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1. Why sustainable energy?
2. Principles of sustainability
3. How much energy do we need?
4. How to substitute crude oil



A civilisation point of view
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Politics → 5 years
Generation → 50 years
Civilisation→ 500 years or more
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What if?
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How can we fill the gap?

6A. Contin, Varenna, 22/7/2019

E(
PW

h)

t(years)

200

100

-1000 0 1000 2000 3000 4000 5000
source CMDC/WSEC

Total energy consumption

Total usable energy

Non-renewable energy
(fossile+fissile)

Renewable energy

long term

short term

Very short term → tens of years
Short term → hundreds of years
Long term → thousands of years
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Time needed to bring new 
technologies to full maturity
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Ethical considerations
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Two general questions:

1) Should all members of mankind have equal opportunities?

YES: equality must be pursued

NO: developed countries must prevent others the access to resources
However:
§ in the long run, much more costly then answering YES
§ sooner or later we will anyway run out of resources

2) Should next generations have the same opportunities as we have today?

YES: resources must be preserved for future generations 

NO: avoid investing in new technologies
our life span is short ⇒ enough resources to keep our standard of living



My answers
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My personal answers:

1) Should all members of mankind have equal opportunities? YES
2) Should next generations have the same opportunities as we have today? YES

⇒ SUSTAINABLE DEVELOPMENT



From Common to Public Goods
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FROM: Common goods (or common-pool resources)
non-excludable – shared, accessible to all
rivalrous – if consumption by one consumer prevents simultaneous consumption 
by other consumers

Common goods (non-excludable rivalrous resources) become subject to over-use 
and over-consumption, which destroys the resource in the process

TO: Public goods
non-excludable – shared, accessible to all
non-rivalrous – if consumption by one consumer does not prevent simultaneous 
consumption by other consumers



Ethical considerations - sustainability
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Principles:
§ Public Environmental Order
§ Sustainability
§ Carrying Capacity
§ Obligatory Restoration of 

Disturbed Ecosystems
§ Biodiversity
§ Common Natural Heritage
§ Sustainable Urban 

Environment
§ Aestetic Value of Nature
§ Environmental Awareness

Michael Decleris, The law of sustainable development – general principles, Report to the European Commission, 2000

All the members of society, the 
Administration, groups, 
organisations, businesses and 
citizens are called upon to 
collaborate in sustainable 
development, but under the 
strategic control and supervision of 
the state 

Sustainable development is a long-
term choice at constitutional level



Ethical considerations - sustainability
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Principles:
§ Public Environmental Order
§ Sustainability
§ Carrying Capacity
§ Obligatory Restoration of 

Disturbed Ecosystems
§ Biodiversity
§ Common Natural Heritage
§ Sustainable Urban 

Environment
§ Aestetic Value of Nature
§ Environmental Awareness

If there is complete identity 
between the interests of man and 
nature, sustainability is the self-
evident term for the dynamic 
equilibrium between man and 
nature and for the co-evolution of 
both within the Earth mega-system

The deeper meaning of 
sustainability is the harmonisation 
of all public policies and social 
practices and their convergence 
towards ensuring the co-evolution 
of man-made systems and 
ecosystems

Michael Decleris, The law of sustainable development – general principles, Report to the European Commission, 2000



Ethical considerations - sustainability
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Principles:
§ Public Environmental Order
§ Sustainability
§ Carrying Capacity
§ Obligatory Restoration of 

Disturbed Ecosystems
§ Biodiversity
§ Common Natural Heritage
§ Sustainable Urban 

Environment
§ Aestetic Value of Nature
§ Environmental Awareness

All man-made systems are 
constructed and developed at the 
cost of ecosystems, but together 
with the latter they constitute 
greater composite systems within 
the Earth mega-system

Carrying capoacity is the optimum 
size which will maintain the 
equilibrium of the whole (greater) 
system

Michael Decleris, The law of sustainable development – general principles, Report to the European Commission, 2000



Ethical considerations - sustainability
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Principles:
§ Public Environmental Order
§ Sustainability
§ Carrying Capacity
§ Obligatory Restoration of 

Disturbed Ecosystems
§ Biodiversity
§ Common Natural Heritage
§ Sustainable Urban 

Environment
§ Aestetic Value of Nature
§ Environmental Awareness

During the ruthless development 
so far, many ecosystems have been 
destroyed owing to ignorance of 
their value

Thus, today it is futile to strive for 
balance between man-made 
systems and ecosystems unless, in 
parallel, immediate action is taken 
to restore ecosystems destroyed 
illegally and also all those which 
may be deemed essential for the 
full re- establishment of the 
disturbed equilibrium, provided of 
course that such restoration is still 
physically possible.

