencies in the world and this will increase by 2020.   
 
Next-generation agriculture. France has a strong agriculture industry and is largely balanced in 
its ethanol and biodiesel supply, capacity and demand. The first-generation producers would benefit 
from technologies that can stretch their yield and reduce their costs, either by upgrading co- and by-
products or adding waste streams to the mix. There is a natural progression to second-generation—
it is a good example is the Futurol project, a $43 million grant to develop/commercialize second-
generation biofuels with 11 partners including TOTAL, Tereos and Unigrains.293 
 
Butanol. This technology could assist France in meeting its biofuels targets without building new 
infrastructure. Companies have started to focus on synthetic biology to produce butanol (e.g., 
metabolic-explorer294).  
 
Electrification. Renault-Nissan expressed its intention to become the world’s largest plug-in 
hybrid electric vehicle (PHEV)/electric vehicle (EV) manufacturer295 and the French government has 
announced a target of 100,000 EV/HEVs by 2012. France’s electrification strategy is further 
supported by EDF which already offers recharging points in France and the United Kingdom and 
plans further smart grid pilots. In August 2008, the Autolib electric car-sharing scheme was 
announced for Paris. This will make up to 4,000 electric vehicles available for on-the-spot rental at 
stations throughout Paris, incentivizing the large-scale use of electric vehicles. Users will be 
charged by the mile.296 
 
Batteries. France has almost no lithium-ion battery manufacturing capability at present, but this is 
changing.  French battery manufacturer Saftbatteries has secured a $95.5 million grant from the 
United States Department of Energy for a lithium-ion battery factory, in a joint venture with US 
battery manufacturer Johnson Controls.297 

Charging. The main electricity generation and distribution company, EDF, is offering recharging 
points and partners with French OEMs (Renault-Nissan and PSA Peugeot Citroen) to support EV/ 
PHEV.298 
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3.5  Germany 
 
 
The German transportation sector is predominantly fairly balanced between gasoline and diesel 
demand and consumes approximately 29 billion liters of gasoline, 33 billion liters of diesel, 0.6 
billion liters of ethanol and 3.8 billion liters of biodiesel per year. Approximately 28 percent of the oil 
consumption in Germany is for transport and there are approximately 55 million vehicles.299 
 
 
European Union (EU) fuel efficiency standards for passenger cars are currently set at 45 to 49 
miles per gallon mpg (by 2012), due to rise to 61 to 65 mpg by 2020.300 
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Germany produces relatively little ethanol 
(412 million liters per year, mLpy), but is the 
world’s largest producer (approximately 3,284 
mLpy) and consumer of biodiesel. Biodiesel 
production exceeds consumption due to 
imports from the United States, but this will 
be reduced by new legislation.301 
 

 
 
 
 
 
Focus of investment and government regulation has been on new-generation internal combustion 
engine, next-generation agriculture, waste-to-fuel, marine scrubbers and electrification. 

 
 
Germany—disruptive technology highlights 
 
Table 46. Germany: summary of market activity 

Technology 
Regulation 

/targets 

Government 
incentives 

/investments 
Pilot/private 
investments 

Current activity 
level 

Next-generation internal 
combustion engine YES YES YES H 

Next-generation agriculture  YES YES YES H 

Waste-to-fuel YES YES YES H 

Marine scrubbers YES YES YES H 

       

Synthetic biology:  
Sugar cane-to-diesel NO NO YES L 

Butanol NO YES (R&D) NO L 

Bio-crude NO NO YES L 

Algae NO YES YES L 

Airline drop-ins Planned Planned Planned M 

       

PHEV/EV/electrification engines YES YES YES H 

Batteries NO YES YES H 

Charging NO YES YES H 

Vehicle-to-grid Planned YES NO M 

 
Key: Scoring primarily based upon number of “YES” responses: 0 to 1 = Low (L); 1 to 2 = Medium (M); 2 to 3 = High (H).  
If “Planned” then scoring assigned according to certainty of activity. If additional factors increased the potential for a market, then 
higher/multiple scores have been allocated (for example, L/H or M/H). 
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Key highlights 
Next-generation internal combustion engine. This continues to be important for Germany. 
German OEMs have some of the world’s most fuel-efficient cars and Germany has one of the 
highest vehicle fuel efficiencies in the world, with standards set to increase to 65 mpg by 2020.302  
 
Next-generation agriculture. Germany has a large agricultural sector and is the world’s largest 
producer and consumer of biodiesel, with significant excess capacity. Innovation that can stretch 
this capability (e.g., upgrading by-products and co-products), increase yields and reduce costs is 
attractive to Germany. 
 
Waste-to-fuel. Investments into commercial waste-to-fuel facilities highlight the large potential that 
an abundant municipality waste feedstock can provide for the largest global biodiesel market. For 
example, Petrotec AG has made a $36 million investment into a biodiesel plant based on 
municipal/industrial waste, and Choren uses forestry waste to produce diesel.303 
  
Marine scrubbers. The EU’s stringent Sulfur Emissions Control Areas (SECAs) have already 
been established in the North and Baltic Seas (1.5 percent sulfur emissions allowed, versus 4.5 
percent globally). Germany supports marine emissions for inclusion in to the European Union 
Emissions Trading Scheme (EU ETS).304  
 
Electrification. Ambitious targets of 1 to 5 million plug-in hybrid electric vehicles (PHEVs)/EVs by 
2020 to 2030, combined with strong tax incentives have driven huge investments from German 
OEMs and the already established battery industry.305  These include BMW’s megacity vehicle and 
the $2.7 billion (9.1 percent) stake in Daimler AG by the United Arab Emirates's Aabar Investments, 
which includes a planned partnership for the development of EVs and innovative compound 
materials.306 
 
Consumers support this trend. Germany is the most likely nation to choose green cars over 
gasoline-powered ones, with nearly two-thirds of consumers choosing the environment over their 
dream cars.307 
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3.6 Japan 
 
 
The Japanese transportation sector is fairly balanced between gasoline and diesel demand and 
consumes approximately 59 billion liters of gasoline, 58 billion liters* of diesel, 0.5 billion liters of 
ethanol, and 0.2 billion liters of biodiesel per year.  Approximately 60 percent of the oil consumption 
in Japan is for transport and there are approximately 76 million vehicles.308 
 
Fuel efficiency standards for passenger cars are among the highest in the world, currently set at 
46.9 miles per gallon (mpg) by 2015 (the standard is vehicle weight-dependent, ranging from 17 to 
53 mpg).309  
 
 
 
 
 
 
 
 

 
 
 
* Note that distillate fuel oil (which comprises more fuels than just transportation diesel) has been used as a proxy for diesel 
consumption. Actual transportation sector diesel consumption is therefore likely to be approximately 75 percent of this figure.  
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Japan has negligible biofuels production but 
is the world leader in plug-in hybrid electric 
vehicles (PHEVs) and PHEV batteries. It has 
long had a focus on electrification, 
exemplified by the longstanding PHEV 
manufacturing leadership of companies such 
as Toyota and Honda. Others, including 
Nissan, Mitsubishi and Subaru are also 
following suit and launching PHEVs. Major 
players in the battery manufacturing space 
include Japanese firms such as Panasonic 
EV and Sanyo. 
 
