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Kurzfassung
Viele Direktiven werden von der EU erlassen um den Ausstoß von Treibhausgasen
durch fossile Energien zu reduzieren. Teilweise werden fossile Treibstoffe durch
erneuerbar produzierte Treibstoffe ersetzt. Dies wird ab 2020 durch die erneuerbare
Energien Richtlinie (renewable energy directive, RED) geregelt. Hier wird
vorgeschrieben, dass ein energetischer Anteil von 10 e% aus nachwachsenden
Rohstoffen zur Verfügung gestellt werden muss. Dabei gibt es unterschiedliche
Kategorien aus welchen die Rohstoffe stammen dürfen.
Ein neu kreiertes Ziel ist jenes für die Beimengung von fortschrittlichen
Biokraftstoffen im Ausmaß von 0,5 e% bezogen auf den Energiegehalt.
Fortschrittliche Biokraftstoffe dürfen nur aus einer eingeschränkten Liste von
Rohstoffen, welche in der Direktive festgelegt ist, hergestellt werden. Derzeit gibt es
nur wenige kommerzielle Verfahren für die Produktion dieser Komponenten. Viele
Prozesse werden erst in kleinen Maßstäben getestet und daher sind Komponenten
dieser Art auch teuer, nur schwer und nicht in ausreichender Menge zu erwerben.
Durch die eingeschränkte Liste ist auch alternatives Material für Prozesse, welche
derzeit

für

die

Produktion

von

Biokomponenten

eingesetzt

werden,

sehr

eingeschränkt. Durch diese Situation und die Vorgabe, dass bis 2030 3.6 e% an
fortschrittlichen Biokraftstoffen beigemengt werden müssen, ergibt sich ein großes
Potential in die Prozessentwicklung und die Produktion derselben zu investieren.
Glyzerin ist ein gemäß Direktive gelistetes Ausgangsmaterial und fällt als ein
Nebenprodukt der Biodieselherstellung an. Da direkt neben der Raffinerie Schwechat
auch Biodiesel produziert wird, könnte sich die OMV durch dessen Nutzung einen
Wettbewerbsvorteil verschaffen.
Ziel dieser Arbeit war es, einen Prozess soweit zu optimieren, dass sowohl der
Umsatz von Glyzerin als auch Selektivität zum Produkt Propanol hoch ausfallen.
Zuerst wurden die Prozessparameter mit gereinigtem Glyzerin optimiert um
Streuungen zu vermeiden und anschließend mit Rohglycerin getestet. Die Produkte
könnten in Zukunft als Zusatz zu Benzin beigemengt werden und dadurch Ethanol
ersetzen.
Ebenfalls

wurde

evaluiert,

welche

Einsparungen

durch

eine

eigene

Produktionsanlage erreicht werden können und wie eine größere Anlage geplant
werden könnte.

Abstract
Many EU directives regulate the emission of greenhouse gases from fossil fuels.
Some of the fossil components have been replaced by bio-components which emit
less greenhouse gases. The blending of bio-components will be regulated in the
renewable energy directive (RED) from 2020 onwards. It is planned that an energetic
value of 10 e% produced from renewable materials has to be blended into fossil
fuels. There are different categories for renewable materials, which may be used for
the production of biofuels.
A target which has been created within this directive is the target for the blending of
advanced biofuels. Advanced biofuels can only be produced from feedstock which
are listed in the directive and have to account to 0.5 e% of the total volume. Currently
there are not many commercial scale processes, which can produce advanced
blending components. Many processes are only performed in small scale and
therefor the components are expensive to purchase and may not be available at all
on the market in the required scale. As the preconditions are not the best and the
target will increase to 3.6 e% till the year 2030 there is a great incentive to invest in
the development of the process and the production of advanced components.
Glycerol has been identified as the best potential advanced feedstock. Glycerol is
produced as a by-product in the production of biodiesel. Moreover, near the OMV
refinery in Schwechat there is an already existing biodiesel production unit located,
and the utilization of the byproduct glycerol would give further advantage to save
transportation costs.
The aim of the thesis was to optimize a process for the production of propanols from
glycerol and to lead the conversion of glycerol and the selectivity towards propanols
to the highest level possible. At first the process parameters have been tested with
refined glycerol to avoid undefined scattering and to create a benchmark. Afterwards
the identified parameters have also been tested with crude glycerol sourced from the
supplier next to the refinery. The products could be used as a blending component
for gasoline and could substitute Ethanol.
Also the potential savings, which could be achieved from a production unit, have
been calculated and also an approach for an upscaled unit has been roughly
designed.
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Abbreviations
AF

Animal fats

AOCS

American Oil Chemists’ Society

CAPEX

Capital Expenses

EN

European Standard

ETBE

Ethyl-tert-butylether

EU

European Union

FAME

Fatty Acid Methyl Ester

GC

Gas Chromatography

HEFA

Hydrotreated esters and fatty acids

ILUC

Indirect Land Use Change

MONG

Matter Organic Non-Glycerol

MS

Mass Spectrometry

MTBE

Methyl-tert-butylether

OPEX

Operating Expenses

RED

Renewable Energy Directive

Ru

Ruthenium

UCO

Used cooking oil

UCOME

Used cooking oil methyl ester

ZrP

zirconium phosphate
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A. Introduction
A.1 Renewable Energy Directive
For many years the demand for energy and especially petroleum products has been
continuously rising due to industrialization and modernization 1. The European Union
therefore established a directive in 2009 to promote energy from renewable, nonfossil sources. The Renewable Energy Directive (2009/28/EC) defines the overall EU
target of 20 % of renewable energy and a specific sub-target for the transport sector
of 10 energy%. The transport sector includes road, rail inland waterway transport and
aviation. As the obligation is on the Member States, country specific targets have
been derived. Due to uncertainty regarding the indirect land use change effect and
the food vs. fuels debate, the directive was amended in 2015 (directive
2015/1513/EU)2. As this directive is only valid in 2020, another directive which counts
from 2021 to 2030 has already been released as a draft and will also target the
blending of fuels from non-fossil origin.
A.1.1 RED Framework until 2020 (Directives 2009/28/EC and 2015/1513/EU)
The overall target of 10 e% can be separated into one cap and an indicative subtarget. A maximum of 7 e% is allowed to be sourced from materials which are in
direct competition towards food and feed, which is grown on the same agricultural
land also known as conventional biofuels. Indirect land use change is also
considered mainly with conventional biofuels. This means that if an agricultural land
was formerly used for food production and is now rededicated to produce biofuels, it
is not allowed to convert other land with high carbon stock for food production. All
those matter lead to a cap of cereal and other starch-rich crops, sugars and oil
crops2. Conventional biofuels are currently the most common feedstocks for biocomponent production (ethanol, biodiesel and hydrotreated esters and fatty acids). In
Austria a main feedstock for biodiesel production is rapeseed oil which qualifies as
conventional feedstock and is therefore limited in the year 2020.
An indicative sub-target of 0.5 e% to foster the introduction of advanced biofuels was
introduced by the 2015 amending directive. The advantage of advanced biofuels is
that there is no direct competition with food and with agricultural land for food
production and therefor also reduce ILUC. Waste and also non-food oils like e.g.
algae oil do have a high potential to save greenhouse gas. If advanced biofuels are
blended towards fossil fuels it will help to reduce the overall emission of greenhouse
6