Michael Decleris, The law of sustainable development – general principles, Report to the European Commission, 2000



Ethical considerations - sustainability
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Principles:
§ Public Environmental Order
§ Sustainability
§ Carrying Capacity
§ Obligatory Restoration of 

Disturbed Ecosystems
§ Biodiversity
§ Common Natural Heritage
§ Sustainable Urban 

Environment
§ Aestetic Value of Nature
§ Environmental Awareness

Inherent value of all wild flora and 
fauna species and protection for all 
the variety of these species and for 
their habitats

The value of species is that they 
are biogenetic reserves and 
constituents of the ecosystems

The stability and vigour of 
ecosystems follow from the 
rationale that the greater an 
ecosystem’s biodiversity, the 
greater is its stability. 

Michael Decleris, The law of sustainable development – general principles, Report to the European Commission, 2000



Ethical considerations - sustainability
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Principles:
§ Public Environmental Order
§ Sustainability
§ Carrying Capacity
§ Obligatory Restoration of 

Disturbed Ecosystems
§ Biodiversity
§ Common Natural Heritage
§ Sustainable Urban 

Environment
§ Aestetic Value of Nature
§ Environmental Awareness

Areas of nature in the wild, with 
exceptionally sensitive ecosystems, 
of great ecological or biological 
value, with a rich biodiversity, 
untouched by human activity, with 
special ecological or aesthetic 
value, i.e. the “common property 
of all“ to be preserved and 
protected

Michael Decleris, The law of sustainable development – general principles, Report to the European Commission, 2000



Ethical considerations - sustainability
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Principles:
§ Public Environmental Order
§ Sustainability
§ Carrying Capacity
§ Obligatory Restoration of 

Disturbed Ecosystems
§ Biodiversity
§ Common Natural Heritage
§ Sustainable Urban 

Environment
§ Aestetic Value of Nature
§ Environmental Awareness

In settlements, the way people live 
must be sustainable, the 
settlements themselves must be 
sustainable, and the ecosystems 
that support them must also be 
sustainable 

Priority must be given to 
improving degraded areas in cities 

Michael Decleris, The law of sustainable development – general principles, Report to the European Commission, 2000



Ethical considerations - sustainability
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Principles:
§ Public Environmental Order
§ Sustainability
§ Carrying Capacity
§ Obligatory Restoration of 

Disturbed Ecosystems
§ Biodiversity
§ Common Natural Heritage
§ Sustainable Urban 

Environment
§ Aestetic Value of Nature
§ Environmental Awareness

The "landscape" is an aesthetic 
system whose element are certain 
geomorphological characteristics 
of the area which are 
interdependent and have unity 

The landscape does not belong to 
anyone, it is a common asset like 
the air and the sea, and anyone 
who spoils it is violating the rights 
of other people

Only the spatial planning, applying 
criteria of public interest, can 
determine where interventions are 
to take place

Michael Decleris, The law of sustainable development – general principles, Report to the European Commission, 2000



Ethical considerations - sustainability
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Principles:
§ Public Environmental Order
§ Sustainability
§ Carrying Capacity
§ Obligatory Restoration of 

Disturbed Ecosystems
§ Biodiversity
§ Common Natural Heritage
§ Sustainable Urban 

Environment
§ Aestetic Value of Nature
§ Environmental Awareness

Citizens should take an active part 
in protecting the environment, in 
collaboration with the state

§ citizens are entitled to receive 
information

§ systematic education and 
training for citizens on 
environmental issues 

§ legitimate interest of citizens in 
setting in motion the 
mechanism of judicial 
protection of the environment 

Michael Decleris, The law of sustainable development – general principles, Report to the European Commission, 2000



How to apply the sustainability 
principles to the energy sector
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Principles:
§ Public Environmental Order
§ Sustainability
§ Carrying Capacity
§ Obligatory Restoration of 

Disturbed Ecosystems
§ Biodiversity

§ Common Natural Heritage
§ Sustainable Urban 

Environment
§ Aestetic Value of Nature
§ Environmental Awareness

coordinated efforts
in equilibrium with nature
within the capabilities of the system

avoiding, e.g., mono-coltures of 
energy crops

reduced pollution in cities (e.g., 
transportation)

participated effort
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How much energy do we need?
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UN Human Development Index corrected for Gini index (IHDI)
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How much energy do we use?
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A simple calculation
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2018: 1.8 toe/person, 7.6 billion persons ⇒ 13.7 Gtoe
2050: 3.5 toe/person, 9 billion persons ⇒ 31.5 Gtoe

In principle, to answer YES to the first question (Should all members of 
mankind have equal opportunities?) we need to more than double the 
energy consumption in 30 years (and make it more equally distributed)



World energy consumption (2017)
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Industry + 
Households
(no EE) 48%

Transportation 
(no EE) 30%

Electric
Energy
22%



154

44

8

25

150

56

37

36

21

25
31

Industry
Agricolture

Energy system
consumption

Civil

(non-EE,
15% coal, 65% NG, 31% petr.)
(non-EE,
72% NG, 10% petr., 19% renw.)
(non-EE,
6% NG, 94% petr.)Transport

Electric Energy

Transformation
losses

non-energetic
storage

15

Italy energy consumption (2017)

28A. Contin, Varenna, 22/7/2019
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37 (31%)  
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Data in Mtoe



Three main sectors
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source location

fixed mobile centralized distributed

Industry/Civil (heat) X X

Transportation X X

Electric Energy X X X

All sectors must be satisfied!