 
 
 
 
 
 
 
 
Japan—disruptive technology highlights 
 
Table 47. Japan: summary of market activity 

Technology 
Regulation 

/targets 

Government 
incentives 

/investments 
Pilot/private 
investments 

Current activity 
level 

Next-generation internal 
combustion engine YES YES YES H 

Next-generation agriculture  YES YES NO M 

Waste-to-fuel YES YES YES H 

Marine scrubbers NO NO NO L 

       

Synthetic biology:  
Sugar cane-to-diesel NO NO NO L 

Butanol NO YES(R&D) YES H 

Bio-crude NO NO NO L 

Algae NO NO NO L 

Airline drop-ins NO YES(R&D) YES M 

       
PHEV/EV/electrification engines YES YES YES H 

Batteries YES YES YES H 

Charging NO YES YES M 

Vehicle-to-grid NO YES YES M 
 

Key: Scoring primarily based upon number of “YES” responses: 0 to 1 = Low (L); 1 to 2 = Medium (M); 2 to 3 = High (H).  
If “Planned” then scoring assigned according to certainty of activity. If additional factors increased the potential for a market, then 
higher/multiple scores have been allocated (for example, L/H or M/H). 
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Key highlights 

Next-generation internal combustion engine. Tough Japanese fuel-economy standards are 
matched only by Europe, but Japanese manufacturers have looked to shift developments towards 
hybridization rather than focusing on the internal combustion engine.  
 
Next-generation agriculture. The main drivers for biofuels in Japan are the country’s desire to meet 
its Kyoto commitments and diversify its energy sources. Japan will depend on imports for its domestic 
biofuels industry.   
 
Waste-to-fuel. This is a logical next step as Japan is already leading in municipal solid waste (MSW) 
combustion plants and has the only commercial plasma arc MSW plants in the world. These are 
operated by AlterNRG.310 
 
Butanol. Ten percent of the world butanol capacity is in Japan, which makes it the third-largest market 
after the United States and West Europe.311  
 
Airline drop-ins. Japan Airlines is one of the few airlines to trial flights with biofuel drop-ins based on 
camelina, jatropha and algae.312  
 
Electrification. Toyota's hybrid Prius has been Japan's top-selling car, largely driven by a 90 percent 
tax reduction for EVs. The next generation PHEV Prius will be launched in early 2010.313 Toyota and 
Honda are leading the global hybrid market, but Nissan, Mitsubishi and Subaru are also launching 
PHEVs. The lack of a recharging infrastructure remains a large obstacle to the widespread adoption of 
EVs, but Tokyo Electric Power is now developing a charging infrastructure across Tokyo. In addition, 
Better Place has signed a deal with the Japanese government to conduct a pilot project in Tokyo for the 
world’s first electric taxis with switchable batteries.314  
 
Batteries. Toyota, currently producing nickel-metal hydride batteries through Panasonic EV Energy, 
its joint venture with Panasonic, is looking to expand supplies through buying lithium-ion batteries for 
hybrid cars from Sanyo Electric, from 2011.315  
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3.7 Netherlands 
 
 
The Dutch transportation sector is predominantly a diesel market and consumes approximately 6 
billion liters of gasoline, 9 billion liters of diesel, 0.2 billion liters of ethanol and 0.3 billion liters of 
biodiesel per year.  About 29 percent of the oil consumption in the Netherlands is for transport and 
there are approximately 9 million vehicles.316 
 
European Union (EU) fuel efficiency standards for passenger cars are currently set at 45 to 49 
miles per gallon mpg (by 2012), due to rise to 61 to 65 mpg by 2020.317 
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The Netherlands is not a significant producer 
of ethanol (approximately 12 million liters per 
year, mLpy) or biodiesel (99 mLpy), although 
some key bio-crude companies operate in the 
Netherlands, including KiOR and HVC.318  
 

 
 
 
 
 
 
The focus of investment and government regulation has so far been on waste-to-fuel, electrification 
and bio-crude.  However, Shell is a significant investor in second-generation biofuels with 
investments across next-generation agriculture and algae.319 KLM is also researching airline 
biofuels.320  
 
 
 
Netherlands—disruptive technology highlights 
 
Table 48. Netherlands: summary of market activity 

Technology 
Regulation 

/targets 

Government 
incentives 

/investments 
Pilot/private 
investments 

Current activity 
level 

Next-generation internal 
combustion engine YES NO YES M 

Next-generation agriculture  YES NO YES M 

Waste-to-fuel YES YES YES H 

Marine scrubbers YES Planned NO M 

       

Synthetic biology:  
Sugar cane-to-diesel NO NO NO L 

Butanol NO NO NO L 

Bio-crude NO YES YES M/H 

Algae NO NO YES L/M 

Airline drop-ins NO Planned NO L/M 

       

PHEV/EV/electrification engines NO YES YES H 

Batteries NO YES YES H 

Charging NO YES YES H 

Vehicle-to-grid NO YES YES H 
 

Key: Scoring primarily based upon number of “YES” responses: 0 to 1 = Low (L); 1 to 2 = Medium (M); 2 to 3 = High (H).  

If “Planned” then scoring assigned according to certainty of activity. If additional factors increased the potential for a market, 
then higher/multiple scores have been allocated (for example, L/H or M/H). 
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Key highlights 
Bio-crude. The Netherlands has a large refining industry, with two leading industry players (KiOR 
and HVC) operating in the country. There are limited domestic forestry operations, but the 
Netherlands does have extensive access to imported volumes.  
 
Algae. Dutch company Algaelink is focused on developing new methods of algae cultivation and oil 
extraction for use in the food, pharmaceutical and fuel industries.321  
 
Waste-to-fuel. Like much of Europe, there is a shortage of landfill availability in the Netherlands. 
Some of the first significant investments will be commercial waste-to-fuel facilities, such as a $46 
million waste-to-biodiesel plant planned.322  The European Union’s waste re-use/recycling 
legislation will help drive this industry.  
 
Electrification. The Minister of Transport has created a fund of approximately $14.5 million (€10 
million) to support the introduction of electric vehicles (EVs), with a further drive to promoting the 
harmonization of standards for EVs across the European Union.323  
 
Vehicle-to-grid and charging. Amsterdam Smart City will look into the integration of plug-in 
hybrid electric vehicles (PHEVs) onto a smart grid. Utility companies in the Netherlands are coming 
together to plan a 10,000 charging station roll-out across the country. The government’s plans to 
(voluntarily) place smart meters in all households by 2013 will help provide impetus to the 
development of the necessary infrastructure.  
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3.8 South Korea 
 
The South Korean transportation sector is predominantly a diesel market and consumes approximately 
10 billion liters of gasoline, 17 billion liters of diesel, and 0.1 billion liters of biodiesel per year.  About 34 
percent of the oil consumption in South Korea is for transport and there are approximately 17 million 
vehicles.324  

 Fuel efficiency standards for new passenger cars are currently set at 40 miles per gallon (mpg) by 
2015.325 
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Biofuels production is limited to 122 million 
liters per year (mLpy) of biodiesel, with little 
or no ethanol production or consumption. 
South Korea has a strong automotive sector 
and is the second-largest producer of 
lithium-ion batteries in the world.326  
 

 
 
Government support has focused on two main areas: next-generation internal combustion engines, 
with a recently announced fuel standard target of 40 mpg by 2015 (requiring a 54 percent 
improvement in vehicle efficiency), and electrification, with a duty incentive for green cars.327  
Private companies are also focusing on electrification, with both Hyundai and Kia now 
manufacturing hybrid electric vehicles (HEVs); GM Daewoo Auto & Technology Company selling 
the Chevrolet Volt plug-in hybrid car in South Korea in 2011; and LG Chem, who will provide the 
batteries for the GM Volt. Biofuels research, while not as high a priority as in other markets is also 
receiving significant investment from SK Energy, the largest refining company.328  
 