gases. Advanced biofuels have to be produced from certain feedstocks listed in the
Annex IX of the directive 2015 (selection)2:
 Algae if cultivated on land in ponds or photobioreactors
 Biomass fraction of mixed municipal waste
 Straw
 Animal manure and sewage sludge
 Palm oil mill effluent and empty palm fruit branches
 Tall oil pitch
 Crude glycerine
 Bagasse
 Grape marcs and wine lees
 Nut shells
 Husks
 Cobs cleaned of kernels of corn
This target may be set lower or higher by each member state individually. The target
may also be set higher than 0.5 e% from the member state and can be transposed to
national legislation.
The remaining percentage to fulfill the directive can be sourced from used cooking oil
(UCO) or animal fats (AF) as there is no limit set for those materials. Advanced
biofuels and waste based biomass like UCO or AF count double towards the
energetic 10 e% target. If 0.5 e% of advanced biofuels are physically blended into the
transportation fuels (Gasoline and Diesel), it counts as 1%e towards the directive2.
This also implies that physically less than 10 e% can be blended into transportation
fuels if the double counting materials are part of the blending components. In Figure
1 it can be seen that physically only 8.5 e% of the energetic content are blended. As
advanced biofuels and waste based fuels can be counted double towards the
directive it is not necessary to blend a higher physical content. The double counting
fact also supports the development of advanced biofuels which require lower
amounts of blending material compared to conventional biofuels.

7

Figure 1 - RED target split for 2020

A.1.2 RED Framework post 2020 (RED II)
In November 2016 the EU Commission published the Renewable Energy Directive 2
proposal, which extends the current RED directives to the years from 2021 to 20303.
Currently, the ordinary legislative procedure involving the Council and EU Parliament
is ongoing. An enforcement of the proposal is not expected before the second half of
2018 at EU level followed by transposition in national legislation.
As in the current directive the obligation is on member state target this will change in
the new directive. From the implementation of the directive onwards the fuel suppliers
will be responsible for the fulfillment of the directive. There will be no overall 10%e
target for transportation fuels. Just caps and minimum targets will be set for each
category.
In the draft, blending of conventional biofuels is not an obligatory target any more.
The blending of conventional biofuels is accounted to the Member State ambition and
is capped from the directive to a maximum of 7 e%. But there is also the possibility
that Member States may cut this cap and target immediately.
As Austria invests a lot in agricultural production it is assumed that the cap for
conventional biofuels will stay at the maximum possible over the upcoming years.
The cap for blending conventional biofuels has been set at a maximum of 7 e% in
2021 and will be reduced to a maximum of 3.8 e% in 20304.
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The only target set in the draft is the one for advanced fuels which will increase over
the following years. Advanced fuels are compound of the target for advanced
biofuels, waste based biofuels, renewable liquid and gaseous transport fuels of nonbiological origin and renewable electricity. The target of blending advanced fuels is to
promote the decarbonisation in the transport sector in the European Union. It should
reduce the imports of energy and should support innovation, growth and jobs3. There
is an overall target of 1.5 e% in 2021 which will be extended to 6.8 e% in 2030.
What can be seen in Figure 2 is that the cap for conventional biofuels will significantly
decrease between 2021 and 2030 compared to the target for advanced fuels which
in total will increase by 5.3 e% in the same period.
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Figure 2 - Development of food based biofuels and advanced fuels target

Additional to the overall target for advanced fuels there are also individual targets for
some of the categories, which have to be fulfilled. The share of advanced biofuels will
increase heavily over the coming years and so there is even more incentive to
develop processes to produce blending components sourced from advanced biofuel
feedstocks. The share of advanced biofuels will start with mandatory 0.5 e% target in
2021 and will rise to 3.6 e%.
A major change to the extended directive is that UCO, AF and also melasses are
limited to a maximum of 1.7 e%. There is also no double counting of waste-based
materials and advanced biofuels in the RED2 compared to the RED1 where this was
allowed3.
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Figure 3 - Development of advanced fuels per category

From 2021 to 2025 the advanced fuels target can be fulfilled by blending the
minimum share of advanced biofuels and the remaining energetic value with waste
based fuels. But it is obvious that the blending of the minimum target of advanced
biofuels and the maximum target of waste based biofuels will not fulfill the demand
for advanced fuels after 2025 (shown in Figure 3 as the grey area). This leads to the
fact that the remaining energy content of advanced fuels has to be fulfilled with
blending of renewable transport fuels of non-biological origin or renewable electricity.
Another idea would be to blend a higher energetic volume of advanced biofuels if
available and cheaper than other materials.

A.2 Advanced biofuels demand & production
The target for 0.5 e% of advanced biofuels is not mandatory in 2020 but will be
mandatory from 2021 onwards. Even if not mandatory in 2020 OMV expects that
Austria & EU member states surrounding Austria, which are supplied from the
Schwechat refinery (Germany, Slovakia, Czech Republic, Hungary and Slovenia), will
implement the 0.5 %e target for advanced biofuels already in 2020.
A.2.1 Production of advanced biofuels
Not many commercial available technologies exist for the production of advanced
biofuels. One technology already in place is an enzymatic reaction to produce bioethanol. Straw is considered as the main feedstock for this technology and is also
listed in the Annex IX of the directive and classified as a feedstock for advanced
biofuel. Some pilot plants are spread around Europe, where little amounts of bio10