How to satisfy needs
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source location

fixed mobile centralized distributed

Industry/Civil (heat) X X

Transportation X X

Electric Energy X X X

easiest to 
produce with RES

can use EE (e.g., 
heat pumps)

most difficult
even if…



Electric mobility
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§ In 2030, at least 75% of 
the vehicles will still run
on liquid fuel

§ At present, the number
of road vehicles
approaches 1 billion

§ This number is expected
to double by 2050 and 
triple by 2100



Oil substitution
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The major goal of advanced research in waste biomass treatment is to produce 
something sufficiently similar to crude oil to be fed into standard refineries.

Note also that about 8% of oil is used for purposes other than energy. This can 
become the real bottleneck for our civilization.

I will illustrate one possible way in the following slides. 



Thermo-Catalytic Reforming (TCR®) process
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§ Usable for heat and 
power production

§ Usable as a 
wastewater filter 
thanks to the high 
surface/volume ratio

§ High H content (35-
40% vol.)

§ Usable in dual-fuel 
CHPs

§ Source of «green» H2

§ High C content
§ Low O content
§ Low H2O content
§ High Heating Value
§ Directly usable in dual-fuel CHPs 

or blended with bio-diesel

550 °C

700 °C

§ Nearly all 
biogenic material Recent (2014) 

development by 
Fraunhofer-Gesellshaft, 
Germany 



TO-SYN-FUEL H2020 Project
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http://www.tosynfuel.eu TO-SYN-FUEL
Demonstration of Waste Biomass to Synthetic Fuels 
and Green Hydrogen

14.5 M€ Innovation Action, 5 years
Started May, 1st 2017

34

The TO-SYN-FUEL project has received funding from the European Union’s Horizon 2020 research and innovation 
programme under grand agreement No 745749.

300 kg/h TCR being commissioned at
Fraunhofer UMSICHT, Sulzbach-
Rosenberg Branch, Germany



TO-SYN-FUEL Partnership
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n 12 partners from 5 different countries



TO-SYN-FUEL Roles
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n Plant (TCR, PSA, HDO) Engineering and Construction: Engie, Susteen, Fraunhofer, 
VTS, Hygear

n Demonstration Phase: Engie, Susteen, Fraunhofer, VTS, SNB, Hygear

n Product Fuel Demonstration, Engine Tests, CHP Tests: ENI, University of  Birmingham, 
Fraunhofer

n Social Sustainability: Leitat, University of Bologna, Fraunhofer

n Environmental Performance: University of Bologna, Leitat, Fraunhofer

n Exploitation and Business Potential: Engie, Susteen, ENI, Fraunhofer

n Regulatory Issues and Risk Management: University of Bologna, Leitat, VTS, Engie
n Dissemination: ETA Florence, WRG, Fraunhofer, ENI, University of Bologna, University 

of Birmingham, Leitat, VTS 



TO-SYN-FUEL
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Sewage sludge
wet feedstock

90% water

Dewater
to 55% 
water

Dryer
to 10% 
water

TCR

Water

Char

Syngas

Oil

PSA

H2

Tail gas

Gasifier

CHP 
Burner

HDO

H2
Liquid 
fuel
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Energy balance
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TCR

Oil 20%

Syngas 24%

Loss 5%

HDO-oil 22%

H2 3%

Tail gas 14%

Bio-char 29%

Loss 27%

Water 1%

PSA+
HDO

Useful
products

Used to 
produce heat 
and power for 
the plant itself



TCR-oil from sewage sludge
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High quality, 
engine-ready

LHV:
≈34 MJ/kg

C 83.7 wt. %

H 9.0 wt. %

N 2.1 wt. %

S 0.9 wt. %

O (diff.) 3.7 wt. %

H2O 0.6 wt. %

TAN 0.6 mg KOH/g

Ash < 0.005 wt.%

Ø Thermal stable
Ø Low in O, S, N
Ø Low water content
Ø High heating value

Excellent
precursor for
Hydrotreatment



Syngas from sewage sludge
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Engine-ready gas

HHV:
≈14-18 MJ/m³

H2 38 ± 3 v/v%

CO 8 ± 2 v/v%

CO2 30 ± 3 v/v%

CH4 14 ± 2 v/v%

CxHy 3 ± 1 v/v%

High Hydrogen Content Essential for Hydrogen separation
by PSA  



TCR-oil + HDO
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properties of the crude bio-oil are shown in Table 2. The most
outstanding properties of the TCR® bio-oil are its low oxygen
content of 7.0%, the lowwater content of 2.2%, and the low total acid
number (TAN) of 2.1 mgKOH g!1. The lower heating value of the
TCR® bio-oil was found to be 34.0 MJ kg!1. Furthermore, the low
viscosity of 4.43 mm2 s!1 is comparable to common biofuel like
biodiesel (3.5e5 mm2/s according to EN 14214; 1.9e6.0 mm2 s!1

according to ASTM D6751). The TCR® bio-oil was derived from

digestate having high nitrogen and sulphur content. As a result of
the feedstock composition, the bio-oil contains quite high amounts
of nitrogen and sulphur. Therefore, higher hydrogen consumption
during HDO is expected, as NH3 and H2S will be generated.