 
South Korea—disruptive technology highlights 
 
Table 49. South Korea: summary of market activity 

Technology 
Regulation 

/targets 

Government 
incentives 

/investments 
Pilot/private 
investments 

Current activity 
level 

Next-generation internal 
combustion engine YES YES YES H 

Next-generation agriculture  YES YES YES H 

Waste-to-fuel NO YES YES M 

Marine scrubbers NO NO NO L 

      

Synthetic biology:  
Sugar cane-to-diesel NO Planned YES M 

Butanol NO Planned YES (R&D) M 

Bio-crude NO Planned NO L 

Algae NO Planned YES (R&D) M 

Airline drop-ins NO NO NO L 

      

PHEV/EV/electrification engines YES YES YES H 

Batteries YES YES YES H 

Charging Planned YES YES (R&D) M 

Vehicle-to-grid NO YES YES (R&D) M/H 
 

Key: Scoring primarily based upon number of “YES” responses: 0 to 1 = Low (L); 1 to 2 = Medium (M); 2 to 3 = High (H).  

If “Planned” then scoring assigned according to certainty of activity. If additional factors increased the potential for a market, 
then higher/multiple scores have been allocated (for example, L/H or M/H). 
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Key highlights 
Next-generation internal combustion engine. The government has announced a fuel 
efficiency standard of 17 km/liter (40 mpg) or 140 grams (g) of CO2/liter, by 2015. The standard 
requires a greater than 54 percent improvement in vehicle fuel efficiency. The government has also 
announced their plans for setting incentives and penalties for vehicle CO2 emissions.  
 
Next-generation agriculture. Investment in fungible fuels is being made by private companies 
such as SK Energy, the largest refinery company in South Korea. The government has plans to 
invest in R&D in this area, but detailed investment plans will only be announced after a more in-
depth assessment.  
 
Waste-to-fuel. South Korea has a growing interest in waste-to-heat/power generation. A few local 
companies have started to develop biogas manufacturing.   
 
Electrification. Hyundai and Kia started mass-manufacturing HEVs in July 2009. GM Daewoo will 
begin selling the Chevrolet Volt plug-in hybrid car in South Korea in 2011, with Renault Samsung 
also announcing the manufacture of EVs from 2011. To promote the green car agenda, the 
government has initiated a duty incentive and subsidiary for green cars.329    
 
Batteries. Investment in batteries is being made primarily by private companies such as LG Chem, 
SB LiMotive (in a joint venture between Samsung SDI and Bosch) and SK Energy.330 LG Chem has 
announced a partnership with GM to provide batteries for GM’s Volt.331 SM LiMotive has also 
announced a partnership with BMW to provide batteries for their vehicles. The government has 
allocated a budget to promote the development of advanced batteries.332   
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3.9 United Kingdom 
 
 
The United Kingdom transportation sector is fairly evenly balanced between gasoline and diesel 
demand and consumes approximately 24 billion liters of gasoline, 26 billion liters of diesel, 0.15 
billion liters of ethanol, and 0.35 billion liters of biodiesel per year.  About 36 percent of the oil 
consumption in United Kingdom is for transport and there are approximately 34 million vehicles.333  
 
European Union (EU) fuel efficiency standards for passenger cars are currently set at 45 to 49 
miles per gallon mpg (by 2012), due to rise to 61 to 65 mpg by 2020.334  
 



 
262 Copyright © 2009 Accenture. All Rights Reserved. 

 

The United Kingdom is not a significant 
producer of ethanol (17 million liters per year, 
mLpy) or biodiesel (168 mLpy), although the 
Vivergo (420 mLpy) and Ensus (400 mLpy) 
plants will come on-stream between 2009 and 
2010, increasing ethanol capacity to 
approximately 837 mLpy.335  
 

 
 
The Renewable Transport Fuel Obligation (RTFO) mandates 3.25 percent by 2009, with a buy-out 
penalty.336  
 

Focus of investment and government regulation has been on biofuels and electrification, with the 
focus on electrification increasing. However, both BP and Shell are significant investors in second-
generation biofuels with investments across next-generation agriculture, Butanol, and algae.337  
British Airways and Virgin are both researching airline biofuels.338 
 
United Kingdom—disruptive technology highlights 
 
Table 50. United Kingdom: summary of market activity 

Technology 
Regulation 

/targets 

Government 
incentives 

/investments 
Pilot/private 
investments 

Current activity 
level 

Next-generation internal 
combustion engine YES YES YES H 

Next-generation agriculture  YES NO YES M 

Waste-to-fuel YES YES YES H 

Marine scrubbers YES YES YES H 

      

Synthetic biology:  
Sugar cane-to-diesel YES YES (R&D) YES M 

Butanol YES YES YES H 

Bio-crude YES NO YES M 

Algae NO YES (R&D) NO L 

Airline drop-ins NO Planned Planned M 

      

PHEV/EV/electrification engines NO YES YES H 

Batteries NO YES YES M 

Charging NO YES YES H 

Vehicle-to-grid NO YES NO M 
 

Key: Scoring primarily based upon number of “YES” responses: 0 to 1 = Low (L); 1 to 2 = Medium (M); 2 to 3 = High (H).  

If “Planned” then scoring assigned according to certainty of activity. If additional factors increased the potential for a market, 
then higher/multiple scores have been allocated (for example, L/H or M/H). 
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Key highlights 
Next-generation internal combustion engine. High EU fuel efficiency targets have driven 
further progress with several UK-based companies involved, including Ford Econetic, Oxonica, 
NevisEngine, CleanAirPower, Lysanda. The 2009 scrapping scheme for vehicles is expected to 
improve the average fuel efficiency further.339  
 
Next-generation agriculture. Although the United Kingdom has been a late entrant, UK 
companies, mainly independents and international oil companies, have been involved in biofuels 
projects worldwide. Government support is increasing, with approximately $10 million (£6 million) 
funding for the development of second-and third-generation biofuels from sources including algae. 
Private interest is following, for example with D1 Oils’ global plant science program, focused on the 
development of Jatropha curcas. 340  
 
Waste-to-fuel. Significant investments into commercial waste-to-fuel projects are driven by the 
United Kingdom’s acute shortage of landfill capacity and make waste the best feedstock opportunity 
for their biofuels market.   

 
Marine scrubbers. EU Sulfur Emissions Control Areas (SECAs) are already established in North 
Sea and Baltic (1.5 percent sulfur emissions allowed versus 4.5 percent globally). UK company 
Krystallon supplies on-board emissions control solutions to the global marine industry.  

Butanol. UK companies, notably Vivergo (a BP, Dupont and British Sugar investment for a $400 
million bioethanol plant in Hull with plans for butanol production) and Green Biologics ($244 million 
butanol plant in Oxfordshire) are developing the butanol pathway.341 There also are two EU R&D 
projects. However, if genetically engineering yeast proves to be critical for the butanol pathway, 
then resistance to genetically modified technology may hamper domestic production. 
 