ethanol from straw are produced. Two commercial production units are located in a
very wide area around the Schwechat refinery (~ 1000 km). There is one production
unit located in Cresentino (Italy) and one to be built in Strazske (Slovak republic)5.
The planned start up for the unit in Slovakia is scheduled for 2017 already even if
there are no mandatory targets yet. The combined capacity for both units is 95 kt/a of
advanced ethanol. Both of the production units use the same process which was
established by Biochemtex and is called Prosea.
Another way of producing advanced biofuels is the gasification of waste or biomass
to produce syngas and afterwards synthesize Fischer-Tropsch waxes via Fischer
Tropsch synthesis. Afterwards there is still a hydrocracking process necessary to
create products that fit into the gasoline and diesel blending pool. For this kind of
production there are no commercial scale units in place, which use advanced biofuels
feedstock. Two units are located in Europe which use biomass as a feedstock but it is
not a necessity that these units are able to use advanced feedstock.
The list of oily feedstocks for the production of hydrotreated esters and fatty acids
(HEFA) as a blending component is not very long. For the production of HEFA there
are some production units placed around Europe. The company Neste is the major
producer for HEFA and their units are located in Rotterdam (Netherlands, capacity:
1.000 kt/a) and Porvoo (Finland, capacity: 380 kt/a)6. Also ENI is considered to
become an important producer of HEFA. ENI converted a refinery located in Porto
Marghera (Italy) into a bio-refinery which is now able to produce HEFA. ENI plans to
convert another refinery in Italy which should also provide HEFA into the market7.
Another oil company Total will convert a refinery in France into a bio-refinery8. So
there is potential of HEFA production from advanced feedstocks. The limitation for
those units in the future is the availability of feedstock. As advanced biofuels are
limited to the in Annex IX named feedstocks there is only limited potential for those
production units as they need a liquid input material. Materials which are already
used are tall oil pitch and also palm oil mill effluent. Algae oil would be the most
promising input material for the future but the amount produced does currently not
satisfy the demand for advanced biofuels although a lot of research is ongoing.
A.2.2 OMV demand for advanced biofuels in 2020 (RED 1)
Many assumptions have been made to calculate the demand for advanced biofuels
for the Schwechat refinery. It is assumed that the total production of transportation
fuels of the Schwechat refinery has to fulfill the directive and no products are
11

exported into non-EU member states. This results in a production of 1.729 kt/a
gasoline and 3.635 kt/a diesel for the year 2020. The assumption was to keep the
total volume constant, which means that fossil product is directly substituted by biocomponents. The energy content of the total production, the energy content of the
fossil and bio share and the energy content for advanced biofuels can be found in
Table 1. These are very important numbers as all the targets within the RED are
considered on an energetic basis. The required energetic content of advanced
biofuels is assumed to be fulfilled in the gasoline pool as there is only a limited
number of advanced feed for HEFA production.
Table 1 - Energy content of transportation fuels produced in the Schwechat refinery in 2020

Product
Gasoline
thereof fossil
thereof bio
Diesel
thereof fossil
thereof bio
Total

Total volume Energy content Advanced
[kt]
[bnMJ]
Energy content
[bnMJ]
1.729
72,0
69,6
2,4
1,2
3.635
153,6
136,6
17,0
225,6

The calculation shows that ~ 19.4 bn MJ have to be fulfilled with bio-share. From the
physical energetic content this does not result in 10 e%. This originates from the
double counting rule in 2020. Waste based materials and advanced biofuels
combined fulfill a share of 3.4 bn MJ of the energy content. This amount is double
counted towards the directive. The remaining 16.0 bn MJ have been considered as
conventional biofuels, which have been produced from crops and seeds. These
materials are only single counting towards the directive. Double counting is reflected
in Equation 1 and shows the total bio-content of 10.1 e%.
Equation 1 - Calculation of overall bio share including double counting

𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑖𝑛𝑐𝑙. 𝑑𝑜𝑢𝑏𝑙𝑒 𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔) = 16,0 + 3,4 ∗ 2 = 22,8 𝑏𝑛 𝑀𝐽
𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜 𝑠ℎ𝑎𝑟𝑒 =

22,8 𝑏𝑛 𝑀𝐽
= 10,1 𝑒%
225,6 𝑏𝑛 𝑀𝐽
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From Table 1 & Equation 2 it can be obtained that 1.2 bn MJ of the total production
have to be substituted with advanced biofuels which results in the mandatory 0.5 e%
of the total energy content.
Equation 2 - Calculation advanced biofuels share

𝑡𝑜𝑡𝑎𝑙 𝑎𝑑𝑣𝑎𝑛𝑐𝑒𝑑 𝑠ℎ𝑎𝑟𝑒 =

1,2
= 0,5%
225,6

The volume of the component depends on the type of component blended. It is
varying with the energy content considered for a certain product and also dependent
on the density of the bio-component.
Table 2 - Biocompnent demand

Advanced component
Ethanol

Quantity
[kt]
42

Propanol

37

As it can be seen in Table 2 the demand for advanced ethanol is at 42 kt/a and due
to the higher energy density the required amount for propanol is lower at 37 kt/a. By
blending these bio-components the 0.5 e% target for advanced biofuels defined in
the RED 1 for 2020 would be fulfilled for the OMV production of the Schwechat
refinery.
A.2.3 OMV demand for advanced biofuels from 2021 to 2030 (RED 2)
As the energetic target for advanced biofuels is continuously rising from 2021 to 2030
the physically blended quality is also increasing.
To calculate the necessary quantity of advanced biofuels it has been assumed that
the total gasoline and diesel output from the OMV Schwechat refinery is constant
over the period. The most common technology to produce advanced biofuels is to
produce ethanol from straw, which will be used as a reference component. The total
demand for advanced biofuels will be blended into the gasoline pool as components
for the blending into diesel like advanced HEFA are only rarely available. This is the
reason, why it is important to screen the gasoline specifications in detail.
An important fact is that certain bio-components like ethanol are limited via the EN
228 which is the specifications for gasoline. Within the EN 228 there are two different
specifications. One is for E5 gasoline, which defines a maximum blending volume for
13

ethanol of 5 v%. The second specification is the one for E10, where a maximum
ethanol content of 10 v% is allowed. What is also limited with both specifications is
the oxygen content, which is in case of E5 at 2.7 v% and for E10 it is set at 3.7 v%.
The oxygen limit will be the relevant limit for the blending of propanols. As ethanol
has 2 carbon atoms, 6 hydrogen atoms and 1 oxygen atom the share of oxygen
contained in ethanol is much higher compared to propanol (3 carbon atoms, 7
hydrogen atoms, 1 oxygen atom).
Currently OMV in Austria only sells E5 gasoline but there would also be potential to
sell E10. There is also the possibility that E10 might be introduced in Austria as well
and if this would be done by law E10 has to be sold at each filling station. This leaves
kind of uncertainty over the potential blending volume of advanced bio-components
and therefore also regarding the fulfillment of the directive in the gasoline pool. In the
neighboring countries also E5 is sold. Only in Germany E10 has to be provided
additionally to E5 at the filling station but is not highly accepted by customers. This is
way both cases are highlighted below.
A.2.3.1 Compliance for advanced biofuels with E5 specification

