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Introduction

The economy of Brazil and especially that of the State of Sao Paulo, strongly depends
on transport of raw materials and feedstocks, of intermediates and finished products,
of enddf-life (waste) and residues, and last but not least also of people. Economic
development, for instance reflected in GDP per capita, is inherently flanked by
increased transport, and thus sustainable economic development requires sustainable
transport of people, resources and products. As an example, Figure 1 shows the
global relation between increased GDP per capita and resulting (increased) transport
per capita, here as passenger&m.
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Figure 1. Increased (purchasing power parity) GDP per capita leads to increased GDP per capita
transport, here as passengerZm [1].

An overview of the energy consumption per transport mode for people and freight is
given in the Figure 2 from the US Dept of Energy [2]. Biofuels can play a role in
sustainable transport, in combination with electric transport, depending on regional
situation and the mode of transport. A substantial part of people transport relies on
light vehicles, which is already sustainably supplied by the mature 15t generation
bioZthanol industry with a wellZecorded history of technical, market and financial
development, as well as by an emerging 2"? generation bioZthanol industry.
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Figure 2. World transportation energy consumption by mode, 2012 (quadrillion Btu) [2]

The topic of this workshop on Advanced Biofuels is however, to address the aviation
(passengers), marine (freight) and heavy road (freight) transport sectors that have less
alternatives. They require sustainable biofuels with high energy densities, good
availability and competitive pricing, and especially for aviation, more critical
specifications (ASTM and others). The fuel volumes in these three heavy duty sectors
are comparable with each 102.2% of transport energy.

Maturity and Readiness

A central topic is Biofuels (or Fuel) Readiness Level (BRL or FRL). This
BRLZpproach was developed in a European program? (RENJET) that aimed to
facilitate the decarbonisation of the aviation industry by accelerating the development
of renewable jet fuel supply chains in the EU, simultaneously increasing availability

and stimulating demand. One of RENJETOS

how and under what preconditions substantial volumes of sustainable, next generation
biofuels can be made available in the short and medium term (respectively to 2020
and 2035), as well as key opportunities to establish sustainable supply chains in the
shorter term.

The results are summarised in a report [3] that reviews the commercial and
technological maturity of various technologies for converting biomass to aviation
biofuel, drawing on an extensive review of academic and grey literature published in
the field. In particular, it evaluates technologies with regards t o fdehreadinesso

1seeAnnex C for more detail
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leveld , pr ogr es ternationala cedifgcation, compatibility with existing
infrastructure, economic viability and the opportunity costs of producing biofuels for
aviation. Clearly this approach can be applied to the road and marine sectors as well.

% The RENJET project assesses the viability of

RJF and showcases promising concepts er];[
Clima‘tefK‘I:C
Identifying Feedstock Conversion End use
.. | SN J | ] J
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Figure 3. Structural overview of the RENJET project [4]

Global Air transport

Worldwide, flights produced 781 million tonnes of CO2 from approximately 250 million
tonnes of kerosene in 2015. This is approximately 2% of human produced COz2, and
12% of global transport emissions. Global passengerXkilometres increase by 445%
annually, and historic improvements in aircraft fuel efficiency, operations and
infrastructure contributed to a combined 1.5% emission reduction per year [5].
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Wit hout additional measur es, the aviati
drastically, and the Air Transport Action Group i1 an independent notZorzrofit

association that represents all sectors of the air transport industry has laid down an

ambitious sustainable development plan3. This plan is recently supported by

governments (see text box below), during the meeting at the International Civil

Aviation Organization (ICAO) around design elements of a global marketdased

measure for international aviation.

Airlines Hail Historic ICAO Carbon Agreement

Montreal 6¢Mn THAMcUO T ¢KS LYOGSNYyFrGA2YyLFE AN ¢

emissions with carbon neutral growth.

Scheme for International Aviation CORSIA)

which, under the leadership of the International Civil Aviation Organization (ICAQO), have achie
historica@ NBSYSyd G2 AYLXSYSyd I YIFIN]JSGnolaSR YS§

The agreement was reached by states attending the 39th ICAO Assembly which concluded t
a2y iUNBLF 3z [ yIldmbetstated dgtedddo imptbment¥a Carbon Offset and Redud
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3see Annex D
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Global Marine Transport

AGRICULTURE

According to a publication by Transparency Market Research [6] the global bunker fuel
market was valued at 372 million tons in the year 2013. It is estimated that this market
will reach a total volume of 460 million tons by the end of 2020, rising at a compound
annual growth rate of 3.1% between 2014 and 2020. The research report is prepared
based on an extensive study of the global market for bunker fuel. This also implies that
emissions from marine fuels can increase substantially. Given the relative low quality
of common marine fuels (compared to aviation fuels), not only their carbon emissions
are important but in particular sulphur and nitrogen oxide emissions are critical (Figure
5). Legislation is emerging that limits these emissions both in territorial zones as well
as in more remote places®.

Why biofuels are crucial for sustainable shipping

Carbon emissions from shipping are increasing rapidly. Current legislation does not address this

sufficiently

& Emissions of shipping industry (% of global)

* SOx: 4-9%

* NOx: 10-15%

* CO,: 3% (similar to aviation)

& Current legislation of the IMO on emissions:
* SECA: SOx emission
* NECA: NOx emission
* EEDI: Efficiency
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Source: Third IMO GHG Study (2014)
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Source: Long-term potential for increased shipping efficiency,
White Paper, ICCT 2013

& Carbon emissions from shipping are
projected to increase 50-250% by 2050

& Efficiency measures can never reduce
enough CO, to meet global climate goals
and take a long time to show effect

& Carbon is becoming more important: IMO
& EU are designing strategies

% GoodFuels

Figure 5. Role of biofuels for sustainable shipping [7]
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GThe Commission's 2011 White Paper on transport suggests that the EU's CO2 emissions from maritime transport
should be cut by at least 40% from 2005 levels by 2050, and if feasible By 50%
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Heavy road transport

A recent engine road map for truck transport [8] predicts the sustained key importance
of diesel engines for the heavy duty segment for the medium and even long term, with
an upcoming role for gas (LNG, CNG). Diesel engines have improved in terms of
emissions of CO2, NOx and particulate matter (PM), with the latter values indicated in
the Table 1. However for further emission reduction, the heavy duty sector relies on
liquid and gas biofuels.

Table 1. Average limits of heavy-duty emission standards [9]

Regulation and

Average Standards Values (g/kWh)

Year NOXx | PM
2002 - 2004 2.7 0.013
United States 2007 1.6 0.013
2010 0.27 0.013
Euro Il (2000) 5 0.1
European Union Euro IV (2005) 35 0.02
Euro (2008) 2 0.02
Euro VI (2013) 0.2-1.0 0,01 - 0.02
2003 - 2004 3.38 0.18
Japan 2005 2 0.027
2009 - 2010 0.7 0,01

The map below provides an overview of global heavy&luty vehicle (HDV) emission

standards in force as of June 2016.

Euro-equivalent

|
W]
a v
0V
| Vv

Figure 6. Nationwide emissions standards for diesel HDVs, 2016 [9]
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Optimized/downsized

Already available in
serial production

The optimization of
diesel engines offers
the best long-term
cost-benefit ratio for
commercial vehicles

internal combustion
engines

Short-term
(approx. 5 years)

Savings up to 8% can be
achieved; a substitution
with alternative drive
systems is most likely

in the light commercial
vehicle segment

Mid-term
(approx. 10 years)

Comprehensively
deployable in all vehicle
classes

AGRICULTURE

Long-term
(approx. 15 years)

In particularin the
heavy duty segment no
alternative to internal
combustion engines
evident

Automatic start-stop
and brake energy
recuperation systems
are available today and
already used in light to
medium commercial
vehicles

Micro-hybrids

Savings up t0 20% can
be achieved; significant
advantages in urban stop-
and-go traffic

Natural gas engines
already reached
maturity, but offer
lower efficiency gains
compared to optimized
diesel engines

Gas engines
(LPG/LNG)

Savings up to 256% can
be achieved, further
reduction potential
through bio gas; but low
market penetration

Low potential for
long-distance traffic,

but favorable for short-
distance urban transport

Several OEMs already
offer mild-hybrids in the
light commercial vehicle
segment (e.g. Daimler)

Mild-hybrids

Savings up to 20%,
prototypes in operation
in the medium and heavy
truck segments

Further technical
improvements and cost
reductions will allow
competitive positioning
ininner city traffic

Full-hybrids

Small series production
in the light and medium
commercial vehicle
segments; savings up to
30% (40% with plug-in
solutions)

First prototypes in
operation in the class
above 12 tons

Plug-in hybrids will most
probably not be used in
long-distance and heavy
duty transport

Depending on the
production process,
alternative fuels
already offer up to
40% greenhouse gas
reduction potential

Alternative fuels
(biomass-to-liquid,
methanol, ethanol, bio
fuels)

Comprehensively
deployable in all vehicle
classes

In the mid-term bio
diesel will be the most
important biogenic
alternative fuel

Sustainable second
generation bio fuels still
in development

Electric engines

Demonstration vehicles
and small series
production in the light
commercial vehicle
segment

Emission saving potential
between 30% and

100% depending on the
underlying energy mix

First prototypes in
operation in the medium
duty segment, use of
electric engines not
foreseeable in the heavy
duty segment yet

Hydrogen/
fuel cells

Several prototypes
already in operation, until
2030 reasonable market
share possible in the
light commercial vehicle
segment

Reduction potential up
10 100% provided that
hydrogen is produced
from renewable energy