Electrification. No targets for EV and PHEV have been announced by the UK government, but its 
Committee on Climate Change predicts that by 2020, up to 40 percent of new cars on the road 
could be EV/PHEV.342 Electrification will gain further momentum as the UK government provides tax 
incentives and funds several large investments programs. In addition, Nissan and One North East 
are investing approximately $330 million (£200 million) in the United Kingdom to produce batteries 
for EVs.343 
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3.10 United States 
 
 
The United States transportation sector is predominantly a gasoline market and consumes 
approximately 539 billion liters of gasoline, 169 billion liters of diesel, 26 billion liters of ethanol and 
1.4 billion liters of biodiesel per year. Approximately 60 percent of the oil consumption in the United 
States is for transport and there are approximately 250 million vehicles. Vehicle fuel efficiency 
standards for passenger cars are currently set at 27.5 miles per gallon (mpg), due to rise to 39 mpg 
by 2016.344  
 
As discussed in the Next generation internal combustion engine section, there is a 2016 target of 
for the overall vehicle fleet (that is, passenger cars and light-duty trucks) of 35.5 mpg345.  
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The United States is currently the world’s 
leading producer of ethanol (24.7 billion 
liters per year), with biodiesel production of 
1.9 billion liters per year. Of all of the 
markets, the greatest amount of research 
into disruptive technologies is being 
undertaken in the United States. It is 
therefore a key target market for all of the 
companies in this report.346 
 
 
 
However, because of the size and characteristics of the various states, the United States is a 
patchwork of policies and funding and private investment. All of the technologies are relevant. 
Therefore, a “current activity level” score is to some extent superficial. However, the assessment 
does take into account the pulse of regulation and investment of the technologies relative to each 
other in the market. For example, the federal government green stimulus focuses on next-
generation agriculture and electrification. Many technologies in the fungible fuels section—including 
algae and synthetic biology (sugar cane-to-diesel) are not mature enough for the government to 
mandate volumes and are currently not specifically included in the Renewable Fuels Standard 
(RFS) or Low Carbon Fuel Standard (LCFS). However, it is expected that, if proven viable, these 
“fungible fuels” will be incorporated into the RFS and LCFS.347   
 
It is important to keep the regional patchwork in mind with certain regions, such as California, being 
more aggressive. The recent economic stimulus package (The American Recovery and 
Reinvestment Act of 2009) has thrust a significant level of investment into green technology, 
creating $787 billion in economic stimulus spending and tax incentives.348 
 
 
United States—disruptive technology highlights  
 
Table 51. United States: summary of market activity 

Technology 
Regulation 

/targets 

Government 
incentives 

/investments 
Pilot/private 
investments 

Current activity 
level 

Next-generation internal 
combustion engine YES YES YES H 

Next-generation agriculture  YES YES YES H 

Waste-to-fuel NO YES YES H 

Marine scrubbers YES YES YES H 
      

Synthetic biology:  
Sugar cane-to-diesel NO YES(R&D) YES H 

Butanol NO YES(R&D) YES H 

Bio-crude NO YES(R&D) YES M 

Algae NO YES(R&D) YES H 

Airline drop-ins NO Planned YES M 
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Table 52. United States: summary of market activity (Continued) 
      

Technology Regulation 
/targets 

Government 
incentives 

/investments 
Pilot/private 
investments 

Current activity 
level 

PHEV/EV/electrification engines YES YES YES H 

Batteries NO YES YES H 

Charging YES YES YES H 

Vehicle-to-grid NO YES YES M 
 

Key: Scoring primarily based upon number of “YES” responses: 0 to 1 = Low (L); 1 to 2 = Medium (M); 2 to 3 = High (H).  

If “Planned” then scoring assigned according to certainty of activity. If additional factors increased the potential for a market, then 
higher/multiple scores have been allocated (for example, L/H or M/H).  

 

 

 
 
 
 
 
 
 
 
Key highlights 

Next-generation internal combustion engine. Increasingly stringent fuel-economy standards, 
coupled with the government's bailout money, should ensure significant improvements. Car 
scrappage incentive of $3,500 to $4,500 (initial $1 billion has been increased by another $2 
billion349).  
 
Next-generation agriculture. This has been a key investment area for the US Department of 
Energy, with more than $385 million invested in a number of projects, including the commercial-
scale facilities of Abengoa (Kansas), Bluefire Ethanol (California) and POET’s Project LIBERTY 
(Iowa). Sixty percent of the total 1,840 million liters per year, mLpy (486 million gallons per year, 
mgpy) operational/announced cellulosic capacity is in the United States, with estimated 2008 US 
production of 1,103 mLpy (292 mgpy) cellulosic ethanol. There is significant activity by many first-
generation ethanol players (for example, POET, Cargill, Abengoa, Novozymes).   
 
Waste-to-fuel. The United States has a large supply of waste. It is one of the few markets to 
support waste-to-fuels via tax credits.350 The majority of players in the waste-to- energy space are 
based in the United States. There are synergistic opportunities in biomass for waste-to-energy 
(WTE) and biofuels. 
 
Marine scrubbers. The United States and Canada have proposed the designation of an 
Emission Control Area (ECA) for specific portions of U.S. and Canadian coastal waters.  This action 
would control the emission of nitrogen oxides (NOx), sulfur oxides (SOx), and particulate matter 
(PM) from ocean-going ships, most of which are flagged outside of the United States. This would 
require vessel operators to meet with more stringent standards sooner that the current International  
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Maritime Organization (IMO) guidelines demand. Should the ECA proposal be approved by the 
Marine Environmental Protection Committee, it could be expected to enter into force as early as 
August 2012.351 
 
Synthetic biology: sugar cane-to-diesel. Amyris and LS9 are both US companies, using US 
technology.  Genetic modification (GM) is well accepted, and the leading research is undertaken in 
the United States.   
 
Butanol. The United States is primarily a consumer of gasoline, suggesting a potentially large 
market for butanol, particularly as domestic feedstocks can be used. Genetic modification (GM), a 
key lever in butanol development, is accepted in the United States, and several US companies are 
using synthetic biology to produce butanol, including Gevo, BP-DuPont, Green Biologics, Advanced 
Biofuels and Cobalt.  
 
Algae. The government has invested over $100 million so far, with the highest level of private 
investments among all of the fungible fuels—over $256 million venture capital/private equity, and 
over $993 million from other types (for example. raised through initial public offerings, equity sales 
or committed/planned investments).352 Integrated oil company activity is increasing with Chevron, 
ExxonMobil, Shell and Valero all having an interest in algae ventures.  
 
Electrification. The US government is making a significant commitment in this area, first by 
setting a target of 1 million PHEVs on the road by 2015. The government has made investments 
and provided incentives, such as providing Nissan with a $1.6 billion low-interest loan to retool its 
plant for EV production353. The government has also supported PHEV/EV pilots, which include the 
scaling-up of charging infrastructure, vehicle-to-grid technology and batteries. (The 2009 stimulus 
package allocates $2.4 billion in grants for the manufacturing of advanced batteries).  The 
collaboration between Ford Motors, ten utility companies and the Department of Energy on a smart 
grid scheme is expected to allow electric vehicles to communicate with the grid354. Tesla Motors 
plans to develop an electric drivetrain manufacturing facility in Palo Alto, California, at a plant 
funded with part of the $465 million funding received in 2009 from the Department of Energy.355  
 
Batteries. There is a growing impetus toward developing domestic battery manufacturing 
capabilities. A123 has received a $249 million government grant to build its own plant and GM is 
investing $43 million to develop a battery manufacturing facility in Brownstown Township, Michigan, 
to assemble lithium-ion batteries for use in its Chevrolet Volt PHEV.356  
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US Renewable Fuel Standard357 
• The Environmental Protection Agency (EPA), under the Energy Independence and Security Act 

of 2007, is responsible for revising and implementing regulations to ensure that gasoline sold in 
the United States contains a minimum volume of renewable fuel.  