If ethanol is chosen as the only bending component it is possible to fulfill the
advanced biofuels target till the year 2023 (see Table 3). From 2024 onwards the
target can’t be reached and additional advanced components have to be blended into
the diesel pool or a penalty has to be paid. The maximum quantity that can be
blended into the gasoline pool are 91 kt/a of ethanol.
For propanol the share is different as the oxygen limit defines the maximum blending
for it. This leads to the effect that more propanol can be blended as the oxygen limit
has a broader boundary. The compliance for advanced biofuels in case of propanol
blending is therefore extended to 2027. This would lead to 4 additional years of
compliance were no other advanced bio-components are necessary. The maximum
possible blending volume would be 186 kt/a propanol to stay within the specification
defined by the EN 228 for E5.
The blending quantities and the fulfillment of the directive per component can be
seen in Table 3 and Figure 4.
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Table 3 - Blending of advanced components per year (E5 specification)

Ethanol
Year

Adv.
Biofuels
target [e%]

2021
2022
2023
2024
2025
2026
2027
2028
2029
2030

0,5
0,7
0,9
1,1
1,3
1,8
2,2
2,7
3,1
3,6

1

Quantity [kt/a]

42
60
78
91
91
91
91
91
91
91

Propanol

Adv. Biofuels
[e%]

0,5
0,7
0,9
1,06
1,06
1,06
1,06
1,06
1,06
1,06

2

Quantity [kt/a]

37
53
69
80
97
136
166
186
186
186

Adv. Biofuels
[e%]

0,5
0,7
0,9
1,1
1,3
1,8
2,2
2,47
2,47
2,47

4,0%

advanced biofuels [e%]

3,5%
3,0%
2,5%
2,0%
1,5%
1,0%
0,5%
0,0%
2021

2022

2023

2024

advanced biofuels target

2025

2026

2027

compliance propanol

2028

2029

2030

compliance ethanol

Figure 4 - Compliance with ethanol and propanol in an E5 scenario

1
2

max. 5%v in Gasoline
max. 10,1%v in Gasoline
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A.2.3.2 Compliance for advanced biofuels with E10 specification

In an E10 scenario the potential blending for blending ethanol and propanol is higher
due to the fact that the ethanol content may be doubled and the oxygen limit is also
extended from 2.7 %v to 3.7 %v. With the E10 specification compliance with ethanol
can be reached till 2026 and with propanol till 2029. If only E10 would be available to
purchase in the countries surrounding Austria it would be possible to be compliant till
the year 2029 if only propanol is blended as an advanced biofuel into the gasoline
pool. The necessary blending volume over time and the fulfillment of the directive can
be seen in Table 4 and Figure 5.
Table 4 - Blending of advanced components per year (E10 specification)

Ethanol
Year

2021
2022
2023
2024
2025
2026
2027
2028
2029
2030

3
4

Adv.
Biofuels
target [%]

0.5
0.7
0.9
1.1
1.3
1.8
2.2
2.7
3.1
3.6

max. 5%v in Gasoline
max. 10,1%v in Gasoline

3

Quantity [kt/a]

42
60
78
95
111
153
182
182
182
182

Adv. Biofuels
[%]

0.5
0.7
0.9
1.1
1.3
1.8
2.1
2.1
2.1
2.1

Propanol
4

Quantity [kt/a]

37
53
69
80
97
136
166
203
234
256

Adv. Biofuels
[%]

0.5
0.7
0.9
1.1
1.3
1.8
2.2
2.7
3.1
3.4
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4,0%

advanced biofuels [e%]

3,5%
3,0%
2,5%
2,0%
1,5%
1,0%
0,5%
0,0%
2021

2022

2023

advanced biofuels

2024

2025

2026

fulfillment propanol

2027

2028

2029

2030

fulfillment ethanol

Figure 5 - Compliance with ethanol and propanol in an E10 scenario

A.2.4 Possible solutions to fulfill advanced biofuels demand
The RED foresees penalties if the target for advanced biofuels is not fulfilled from the
state. What is expected is that the state will forward the responsibility to the fuel
suppliers and also forward the penalty, if the directive is not fulfilled. As the targets for
advanced biofuels are not only set in 2020 but will grow in the future, it is essential to
ensure the supply for the upcoming years as well. As even higher amounts will be
required the price may significantly rise and to get the necessary supply will also be
challenging due to the limited feedstock list. Additionally also other refineries will
need higher quantities of advanced biofuels and so the competition for these
components will increase.
Currently the only solution to fulfill the demand for advanced biofuels for the OMV
Schwechat refinery is to buy advanced ethanol from the producers in Italy and
Slovakia or other little suppliers. The production units of advanced ethanol in
Slovakia and Italy have a total capacity of 95 kt/a but the demand for Schwechat only
is 40 kt/a. As Schwechat is not the only refinery in the surrounding countries it is
obvious that the production capacity can’t satisfy the demand for advanced biofuels
in the region around the refinery.
As compliance is key not only to avoid penalty but also to obtain a positive image in
the press and other media it is necessary to find a solution to comply with the EU
directive.
These facts may open the door to develop a process that produces propanol and to
invest into this new technology which would provide advanced biofuels. Another
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positive fact about propanol is that smaller amounts are required compared to
ethanol. The most promising feedstock for the production of propanol is crude
glycerol as it is a by-product from the biodiesel production1. Near the refinery in
Schwechat a biodiesel producer is located, who could be a potential supplier for
crude glycerol. All these factors could improve the business case for the overall
process and could even add additional profit. As others have to buy expensive
advanced biofuels OMV might produce cheaper than their competitors and might
create an advantage.
To develop a process may not be the easiest and simplest version to comply with the
advanced biofuels regulation but makes sense compared to other ideas. If the
process is not ready yet in 2020 it is possible to purchase bio components till the
process and unit are optimized and ready to produce advanced biofuels. The
operation of an own production unit would help to secure the supply of components
which is not given at the moment.
There are many incentives to identify and invest in a process to produce advanced
biofuels as the supply is low and the demand will grow in the upcoming years, which
will lead to high costs for purchase. These costs could be reduced if a production unit
with good economical set up could be created and an optimized process found.
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B. Scope and Objectives
As the directives implement a 0.5 e% target for advanced biofuels and as there is
only lean supply, it generates the scope for OMV to develop a process for the
production of advanced biofuels. It may not be necessary in 2020 as the target is
only a voluntary one but at the latest in 2021 there is high pressure on fuel suppliers
to fulfill the advanced biofuels target, set by the state and the EU.
Driven by the framework the feedstock for a new process is limited, so next to identify
process parameters, catalyst and others, it is also important to source and secure
feedstock as it is rarely available. From the list which defines and limits the feedstock
for advanced biofuels crude glycerol seems one of the most promising ones. It is
liquid and therefore easier to transport than solid state materials like nutshells or
straw. Another important fact is that crude glycerol is available in higher amounts
compared to other advanced biofuels feedstocks which will be further outlined
in B.2.1.
There are already some processes available that run on refined glycerol but there are
not many processes which can cope with crude glycerol. To gain refined glycerol
from crude glycerol it is necessary to remove impurities. Additionally not all of the
produced glycerol can be purified into refined glycerol. The use of crude glycerol
would lead to lower purchasing costs as there is no cleaning step done. There would
also be the chance to get patent rights on a newly developed process.
Another fact that makes crude glycerol a favorable feedstock is the proximity to a
biodiesel producer to the refinery in Schwechat. Biodiesel is a fatty acid methyl ester
(FAME) and produced from oils. Glycerol is the main by-product from the biodiesel
production. It is a chain with three carbon atoms and there is a potential to blend
modified components into the gasoline pool. If it would be possible to produce
advanced blending components there is potential to substitute purchased ethanol
with the produced components.
Within the thesis also the production and availability of crude glycerol have to be
overserved as this will increase or decrease the profitability of a process. Another
task is to optimize a process to generate a blending component out of glycerol, which
counts towards the required advanced biofuel target. Optimizing to find the best
operating window is necessary to produce blending components in the most
sustainable way, which also contributes to lower costs and financial advantage. The
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optimized process should give an indication about the potential savings that may be
achieved by the process and also ideas for a potential upscaling should be given.