3.2. Hydrodeoxygenated TCR® bio-oil

The hydrodeoxygenated TCR® bio-oil is shown in Fig. 6. As it can
be seen, the HDO oil is a clear, bright, fully transparent, and low
viscosity liquid. The ultimate analysis of the hydrodeoxygenated
TCR® bio-oil is shown in Table 3. The produced HDO oil is low in
sulphur (101 mg kg!1), nitrogen (below detection limit), and has an
oxygen content lower than 0.8% (calculated by difference).
Compared to the analysis of the crude TCR® bio-oil in Table 2, more
than 98% of nitrogen and sulphur were removed during the
hydrodeoxygenation. The water content after the hydro-
deoxygenation was measured as 0.003% compared to 2.2% in the
crude TCR® bio-oil. The LHV increased from 34.0 MJ kg!1 to 42.3 MJ
kg!1 and is comparable to standard fossil fuels like gasoline and
diesel. The TAN was reduced from 2.1 mgKOH/g below the detec-
tion limit of 0.1 mgKOH/g. The density decreased from 1014.4 kgm3

to 815.7 kg m!3 and the viscosity decreased from 4.43 to 0.97 mm
s!2. Overall, the properties of the HDO TCR® bio-oil are comparable
to a mixture of fossil fuels of gasoline, kerosene and diesel.

Fig. 5. Crude TCR® bio-oil prior to hydrodeoxygenation.

Table 2
Ultimate analysis and properties of the TCR® bio-oil Ultimate analysis.

Unit Value Test method

Ultimate analysis
C % 77.6 DIN 51732
H % 8.0 DIN 51732
N % 4.6 DIN 51732
S % 0.6 DIN 51399-2
O (by difference) % 7.0
Physical properties
H2O % 2.2 DIN 51777-1
LHV MJ kg!1 34.0 DIN 51900-2
Flash point "C 47.0 DIN EN ISO 3679
Density (15 "C) kg m!3 1014.4 DIN EN ISO 12185
Viscosity (40 "C) mm2 s!1 4.43 DIN EN ISO 3104
TAN mgKOH g!1 2.1 DIN EN 14104
Copper corrosion rating Class 1 DIN EN ISO 2160

Fig. 6. TCR® bio-oil after hydrodeoxygenation.

J. Neumann et al. / Biomass and Bioenergy 89 (2016) 91e9794
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Before HDO After HDO

3.3. The hydrodeoxygenation process

The product yields and mass balance for the hydro-
deoxygenation process are shown in Fig. 7. The required hydrogen
for the HDO reaction was calculated to be 6.62 g per 100 g of TCR®

bio-oil. Almost 83% of the TCR® bio-oil was converted to HDO oil.
This is a carbon yield of 92%. The generation of gaseous hydrocar-
bons results from either cracking processes during HDO or could be
related to the molecular structure of the TCR® bio-oil (e.g. ethers).
NH3 and H2S are formed by the hydrogenation of nitrogen and
sulphur. The H2S balance shows a significant gap between the TCR®

bio-oil composition and the detected amount of H2S gas. It is
assumed that a reasonable amount of H2S was solved within the
process water. In addition, it is reported by the service provider that
organic compounds may have dissolved in the water phase
explaining the 13.5% of process water as a product. Additionally,
sulphur depositions were found within the liquid sample
containment, which are not included in the mass balance.

The total hydrodeoxygenation experiment took approximately
133 h to convert 8 L of TCR® bio-oil. The activity of the catalyst
material was tested before and after the experiment with plant oil

and gas oil as reference materials. While the conversion of plant oil
to alkanes worked as expected before and after the experiment, the
desulphurisation effectivity of gas oil dropped from 98.5% to 94%.
Reasons for the deactivation of the catalyst could be coking by
unsaturated bio-oil compounds, inhibition by nitrogen compounds
at catalytically active centres, or catalyst sintering caused by rela-
tively high temperatures.

As shown in Fig. 7, the product yield after HDO of the TCR® bio-
oil was almost 83%. The conversion losses, in terms of liquid hy-
drocarbon product caused by the hydrodeoxygenation process
(mainly process water and process gas), are less for TCR® bio-oil
compared to other pyrolysis liquids from literature due to
different oxygen contents of the educts. Therefore, TCR® bio-oils are
a preferable feedstock for hydrodeoxygenation.