• The Renewable Fuel Standard program will incrementally increase the volume of renewable fuel 
required to be blended into gasoline from 9 billion gallons in 2008 to 36 billion gallons by 2022. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Notes  
• A gallon of biofuel with greater energy content per gallon than ethanol would count as more than 

one ethanol gallon equivalent. For example, each gallon of biodiesel counts as 1.5 gallons 
toward the advanced and total biofuels requirements. 

• Renewable biofuel: Ethanol derived from corn starch. 
• Advanced biofuel: Renewable fuel other than ethanol derived from corn starch, derived from 

renewable biomass with lifecycle GHG emissions at least 50 percent less than baseline. Term 
includes cellulosic biofuels, biomass-based diesel and undifferentiated advanced biofuels. 

• Cellulosic biofuel: Renewable fuel derived from any cellulose, hemicellulose, or lignin that is 
derived from renewable biomass and that has lifecycle GHG emissions, as determined by the 
EPA Administrator, that are at least 60 percent less than the baseline lifecycle GHG emissions.  

• Biomass-based diesel: Renewable fuel that is biodiesel as defined in section 312(f) of the 
Energy Policy Act of 1992 (42 U.S.C. 13220(f), which according to the EPA is, a diesel fuel 
substitute produced from nonpetroleum renewable resources that meets the registration 
requirements for fuels and fuel additives established by the EPA under section 7545 of the Clean 
Air Act." It is derived from renewable biomass and has lifecycle GHG emissions, as determined 
by the EPA Administrator that are at least 50 percent less than baseline GHG emissions. It does 
not include the co-processing of biomass with a petroleum feedstock, which is classified as an 
"advanced biofuel." 

• Undifferentiated advanced biofuel: Includes co-processed renewable diesel. 
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4. Implications for  
 High Performance 

 
 
So what does this impending shift in future transport fuels mean for governments or companies today? 
We conclude our report by emphasizing again the common key capabilities that Accenture believes 
companies will now need to develop in order to achieve high performance in this dramatically changing 
market. Finally, we discuss our thoughts from two perspectives: 1) the perspective of an utility and what 
plug-in electric vehicles may mean for their business; and 2) the perspective of an international oil 
company (IOC), which has to evaluate the impact of both electrification and biofuels on its downstream 
business. 
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Key capabilities  
Accenture believe that the transport fuels market of the future will include players from different 
industries (including governments, utilities, energy, chemicals, pharmaceutical and consumer 
electronics, to name a few) who will each bring different capabilities and assets to shape the market. 
For each entity, the capabilities required for high performance will differ depending on their current 
objectives, capabilities and, in the case of companies, go-to-market strategies. However, Accenture 
does see a few common key capabilities for achieving high performance: 

• Scientists and engineers in leadership positions. Most companies entering this market will 
have product and process patents around their technologies and processes. Strong R&D 
capability is a necessity as stakeholders and end-consumers are looking for breakthrough 
solutions. Integration of the technology with other technologies will also be an obvious capability. 
However, equally key to successful commercialization are leadership and communication; and 
the ability to provide fact-based explanations to regulators and the public; and address often-
technical questions frankly and honestly. For governments, this means that more scientists will 
be chosen for key energy department roles. 

• Partnering and business model flexibility. Commercialization of these technologies will take 
cooperation across many industries. In reviewing more than 100 companies, we have found 
plans for many different business models, from traditional plant joint ventures to fully integrated 
ventures, with capabilities across the value chain, including different models for different 
markets. In all cases, partnering is key to complementing in-house capability, whether to access 
the feedstock, the battery, the customer market, the infrastructure or capability. Also, the 
business models will evolve as commercialization starts to shape how the market will operate. 

• Staying close to government and policy makers. Regulation will evolve as more information 
becomes available on new technologies and policy makers will make trade-off decisions across 
the technologies. For example, the US Renewable Fuels Standard (RFS) program does not 
specifically mention the contribution from synthetic biology (sugar cane to diesel) or algae, but if 
these technologies are successfully commercialized and have the currently estimated 
greenhouse gas (GHG) impact, it is expected that the fuel categories as defined within the RFS 
program would be modified to include them. 

• Clear baseline assumptions and active tracking of the market. Technologies are being 
developed now, and announcements come daily. Companies and governments need to be clear 
on their assumptions on the key improvement drivers that drive down the cost to 
commercialization and subsequent cost/mile.  Understanding how new information impacts their 
technology, go-to-market strategy or regulatory positions is critical. For example, at Accenture, 
we use improvement drivers and S-curves to illustrate our view of cost at maturity and market 
evolution. When ExxonMobil announced the investment in Synthetic Genomics, it did make us 
look again at our current assumptions on GM algae. Other examples are the announcements to 
build lithium-ion manufacturing capability in the US. Again, this made us look at what we believed 
were the constraints to the scale-up of electrification. 

• Execution––project management excellence, supply chain optimization. With the race to 
commercialize, the advantage of operational excellence in delivering projects on budget and on 
time and developing efficient and optimized supply chains should not be underestimated. 
Cost/mile of these technologies will continue to compete with gasoline and diesel, so maximizing 
the operating margins, particularly given the initial capital investment required, will be key to 
long-term profitability. In the companies we interviewed, there was an emphasis on how the 
scale-up was going to happen and how they were doing this at the lowest possible cost, 
leveraging existing assets. 

• Contracting and risk management. There is risk in both biofuels and electrification. On the 
biofuels side, although the mandate guarantees a level of demand, there have historically been 
very weak correlations with feedstock. For next-generation agriculture, this will be even more 
challenging as there is no market to set the price of the new feedstocks. In the electric markets, it 
is the demand that is most uncertain. In all cases contracting will be important to managing risk. 
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• Long-term and flexible capital. Time (how long things will take) is one of the biggest 
uncertainties of this market. Probably the best example is the Internet where the take-up curve, 
although it eventually got there, did not follow the growth path estimated by many in 1998. Even 
for the technologies that will be commercial in five years, scale-up could be slow or fast. For 
those technologies that will take more than five years, companies need to recognize that they 
may be in pilot or demonstration stages for many years. 

• Market-specific strategy. Investments in new types of transport fuels will be driven by the local 
agenda. We strongly believe in increasing diversity of markets. Our research model is one of 
blended teams to leverage the most of what has been done around the world with the critical 
local filter, as nothing can replace local insight and local knowledge, particularly as 
understanding of the drivers of the domestic agenda and the local context is absolutely critical. 
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Plug-in Electric Vehicles:  
 

Utility Perspective 
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Plug-in Hybrid Electric Vehicles (PHEV) are 
becoming a major part of the modern utility 
business portfolio. Much of the PHEV 
charging capacity requirements will be 
located at heavily populated residential, 
commercial and industrial areas, where 
vehicles spend significant time parked/ 
stationary. PHEV “loads,” added to the 
existing daily base load, fall under an electric 
utility’s obligation to reliably serve its 
customers—meaning it must anticipate and 
prepare for PHEVs as part of its new capital 
investment, design, engineering, and 
operation practices.  