B.1 Production of glycerol
Glycerol is one of the main components of oils and fats and can be found in
production facilities which use those materials as feedstock. The biggest industry for
producing glycerol is the biodiesel production. Biodiesel is currently the main
blending component for diesel. For 100 kg biodiesel around 10 kg of glycerol are
obtained as a by-product9. The blending of biodiesel is necessary to fulfill the legal
requirements and to reduce the emissions of diesel. Glycerol is always obtained with
traces of water and impurities depending on the process which was used. In large
amounts it is dangerous to the environment and therefore it makes sense to use it for
further processing to generate valuable products9. To refine crude glycerol into a
useful product, which can further be used in many different industries, may not be
profitable for small producers. It will only make sense if the biodiesel plant has a large
glycerol production or if a higher number of biodiesel producers in a limited area
establish a joint facility to purify the crude glycerol10. As crude glycerol is currently
sold at a very low price it also limits the profitability of the biodiesel production and
leads to further interest in developing processes that add value to crude glycerol11.
An alternative for the glycerol production is a synthetic way. This is not relevant for
the production of advanced biofuels as only crude glycerol is named in the Annex IX
and so it is not further analyzed1.
B.1.1 Transesterification
Different oils can be used as a feedstock for the transesterification. The oils can be
either vegetable oils like rapeseed oil (which is mainly used in Europe12) or also
waste-based oils like used cooking oil or animal fats. The feed has to be refined and
bleached and should have a low amount of free fatty acids and low values of
phosphorous content and moisture. There are different processes for the production
of fatty acid methyl ester (FAME), which is the main product obtained. The most
common catalysts for high yields under mild reaction conditions are alkaline or acidic
materials. Most of these materials are liquid phase catalyst like NaOH, KOH, HCl,
H2SO4 or HNO313. In industrial processes mainly the base catalyzed reaction is used
(sodium hydroxide and sodium methoxide)1. One mole of triglyceride reacts through
support of the catalyst with three moles of alcohol which is in general methanol but
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can also be substituted with less toxic ethanol. So methyl esters or ethyl esters are
obtained. As an intermediate step the production of mono- or diglycerides occurs,
which are not considered as an end product. They will further react to FAME with the
excess of alcohol provided in the process. The main by-product generated is
glycerol1. Excess alcohol ends up in the glycerol layer and many of the FAME
producers recover the alcohol to reuse it in the production.

Figure 6 - Biodiesel production
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Depending on the process of the transesterification the final purity of glycerol is at 80
to 95%. Glycerol will also have some impurities like salts which are introduced
through the sodium catalyst, which is the most common one. Some acid will be
added to the glycerol to remove salts. Glycerol is mainly obtained as an aqueous
solution and containing some sodium chlorate. If ethanol is used in the process the
separation process of glycerol is much more complicated than compared to
methanol1.
In 2013 transesterification within the biodiesel production was responsible for ~ 63%
of the world production of glycerol14.
B.1.2 Saponification
This process is less relevant compared to the transesterification but still produces
glycerol as a by-product. The impurities in this glycerol are much higher compared to
the glycerol obtained from the transesterification process.
The saponification can either be basic or acidic. Acidic saponification will produce
glycerol and the fatty acids whereas basic saponification produces the salt of the fatty
acid. Sodium hydroxide reacts with the triglyceride forming sodium salts which is also
called soap. Glycerol is separated with brine solution as it is highly soluble in it while
soap is only in weak brine. The mixture of glycerol/brine is called lye 1.
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Figure 7 – Saponification process