Figure 7. Roadmap for truck engines concepts: Status quo and potential [8]

Aviation biofuels in Brazil

For one category (aviation biofuels), a recent multiZtakeholder study has been
completed in the State of Sao Paulo (Roadmap for sustainable aviation biofuels for
Brazil & A Flightpath to Aviation Biofuels in Brazil, 2014) by a publickrivate
consortium led by FAPESP, Boeing, EMBRAER and UNICAMP [10]. The study
indicated T among others Zthat Brazilian air transportation is growing faster than the
global average. Brazil was forecasted to become the 4™ largest domestic air traffic
market in the world by 2014. In 2010 the Brazilian aviation sector carried over 71
million passengers and 870 thousand tonnes of air freight to, from and within Brazil.
Brazilian aviation in 2009 contributed with R$ 32 billion to the national GDP and
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employed about 684 thousand people. Brazilian jet fuel demand in 2011 was 7 million
cubic meters, about 2.8% of global demand, of which the Brazilian refineries produced
75% and the rest was imported.
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Figure 8. Brazilian kerosene consumption: historic data and projection towards 2020 [10]

These estimates now need to be extended towards 2050 following the ICAO/ATAG
targets of carbon neutral growth per 2020, and 50% GHG emission reduction in 2050
relative to the year of 2005°. Recently these are agreed to be implemented as a
Carbon Offset and Reduction Scheme for International Aviation (CORSAI Zsee also
the box at page 4). The Roadmap report of 2014 also summarizes a number of
highdevel actions (see next page) that the workshop of October 2016 aimed to
progress®.

Recommended actions from the Roadmap report (2014):

5 Although these ICAO/CORSALlgets areagreed as a global aition, the question will remain how they
translate to individual countries targets and realities

SLy I O2YYdzyAOF GA2Yy 2y G/ 2YQqdedid  NBI AR R 2580 Syvii + GogNTiaz R
L32 &40 mg 2 NJ aK 2 d¢UnidodBrasileiravdo.Blodiesel e Bioquerosene in 7 November 2016, it was stated

G/ Syt NA2 5S5aS8S2t @3St wnonyY ' ySdziN}ftATlFcen2 RIF& SYAadaap
aviacdo no Brasil acima da linha de crescimento neutro a partir de 2020 tigdmalém do cumprimento da
neutralizacdo necessdaria para o acordo do qual o Brasil é signatario, o alinhamento com as diretrizes e
NEO2YSYRI ®pSa RI /I ht timE O2yGNRAROGdZAYR2 LI NI I Y G N2
Brasileiro, e ndo aumentalo as compensacfes necessarias por outros setores. Este cenario aponta
preliminarmente uma necessidade de se evitar em torno de 8,3 a 12,4 milhdes de tCO2e no ano de 2030, o que
representara aproximadamente entre 3.750 a 5.600 mil toneladas de combustizl 1 Sy G+ dSwhidcRS | G A
seems fully in line with the trends of this report.
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Feedstock Production

agronomi c r esear diaditionplfeedstoicksul arl'y on non
establish policies to create adegquate c
i mprove |l ogistics infrastructure for fe
evaluate the | ong tleetiomon soihvpatercahd biodiverdity; o ma s

evaluate existing available industrial

o Do Do Do Do Do

establish sit efarmdatattsupgpr feegstoakiogeration meghodologies
as a platform for soil, water and biodiversity study. In addition, monitoring and
measurement against standards must be established;

A establish more rigorous | aw enforcement
biofuels production.

Refining Technologies

A process research onaysli fferent identifie
A establish pilot plants for most promisi
A establish de m@i@akindcannmerciaizagonmants.i r st

Biofuel Logistics & Certification

A prepare the Brazilian set of Regulation
approval process for synthetic kerosenes;

A develop and disseminate competence for

A organize a long term strategy plan for
Policies
A establish facil it scerificam commercaluaiontattidties o ¢ u

pertaining to the goals of this roadmap;
A observe closely and anticipate regul ato

A establish or regulate sustainability cr
and coordinate with emerging standards around the globe;

A establish a gearpegranmia imtegaated Useooh biofuels in all
transportation modes;

A build up high level human capacity rela

A establish pol ifarmeessandfordocal aoronunittesin teerjeatiofuel
production chain.

In conclusion, the substitution of petroleum in aviation represents a very important niche for
sustainable biofuels. Brazil has a great opportunity in this area to become a global player.
There are important challenges to be overcome to create the basis for this new emerging
industry. Brazil cannot afford not to participate.

9
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The workshop of 17 and 18 October 2016 discussed those ambitions for the Brazilian
situation especially for aviation (although strictly speaking not limited to that sector
alone), to provide the basic data and numbers around GHG emission (reduction)
towards 2050 and the impacts of the various measures of TOI (technology, operations,
infrastructure), the growing role of aviation biofuels in emission reduction, and the
development of the corresponding projected installed production capacities. This
report also provides the estimates for required investments, GDP and tax impacts, as
well as expected job creation.

Demonstrations

During the past years, a number of pilot and demonstration flights was operated within
and to Brazil that showed the technical possibility of safe air travel based on biofuel
blends to the larger audience. These flights were partially incidental, and sometimes
also in longer series, but the scaledip of biokerosene for regular air transport is
completely in its infancy. Price levels are still high relative to fossil kerosene

(especially at todayodos oi l price). Thi s
availability of sustainable feedstocks f o r todayds, smadl csbaleodf o gy

nondntegrated production, lack of regulations, and most important, the absence of a

structured market (demand).
Price
differential

N

/ Modest
Lacking — demand

supply

The locked-in biofuels cycle that needs to be broken

Figure 9. Key issue of faviation biofuels6 wor | dwi de

Feedstock and Production Technologies

From a technoZconomic point of view, the multitude of feedstockZroduction
technologyZroduct combinations are confusing suppliers, consumers, authorities and
investors. It is unclear what are potentially winning technologies. Current production

"there is a serious issue about scalability: todays (vegetable/used cooking oil) based feedstocksil{ieBton

worldwide, mostly for food applications) are difficuti scale to the level required for advanced biofuels (over 1

billion ton/yr for combined aviation, marine and heavy road use). Eventhough a few plants for HRD exist with

production capacities of approximately 1 million ton biofuel per year, it is diffimulmark feedstocks and
G§SOKy2t23& a ao6oSAy3a aoOlftlofS¢ad
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technology is predominantly based on hydrogenated plant / animal / waste oils and

fats. Other technologies are emerging such as sugardbased production (
isoprenoid fermentations®), hydrothermal technologies (HTL, pyrolysis) and
FisherZ ropsch technology, which is based on biomass gasification to syngas. Many
struggle with the current low oil prices, working towards additional revenue from
byproducts as well as highZzdded value markets.

Used Filtration &
Caoking Oil ? Neutralization
—_— Qil Extraction

Oil-bearing | Rendering

plants :

Separation

e

Extraction

Sugar-

Jet Biofuel

bearing
Plants

Flue gas
€O, COfH, —> Acid Hydrolysis - ~ ~ - Thermochemicail Conversion D 7566

- FT A1
—> Gasification ————)

Fischer-

lL__

Ed
E
&

- > Gasification & Reforming —> BSUEEEN — Tropsch &
Algae = ; .

g oy 7 Fractionation

T Pyrolysis = mema| Bio-char DH?;G
Lieno- .: T Hydrogenation,

celﬁllose —c _ _ ¢l Bio-oil Deoxygenation &
- ! . >
—> Liquefaction —> i Fractionation

Figure 10. Identified pathways for the production of sustainable jet biofuel in Brazil [Note: HEFA i
Hydroprocessed Esters and Fatty Acids; CH i Catalytic Hydrothermolysis; DSHC i Direct Fermentation
of Sugars to Hydrocarbons; ATJ i Alcohol to Jet; FT i FischerZ ropsh hydroprocessed synthesized
paraffinic kerosene; HDCJ i Hydrotreated Depolymerized Cellulosic to Jet] [10]

The Roadmap report also indicated missing scientific and technological research,
which prevented ranking of options during the study of Cortez [10,11]. De Jong et al
[12] produced a general and critical technoZconomic evaluation of various production
technology/ feedstock combinations. In the Figure 11, an overview of the estimated
cost contributions of the Minimum Fuel Selling Price (MFSP) for jet biofuels is given.
Their work indicated that at the short term none of the pathways assessed are able to
reach price parity with petroleumZierived jet fuel. The pioneer plant analysis suggests
that the hydro processed esters and fatty acids (HEFA) pathway is currently the best

8aa Sttt Fta a2YS AYRdzZAGNARSE GKFd KF@S LRGSYdAlf NB»
{2t1T@8YS YR 5{akal NIiS{n.t 066KSNB t2¢ 2Af LM&OSa 1
YIN]Sia 0F22RY ydziNI OSdziAOlI fax Oz2ayvySiadasz O2yadzySNI |
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option; the technology achieves the lowest minimum fuel selling price (MFSP) of 29.3
a / GJ (1289 u/t) and the technology is
short term, nth plant analysis shows hydrothermal liquefaction (HTL) and pyrolysis
emerging as promising alternatives, yieldng MF SPs of 21. 4 4/ GJ
/' GJ (1326 a/t), respectivel y. The pion
increases for producing drop4n fuels using HTL and pyrolysis as both technologies are
relatively immature. Hence, further R&D efforts into these pathways are
recommended. CoZroduction strategies decrease the MFSP by 41 8% compared to
greenfield production.