 
 
 
 
 

 

Impact on the utility 
High penetration of the aggregate PHEV “load” will have a profound effect both on utility systems 
and day-to-day business performance. The exact nature of the impacts on a specific utility system 
will depend on customer behavior (e.g. preference and their daily driving habits); the utilities’ choice 
as to how to handle PHEV capacity demand and development of the centralized or de-centralized 
charging station infrastructure; as well as a host of factors unique to the system. The impact of any 
PHEV penetration scenario will affect design/engineering and operation practices in the following 
areas: 

• Thermal and electric nominal ratings of existing equipment. The existing thermal and 
electric parameters/rating for individual power equipment will be surpassed (e.g., switching 
equipment, cables and wires, transformers, etc.). 

• Equipment utilization and lifetime. Increased peak load demand can lead to shorter life-span 
of power equipment (operations and maintenance cost implications). Long periods of sustained 
at-peak loading would also stress equipment leading to potential increased failures. 

• Technical losses (and associated costs). These will become a much more important factor in 
system planning as annual time-at-peak may increase from about 200 to roughly 3,000 hours per 
year. 

•  Increased reliability requirements. Power outage consequences (poor reliability) viewed from 
a PHEV perspective can be substantial. Late evening and early morning periods when outages 
are traditionally considered less onerous, would become critical. 
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• “Transmission-like” systems. A paradigm-shift by the delivery network evolving from a 
“passive” (uni-directional, local/limited automation, monitoring and control) system to one that 
actively (bi-directional, global/integrated, self-monitoring, semi-automated) responds to the 
various dynamics of the electric grid. Consequently, the planning and operation of a new delivery 
network must be approached somewhat differently with a greater amount of attention paid to 
global/wide-area (transmission-like) system challenges. 
 

Given those impacts, utilities will see a number of business effects: 
• Revenue increase. Perhaps the most important impact PHEV will have on the local delivery 

utility will be a noticeable increase in generated revenue. The level of increase will be a function 
of regulatory decisions about rate structures including costs related to PHEV  infrastructure 
development and ownership, necessary transmission and distribution (T&D) system 
improvement and cost recovery mechanism, customer behavior (PHEV  usage), identification of 
the demand control approach, etc. However, for the fully deregulated market, the local delivery 
utility could be exposed to the financial impacts of T&D infrastructure reinforcement without 
increased revenue benefits. 

• Improved customer energy management. High penetration of PHEV will require utilities to 
obtain better data/information on customer energy usage patterns and electric system/household 
performance. Today, the energy usage of most homes in any neighborhood has a similar daily 
pattern. With added PHEV, energy usage patterns will substantially vary among the same group 
of the customers. 

• Improvement opportunities. Many smart grid solutions that utilities could use to effectively 
handle PHEV  load increases will allow for other capabilities such as improved outage 
restoration, dynamic loading of equipment, and arbitrage of energy supply/storage/load control, 
etc. Among other advantages, if changes to accommodate PHEV are well-planned, engineered, 
and operated, the resulting system should be noticeably more adaptive than today’s passive and 
reactive system. 
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Looking ahead 
Although it may be decades before PHEV obtains significant market penetration, scenarios involving up 
to 20 percent market penetration are likely within the next ten years.  Utilities will need to anticipate and 
proactively plan for additional and diversified PHEV capacity requirements on their T&D system. 
“Looking-forward” planning should include the key areas of:  

• Technology. A utility needs to ask if the technologies/solutions/application it is currently planning 
to use for the T&D grid will in fact accommodate high-penetration, PHEV requirements. The 
smart grid system being put into place over the next few years will see significant PHEV market 
penetration during their service lifetime. 

• Standards and guidelines. PHEV will eventually affect a utility’s long-term established 
engineering/design and construction practices, standards and guidelines. Existing practices, 
standards and guidelines will have to be changed to assure cost-effective and reliable operation 
and maintenance of the modern grid with significant penetration of PHEV. 

• Rates and Regulations. Good planning permits a utility to anticipate what costs it will incur and 
when, as it accommodates increasing levels of PHEV on its system. This gives the utility the 
information it needs to speak with regulators in a fact-based manner about the changes it will 
need in rates, as well as options it may be permitted to offer to improve customer convenience. 

• Financial. A utility needs to plan its own financial landscape mix in advance, as well as 
anticipate significant operational changes, staffing needs, and resource allocations that the 
PHEV marker trend will bring. Whether it happens slowly or quickly, PHEV will eventually drive 
the largest change in the utility landscape since the advent of residential alternating current (AC) 
units in the ‘50s and ‘60s, which nearly doubled energy consumption and peak demand over 
previous levels, historically.  

 
 

PHEVs are anticipated to become a significant part of our society’s future. It is difficult, to predict 
how many PHEVs will be in use by when, but it is clear that eventually they will be in use to a 
significant degree, and that this amount will have a noticeable, perhaps profound impact on utility 
systems, with the potential, in high market penetrations, to almost double peak demand in many 
populated areas. Expansion of a utility T&D system’s capacity to handle PHEV’s without restriction 
as to amount of load and time of use (that is, without demand control), is in almost all cases going 
to be prohibitively expensive, requiring significant increase in utility’s capital investment. High 
penetration of PHEV will lead to situations in which the distribution/ network will evolve from a 
“passive” system to one that actively responds to the various dynamics of the electric grid. This 
poses a challenge for design, operation and management of the power grid as the network no 
longer behaves as it once did. Consequently, the planning and operation of new systems must be 
approached somewhat differently with a greater amount of attention paid to global system 
challenges. 
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Biofuels and Electrification:  
 

Integrated Oil Company 
Perspective 
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The increasing volumes of biofuels and 
momentum around electrification are 
bringing change to the downstream markets, 
with new products, new competitors, new 
infrastructure and supply chain 
requirements, and a changing customer.   

 

 

 

 

 

 

 

 

 

 

Given the pipeline of technologies being developed for the transport fuels market, this change will 
continue.  This change in integrated oil companies’ (IOCs’) downstream market comes at a time 
when life in the upstream is equally challenged, with reserves technically harder to access, more 
expensive to develop and often in challenging political environments.  In addition, the hydrogen 
investment made by many of the large IOCs remains 10 to 20 years away from commercialization.  
Today, the footprint of IOCs in biofuels is one of buyer, blender and marketer of first generation 
biofuels to meet mandates, and an investor in second and third generation biofuel technologies.  
Although there are some exceptions to this, as a few IOCs and many NOCs have some production, 
most of the volume is produced by agribusiness, farming cooperatives or independents.  On the 
electrification side, the IOCs are suppliers as some oil companies make separators for the lithium-
ion batteries - e.g., ExxonMobil, LG Chem (note: the first lithium-ion battery was actually invented in 
an ExxonMobil lab in the 1970s), and many oil companies produce natural gas, which will be used 
to power the electric vehicles.  So the key question for IOCs is that, given their lack of a natural 
advantage in either biofuels or electrification, and with hydrocarbons remaining their core business 
for the foreseeable future, what role should biofuels and/or electrification play in their business 
portfolio?        
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Strategic choices 
From an oil company’s perspective, biofuels were a difficult investment to rationalize because in 
addition to taking away gasoline and diesel volumes, oil companies have no access to feedstock 
supply; first generation biofuels do not have the energy content of hydrocarbons and are more 
expensive to develop than hydrocarbons, and spending money and management attention on biofuels 
means that less money and attention will be spent on finding and developing hydrocarbons.   