1

B.2 Availability and advantages of glycerol compared to other
feedstocks
Many components are listed in the Annex IX but there are some limitations of others
compared to glycerol. Most solid feedstocks are harder to transport compared to all
liquid feedstocks. This is one of the advantages glycerol brings with the use of it. Also
the proximity of the feedstock origin to the production unit is an important factor as
well as the all year availability.
B.2.1 Availability of glycerol compared to other advanced feedstocks
As glycerol is sourced from biodiesel production units, which are operated all year
there is also supply all over the year. This is a great advantage compared to other
advanced feedstocks which are only available seasonal. For example straw is only
produced once a year and therefore has to be stored in dry places to be able to
operate the unit all year round. So the logistics for straw are much more complicated
compared to the logistics for glycerol, which can be sourced continuously. Other
feedstocks also have a limited potential in the region around the Schwechat refinery.
Some values for the supply of feedstock may seem high but issues include that not
much of the biomass can be converted into the desired products. It is also necessary
to reflect the orbit of the OMV refinery to avoid large transportation distances.
The potential of some feedstocks (non-food biomass) has been evaluated by
S2Biom, which wants to support the economy for bio-components in Europe.
Sawdust and other residues from conifers would be available in the Austrian region.
There should be ~ 741 kt of sawdust and ~ 1482 kt of other residues available in the
year 202015. There would be the potential to develop a process for the lignocellulosic
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as well. As a blending component has to be created it is necessary to have
bioconversion process.
The potential for separately collected biowaste in 2020 is at 1173 kt in Austria15. It
would be necessary to collect the waste and also to develop a process. What has
already been identified is that biowaste contains a high percentage of water, which
may lead to problems within a process.
A process which is already commercial available is the conversion of straw into
ethanol. The potential to source straw in Austria is at 1581 kt for cereal straw and
904 kt of maize straw in 202015. As already mentioned it is much more complicated to
provide straw all year around as it is only harvested once a year.
As Austria produces a lot of wine there are also residues from vineyards which are
considered as an advanced biofuel. The total potential for Austria would be 39 kt/a in
202015. But as there are no commercial available processes and the potential is
spread all over Austria it would lead to logistical issues and high transportation costs.
B.2.2 Development of glycerol availability
In the First World War glycerol was used as the raw material to produce nitroglycerin,
which was the base for dynamite. Due to the fact that demand was high, the synthetic
production of glycerol started. Also in the Second World War it was a highly desired
component16.
After the introduction of regulations, to force the blending of biodiesel to diversify from
fossil fuel with high emissions and prices, the production of biodiesel showed
massive growth in Europe. This increase in glycerol production issued that the price
for refined glycerol crashed from around 1,200$/t in 2003 to 600$/t in 2012. Crude
glycerol was available for 125 $/t in same year1. This led to a decline in the synthetic
production of glycerol, where many plants had to close down the production 16. Till
2012 the refined glycerol production increased 10-fold compared to 2003 to 2 million
tons per year1.
The availability of crude glycerol is higher compared to the availability of refined
glycerol as there are many cleaning steps necessary. Crude glycerol contains
impurities depending from which process it was derived – saponification or
transesterification. The market for crude glycerol is estimated to be around 4 million
tons per year in 2014 and clime to around 6 million tons per year in 2025 16.
Currently glycerol has a very low commercial value and this is a main reason why it is
considered as an advanced biofuel. A way of dealing with crude glycerol is the
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combustion of it. It is burned and used for heat and energy production 1. To count as
an advanced biofuel the crude glycerol has to be converted into components that are
suitable to be blended into gasoline or diesel.
The main market for refined glycerol is located in Asia as the production of
epichlorohydrin from glycerol and pharmaceutical applications increased and lead to
a total consumption of 40 % of the world production of refined glycerol14.
A partner of OMV who is present in the glycerol market estimates the potential of
crude glycerol in the orbit of the Schwechat refinery at around 50 kt/a. In Austria 30
kt/a of glycerol are produced but around 18 kt/a are refined and have potential for
other industries. 12 kt/a of crude glycerol would be available for the production of
advanced biofuels in Austria. The price in 2016 was also provided from the biodiesel
producer. In 2016 crude glycerol was sold for ~145 €/t and pharmaceutical (even
more cleaning steps necessary than for refined glycerol) glycerol for ~415 €/t. So this
makes it a clear indication that crude glycerol should be used as feed for the process
as the price difference is huge and also pharmaceutical glycerol does not count
towards the advanced feedstocks. The supply for OMV should be coming from the
producer, who has two production facilities in Austria. One of them is located near the
refinery in Vienna and the other facility is located in Gaishorn (Styria) 17. As there are
also other producers in the surrounding area there is higher potential for the
Schwechat refinery but at first the potential of the Austrian producer should be
exploited.
The outlook for biodiesel plants is divided. On the one hand side biodiesel from
renewable feedstock reduces greenhouse gas emissions but on the other hand the
contribution for food based materials is not as high as for advanced feedstocks.
Currently biodiesel is mainly produced from conventional feeds, which will be limited
in the RED1 & 2, which will give the incentive to biodiesel producers to try to differ to
other feedstocks. If this is not possible in a cost efficient way there might also be the
chance that they run on lower production levels. This would also lead to a reduction
of the byproduct glycerol and therefore elicit higher prices for the feedstock.