%:g@ Comparative techno-economic assessment of A=
s biojet fuel technologies Climate-KIC
Legend
Production cost of RJF conversion pathways ¢ MFSP
[ Utilities & other raw materials
150 - - 7.000 [] other OPEX (incl. corporate taxes)
140 A Il Maintenance and repairs
130 L 6.000 Il CAPEX
120 [ Feedstock
L Non-hydrocarbon co-products
110 5.000
100
i —
i 80 - 4000 - Top tenth percentile of the
T} - p P
) 80 w — fossil jet fuel in the period
: : 2005-2014
5 70 - 3000 3
a 60 TS Average fossil jet fuel
w0 ice 2014
0 u price
$ s0 2000 =
40 Bottom tenth percentile of
30 — the fossil jet fuel in the
20 1.000 period 2005-2014
10 0
0 - Abbreviations
=10 - L .1.000 HEFA = Hydroprocessed Esters and
5 ® ¥ F B R T R 8= B ) Fatty Acids
FT = Fischer-Tropsch
g IEL' g E E _u;._ :’.,_ ‘:‘ g 5‘ g. HTL = Hydrothermal Liquefaction
- - - e E - (¥ Pyr = Pyrolysis
g E £ g & & <k 3 & AT) = Alcohol-to-Jet
% o 0 DSHC = Direct Sugars to Hydrocarbons
De Jong et al. “The feasibility of short-term production strategies for renewable jet fuels — A comprehensive Eé:o_ ?Ourzssr;?_g;iggec;”
techno-economic comparison”, Biofuel, Bioprod. Bioref. 9:778-800 (2015), DOI: 10.1002/bbb.1613 WS_= Wheat straw

Copernicus Institute of Sustainable Development

Figure 11. Comparative technoZconomic assessment of biojet fuel technologies [4]

Marine and heavy road fuels

For marine and road biofuels, the situation is different. The urgency for marine biofuels
is (especially in Europe) more driven by reducing sulphur, nitrogen and fine particle
emissions then by GHG emissions. Most of the emissions however are outside of
territorial zones, so there is no consensus about who is liable, and the emissions are
mostly &éinvisibled for the | arger audi

place for marine emissions. Road (truck) emissions are much more visible, and clear
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biodiesel schemes have been implemented for heavy transport (biodiesel blending
mandates?).

But in both cases, liquid biofuels are not the only option: LNG or CNG also lowers the
emission profile although both are mostly available on a nonZenewables basis.
Especially biogas may be an attractive option when integrated with agro Zr MSW
logistics when based on agricultural residue or MSW streams, such as discussed in
Agropo |l o Wo r k s hUobpn a@d agrioultufal wastes: energy, nutrient recycling,
and production of fertilizerd®. For marine application, the biogas logistics towards
bunker installations in port areas such as Santos may be confronted with too high
costs and energy losses during transportation. In both cases, liquid biofuels such as
methanol (from biogas) or pyrolysis oil provide good options.

The role of integral biorefineries

From a technoZconomic point, most advanced biofuels production technologies
produce a range of fuel(s) and other products. At the fuelside, most technologies

produce a portfolio for marine (orco4 i r i ng) (6heavyd range), r
and ker oseared (téarp & applxatigns. )At the feedstock side, the
oxygenZich biomass and MSWxtreams are roughly split in energy dense fuels and
oxygen rich (energy poor) materi al fl ows (
of biorefinery systems do exist (e.g. sugar and pulp and paper mills), but are often
designed and optimised for one product, treating the rest as waste. Therefore the
development of efficient biofuels production systems can only happen when full and

integral redefinition of this biorefineryZoncept is taken into account. Several of these
refineryZedefinition programs are being developed nowadays such as the
REDEFINERYZrogram around the Port of Rotterdam (The Netherlands), and the
BIOFOREVERZroject of a consortium of chemical and energy industries in Europe,

also centred around the Port of Rotterdam [13, 14]. The REDEFINERY program has
generated (for specific cases), a first technoZconomic analysis, estimates of OPEX

and CAPEX requirements, as wel |l as testimp | e me
and demonstration.

hitp:/mww.bA 2 RAS&a St YI AL T AYySdO2Ykl NIAOEt S&kycHodnkoNI T Af MK
percent

0 www.agropolocampinasbrasil.org

1 Heavy, middle, and top range indications are roughly basedokimg of boiling pointsg although that is a far

too simplistic methodology. It should also include cloud points, flow/temperature and explosion characteristics.
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BioRef is the heart of REDEFINERY bésed )
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BioRef: e a. Lo:biomass @ 100 €/t Hi@ 130 ¢/t
”: % b. Lignin value equals biomass cost price
« Converts lignocellulose to sugars and w in€/t
[ : lignin = ¢. Lignin higher calorific value
— g A * Delivers utilities: steam, electricity and i — kA compensates humidity in wet cake
([ A ATl water ad = — —-— g “"':‘: d. Biomass is softwood
( /T \ J . —tnon s8]
| L | * Supplies logistics and procurement of
&/ Lignin Y@ Nezmn/ raw materials ™
4 e ' ‘ CAPEX - NREL model
1 .,-" N X o
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Others’ * 8 « Investors o
Port Investors + Corporations o “w
i d « Public sector e. 50% of biomass to sugars, rest to o s tusn
Authority ) lignin i —Capea
Wood chips f. Heat, Power, Waste in variable cost o X
1to>4 Mtpa g Capital charge is 12% .
h. €/$=075 a2 B4
i. LS isMarch 2015 price level haiodionionel
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Time line

r power + heat r bunker fuel r aromatics Jan 2015
—

o AT Mar 2015
lignin lignin_——ignin
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Rotterdam
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Company visits
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sugar sugar _—t

== May 2016
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R ||
June 2016
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Moerdik 05 20 Medio 2018
Rotterdam 20 40
Total 5 65

Figure 12. Schematic overview of REDEFINERY outcome

Relevant for the Brazilian context is a study by Alves et al (2017) [15] that evaluated

the use of different feedstocks (sugar crops, oil crops, and lignocellulosic biomass) for
coroduction of biojet fuel and higher valueZadded products in a biorefinery platform.
The coproduction of biofuels and biochemicals in a biorefinery context was
demonstrated to be economically feasible.

[ s oo iimimmmmooooo -
]
} - N \ .
! Transformation of raw :
! Milling/ materials into products
i Crushing !
Fields Feedstock i - e Biojet fuel production | | Bicjetfuel
W% i Logistics C J and separation :
! Chemicals production ;  Chemicals
! and recovery :
Utilties : L ) \_ A e
i 1 Co- products

Figure 13. Schematic overview of an integral biorefinery producing bio(jet) fuel, chemicals and other
cozroducts [15]
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The main cost drivers of such a platform are feedstock biomass cost, selling price of
the biochemicals, investment costs, and key process4dnherent parameters such as
conversion yields, obtained fermentable sugars, or oil content in the feedstock.
Sugarcane was the most promising feedstock for a biorefinery in the region of Minas
Gerais, while soybean was the most promising feedstock for a biorefinery in the region
of Rio Grande do Sul, despite its higher uncertainty. In this study, succinic acid was
found to be the most promising chemical intermediate for biopolymers industry due to
its relatively high market value, unique market opportunity as a substitute of
conventional petrochemicals, and forecast for future growth. But this result may be
coincidental due to specific assumptions, and a broader analysis should be made.
EthanolZo4et (ETJ) and hydroZrocessed esters and fatty acids (HEFA) were the most
attractive biojet fuel production routes in the study by Alves et al. (2016) from an
economic point of view [15].

The risk analysis via Monte Carlo simulations indicate that scenarios for cozroduction
of biofuels and biochemicals in Brazil present large uncertainties and high financial
risk, mainly due to the use of secondfeneration feedstocks (both in
availability/logistics and technology (costs)), and the introduction of new technologies
and products. This is shown in Figure 14 as the Net Present Value (NPV) and Internal
Rate of Return (IRR) output distribution curves for a number of projected biorefineries
in Minas Gerais and Rio Grande do Sul. This finding conflicts with common industry
experience!? that lignoZellulosic feedstocks can be made available in Brazil in huge
quantities (for example with the current developments around energy cane) at prices
50% lower than in Europe. Conversion technologies are available at demonstration
(API) and commercial scale (Borregaard) and business cases show feasibility without
subsidies.

12 personal communication Anton Robek, DSM and BRD BV (november 2016)
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Figure 14. NPV and IRR output distribution curves for projected biorefineries of Minas Gerais (MG) and

Rio Grande do Sul (RG). Caption: (--)St ochasti c
Net Present Value (NPV) and Internal Rate of Return (IRR) [15]
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Marine biofuels in Brazil
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Issues around increase in marine fuels consumption are comparable to those in the
aviation sector in terms of drivers (growth in population and wealth) and resulting
volumes, emission levels and availability (lack) of realistic alternatives.

Marine and aviation market face similar challenges

Both industries show growing emissions and have few sustainable alternatives next to biofuels

Aviation

ey

> Annual Fuel consumption: ~250 Mtonne

Growing demand due to population and
welfare growth

CO, emission: 2% of global

Current dominant fuel:
& Kerosene Price: 4905/tonne

Marine

Annual Fuel consumption: ~300 Mtonne

Growing demand due to population and
welfare growth

CO, emission: 2.5% of global

& Current dominant fuels:

& HFO (90%) Price: 280 $/tonne

& MGO (10%) Price: 450 $/tonne

& Alternatives Fuels: & Alternative fuels:
& Electric? & LNG — No carbon advantage
& Hydrogen? & Hydrogen — No carbon advantage atm
& Electric — Not feasible for long haul
& Low-Carbon alternative: @ Low-Carbon alternative:
& Biofuel & Biofuel

@ GoodFuels

Figure 15. Comparison of aviation and marine biofuels market challenges [7]

Comparable to the aviation sector, improvements in fuel efficiency (technology),
operations and infrastructure cannot cope with the increase in emissions. Also
alternatives such as LNG are small net contributors to emission reduction given their
fossil origin, and biofuels are envisioned to play an increasing role in the marine sector
as well.