Furthermore, the HDO TCR® bio-oil has an oxygen content less
than 0.8%, which is significantly lower compared to other HDO
pyrolysis oils from literature (see Fig. 8).

Fig. 9 shows the O/C and H/C ratio for TCR® bio-oil and other
pyrolysis oils from literature before and after HDO. For the TCR®

bio-oil, the H/C-ratio increased from 1.24 to 1.81 and the O/C-ratio
decreased from 0.07 to 0.006 byHDO. Furthermore, Fig. 9 illustrates
that the H/C-ratio and O/C-ratio of the crude TCR® bio-oil is com-
parable to other pyrolysis oils after HDO treatment.

4. Conclusions

High quality biofuel from solid biomass was produced by
hydrodeoxygenation of TCR® bio-oil. The TCR® bio-oil from diges-
tate showed an oxygen content of 7.0%, a water content of 2.2%, a
total acid number of 2.1 mgKOH g!1, and a LHV of 34.0 MJ kg!1.
These properties are promising for downstream processing like
hydrodeoxygenation.

The O/C and H/C ratios of the crude TCR® bio-oil are comparable
to those of already hydrodeoxygenated fast pyrolysis oils known
from literature. This high quality of the crude TCR® bio-oil was
further improved by hydrodeoxygenation. The hydrogenated TCR®

bio-oil has a remarkable quality for a pyrolysis derived fuel and is,
in several parameters, comparable to standard fossil transportation
fuels, for example the LHV of 42.3MJ kg!1 is in the range of gasoline

Table 3
Ultimate analysis and properties of the HDO TCR® bio-oil.

Unit Value Test method

Ultimate analysis
C % 86.2 DIN 51732
H % 13.0 DIN 51732
N % <0.1 DIN 51732
S mg kg!1 101 DIN EN ISO 20884
O (by difference) % <0.8
Physical properties
H2O mg kg!1 30 DIN EN ISO 12937
LHV MJ kg!1 42.3 DIN 51900-2
TAN mgKOH g!1 <0.1 DIN EN 14104
Flash point "C <!20 DIN EN ISO 3679
Density (15 "C) kg m!3 815.7 DIN EN ISO 12185
Viscosity (40 "C) mm s2 0.97 DIN EN ISO 3104
Copper corrosion rating Class 1 DIN EN ISO 2160

Fig. 7. Balance of the TCR® bio-oil hydrodeoxygenation.
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TCR-oils are also directly miscible with conventional liquid hydrocarbon fuels. By combining the synergies of the 
TCR process with H2 separation (e.g. through PSA, standard technology) and subsequent HDO, a high abundance of 
transportation grade liquid fuels can be produced using a variety of organic waste feedstocks. 
At pilot scales, TCR also shows a high tolerance to feedstocks, which may also have contaminating plastic content. 
This makes it particularly suited to handling problematic materials that other systems such as downdraft gasifiers 
struggle to accommodate. Downdraft gasifiers work by compressing feedstocks though various temperature zones at 
moderate heating rates which are the right conditions for plastic or polymer type of feedstocks to melt, agglomerate 
and block the reactor, which significantly raises maintenance cost and downtime with severe impacts on performance. 
The auger configuration of the TCR reactor does not allow this to occur (through more controlled temperature zones 
and heating rates) and is thus more tolerant of organic waste feedstocks containing plastics. The capacity to deliver 
good quality energy products from mixed feedstocks gives the TCR technology a robustness that will be attractive 
to the market since changes in feedstock availability and consistency will not influence the reliability of final biofuel 
product delivery.  

The TCR process also produces a high value char product 
(catalytically active in the TCR process) (Table 3), which is free of 
volatile organics. Today, carbon based biochars from the conversion 
of biomass tend to have a minimum of 0.2 in H/C ratio; this is at the 
lower end of the Van Krevelen diagram (see Figure 5). At 0.18, TCR 
biochar, delivers an order of magnitude comparable to anthracite 
coal, it is also stable and no extractable can be detected, hence, it is 
ideal for use as a fuel for gasification purposes to deliver a tar free 
synthesis gas for heating the TCR system or for carbon 
sequestration.  
 

Also note from Figure 5, typical oils produced 
from the fast pyrolysis of biomass have a very 
low H/C ratio and very high O/C ratio 
approximately (1:0.6) compared to fossil crude 
oil typically (2:0.02). This is the major 
contributing factor to their immiscibility. TCR 
oil reaches (1.6:0.15) directly from the 
feedstock, which is why this oil demonstrates 
unique blending properties with hydrocarbons 
and immiscibility with water. 

 
TCR-HDO “synthetic” fuels 
TCR-oil can be successfully hydro-deoxygenated, at elevated pressure using hydrogen and a Nickle based catalyst, 
thus completely removing the oxygen from the TCR liquids to form hydrocarbons, which can be distilled to give 
diesel and gasoline equivalents as synthetic fuels for transport (see Figure 6). This completely removes the need for 
blending with fossil fuels as the liquids obtained can be used directly in engines as a transport grade fuel.  This has 
been validated with samples of TCR-oil from the pilot plant at Fraunhofer by partner VTS which have been converted 
through HDO.  