B.3 Development of process
Research is ongoing in many different directions to identify how glycerol could be
used to produce valuable chemicals. The ideas range from blending components for
gasoline and/or diesel and to the production of hydrogen. In general many different
processes have already been tested and analyzed like oxidation, esterification and
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hydrogenolysis of glycerol18. To be able to count the product towards the RED it is
necessary to use crude glycerol as feedstock and to produce a blending component
for gasoline and/or diesel. This requires that the process it not sensitive to impurities,
which has been seen as the main limitation in most of the applications so far19. As
crude glycerol is sold diluted with water the process should also be done in an
aqueous solution.
Different finished components have already been synthesized and analyzed. Out of
different approaches OMV decided a certain direction. It should be possible to obtain
the finished product in a one-step reaction or to be able to obtain it with two different
catalyst layers in a reactor. It would be favorable to run the unit in a continuous
operation to increase the production capacity.
The screening of different processes was necessary to develop a suitable process. It
was important to monitor the already available processes regarding equipment,
catalyst and products. Most of the processes have not been tested with crude
glycerol, which is necessary to count the products towards the RED. The most
important property for the process is to run on crude glycerol and be resistant to its
impurities like salts and sulfur. It should also be possible to upscale the process and
perform it in a scale, which can satisfy the demand for advanced biofuels for the
OMV refinery in Schwechat. Currently most of the processes are just tested in
laboratory scale and the upscaling of the production has not been investigated14.
After the process it is also necessary that the separation of the by-products can be
done via distillation or similar technology, but should not require further purification
steps. It should be possible to separate water from the products in a simple way and
to produce a component, which can be directly blended into gasoline or diesel
without further, expensive enrichment.
B.3.1 Synthesis of 1-propanol
The synthesis to 1-propanol was carried out in a continuous-flow fixed-bed reactor
with a sequential two-layer catalyst. One layer was zirconium phosphate (ZrP), which
was used for the dehydration of glycerol. It was placed in the upper layer and
produced acrolein, which was further processed with supported ruthenium (Ru)
catalysts to be hydrated into 1-propanol. The best supported Ru catalyst found was
Ru/SiO2 which resulted in combination with ZrP in a selectivity of 77 % towards 1propanol. Temperature and hydrogen pressure were two of the most important
parameters for this reaction. The temperature ranged between 285 and 330°C. The
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most favorable temperature was at around 315 °C where glycerol conversion and
production of 1-propanol were satisfying. The catalyst was applied for 80 hours and
after regeneration for another 100 hours20. The performance of the catalyst is a main
disadvantage of this process for the application within OMV. The catalyst should
provide a longer run-length as it would save additional costs for catalyst changes if
the interval is longer.
B.3.2 Synthesis of mixed propanols (1-propanol and 2-propanol)
The aim was to synthesize propanols (mixture of 1-propanol and 2-propanol) from
glycerin using a combination of catalysts. One way was to use a platinum and
heteropoly acids catalyst supported on zirconia. Different acids have been tested but
the most reliable one has been phosphotungstic acid. Total glycerol conversion could
be reached in this experiment with a selectivity of 98% to propanols. The reaction
carried out at 230 °C showed the most promising results while temperatures were
tested between 150 °C and 270 °C. Other parameters which have been varied were
the glycerol concentration, the hydrogen flow rate, feed flow rate and the loading of
the heteropoly acids21. The run time was at around 10 hours which would be not
sustainable for a commercial production and the required scale.
Another catalyst used for the production of bio-propanols from glycerol was PtH4SiW 12O40/ZrO2. The reaction was carried out with an aqueous solution and with
high selectivity and yields of 94 %. The catalyst was resistant to impurities and
achieved a 160 hour run. This would be a more promising catalyst to provide long
term stability for the unit operation. Also the influence of the reaction temperature has
been tested from 160 to 220 °C. Other parameters that have been varied were the
influence of the hydrogen pressure, the weight hourly space velocity (WHSV), the
catalyst weight, glycerol concentration, impurities of glycerol and the long term
performance of the reaction22.
It is obvious that similar parameters will have to be modified within the process
development at the pilot scale unit of OMV. As it is necessary to hydrolyze glycerol
the hydrogen pressure and flow will have significant influence. Also the dilution of
glycerol can influence the reaction and therefore also the level of conversion.
B.3.3 Production of propanediols
1,2-propanediol (also known as propylene glycol) is in common produced through the
hydrolysis of propylene oxide. It has a broad variation of applications like the use in
unsaturated polyester resins, functional fluids, pharmaceuticals, personal care and
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others. There are different processes for the production of 1,2-propanediol which
mainly differ in the parameters and the catalyst. When processing crude glycerol the
performance regarding conversion and selectivity was worse compared to refined
glycerol with most of the catalysts tried. Only with a 3 wt% Cu:Zn:Cr:Zr catalyst the
performance of crude glycerol was close to the performance of refined glycerol. What
was investigated is that the concentration of glycerol should be fairly low. The
production of 1,3-propanediol was always extremely low compared to the production
of 1,2-propanediol. A company in Belgium has a commercial scale production unit for
1,2-propanediols from glycerol19.
As 1,3-propanediol has a higher commercial value than 1,2-propanediol, there are
also investigations to produce 1,3-propanol. It is used to produce polyester fibres and
is currently produced from acrolein or ethylene oxide. To produce 1,3-propanediol
from glycerol a combination of platinum and H4SiW 12O40 supported on ZrO2 showed
high performance. This was due to high Brønsted acid sites, which limit the selectivity
towards 1,2-propanediol. At 180 °C it was possible to provide a selectivity of nearly
50 % to 1,3-propanediol but the conversion was fairly low at 24 %. 1-propanol also
occurs in this reaction as a by-product with a yield of roughly 22 %23.
What limits the idea of the production of propanediols is that they are not suitable as
blending component for gasoline and diesel. If this is not possible the products
derived from this synthesis can’t be counted towards the RED target.
B.3.4 Conversion of glycerol to hydrogen
There are also developments to convert glycerol via reforming into hydrogen. This
works in the presence of metal catalysts. The temperatures for the conversion range
between 400 and 700 °C19. There are also indications that the reforming of glycerol
can be done in an aqueous phase at lower temperatures and therefore may reduce
process costs. During the production the water-gas shift reaction helps to lead the
process to produce carbon dioxide instead of carbon monoxide. The reaction can be
further pushed to produce methane out of carbon monoxide and water 24.
As hydrogen is not included in the RED for 2020 there is no incentive to choose
exactly this pathway for the use of crude glycerol. In the RED II the situation is still
questionable. So it is not worth at the moment to invest in a process which may not
be counted towards the directive. Another disadvantage regarding is that the glycerol
is processed at high temperatures, which result in high energy costs to reach the
process temperature.
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B.3.5 Bioconversion of glycerol
Another pathway to convert glycerol into valuable products is the conversion via
microbes. This can be either done aerobically but also anaerobically. For the
aerobically conversion there are many microbes available like for example
Escherichia coli. For the anaerobically conversion there are not as many microbes
available which leads to the fact that they are not considered in industrial scale. The
desired products from bioconversion can vary from the production of 1,3-Propandiol
to Hydrogen. Bioconversion is seen as an alternative to chemical conversion. Many
of the products are desired for other application like cosmetics, pharmaceuticals and
feed products9. As already mentioned the components produced by the process have
to be blending components for the gasoline and diesel pool as otherwise it can’t be
counted towards the RED targets.
B.3.6 Synthesis of other bio-components
Also research in other directions is ongoing to find a dedication for crude glycerol.
Therefore also other ideas have been screen to see if there are any potential
processes that could produce components for blending, which would count towards
the RED. Most of the process did not lead to satisfying results or to desirable
components and are therefore not further considered.
B.3.6.1 Etherification of glycerol

As feedstocks glycerol and isobutylene have been used. The idea was to generate a
blending additive for fossil fuels which was obtained at a molar ratio which was 3
times higher for isobutylene than for glycerol. As catalyst spherical silica supported
Hyflon® catalyst has been used. The reaction time was kept low to steer the reaction
to the poly-substituted ester which was the favorable product and can be blended
into diesel. The component will influence the engine performance25. 3 moles of
isobutylene requires only one mole of glycerol, which leads to a low share of
advanced biofuels in the final component. It is not desired to use excess isobutylene
as another fossil component, which can’t be accounted in the RED.
B.3.6.2 Glycerol acetals

Glycerol was also used for the production of acetals together with formaldehyde. The
renewable source glycerol could be processed into oxygenated additives for diesel.
Parameters like temperature, feed composition and stirring speed of the batch tank
reactor were studied. A 100 % selectivity was reached towards acetals but the
glycerol conversion was low at 50 %26. As the conversion was already low with
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refined glycerol in this process the outlook for crude glycerol is even worse. The
impurities will lead to even lower conversion levels and will not be favorable for the
process & its profitability.
B.3.6.3 Glycerol tert-butyl Ethers

A heterogeneous acid catalyst was used to produce glycerol tert-butyl ethers from
glycerol and isobutene. The product is planned to be used as a diesel additive. The
reaction was performed at 60 – 100 °C. The molar ratio is on the side of isobutene
which is used in excess. The product obtained from the process can only be isolated
as a mixture of different molecules. So there are different mono-ethers and different
di-ethers. The most desired component would be the di-ethers as they are better
soluble in fuel compared to mono-ethers. The tri-ether contains a lot of isobutene
which is not a bio-product and therefor does not count towards the RED27.
The advantage of this process is definitely that it can be done by low temperatures,
which saves energy costs. The final component consist to a large extend of the fossil
component isobutene, which can’t be counted which can neither be counted towards
advanced biofuels, nor to the RED. It is not favorable to invest in a process which
only fulfills a low value of the bio-requirements.