Sofar, in Brazil this topic has hardly been discussed quantitatively in terms of required
volumes and related feedstock volumes, and a comparable exercise to generate
numbers like done in The Netherlands (Fig. 16) and elsewhere is required. This
analysis should include (bio) CNG and LNG as well as renewable methanol, pyrolysis
oil etc. Marine biofuels given their lower requirements such as remaining oxygen levels
can complement very well a biorefineryroduct portfolio towards costzyrice reduction
with respect to the higher quality (aviation) fuels.
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Large volumes of marine biofuel are needed to achieve reduction targets

Projections show that efficiency measures and LNG will insufficiently decrease carbon emissions

Scenario: 32% CO2 reduction 2030 Scenario: 45% CO2 reduction in 2050
140
+22 20 160 +49 45
120 . 140
1
100 | 120 -20 120
1 100 100
E 13
80 7
6 80 -28
60
40
40
20 20
0 0 Source: SER Fuel Vision for
@ 0 3 Cl (<) \& The Netherlands
& '1.65 R 9}@ s o°° Qgp 6@9 & o”\a
& 3O AN e S
<® & & «e e“e (S'\ ((\e'b e
UM ) ) ® &
LTS < P o @
*Q @6\ @'6\ N (4
Qf}'o & 9'& \0‘ <
(@'
& G"é 6“\0

Volumes required (tonnes/year)

Year Emission reduction NL Dutch Bunker Worldwide
by biofuels volumes
2030 13% 292.000 1.385.000 35.500.000
2050 28% 619.000  2.942.000 75.300.000 % GoodFuels

Figure 16. Volume requirements of marine biofuels for reduction targets [7]

Heavy road biofuels in Brazil

Brazil 6s Ho u staivesoabprofRd m marshe2016'® a measure to increase
the mandatory percentage of biodiesel required in diesel fuel by 1% a year, from 7%
today to 10% in three years. The measure leaves the door open to reach 15 percent
biodiesel once positive engine test results are obtained, provided such a hike is
approved by National Energy Policy Council (NEPC). The proposal also allows NEPC
to authorize the use of higher blends on a voluntary basis in public transportation,
mining equipment, power generation, tractors and other agricultural equipment. Most
importantly, Brazil will achieve a significant improvement in reduction of greenhouse
gas emissions and also of public health issues related to air pollution.

Timelines

Timelines in the development of energy, fuel and chemicals processes are substantial.
Required development/testing/investment budgets also increase strongly with
consecutive steps (TRL or FRL increase) towards increased technological maturity.
The following diagram (Figure 17) gives a schematic overview of project timelines and
required budgets based on industry experience [16] to develop the 15%fZaZkind plant.

B http://www.biodieselmad | T Ay S®O02 Yk F NIIA Of SakycHodnkONI T Af mK2dza Sl
MnTLISNOSY
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After this, the technology learning curve starts, that typically results in cost reduction
with increased installed production capacity and number of plants. Relevant for
progressing advanced biofuels is the famous GoldembergZurve for the learning effect
in ethanol production from sugar cane, that indicates 4Z4old cost reduction with a 20
fold increase in ethanol production volume (achieved in over 30 years)*.

ilecades’ : process / agro / logistics are slow industries 4

~ 10000 -

-g agro & logistic systems

5 1000 |

g commercial

e 100

E demo

=]

£ 10 -

E new product, new application

2 1

2 existing product, new application

= 0,1 : : : : ‘
0 5 10 15 20 25

Years

Example: Brazilian ethanol learning curve:
4x cost reduction in 30 yrs /20 x volume increase B jc
@ ® O ® g wall Bake et al. Biomass & Bioenergy 33, 644-658, 2009

BioPort Holland

Figure 17. Required development times and budgets for various stages in the innovation process [17].

A benchmark for the 1sthfZazind lignocellulosic ethanol plant project (20072 1 fér
TRL 5/6 > TRL 7/8) is given by DSMZOET, that confirms the 10 year project period
for demonstration scale (13'AfZaZind) plants (Figure 18). TRL Strain developments (for
fermentation) started much earlier: 2003 and before. This is crucial information for the
level of realism of the roadmaps produced in this workshop.

14 See also the corn ethanol production learning curveaiv.growtheenergy.com
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listic project time lines

Operations
R Started
Biomass Construction
Pilot Plant Storage Area Completed
started Ops Construction
completed 4
Construction !
| Environmental Engineering, Design, Feedstock I Operational Reporting Period
2007A 2008A 2009 ﬁ 2010‘ 2011‘ 20‘12‘ 201 3‘ 2014‘ 201 5‘ 2016‘ 2017‘
4
t 1 1 f
CA TIA TIA Mod - Grand
. Signed permission to Opening
Signed 9 invoice
Completed
DOE NEPA PP
Selected FONSI ?lme[;m.eny
LIBERTY oundation
began Nov
2012
TIA Article 24
conditions met
A Test & Demonstration Harvests
A Commercial Harvests AOET ODSM

Figure 18. Realistic project time line for DSMZPOET project Liberty (pioneer commercial lignocellulosics
plant).

Workshop Objectives

On the basis of this brief overview, the following 3 interzwined objectives are central in
the Agropolo Workshop 3 on Advanced Biofuels:

1 provide criteria / measures for a conducive environment for (future)
competitive and sustainable, integral biofuels value chains for the projected
volumes in time including the required investments, incentives and innovation
framework with respect to technological development/testing, demonstration,
and deployment;

2 understand the societal dimension which includes consumer willingness to
use advanced biofuels as well as producer ability to provide these including
the required human capital for technical development, production, market
implementation and regulation;

3 have a clear insight on how the advanced biofuels implementation in SP and
Brazil impacts the Brazilian and global environment ambitions as laid
down in the COP Paris results, and following global sector / state agreements
such as the recent ICAO agreement?®,

15See ICAO Press release of 6 O62@s réerred to at page 4
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The workshop results target qualitative and ultimately also quantitative roadmaps for
advanced biofuels for the aviation, marine and heavy road transport sectors for the
ICAO timeframe (20162050), and a concrete set of next steps that include innovation
and investment programs.

1. Advanced biofuels for Brazil

In this section, we describe how to translate high4evel (but quantitative) GHGZargets
to Biofuels Production and preliminary investment estimates. The starting point for
these calculations for the aviation sector are related to the ICAO targets (carbon
neutral growth from 2020 onwards, and halving the GHG emissions in 2050 relative to
2005), as well as the historic trend in fuel consumption.

Flightpath: Brazilian jet fuel demand (at a density of 800 kg/m3) was 4.5 million m3
(3.6 million tonnes) and 7 million m23 (5.6 million tonnes) in resp. 2005 and 2011,
about 2.8% of global demand, of which the Brazilian refineries produced 75% and
the rest was imported.

The historic growth of aviation fuel consumption in Brazil was 4.5% per year. That
number is somewhat lower in the recent years of economic and political turbulence,
but expected to continue after stabilisation (2018 onward). ICAO assumes that the
combination of airplane (and engine) Technology developments, aligning Operations
and Infrastructures (TOI) will lead to a 1.5%l/yr efficiency improvement. This humber
was verified with the workshop participants from Boeing, Embraer and especially
Viracopos Airport [18], and agreed. This implies that the volume demand for biofuels
will increase by a net 3.0%/yr, which is effectively the double of the European growth
rate (total growth at approximately 3%l/yr, with TOI at 1.5%/yr gives a biofuels increase
of 1.5 %/yr).

For simplicity sake, we grouped biofuels in 3 GHGZjualities: today (B5% GHG
emission reduction), tomorrow (80% emission reduction i which is accepted as high
but feasible), and far future (20% emission reduction, which is generally considered
as very high, and difficult to achieve). An important question will be what (combination
of) these biofuel-categories will satisfy the ICAOZargets (especially the 2050 target of
halved GHGZmissions relative to 2005).

Ascenar i 0 consi st i nAiofueld (whichm leach adnarirduen yof635% GHG
emission reduction) to absorb the net increase in biokerosene demand will be far from
adequate to reach the targets, even when the increase is 40% higher than net fuel use
increase and lead to the reduction of fossil kerosene use to become zero. Under these
conditions, aviation biofuels grow from practically zero today to 20 Mt® of

biokerosene/yr” f or 6domesticd b dnmpioeements g(Teclonaldgy, .

16 Mt ¢ million tonnes, not metric tonne.
172050: biofuels 19 739 kton/yr, TOI is equivalent to 7563 kton/yr
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Operations and Infrastructure) are equivalent to approximately save 7 Mt/yr of jet fuels.

The sum of both gives an estimate of over 27 Mt/yr replaced fossil jet fuel use under
unZhanged policies, and all trajectories are shown in the figure below. Calculation

results are presented as COz2£&mission levels in the figure below. Using the biojet fuel

of 6t odayds technol ogy a n dthe gotav@ aZmisdior wilv o | ur
even increase relative to the starting point, because of the fast growth in consumption

(from 14 Mt CO2zquivalent/yr in 2005 to 40 Mt CO24&q in 2050). This is too high,
although it is half of the benchmark (of nozolicyZhange), which would lead to 86 Mt
CO2£q/yr emission.