In 2006, Accenture published a study examining the motivation of national oil companies (NOCs) and 
their relationship with IOCs.358  Although some IOCs had R&D investments, the NOCs moved first, 
possibly because as national companies, they include in their ‘top six’ objectives, local economic 
development, security of supply and infrastructure development.  In our Time of Transition study, we 
outlined the activities of six NOCs and included a case study on NOCs and bioethanol in China.  Today, 
particularly with the promise of algae and other disruptive technologies that deliver “fungible fuels” with 
energy content similar to hydrocarbons at a fraction of the greenhouse gas (GHG) emissions that can 
leverage an IOC’s refining infrastructure, we are starting to see significant activity. 

Electrification is a bit different.  On one hand, IOCs will benefit as a supplier of natural gas and battery 
separators.  On the other hand, this poses a very real threat, particularly to their market shares in urban 
areas.  This market is still very new, but we have yet to see an IOC in a role other than supplier. 

 

 
Impact on the integrated oil companies 
As the potential for biofuels and electrification depend on the local agenda and the supply situation, 
some markets will have higher penetration than others.  In markets with higher potential for biofuels 
and electrification, IOCs will face: 

• Volume pressure.  In many markets, there is already significant competition in the retail and 
commercial fuels markets.  This will increase as biofuels and electrification get favorable 
incentives and command an increasing share of transport volumes. 

• Increasing cost of supply and margin pressure.  IOCs will continue to be the biggest buyers, 
blenders and marketers of biofuels as a result of the need to meet mandates. 

• Increasing risk of supply.  Vertical integration has been a key aspect of an IOC’s risk and 
supply strategy. However, with biofuels, IOCs face several challenges, including no feedstock of 
their own, growing demand, and paper markets with little liquidity and length. 

• More complex supply chains.  Accenture discussed the challenges of integrating the 
hydrocarbon and biofuel value chains in our Time of Transition report.  Although the “fungible 
fuel” technologies should help alleviate some of the distribution infrastructure challenges, there 
will still be the big challenge of feedstock/biomass logistics that we have stressed throughout this 
report. 

• Changes to sites.  The obvious challenge of ethanol refueling stations comes to mind first, but 
what about fast charging?  Is it better to have a PHEV come to your site to fill-up and charge, or 
to not come at all?  What will the response of the hypermarkets or other non-traditional retailers 
be given that selling gasoline is only a means to get customers to the outlet? 
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Given those impacts, integrated oil companies will see a number of changes to their business models, 
including: 

• Local marketing.  Some IOCs have globally organized marketing and product development.  As 
markets become increasingly different (rather than the same), the potential for products becomes 
increasingly different across markets. Even if product development stays globally organized, it 
will need more input from local markets, with their different requirements and competitors—e.g., 
different percentages of biofuels, branding performance versus green, use of local feedstocks, 
etc. 

• Local optimization.  Given the need to supply different products to different markets, IOCs will 
find that tighter integration with refining, supply, and marketing will be more important in 
maximizing profit than global marketing. 

• Biotechnology. Technology has been a core part of an IOC’s business model, but with the 
advent of biomass, oil companies will need to develop capabilities and partnerships in 
biotechnology/genetic engineering—key improvement drivers in any biomass conversion 
process. 

• Trading of feedstocks.  Feedstock will continue to be the most volatile component and will 
account for a significant share of biofuel production cost, even in second and third generations.  
One way to reduce exposure to supply risk is to understand the key drivers that impact product 
supply, and to leverage the deep trading and supply capabilities that many IOCs have.   

• Alternative energy businesses with different risk and return profiles.  Returns in any of the 
disruptive investments that the IOCs have made—even those that are commercialized in five 
years—will take 10 or more years to pay back, with a significant degree of technical and supply 
risk.  Although IOCs make long-term investments in many large field developments (following a 
similar timeframe, with often the same degree of technical and supply risks), these are risks they 
are more familiar with, and comfortable managing. 

 

 
Looking ahead 
In five years’ time, there will be more biofuels in the market, and some of the technologies in this 
report will be commercial.  PHEVs could still be a decade away from any significant penetration, but 
some of the challenges regarding battery cost, performance, and safety should be closer to being 
resolved.  Therefore, in addition to the eight capabilities we have highlighted in this section, 
“looking-forward” planning for IOCs should incorporate four further key areas: 

• Defining the role in electrification.  Clarify what the strategy is for markets where electrification 
makes sense. 

• How to support feedstock market development.  Development of either an efficient feedstock 
or another intermediate transportable feedstock market is in the best interest of the industry and 
will improve IOCs’ security of supply.  Given their experience in the evolution of physical-to-paper 
markets for hydrocarbon products, they have the knowledge to help this market develop. 

• Regulation and standards.  Regulation and standards are critical to efficient markets.  
Influencing and planning for these will reduce the costs of commercializing the new technologies. 

• Human capital planning.  Given the diversity of the product portfolio and markets, the increased 
importance of being close to regulators, and the importance of different sciences (e.g., 
biotechnology, batteries), having the right mix of skills will become increasingly important. 
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5.  Glossary 
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5.1 Definition of terms 
 

Term Definition 

Biochemical conversion Conversion of the sugars extracted from biomass into biofuels 
(usually fermentation to ethanol), using living organisms such as 
enzymes and yeasts 

Coulombic efficiency The charge acceptance - a measure of how much usable energy 
is available during discharging compared with the energy used 
to  charge the cell 

Depth of discharge (DOD) The degree to which the battery voltage is reduced, prior to 
recharging. “100 percent” DOD means that the battery voltage 
has been taken down to the lowest level recommended by 
suppliers before recharging takes place 

Electric range (at full charge) The distance a vehicle can travel on pure electric energy with a 
fully charged battery pack 

Electric vehicle (EV) A vehicle that uses electric motors for propulsion (also known as 
an electric drive vehicle) 

Energy crops Crops that are grown and harvested for use as a feedstock in 
the production of biofuels or other energy products 

Energy density The amount of electrical energy stored for every kilogram of 
battery mass 

Enzyme A bio-molecule that catalyzes (i.e. increases the rate of) a 
chemical reaction 

Feedstock  Any substance used as a raw material in an industrial process. 
In the case of biofuels, feedstocks include a range of food/non-
food-based crops and other forms of biomass 

Fischer-Tropsch process A catalyzed chemical reaction used to produce liquid 
hydrocarbons from synthesis gas, a mixture of hydrogen and 
carbon monoxide 

Fungible fuels Fuels that are fundamentally “equal” and can be mutually 
substituted due to their compatibility with existing infrastructure 

Genetic engineering Artificial manipulation of an organism's genetic structure. 
Incorporates genetic modification (GM), the alteration of genetic 
structure typically by the insertion or deletion of genes 

Genomics Study of the genomes of organisms. Includes DNA sequencing 
and other techniques used to 'map' the genetic makeup of an 
organism 

Glycerine / Glycerin / Glycerol A by-product of biodiesel production. When refined, it can be 
used in the production of a number of products, from soaps to 
pharmaceuticals 

Greenhouse gas (GHG) Gases that absorb and emit radiation within the thermal infrared 
range. Includes carbon dioxide (CO2), methane (CH4), nitrous 
oxide (N20), ozone (03) and water vapour (H20) 

Hybrid electric vehicle (HEV) Combines a conventional internal combustion engine with an 
electric propulsion system 

Hydro-treating A process that removes sulfur and nitrogen in petroleum 
refineries to improve the quality of gasoline, jet fuels and diesel 
fuel 