 

 

 

 

 

 

 

 

Table 3. Chemical properties of char 
produced from the TCR process 

Ultimate Analysis Units 
TCR Char 

 

C Wt% 47.3 

H Wt% 0.79 

N Wt% 1.03 

S Wt% 0.33 

O* Wt% 5.7 

Ash Wt% 44.9 

Higher Heating Value MJ/Kg 15.6 

Table 4. The physical and chemical properties of TCR-HDO 
oil, compared to Fossil Diesel. 

Physical Properties Units TCR-HDO 
oil 

Fossil Diesel 

Higher Heating Value MJ/Kg 46 44.7 
Lower Heating Value MJ/Kg 43 41.9 

Acid Number Mg KOH/g 0.02 0.02 
Viscosity cSt 1.4 3.0 

Water Wt% <0.1 <0.1 
Ash Wt% <0.01 <0.01 

Ultimate Analysis 
 

  
C Wt% 86 84.7 
H Wt% 13.6 13.2 
N Wt% 0.5 <0.1 
S Wt% <0.1 <0.1 

O* Wt% 0.7 1.4 

Figure 5. Van Krevelen diagram showing TCR biochar and 
TCR-oils  

 

Figure 6. 
TCR-HDO oil  

 

 

Hydrodeoxygenation:
R2O + 2 H2 → H2O + 2 RH

Catalysts: sulfided nickel-molybdenum or cobalt-molybdenum

Part of standard hydrotreating in oil refineries (HDS, HDN, HDO)

Drop-in fuel: directly usable in cars



Drop-in fuel
HDO-oil tested on AUDI XL1

42A. Contin, Varenna, 22/7/2019

AUDI XL1

HDO-oil tested on AUDI XL1



Delocalisation
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Production of sewage sludge: approx. 30 kg/inhabitant/y (dry matter)
3 t/h TCR           21000 t/y            700,000 inhabitants

Delocalization is an advantage

Milano-Nosedo Wastewater Treatment 
Plant (1,200,000 inhabitants)



Higher added value products

44A. Contin, Varenna, 22/7/2019

To increase the economic value of the system, an R&D program is starting in 
the new Fraunhofer Project Center for Waste Valorization and Future Energy 
Supply at University of Bologna (FPC_WE@UNIBO) in Ravenna. The goal is to 

find better alternatives to Heat & Power production

Material for 
wastewater

filtering

Green 
hydrogen,
methanol

Chemical building 
blocks (phenols

and other
aromatics)



TCR®-2 in Ravenna
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Feed-in

Reactor

Reformer

Condenser



Energy storage («biobattery»)
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Biobattery application
Flexible energy supply

e.g. Co-combustion,

filter, soil conditioner

e.g. Co-fermentation

1.8 Part power
(for the Process)

8.2 Parts Biomass
2.4 Part losses

0.3 watery Phase

3.6 Parts Biochar

3.7 Parts Gas/Oil
1.8 Parts

Power

1.9 Parts

heath



Jet fuel

47A. Contin, Varenna, 22/7/2019

Jet Fuel accounts for 12% of 
consumption in USA

propriétés à froid est synonyme de perte en rendement (carburant produit par kg par rapport à la
masse de matière première) à cause de la production de produits légers qui ne sont pas utilisables
dans la coupe jet. Ce travail propose donc de relâcher la contrainte sur le point de disparition des
cristaux, exigée pour les carburants de type HEFA, en jouant sur la sévérité de l’étape
d’hydrotraitement et donc en minimisant la production de produits légers afin de maximiser les
rendements. Cette stratégie pourrait amener à avoir un meilleur rendement en biojet par
rapport à l’huile de départ comparée à une stratégie dans laquelle on recherche un meilleur
point de disparition des cristaux. Ainsi, il serait envisageable de réduire les surfaces agricoles
utilisées pour la culture des plantes pour un même volume de biojet produit.

DEFINITIONS / ABBREVIATIONS

ASTM American Society for Testing and Materi-
als International

CAA Civil Aviation Authorities

DCO Decarboxylation

EU-ETS European Union Greenhouse Gas Emis-
sion Trading Scheme

FT Fischer-Tropsch

HDO Hydrodeoxygenation

HEFA Hydroprocessed Esters and Fatty Acids

HIS Hydroisomerization

HRJ Hydroprocessed Renewable Jet

HVO Hydrotreated Vegetable Oil

nP Normal (Linear) Paraffins

iP Iso Paraffins

SPK Synthetic Paraffinic Kerosene

SWAFEA Sustainable Way for Alternative Fuel and
Energy in Aviation

INTRODUCTION

World wide air traffic has been steadily increasing for
many years and is predicted to grow at a rate of close
to 4-5% per year, with even higher growth rates in the
Middle East and Asia [1, 2].