25000
Jet fuels portfolio at 4.5% net growth
20000 + and 1.5% TOI (reduction)
15000 =—4—fossil
—{i—Today (1G)
10000 Tomorrow (2G)
—>¢=Biofuels (1G+2G)
5000
0 T
< LW 0 O N S W 0 o NN S W 0 o NS W
A H H NN NN NN DN NN S S S
o O 0O OO0 O O O CcC OO0 o o o o o O O
N AN &N NN AN NN N NN AN NN AN N NN

Figure 19. Projected biobased, fossil and total jetfuel profiles, resulting in 20 Mt/yr biofuels use in 2050,
with fossil aviation fuels declining from approximately 6 Mt/yr in 2014 to 0.

100000 1 let fuels portfolio at 4.5% net growth
90000 | and 1.5% TOI (reduction)
7
80000 no policy change 7 e biofuels 1G
70000 =
7’ e hiofuels 2G
60000 o —
- biofuels tot
50000 i
- e £ 0551 |
40000 -
30000 — - e total bio+fossil
- -
20000 = = == reference
10000 % TOl-effect
O—M..‘... —_———

Figure 20. GHG Emission profiles in ktonCO22 q/ yr f or t he case of fAtodaybo
emission reduction, resulting in 40 Mt/yr of emissions in 2050, compared to a target of 7 Mt/yr (50% of
2005 emissions). The arrow indicates the effect of
fossil) jet fuels.
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Al so a situati omr owhé r 308 GH®&dmsSsiofo redoction) will be
used at a maximum growth rate of 40% higher than net fuel increase will result in
overall carbon emissions of 12 Mt CO22&q/yr: 76% higher than the target of 7 Mt/yr.
See the figure below for resulting emission profiles towards 2050. It underlines the
importance of further technological innovation by further technology improvement and
fuel chain integration and streamlining to achieve reductions of 8520%.

100000
90000 | Jetfuels portfolio at 4.5% net growth
and 1.5% TOlI (reduction) .
jgzgg T ° P —— hiofuels 1G
~ - — biofuels 2G
60000 — —
P e piofuels tot
50000 —
40000 - - fossil
30000 — total bio+fossil
-
20000 == — = reference
10000 TOl-effect
0
< 0O 0 O N < VWO O NN < OO0 O N < VW o O
A A N NN NN NN St oW
O O O 0O 0O 0O 00O 000000 OO oo O O
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Figure 21. GHG Emission profilesinkton CO22 q/ yr f or the case of #Atomorro
emission reduction, leading to 12 Mt/yr emissions in 2050, compared to a target of 7 Mt/yr. The arrow
indicates the 6wedged of emission reduction

From the above biofuel production data various other key numbers can be calculated
such as required amounts of biomass, corresponding landZise (and associated water,
fertiliser and energy use), but also the required investment numbers, estimated job
creation potential as well as corporate and income taxation (state) revenue. We have
used the following numbers, that are partially derived from industrial and other
experience.

# ltem ' Estimate

1 | CAPEX 100 MU per 100 k't on ¥ moublel toc solids
processing plants

2 | Jobs 100 p / 100 kton /yr (direct)!®, 223 x indirect

Salaries U 45 000/yr (average)

3 | Corporate tax | 30%
4 | Income 30%
5 | GHG stochiometric, e.g. 3,15 x mass of hydrocarbon streams.

3

1B wY CANBG Ay 1AYyR OSttdd 24A0 SOKIFy2tf LXFyida 6SN
plant). The number seems ok foralargdst S 0 A 2 TNB T A Yy SNE oflclBEoRidzOdarg.d M YAt f A
Y wY ¢KAA Aa 2y (GKS KAIK aARS® ¢KS thoens5{a LII yi
employ 1000 FTE's.
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2. Critical system requirements

The international aviation sector committed itself to stabilize CO2 emissions with

carbon neutral growth from 2020 and to reduce net CO2 emissions with 50% in 2050
compared to 2005 levels. ATAG estimates developments in operations, infrastructure

and technology to yield 1,5% efficiency improvements (Chapter 1). For the balance in

the overall reduction of fossil jet fuel consumption, the only available technological

solution is the use of sustainable aviation biofuels. The aviation industry requires
sustainadbdhebidfapl so, meaning fuels that ec
of fossil fuel.

The transition towards sustainable biofuels is limited by the cycle indicated in Chapter

lof high price / modest demanKkyissueb pckilTngbs:e
this cycle, a number of measures is needed on technological and nonZechnological

level. The drivers for Brazil are related to aviationZelated environmental matters
(reduction of emissions) but regional economic development is equally important
(Chapter 6).

Important challenges for biofuels are developing and scaling up combined feedstock
and production/refining technology pathways (technological challenges) and
improvements in logistics and deployment as well as societal embedding
(nonZechnological challenges). Several Critical System Requirements (CSR) or
critical high level parameters in terms of goals, can be identified for both feedstock and
production technologies and for logistics and societal embedding (see Table 2). These
CSRs have been linked to the gaps and barriers during the workshop and translated
into steps on the road towards implementation of jet biofuels to meet the targets
(Chapter 6).
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Table 2. Critical system requirements (high level parameters in terms of goals) for implementation of jet biofuels.

Critical system requirements for FEEDSTOCKS for jet biofuel production

Increase feedstock yield Increasing the vyield is critical except for nonzagricultural feedstock such as industrial wastes and municipal solid
waste. Even the most established feedstocks, such as sugarcane, face the challenge of increasing productivity,
especially in order to reduce production costs.

Reduce feedstock costs Reducing feedstock costs is critical to reduce production costs and allow the jet biofuels to be costZompetitive
relative to regular fuel. Several of the feedstocks considered do not have established production systems or are in
experimental phases and, therefore, have high costs.

Reducing feedstock costs for nonzagricultural feedstocks is equally important, although the means to achieve the
reduction are more related to logistics and collection, especially in the case of residues and wastes.

Develop new (energy) In addition to existing well known crops, developing new crops?° (with potential higher yield for this new application)

crops is crucial.

Reduce GHG emissions Reducing the CO2 emissions is the main driver for the aviation industry for the development and implementation of
biofuels. The potential of reducing emissions in the feedstock production stage is essential in this sense.

Improve the energy The ratio between energy input and output is vital in terms of the efficiency of the feedstock/technologies and must

balance?! also be considered along with the potential to reduce GHG emissions.

Consider Land use Land use change (LUC) is a factor accounted for in CO2 emissions and thus contributes to climate change.

Therefore, the expansion of currently produced feedstocks and the production of new feedstocks should take this
into consideration. Depending on type of soil and its current vegetal coverage, implementation of new agricultural
activities may have a favourable or unfavourable LUC footprint.

Environmental effect of The environmental impacts (on air, soil, water etc.) of agrichemical use in agricultural feedstock production is an
agrichemical use issue to be considered regarding the sustainability of jet biofuels. Aspects to be considered are: the use of nitrogen
fertilizers, recycling of nutrients, byproducts and residues on the field, crop intensification using modern
technologies and possibly increased use of agrochemicals etc. The above is irrelevant for waste feedstocks.
Pollution Pollution is an issue related to the environmental and social sustainability of biofuels. Related to potential
feedstocks, pollutions include the amount of waste material generated in the production of the feedstock as well as
soil erosion and the soil, water and air contamination due to agriculture practices and processing of feedstocks.

Job creation and quality in | The generation of jobs and the improvement of the quality of jobs are also fundamental when considering potential
the agro sector feedstocks.

Critical system requirements for PRODUCTION TECHNOLOGIES for jet biofuel production
Increase the vyield of each | Yield increase of each step of pretreatment of biomass conversion (chemical or biological) and final syntheses of jet
step of the production | biofuel is critical since the cost of the costs of feedstock is responsible for a large part of the final cost of the fuel and
process therefor conversion should be as efficient as possible. Note that the investment costs (reactors) for the
thermochemical conversion of lignocellulosics are more dominant.

20 .. such as energy cane, sbgn and miscanthus (remark from current workshop, not in original document)
Apdd YR g GSNIoFfFryOS X ONBYFN] FNRBY OdzNNByld 62N] akKz2LZ y24 Ay 2NRARIAYLFE F
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It is important to identify the right feedstockZechnologyzroduct combinations (per region).

Prepare for a fuly
integrated biorefinery
industry

From a technoZconomic point, most advanced biofuels production technologies produce a portfolio for marine (or
codiring), road/diesel and kerosene applications, as well as chemicals and materials. At the feedstock side, the
oxygenZich biomass and MSWxtreams are roughly split in energy dense fuels and oxygen rich (energy poor)
material flows ( 6ener gy conservation | awd) . T h (e.g. sugar ant pulp and bapear
mills), but are often designed and optimised for one product, treating the rest as waste. Therefore the development
of efficient biofuels production systems can only happen when full and integral redefinition of this
biorefineryZoncept is taken into account.

Reduce GHG emissions
and CO2 footprint of the jet
biofuel

Jet biofuels aim to improve the environmental footprint of the aviation industry. The potential for simple and energy
economic/profitable technology is fundamental in this sense.

Improve the

balance

energy

The ratio between the energy input and output of the technology is fundamental as well.