Internal combustion engine (ICE) An engine in which fuel combustion occurs in a combustion 
chamber, in the presence of an oxidizer (e.g. air) 

Irreversible capacity Capacity irreversibly lost in subsequent recharges, compared 
with the first full discharge cycle 
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Term Definition 

Lignocellulosic biomass Biomass composed of carbohydrates (cellulose and 
hemicellulose) bound to lignin by strong molecular bonds 

Marker-assisted breeding   A process whereby a marker (e.g., based upon on a particular 
DNA variation) is used to assist the selection of a genetic 
determinant of a trait of interest (e.g., disease resistance) 

Operating temperature range Maximum and minimum operating temperature of battery pack 
during use 

Original equipment manufacturer (OEM) Manufactures components that are purchased by a third party 
and retailed under its brand 

Plug-in hybrid electric vehicles (PHEV) A hybrid vehicle, with batteries, that can be recharged by 
connecting to an electric power source. Has the combined 
features of a traditional hybrid electric vehicles (an electric motor 
and an internal combustion engine) and of a battery electric 
vehicle (a plug to connect to the electric grid) 

Power density The amount of power obtained per kilogram of battery. It is 
highly variable and rather anomalous quantity since the power 
given out by the battery depends far more upon the load 
connected to it than the battery itself. Normal units are watts per 
kilogram (W/kg) 

Pretreatment The chemical deconstruction of the biomass to separate it into 
its cellulose, hemicellulose and lignin components. There are a 
variety of techniques, e.g., dilute acid 

Rapid thermal processing (RTP) A semiconductor manufacturing process in which silicon is 
heated to high temperatures (>1,200 C) over the course of a few 
seconds 

Rate capacity (discharge capacity) The amount of energy taken from the battery when discharged 
“naturally” at the rated current and ambient temperature until the 
discharge end voltage is reached. 

Recharge time (full charge from max 
DOD) 

 The number of hours it takes for a battery to recharge to full 
capacity from maximum advisable discharge 

Second- and third-generation biofuels Second-generation biofuels are produced from the 
nonstarch/sugar component (cellulose) of both crops and waste 
agricultural products; they are converted into ethanol and 
biodiesel using advanced chemical processes. Third-generation 
biofuels are produced through novel routes/technologies, such 
as synthetic biology and algae. The divide between the 
“generations” is increasingly blurred 
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Term Definition 

State of charge The equivalent of a fuel gauge for the battery pack in en 
EV/HEV/PHEV 

Stoichiometric air-fuel ratios The mass of air required to burn a unit mass of fuel, with no 
excess of oxygen or fuel left over  

Synthesis gas (syngas) A gas mixture containing varying amounts of carbon monoxide 
and hydrogen (and often also carbon dioxide), that is produced 
during gasification of biomass. It can be converted to a liquid 
fuel 

Thermal run-away A process of destructive positive feedback, in which an increase 
in temperature causes a further increase in temperature, and 
subsequently reaction rate  

Thermochemical conversion Conversion of feedstocks to biofuels using non-organic agents 
such as metal-based catalysts 

Usable energy The energy available during charge depletion  

 
 
 
 
5.2 Units and conversions 
The following lists only refer to terms that are used in this report. Please note that this section is only intended 
to clarify the abbreviations used, and does not provide a comprehensive glossary of terms 
 
 

5.2.1 Electricity, energy and power 
 

Abbreviation Term Definition/conversion 

A/amp Ampere Amount of electric charge passing a point in the circuit 
per unit time (i.e. a unit of electric current) 

BOE Barrel of oil equivalent Unit of energy based upon approximate energy 
released from one barrel of oil; ∼6.1GJ (∼5.8 x106 Btu = 
∼6.1GJ); equivalent to 1,700kWh 

Btu British thermal unit 1,055 joules (1.055 kJ) 
C Coulomb Amount of electric charge transported in one second by 

a steady current of one ampere (i.e., a unit of electric 
charge) 

J Joule Amount of work done by a force of one newton moving 
an object through a distance of one meter (i.e., a unit of 
energy) = 1 kg m2/s2 

GJ Gigajoule 109 joules 
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Abbreviation Term Definition/conversion 

GW Gigawatt 109 watts 
kJ Kilojoule 103 joules 
kW Kilowatt 103 watts 
kWh Kilowatt hour (see watt hour) = 3.6 MJ = 3,413 Btu 
mA Milliampere 10-3 ampere 
mAh Milliampere-hour Electric charge transferred by a steady current of one 

milliampere, for one hour (used to refer to how much 
electrical charge a particular battery will hold) 

MJ Megajoule 106 joules = ∼0.28kWh 
MJ/kg Megajoules per kilogram Energy density per unit mass 
MW Megawatt 106 watts 
N Newton Amount of force required to accelerate a mass of one 

kilogram at a rate of one meter per second per second 
(i.e. a unit of force) 

TW Terawatt 1012 watts 
V Volt Value of the voltage across a conductor when a current 

of one ampere dissipates one watt of power (i.e., a unit 
of electromotive force); equivalent to one joule of 
energy per coulomb of charge (J/C) 

W Watt Rate at which work is done when an object is moved at 
a speed of one meter per second against a force of one 
newton (i.e. a unit of power) = 1 Joule per second 

Wh Watt hour One watt of power expended for one hour; 1 Wh is 
equivalent to 3,600 joules 

Wh/kg Watt hours per kilogram Number of watt hours expended per unit mass (i.e., a 
measure of energy density) 
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5.2.2  Weights and measures 
 

Abbreviation Term Definition/conversion 

Cm Centimeters 10-3 meters 
M Meter Basic SI unit of length  
M Mile 1.61 km 
Km Kilometer 103 meters = 0.621 miles 
mpg Miles per gallon Measure of how many miles a vehicle can travel 

consuming one gallon of fuel 
   
g Gram 10-3 kilograms = 10-6 tonnes 
kg Kilogram SI base unit of mass 
t US short ton 1 ton =0.91 tonnes = 907.18 kilograms = 2,000 pounds 
t Imperial ton (long ton) 1,016 kg = 2,240 pounds 
t / MT Tonne / metric ton 103 kilograms = 2,205 pounds 
KT Kilotonne 106 kilograms; 103 tonnes 
   
bbl Barrel 42 gallons (US) = ~158 liters. Term originates from 

“blue” barrel (hence bbl). 
g Gallon (US) ∼3.785 liters 
l Liter  0.264 gallons (US) 
mLpy Million liters per year 1 mLpy is equivalent to 0.264 mgpy 
mgpy Million gallons per year 1 mgpy is equivalent to 3.785 mLpy 

 

NB. For clarity, t (ton/tonne/any variants) and m (mile/meter) have been defined in full wherever used. Other abbreviations have been 
explained in the text as and when they occur. 
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5.2.3 Volumes to energy 
 

Fuel Conversion Factor 

Gasoline Liters to MJ x32.26 
Diesel Liters to MJ x36.32 
Ethanol Liters to MJ x21.15 
Biodiesel Liters to MJ x33.02 
LPG Liters to MJ x24.33 

 

5.2.4 Fuel density 
 

Fuel Density (kg/l) 

Density gasoline 0.745 
Density E5 0.7472 
Density E10 0.7494 
Density E70 0.7758 
Density E85 (E74 basis) 0.77756 
Density E100 0.789 
Density diesel 0.845 
Density B5 0.8469 
Density B30 0.8564 
Density FAME100 (RME) 0.883 
Density LPG 0.53 
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