Moreover, the increased focus on climate change over
the last decade has created pressure to reduce greenhouse
gases emissions. It has been estimated that the aeronau-
tics sector represents 2 to 3% of the global CO2 emis-
sions [3]. Such a contribution may seem to be minor
but the air traffic is expected to strongly increase in the
next years while other industries move to lower carbon
options. This is one reason it has been decided to include
the aeronautics sector in the EU-ETS (European Union
Greenhouse Gas Emission Trading Scheme) from 2012.

International Air Transport Association (IATA) has
adopted a voluntary ambitious fuel efficiency goal:

reducing CO2 emissions by 50% by 2050, compared to
the 2005 level, as illustrated in Figure 1. Consequently,
the search for new alternative fuels for aircraft seems
to be a promising and necessary solution from an energy
security and environmental perspective. If aviation
wants to reduce its greenhouse gas emissions, it has to
turn to biofuels, which are the only fuels having the
potential to achieve significant greenhouse emissions
savings. Some of the steps towards a reduced CO2 goal
can be achieved with the efficiency increases anticipated
through aircraft improvement, operational measures or
infrastructure changes. But these measures are not
enough and additional reductions are required. It is
why biofuel appears to be the main candidate to achieve
these reductions. Significant emissions reduction can be
achieved with biofuel, provided that low emissions are
achieved in the cultivation step of the biomass and if
there is a rigorous control of land use change. Without
these controls, some biofuels can have very poor CO2

footprints.
The effort to develop alternative aviation fuels has

already begun, focused on Fischer-Tropsch (FT) fuels.

2005 20502020

No action

CNG 2020

2030 2040

-50% by
2050 

CO
2 
em

iss
io

ns

2010

Known technology, operations and
infrastructure measures 
Biofuels and additional technology
Carbon-neutral growth 2020
Gross emissions trajectory
Economic measures

(schematic)

Tech
Ops
Infra

“Frozen technology” emissions

Biofuels +
add. Tech 

Figure 1

CO2 emissions reduction targeted by IATA (Source
IATA).
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source: IATA

Market increases by 6%/year



Presently certified routes
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SABR
§ Scalable and low capital intensity plant
§ Integration to existing biodiesel plants to upgrade to certified jet fuel
§ Flexible production (either biodiesel or jet fuel)
§ Flexible feedstock

§ Fischer-Tropsch synthesized hydro-processed paraffinic kerosene 
§ Iso-paraffins from hydro-processed fermented sugars (FTJ)
§ Synthesized jet fuel from alcohols (ATJ)
§ Paraffinic kerosene from hydro-processed esters & fatty acids (HEFA)
§ SABR, developed and patented by Green Fuels (patent no. US8715374 B2: 

Methodology of post-transesterification processing of biodiesel resulting in high 
purity FAME fractions and new Fuels”)  

biorefineries exist globally, with production capacity of > 100kt/y each and initial investment of 150-550 M€, of 
which only 1 producing renewable jet fuel at commercial scale in USA. 
The SABR-TCR project is more attractive because it integrates the SABR process to produced HEFA fuels with the 
TCR process that is able to provide the hydrogen (from PSA) for the hydrotreating component as well as additional 
aviation fuel. It uses waste vegetable oil and organic waste biomass as feedstock and it is not competitive with other 
oil crops. Using organic solid wastes as a feedstock also benefits from reduced production costs for the jet fuel as the 
feedstock received by the plant is chargeable receiving a gate fee of up to 85 Euro/tonne. Also, SABR is a flexible, 
scalable and low capital intensity alternative to the HEFA process that could be integrated with the downstream of 
existing biodiesel facilities and municipal waste treatment plants.  
The SABR technology is designed to operate at a smaller scale, greatly reducing capital cost (85% less capital 
intensive) and so making it easier to meet a fossil-comparative price point, even with respect to the less capital 
intensive HEFA process. The capital expenditure of 7 kton/y SABR plant will have a capital cost of around 1.5 
M€=0.075 €/litre/year, which is 85% less capital intensive than HEFA (550M€ = 0.62€/litre/year). Renewable jet 
fuel produced from UCO using SABR process is estimated to have a Minimum Selling Price of 0.6 – 0.7 €/litre, 
which is 25% - 30% less than the most competitive alternative using HEFA process from UCO. 
SABR approach and its benefits 
SABR technology was developed and patented by Green Fuels patent number (US8715374 B2), a global leading and 
longest established manufacturer of biodiesel production equipment, with over 30 major bio-refineries already 
commissioned around the world, along with thousands of decentralised biodiesel processors producing over 100,000 
litres of biodiesel every day. The process is presented in Figure 3. 