Industrial employment (job
creation and qualit

The generation of jobs and the improvement of the quality of jobs are also fundamental when considering
production technologies.

Critical system requiremen

ts for SOCIETAL EMBEDDING of jet biofuels

Support market | Aviation industry has committed itself to reduce its environmental footprint. To stimulate innovation and the
development/level playing | necessary investments market development and a level playing field for jet biofuels is crucial. This should include
field governmental incentives and policies as well as quality and safety standards.

Logistics Logistics are an important part of aviation biofuels costs, therefore, the distribution system for jet biofuels and

harvest logistics to refinery have to be taken into account.

Agreement on
sustainability criteria

To be able to evaluate sustainability of jet biofuels consensus on sustainability criteria is crucial. This also applies to
standardisation of biomass feedstock and intermediates.
Methods and tools to support the evaluation need to be developed as well.

Education

The generation of jobs and the improvement of the quality of jobs through formalization, education/training etc. are
fundamental.

Public awareness

Implementation of jet biofuels needs to be supported by building more (public) awareness of the possibilities from jet

biofuels on creation of green jobs and advantages of biomass use for (advanced biofuels) products.
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The establishment of CORSAI in the ICAO framework in 2016 (see text box at page 4)
is a formal and visible governmental measure to create a professional framework
around the aviation biofuels market; comparable steps for marine and other heavy
transport biofuels need to be made.

od® ! NBI Q&

To achieve the critical system requirements of advanced biofuels, the following
technologicalandnonZ echnol ogi cal areads have to be c

Feedstock production

1 biomass production: agro T and forestry technology including plant genomics,
breeding and nursing programs and underlying genomics. Also plant and tree
health, pest monitoring, control and prevention;

1 biomass collection: from field to factory gate Zow impact harvesting of crop and
residues, logistics/ transport, preprocessing and storage technology
(combinations);

1 managing the land: nutrients, soil, energy and water management in agro and
forestry systems. Energy management around biomass harvesting (trucks and
tractors), logistics and storage;

1 MSW: collection, storage and preprocessing.

Conversion technology

1 biomass preprocessing, pretreatment and depolymerisation technology;

1 biomass conversion technology: (bio4chemical and thermal conversion
technology such as chain elongation and branching and deZxygenation by
hydroformulation and other catalytic technologies;

1 integral biorefinery development.

Biofuel use

blending and distribution systems for low and high biofuels blends;
combustion technology for high and low blends;

supply chain management: monitoring, QA, sustainability and certification;
engine and fleet redesign such as dual feed systems;

integration with other renewables technologies.

E R

NonZechnological ( soci et al ) ar eaods

1 short term financing: investments and operation, especially in low oil price
situation;,Zionr endabel e topo handl i ng;

1 long term financing: export market;

1 marketing and PR 1 especially during market introduction and demonstration
stages;

1 regulations, sustainability and certification.
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1 human capital & communication
1 governmental policies
1 nature restoration and/or management

4. Drivers for development

The highdevel key drivers for aviation biofuels are the ICAOZargets: carbon neutral
growth in 2020, and halved 2050 GHG emission profiles in 2050, as well as secure
supply of affordable biofuels. For marine biofuels, the highZevel key drivers for Brazil
are not formalised, but in the future probably relate to SECA??> and NECAZ. With
respecttoheavy road transport, Brazil 6s Hou
03, 2016, a measure to increase the mandatory percentage of biodiesel required in
diesel fuel by 1 percent a year, from 7% today to 10% in three years for reasons of
significant improvement in reduction of greenhouse gas emissions and also of public
health issues related to air pollution®*.

Critical variables to select among technological and nonZechnological alternatives for
advanced biofuels are:

1. formal regulatory approval such as ASTMZertification for aviation;

2. shortZerm technozZconomic feasibility, with an acceptable price differential
versus fossil fuels covered with feasible incentives (such as biotickets);

3. long4derm technozconomic feasibility via integral biorefining and coZroduct
valorisation, also with respect to a potential export market in combination with a
more level playing field;

4. integral sustainability and LCA especially meeting minimum GHG emission
targets. For the short term, relatively modest quantitative emission reduction
targets have been formulated (Z35%). The long term (2050) requires GHG
emission reduction targets of 80% or better;

5.  biodiversity improvement/ nature conservation (improvement);

6. social impacts (job/income creation, rural development) i positive perZapita
GDP income development;

7. acceptance by the public.

Soci et al drivers in Brazil include the
especially in less developed and rural areas.

5. Readiness level

Brazil has a number of domestic and international players or stakeholders that can
contribute (and benefit) substantially to (and from) the large scale development of

22 Sulphur Emission Control Areas
2 Nitrogen Emission Control Areas
2www.0 A 2 FdzSt &ty SénawsDEBABRA_intiEases_biodiesel_blend_mandate_to_8/
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advanced biofuels for aviation, marine and heavy road applications. For aviation
biofuels, they include airlines such as Gol, Azul and Tam and others such as
AirZranceKLM, equipment manufacturers such as Embraer and Boeing, fossil
(Petrobras, Shell, BP and others) as well as renewable biofuels (Amyris, others),
feedstock suppliers (sugar and bagasse from sugar cane industry; wood / pulp &
paper industries such as Suzano, Fibria, CPMC or Stora Enzo; SunChem Zcamelina;
Acrotech macauba 1 Acrotech/MG; others); chemical industries (Braskem, DSM,
DuPont, Corbion, others), technology companies (M&G/Beta Renewables, Viride,
DSM, others); equipment industries (Dedini, Mitsui, others); and research institutes
(CTBE, IAC, UNICAMP, USP i1 various location, others).

6. Gaps and barriers

Procedure

The starting point for the roadmaps was the ICAOZased scenario in which
At omorrowds o adRB@aiemrigionraeduction) erntes the( scene. This is
summarized in the following diagram, including expected investment requirements
(200 billion EUR or 80260 billion R$) and job creation of around 60 000 direct and
indirect jobs?°>. The workshop participants agreed on using this scenario, where it was
noted that @Atomorrowo biofuels alone are pr

Brlying bio/fossil aviation fuel scenario <
25000 2014-'50: 3.5 x jet fuel
Predicted jet fuel use (kton/year) - U 9.9 X jetiue
based on historical Brazil growth (4.5%) towards 100% biojet
20%3 f' 2014-'50: ~ 60 000 jobs*
15000 7
2020: Carbon i —fossil
bio* ~ 2G
neutral growth A -=-Today (1G) -35%
10000 o
Tomorrow (2G) -80%
fossil ~<Biofuels (1G+2G)
5000 © e,
2050: 50% GHG
emission reduction
BELENC O aesnens

P N Sel H v )
N L % 3] > 3
- P PP P P

ol

CAMPINAS + BRASIL

.*\/;
direct+indirect, using NL Aviation vision” numbers

Figure 22. Estimated aviation fossil and biofuels volume developments following ICAO / CORSAI
scenario.

B 3Ay3 LMzt AO 5{amth9¢ ydzYoSNBER F2NJ Ay@SaidySyid tSoSt:
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The workshop participants (see Appendix B) were split in 2 groups of 3040 people.

They expressed their insights and opinions
requirements, regulations, infrastructural demands, etc. in the form of post4ts
(6stickiesd) on A0 s (Figuee 28) insaveral corsecutiveaopnds h e e t
of approximately 1 hour each. The blank roadmap sheets pictured years in the
20152050 time frame (horizontally) and readiness (or maturity) levels (vertically).
Depending on the topic this could be Technological Readiness (TRL) or Fuel
Readiness Level (FRL), as indicated in Annex C of this report.

€2 g5 é Roadmap for techno-economic innovations in industry sectors: aviation/marine biofuels

. Brazil driver: low cost,
2016_- 6 Mtlyr sustainable supply chain for
(fossil) Jet A1 20 Mt/yr biojet fuel at 90%

2020 2030 2040 GHG reduction ][] —

System
Solution
deploy

Process
Engineering

demonstrate

Develop
(piloting)
Basic Hardware

Enabling
Technology

discovery

Basic Science

discovery

Figure 23. Example of a blank roadmap sheet with the initial situation of 6 MT/yr of (fossil) aviation fuels
and the 2050 objective of approximately 20 MT/yr jet biofuels indicated.

The first rounds were focused on technological aspects and the second rounds on
nonZechnological aspects. Participant inputs were discussed per group and per round,
and in consensus adjusted in position (year and readiness level). The result was
presented plenary and briefly discussed among all workshop participants.
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Figure 24. Post4ts on the Roadmap sheets

At the morning of day 2, the participants were redistributed in two groups discussing,
streamlining and integrating respectively the (two) technological and nonZechnological
roadmaps into a consolidated and agreed technological and nonZechnological
roadmap. The resulting roadmaps are evaluated below.

Report on technological roadmap

Before addressing individual topics, the groups first discussed the main trends (Figure
25). From the overall inputs it was very clear that the participants in general observed
that the 15Zear period towards 2030 is most likely characterised by a structuring
period (STRUCTURE) that al | ows for Oexperimentationo
feedstockZ4echnologyZroduct combinations are developed, tested, compared and
optimised. This implies a continued optimisation of existing and new technologies,
including especially developing feedstocks and optimising existing and new (energy)
crops (6croptimisationd) t enonatratrs plahtaiong ®r s ¢
prepare for commercial scale rollfut. An important aspect is to prepare for a fully
integrated biorefinery industry that minimises wastes (Circular Economy) and
optimises value of byproducts in adjacent sectors (chemicals, materials, food, feed,
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etc), next to advanced biofuels. This period towards 2030 is therefore characterised by
continuous evaluation; plantdevel and regional/national economic scenario analysis;
and screening and selection of feedstockZonversionZroduct technology combinations
towards complete sustainability analysis. This requires building a robust set of decision
support tools and acquiring realistic data (and monitoring tools). Especially for aviation
biofuels, certification of products is extremely important and early indicators / testing
facilities of (non) suitability should be well accessible for the developers. During the
structuring period, advanced biofuels are most likely more expensive than their fossil
counterparts. This requires an incentive structure that allows developers and early
players to have sufficient confidence for progress and systems optimization towards
better cost competitiveness. This also implies that a more level playing field is required
that allocates emission and other societal costs with the polluter such as carbon
taxation, ETS or other measures.

Lo 3 Fipo ‘Qg Roadmap for techno-economic innovations in industry sectors: aviation/marine biofuels
Brazil driver: low cost,
2016: 6 Mt/yr sustainable supply chain for
(fossil) Jet A1 20 Mt/yr biojet fuel at 90%
203cl 2040 GHG reduction 2050 =
| System
i > Solution
: SCALE-UP deploy
|
1 Process
I Engineering
| demonstrate
| \3
O
| Q;"
| z\\o o‘\\*\ Develop
I s (piloting)
;. A\ Basic Hardware
I P o\°
A
I .60
1 \&\ P Enablin
. . 1 AR -
Decision support P oP Technology
tools/scenario analysis I < \&) discovery
|
continued certification : ENI
asic Science
|
STRUCTURE | discovery
+ > I
Figure 25. Roadmap with main trends described above. 0(I

interpreted as short hand for the further development and optimisation of feedstock conversionZroduct
combinations.
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2030 demarcates a point in time that fossil and biofuels are approximately equally
large?®. Hence, after this structuring period (2030) a regime change is expected, where
main decisions on feedstock, technology, infrastructure etc. are expected to have been
taken tuned to geography, climate and other regionpecific characteristics. Here it
should be mentioned that t he Zike maodel iwhich
focuses on localised supply chains per airport. As an example, GOL presented during
the workshop their current project portfolio, connected to the Plataforma Brasileira de
Bioquerosene around the larger as well as smaller airports of Brazil [19].

! Panama | N\
4

Linhas aéreas inteligentes

——_ Venezuela' °
g =7 N ¢ French Guiana
~Guyana I
—RF AN A

oy Ly
N _,/ Amazonas
{ Maranhao

4 Piaui

Peru._ Acre

ugm Tocantins

Minas Gerais

S S&o Paulo Rio de ganeim

'\.Paraguay‘_“
Asuncion | p; &
\ )4 3',5 arane ocuritiba
Chile: A, | Santa
7/~ Catarina
Rio Grande

,;Umguay 7
Argentina W /w

Safety « Inteligence « Serve « Lowest-cost

Figure 26. Biokerosene projects GOL [19]

During the workshop this led to a debate around distributed (and inherently
smallzcale) versus centralised, large scale facilities as was presented by Bonomi
(CTBE) [20]. The |latter resonates also conclusions in the socalled
REDEFINERY&tudy around Port of Rotterdam, where significant economic benefits
were seen at processing scales exceeding 1.5 million tonnes of feedstock (wood chips
in that case). The debate was not conclusive since especially in Brazil, fuel logistics
around remote, small airports sees a price potential that may support regionalised and

26 At the situation of 4.5% annual growth, in 2030 kerosene useapproximately doubled to 12 Nt (in case
of no policy change), of whichOI should have taken 20% (~ 2y}, biofuels shald have grown to more than 5
Mt/yr and remaining fossil is 4.2 Kjear.
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smallerkcale production combinations for instance by integrating biofuel and food
production.

® o
*®- O«

< Economic considerations (3)

Distilleries and oil extraction plants

@® 1G/1G2G biorefineries

Sugarcane expansion region

@ Palm oil

Production in the North (PA)
Transport distance: 2,000 km

® Macauba oil

Production in the Southeast (MG)
Transport distance: 500 km

@® Soybean oil

Production in the Center-West (GO)

N Transport distance: 250 km

do Sul

S

Figure 27. Potential feedstock per region [20]

Hence, scale benefits have to be seen in relation to the logistics infrastructure of
biomass production/harvest, (local or central) preprocessing, (local or central)
conversion to biofuel and other products and distribution to blending and bunkering
facilities at air and marine ports. BEZasic indicated a range of regional studies in
Brazil and Malaysia around a number of regional crops (studies of Maria del Mar
Palmeros et al, GDP Groups, etc), also in relation to chemicals and other
codroduction. During the workshop it was explicitly concluded that more and
systematic scenario studies on the interplay between (feedstock) production and
logistics, scale of (preprocessing and) conversion, and fuel distribution network are
necessary throughout Brazil and with the eye on the export market. Hence, a further
significant volume increase is expected in number and size (SCALEZJP). Then high
blends are necessary (>50% biofuels) where infrastructural/logistic players should be
preparing for biofuelZnly situations. This is also sufficiently far in the future that
equipment (engines, airplanes) manufacturers should have been prepared for the
specific requirements or opportunities that these high blends may bring. Then also
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financial maturity must be such that the expected significant investment decisions can
be taken.

It was generally felt that especially the structuring period urgently requires a national

Brazilian 6champi onbd such as Pl at af or ma

(modelled after BioPort Holland) where crucial stakeholders (airlines and airports, fuel
developers and producers, airplane manufacturers, financial sector, government,
academia etc) monitor the progress of the development. Therefore this is posted as a

separate (green) bl ock very early (6nowb)

clear during the meeting, that a National Strategic Plan based on a firm
socioZconomic study is urgent.

7. Analysis: alternatives aticthelines

Detailed technological roadmap
1. Decision support tools/scenario analyses

1  the structuring period towards 2030 requires good quantitative insight in the
impacts of decisions. quantitative and nonZjuantitative analysis of integral
advanced biofuels value chains, feedstock/technology evaluation (Virtual
Biorefinery);

1 landscape and logistics£ffect of (minimum) scale and logistics/hub creation,
distributed (modularity) vs central manufacturing and use, landscape fit,
macroZconomic and LCA models, uncertainty and risk analysis (Monte Carlo
and other methods methods), and others;

1 also to provide insight to e.g. public and policy makers (like climate calculator).

2. Data

=

the above decision support tools but eventually also daily operation will require
reliable and high quality data;
big data management and imaging;

Optimisation of existing technologies

1G optimisation, lower costs sugars, ethanol, lignin;

HEFA4jke and other hydrogenation technology/catalysts;

biogas (CBG, LBG) in plant but also other (road, marine, ship) transportation to

replace fossil diesel,

1 (catalytic) HTL, pyrolysis, gasification/syngas and other thermochemical
developments;

1 debottlenecking pretreatment i swing/merryZo round;

35
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T

new robust strains, strain and catalyst development for
sugar/syngas/lignin/ethanol/alcohols/etc to hydrocarbon conversion. Also other
microbial platforms than yeast (bacteria, cyanobacteria, algae, etc);

other waste (MSW) to valuez&added cozroducts and byzroducts.

Croptimisation

domestication and optimisation of (new) energy crops such as Energy Cane and
Macauba;

pilot and demo plantations with integral and improved water, nutrient, energy and
carbon management;

doubling cropping system, coZroduction (energy crops and feed/cattle), paste
intensification;

improved harvest systems (including lowZmpact equipment), and utilisation of
harvest residues including sewage, vinasse, and other agroZndustrial (mill)
residues.

Integral biorefinery development

coproduct valorisation, combined fuels/chemical/food/energy production;
cascading systems;
integral oil and sugar/lignin biorefineries e.g. macauba and other oil crops.

Flanking technologies

H2 / hydrogenation Ztechnology combined with fertiliser (NH3 production) T
further energy integration;

modular scalable technology for small sites (<100 kt/yr);

continuous/indine blending for high blends, blending logistics.

Fleet (engine, equipment) redesign

engine upgrading;

high blends and biofuelznly;
dual fuel system (diesel and gas);
other

Engineering (design) of non&echnological topics

market i internal, international and export market;

legal i e.g. ANP regulations that are explicitly fossildased,;
production / trade / consumption;

financial (CAPEX, incentives, risk, hedge, other);
education and manpower skill training;

infrastructure demands and development.
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9.

1
)l
1

Breakthrough/ alternatives / disruptive development

solar biofuels (COz/syngas + electric/PV/direct light);
solar planes, hybrid propulsion including mixed solar/electric;
unforeseen breakthroughs, surprises;
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Figure 28. Technological roadmap for advanced biofuels for aviation and other heavy transport
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Macauba

The specific case of macauba, a reasonably draughtZolerant endemic Brazilian palm
tree, to deliver vegetable oil as well as other (lignocellulosic) biomass products has
received substantial attention. Initial attempts are made to domesticate macauba, and
research and breeding programs have started in Minas Gerais. At first glance, annual
oil and biomass productivities per hectare seem comparable to those of the common
oil palm (Figure 29, data from Acrotech, a Minas Gerais based start4ip company), and
we use those to populate a potential macauba roadmap.

‘ \ \ 'p ‘);“1_ £ - ‘. : |
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Example: is macauba an opportunity (and what does it take) ?