 
 Figure 3. SABR process layout 

SABR is a new process to obtain renewable aviation fuel from waste cooking oil, animal fat residues or other waste 
bio-oils, which is ideal to meet the market request of the aviation industry (end users) and biodiesel manufacturers 
(clients) for the following key purchasing factors:  

x Scalable and low capital intensity plant: the SABR process is highly scalable, less complex and capital-
intensive to operate than existing large centralised HEFA biorefineries, and is designed to produce fuel with 
a price point competitive to fossil jet fuel. The capital cost of the SABR plant will be around 0.075 
€/litre/year, which is 85% less capital intensive than a new HEFA biorefinery.  

x Integration to existing biodiesel plants: the key innovation of the SABR technology is that it can be retrofitted 
to existing biodiesel production facilities, obtaining a fuel with the necessary properties to be certified as 
renewable jet fuel within the ASTM D7566 standard. 
In this way, our existing customers’ base (biodiesel manufacturers) can add value to their biodiesel facilities 
and recover competitiveness in a sector characterised by a strong overcapacity and reduced operating 
margins. In fact, in Europe nearly 250 biodiesel plants are operational with a total installed capacity of around 
24 Mtons, while the production reaches only 12 Mtons [Eubia], with a 50% unexploited overcapacity. The 
same is happening in US with 3.5 Mtons production over 7 Mtons production capacity. Besides, the use of 
existing biodiesel facilities allows a simplified permitting process. 

x Flexible production: Centralised HEFA biorefineries’ main drawback is that they are structured to 
simultaneously produce biodiesel and renewable jet fuel at fixed quantities, thus exposing manufacturers to 
the risk of overproduction. The SABR process allows customers to flexibly produce either biodiesel or 
renewable jet fuel following the market demand and price fluctuations.  

x Flexible feedstock: SABR’s renewable jet fuel can be produced from biodiesel coming from any source, 
without this affecting the final fuel composition. By interfacing with the existing biodiesel industry, the 
SABR process capitalises on existing ecosystems for collection and management of waste feedstock, 
including used cooking oils and vegetable oils (rapeseed, sunflower and more), and once the economic 
viability is proven, from other sources including algal species and novel non-food feedstocks. Hence the 
process does not rely on a specific feedstock supply, but on the use of existing supply chains, with no need 
to re-invent the feedstock ecosystem. 



FlexJET H2020 Project
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http://www.flexjetproject.eu flexJET
Sustainable Jet Fuel from Flexible Waste Biomass

10 M€ Innovation Action
Started April 1st 2018, 4 years

The FlexJET project has received funding from the European Union’s Horizon 2020 research and innovation programme 
under grand agreement No 792216.



FlexJET goals
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Goals:
§ First step:

non-food competing waste 
vegetable oils (cooking 
oils) will be transformed 
into aviation biofuel in line 
with existing standards 
(HEFA route – ASTM 
D7566, Appendix 2), using 
hydrogen from residual 
biomass conversion by 
TCR®

§ Second step:
co-refining of organic 
waste fats with TCR®

biocrude oil from food and 
market waste: the 
resulting novel aviation 
biofuel will be targeted for 
the ASTM approvals 
process

Project prototype: 4,000 t/y input material, 1,200 t/y jet fuel production



Residual biomasses
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Forest 
manage
ment; 
13.3

Public 
green; 

2.5

Wood 
industry; 

0.8

Animal side-
streams; 0.7

Herbaceous 
crops side-
streams; 3.9

Energy crops 
side-stream; 

0.7

Permanent 
crops side-
stream ; 0.1

Wine ; 1.7

Oil; 0.0
Beer ; 0.1 Milk; 1.3

Bakery and 
farinaceous 

products; 0.2

Sewage 
sludge; 

1.1

Collected 
as 

Municipal 
Solid 

Wastes; 
2.6

Beach 
debris; 

0.4

Seed 
processi
ng; 0.3

Biomass 
from 
traffic 
areas; 

1.3

LEVEL 3 Food and 
agro-industrial 
residues; 9.5

Organic waste; 
3.7 Aquatic 

residual 
biomasses

0.1

New/Other 
residues ; 2

Agricultural 
residues; 68.6

Forestry and 
wood 

industries 
residues ; 16.6

LEVEL 4 

Herbaceo
us crops; 

28.4

Permanen
t crops; 

3.8
Horticult
ure crops; 

0.1

Energy 
crops; 1.4

Livestock 
manure; 

34.9

N. Greggio et al., Theoretical and unused potential for residual biomasses in the Emilia Romagna Region (Italy) through a 
revised and portable framework for their categorization, Renewable and Sustainable Energy Reviews 112 (2019) 590-606

Emilia-Romagna Region (Italy):
§ 106 different types of residual 

biomasses
§ theoretical potential of 

3.5±0.3 Mton/year of total 
solids for thermochemical 
valorisation

§ theoretical potential of 
3.4±0.6 Mton/year of total 
solids suitable for biological 
treatment

(16% of regional total primary 
consumption)



Residual biomasses
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At present, I have one graduate student in ESRIN (ESA Centre for Earth 
Observation), Frascati, to develop analysis tools for crop identification.

Crop identification ⇒ residual biomass estimation

Merge:
§ RADAR (Sentinel 1)
§ Optical (Sentinel 2)
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