Fossil Bio MACoil MACLCF
(kton)  (kton) (kha) (kton)

6,346 301 60 528

Year

2020
A 1 5 ton/ha.yr

2030 5,103 4,173 835 7,302
2040 3,172 10,185 2,037 17,823 b ¥ w .

i1y Biomass
2050 173 19,521 3,904 34,162 :

A2 35ton/ha.yr
Notes:
kha — 1000 ha, kton — 1000 ton

MAC oil at 5 ton/ha.yr productivity, 100% conversion yield
MAC LCF - lignocellulosic fuels (EtJ, DF, FT, other) at 35 ton LC/ha.yr v
as coproduct from oil production, 25% conversion yield B -

.FU Delft http://www.acrotech.com.br/?cat=5

Figure 29. Macauba basic data [21]

Assuming that macaubazil would be the sole feedstock for aviation biofuels, the
required plantation area associated with the projected increase in aviation biofuels can
be calculated for the period 20202050. The land area matching the target productivity
of 19.5 Mton/year of aviation fuels is approximately 4 Mha, which is 70% of the land
use for sugar cane in the State of Sao Paulo (5.7 Mha) than current sugar cane area.
Hence in terms of potentials this is feasible. The specific technological roadmap for
this macauba development is posted below (Figure 30). Given the current state of
development, establishing 60 kha of productive plantations in 2020 seems not possible
due to maturation rate (macauba delivers oil only after a few years) and absent large
scale nurseries, but the long term potential (postZ2030) is promising.

Not mentioned in the draft roadmap is the development of flanking technologies such
as large scale pest and disease monitoring/ control / management which has shown to
be critical in the Malaysian and Indonesian oil palm sector. It should also be noted that
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the oil production is associated with a substantial coproduction of lignocellulosic
biomass (leafs, truncs, shells) including an estimated 10% proteins of 136 Mton/year,
which may lead to an additional 30+ Mton/year of lignocellulosic fuel potential (at 25%
mass yield), 14 Mton of food/feed protein and of course other uses. This may serve
other transport sectors in Brazil or be targeted for the export market. All and all,
macauba is an opportunity worth exploring.

B a5 A

Roadmap for techno-economic innovations in industry sectors: aviation biofuels

biojet fuel

Brazil driver; sustainable,
low cost supply chain for

2020 2030 2040 2050
4173 kton/a HRD 10185 kton/a HRD Svstem
for jetfuel for jetfuel Y i
Solution
835 kha macauba |——3 | 2037 kha macauba depl
plantation plantation s, epioy
/ .. Process
Comm. HEFA '_>(pt|s§[|\)/|) Comm. macauba 17.8 Mton bIOJe_t Engineering
e e plantation A SE{pEl Gl ety demonstrate
S
7
/ / /,
UCO Used [IETIER b 57 Develop
se a macauba ’ o -
: X ilotin
Cooking Oil plantation '/' (p a)
e Basic Hardware
’
/ y
4
e .
macauba R&D ﬁ' /’ . - - TEn:blllng
projects N Year Fossil Bio  MACoil MACLCF echnology
,,’ (kton)  (kton) (kha) (kton) discovery
T 4 2020 6,346 301 60 528
2030 5,103 4,173 835 7,302
macauba : Macauba Basic Science
oil crop lignocellulosics 2040 3,172 10,185 2,037 17,823
2050 173 19,521 3,904 34,162 discovery

Figure 30. Roadmap for macauba as a feedstock for aviation biofuels [21]

Report on social issues related to the roadmap?’

During the discussions on technical and logistic breakthroughs needed for an
implementation of advanced biofuels for aviation and marine sectors a number of

soci al
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i mportantd
biofuels in 2050. As a starting point it was agreed that the drivers for Brazil are less
related to environmental matters (reduction targets for emissions) but more to the
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creation of green jobs, the realisation of added value from biomass growth including
export of added value fuels and materials, and unlocking of poor areas in Brazil.

SocioZconomic and sustainability study

To facilitate the deployment of advanced biofuels a thorough socioZconomic and
sustainability analysis should be carried out to indicate job opportunities, added
economic value, environmental gains, dependency relations, volumes, etc. This should
be done early on (asap) to help communication and setting of targets. It requires;

1 agreement on sustainability criteria;

methods to qualify and quantify impacts;

methods to identify best options for regulation and policy incentives;
measuring tools;

data sets for HDI.

= -4 —a -1

National strategy

Participants recommended to define a national strategy for implementation of
advanced biofuels, including an agenda for shortZerm and long4Zerm R&D, policy
measures (including tax options and incentives) and financing. A level playing field for
energy and nonZnergetic usages of biomass should be the basis of the plan. The
strategy should be based on validated predictions of aviation and marine fuel needs
and growth, opportunities for the export market and socioZconomic aspects including
emission reductions and job opportunities. The socioZconomic study should inform
the strategy. The strategy should be translated to regional strategic plans.

Logistics

Attention should be given early on to logistics and the use of biojet in existing
pipelines?®, the realisation of new pipelines, and the logistical systems for harvest to
refinery. Models for logistics should be ready in 2017, based on scale and location of
biorefinery options.

(International) agreements
Agreements should be made or aligned before 2020 about:

1 certification of biojet qualities, including for 100% biojet, and alignment with
ASTM procedures;

i globally aligned policies?® for biofuel use (aviation and marine) with clear targets;

1 global standardisation of biomass feedstock qualities and intermediates i1
commodity platform.

28 Comment from the workshop: atthismomén 2 yf & I LIOALISE Ay S F2NJ wWSi{ !
be complicated
2 |mmediately after the workshop CORSAI of ICAO was annodrsesltext box at p. 4
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R&D agenda

The R&D agenda should pay attention to:

f funding i ncluding industries (OEMOG6s) ;

1 crop/agriculture models for security of supply;

| calculations and models for smallest scale biorefinery systems in various
contexts e.g. for regional biojet production 1 pilots around 2025;

1 models for integrative and inclusive production systems, allowing social
development for poor regions i deployment around 2030;

| providing examples/best practices for other countries including Africa, Asia, etc.
around 2035;

1 disruptive thinking (see also education).

Education

Participants agreed that educational targets should be set to include programs for
multidisciplinary education and training of:

)l

)l

==

)l

biorefinery concepts (to increase number of operators, engineering designers,
etc);

precision agriculture (to educate farmers, increase sustainable farming, including
for double cropping, crop vyields, harvesting, maintenance of biodiversity, water
management and fertiliser recycling options and use);

entrepeneurship;

creative and disruptive thinking related to social issues and societal needs (to
increase future disruptive solutions);

governance (within the chain from feed4tocks to products as well as for lateral
uses of energy, byproducts and recycling; including models for financing and
investment options for federal, regional and stakeholder models and the forming
of cooperatives);

sustainability (including tools for measuring sustainability (crop management,
social sustainability, etc) and realising (international) harmonisation of
certification and agreements on targets;

quality control, specification and certification of biojet and bioZnarine fuels.

Communication

More efforts need to be done in awareness building on creation of green jobs and
advantages of biomass use for (advanced biofuels) products. Pertinent wrongly based
assumptions need to be addressed and clear messages need to be communicated on
best options, opportunities and best practices. This should include policy papers and
white papers for certain target groups (such as financers). Communication should be a
continuous effort, providing information on latest developments.
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Figure 31. NonZechnological roadmap for advanced biofuels for aviation and other heavy transport
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Conclusions and next steps

The central conclusion from the AgroPolo Workshop on Advanced Biofuels is that the
period up to 2030 allows for testing advanced biofuels value and supply chains at
relevant industrial volumes. Testing has to be done along the whole supply chain; from
field to distribution. Testing needs to be done both technically as well as nonZechnical.
The period after 2030 is predicted to be focused at scaledip in an emerging integrated
biorefinery context, and technological as well as honZechnological issues need to be
solved. From that perspective the workshop participants agreed on the next steps.

#  What Whom

la | CHAMPION / BIOPORT BRAZIL Pedro Scorza (GOL), Marcelo
Professionalise & Alignment Plataforma Goncalves (EMBRAER), Antonini
Bioquerosene / BioPort Brasil. Macedo (Boeing), Telma Franco

(UNICAMP), other workshop
participants
1b | QUANTITATIVE SCENARIO ANALYSIS Antonio Bonomi (CNPEM-CTBE),

& DATA COLLECTION. Luuk van der Wielen (TU Delft,
Include social and comparative scenarios. | BE-Basic)
BEBasicZ-apesp call as opportunityZ with others
neutral supervisory board.

2a | NATIONAL STRATEGY 1 (energy) i Telma Franco (UNICAMP), Luuk
concrete version biojet? van der Wielen (TU Delft, BE-
White Paper. Numbers i we have what Basic)

you need . We solve your problems of
tomorrow. Incl incentives; Tax measures;
Market visions; Funding plans

2b | STRATEGIC COMMUNICATION PLAN Linked to champion and

and POLICY BRIEFS, focus on supporting national strategy 1
opportunities (Green jobs, HDI). tangible i | support Patricia Osseweijer (TU
show what needs to be done i realistic Delft, BE-Basic)

roadmapZpioneers. Use results scenario MoU Agropolo
studies (impacts) 1 public versions, focus
on times i urgencies;

Use Plataforma Brasileira i alignment
other organisations.

3 INTEGRATION PROGRAMS (PILOT / Industry Agropolo partners
DEMO SCALE).
Use funding options
4 Reflect after the report is sent round (and | Telma Franco (FEQ-UNICAMP),
reconvene after one month). Provide input | Luu van der Wielen (TU-Delft, BE-
in two weeks: Zmake final plan of action Z | Basic), plus all participants
develop R&DZAlemodusiness lines
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Annex A; Workshop Program
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