B.4 Scope of the thesis
As glycerol is the most appropriate feedstock for the production of biofuels for OMV it
is necessary to investigate the availability of glycerol and to identify processes which
are already in place.
Research has already been started into the direction of the production of mixed
propanols (1-propanol and 2-propanol) as an advanced biofuels component. The test
series 1 and 2 have already been performed and showed promising results.
For the development of the process and the diploma thesis, further test runs will be
carried out on a pilot plant and the process parameters like temperature, weight
hourly space velocity (WHSV) and the molar ratio of hydrogen, which is consumed
during the reaction, will be varied. The test runs will predominantly be carried out with
refined glycerol to avoid scattering in the test results but are also cross checked with
crude glycerol to see the influence from impurities on the catalyst activity. The aim of
the thesis is to maximize the conversion of glycerol and the selectivity towards
propanols by determining the optimized process window. The favorable conditions
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should also limit the production of by-products like dimerization products and
ketones.
Also some thoughts regarding potential savings and upscaling should be included in
the diploma thesis. It should be identified how the outlook for the future fits with the
development of the process.
A summary of the optimized process window and other objectives should be given.
From the results a conclusion and an outlook should be provided.
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C. Experimental and Methodology
C.1 Glycerol
C.1.1 Overview
Glycerol, sometimes also named glycerin, can be derived from all triglycerides like
animal fats, used cooking oils and vegetable oils as it builds the backbone of fat
molecules. Around 10 wt% of the total biomass of fat is glycerol28. The UPAC name
of glycerol is propane-1,2,3-triol. In general glycerol is a colorless, viscous, oily and
liquid substance that under most conditions remains stable19. As the UPAC name
describes, it has three hydroxyl groups which are hydrophilic. The hydroxyl groups
are also responsible for the solubility in water, which will be helpful for the synthesis
to propanol. The material, from which the glycerol has been derived, defines the
caloric value of glycerol1. Glycerol has a boiling point of 290 °C at atmospheric
pressure but already decomposes slightly at this temperature29. This also has to be
reflected in the development of the process.

Figure 8 – Glycerol

C.1.2 Purity grades
Glycerol is available in different purity grades. Crude glycerol has the lowest quality
available and contains various impurities compared to refined or pharmaceutical
glycerol. It is also diluted with water. This also leads to lower prices of crude glycerol
as there are no further cleaning steps performed after the biodiesel production
process. The only cleaning step, which is done by some biodiesel producers, is to
recover methanol out of the process to safe costs and reuse the recovered methanol.
The applications for crude glycerol are limited and are also depending on the process
it has been sourced from. It can either be used as animal feed, for non-chemical
purposes or biotechnology. If the glycerol is derived from the biodiesel production,
the use in the animal feed industry is not possible as methanol is not suitable as
animal feed and may affect metabolism19.
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According to the literature crude glycerin contains water, salts, monoglyceride,
diglyceride, ash and other organic materials. The organic materials may vary from
free fatty acids to methanol. Also the glycerol content in crude glycerol can range
between 80 to 95%1, 19. Researchers observed all different kinds of impurities during
their work. Some even stated that the concentration of crude glycerol was as low as
70 wt% but did receive methanol impurities of 20 wt%. Traces of ash (3 wt%), soap,
water and catalyst agent (2 wt%) have also been detected. What was interesting was
that the combined amount of free fatty acids, FAME and all other mono-, di- and
triglycerides was lower than 1 wt%30. The composition of crude glycerol varies due to
different production methods which also result in varying cleaning processes which
contain at least filtration and neutralization steps31.
The purifying process of crude glycerol is very expensive due to the fact that complex
organic impurities and residual catalysts have to be removed and as it uses
complicated equipment to do so, it makes it especially unattractive for smaller
producers14.
The impurities of crude glycerol also have a huge influence on the process it is used
for. It was already observed that the yield to desired products was lower when crude
glycerol was used compared to refined glycerol30. This issue should not be forgotten
in the development of the process as it has to be resistant against the variable
impurities that have been detected. Impurities can vary especially with different
feedstocks for the biodiesel production (e.g. vegetable oils compared to used cooking
oils) and as crude glycerol may not only be purchased from one single supplier, the
process should cope with any impurity from different feedstocks.
With respect to existing Schwechat refinery bio feedstock supplier, a worst case
oriented crude glycerol quality sample has been requested from the nearby biodiesel
producer and has been analyzed regarding impurity parameters. The specification
from the producer indicates that the mixture contains at least 80% of glycerol. It may
also contain sulfated ash, methanol in traces and of course water. According to the
detailed specification from the biodiesel producer also other organic matter may
remain in the crude glycerol (see Table 5).
The difference between pharmaceutical and crude glycerol can also be seen in the
specification from the biodiesel producer (Table 5). There is also another purity grade
for glycerol which is known as technical grade. It is compared to pharmaceutical
glycerol not used for food and medicine1.
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Pharmaceutical glycerol is also known as USP glycerol in the US as the glycerol has
to meet the standards established in the U.S. Pharmacopeia. In Europe the
European Pharmacopoeia is the standard and the glycerol is named PH.EUR and
within the name the concentration of glycerol is also pointed out. There is an
additional specification for glycerol which will be used in the food industry32. USP
pharmaceutical glycerol is allowed to be sourced from vegetable feed and animal fat.
For Food Chemicals Codex it is only allowed to be sourced from vegetable oil 1.
The pharmaceutical glycerol sold from the biodiesel producer has a content of
minimum 99.5% of glycerol. Metals, aldehydes and chloride are only contained in the
ppm range. Also the water content is limited to 0.3%. The color of the cleaned
glycerol is transparent compared to the dark brown color of crude glycerol containing
various impurities33.
Table 5 - Specification of crude glycerol from the biodiesel producer

Property
Sulphated ash content
MONG
matter organic non-glycerol
Methanol
Water content
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Crude glycerol
specification
Max. 5.0%
Max. 3.4%

Pharmaceutical
glycerol specification
Max. 0,01%
n.a.

Max 0.2%
Max. 15.0%

n.a.
Max. 0,3%

C.1.3 Characterization of crude glycerol feedstock properties
That crude glycerol is not further purified could have been seen in the solution, which
was provided from the biodiesel producer. It had drops of dark brown residue
swimming on top of the brownish liquid. The brown drops were sticking on the wall or
other equipment and when the liquid was filtered the drops also wouldn’t pass
through it. What the crude glycerol looked like can be seen in Picture 1 which was
regular crude glycerol and not the worst case glycerol.
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Picture 1 - Crude glycerol purchased from biodiesel producer

In the worst case scenario glycerol there has even been worse impurities. Instead of
brown drops there was a black phase swimming on top of the brownish liquid. It was
considered that the sludge on top could probably be unprocessed oil or even FAME,
which could not be removed from the waste products.
All delivered crude glycerol, filtered glycerol and the black sludge from the upper
phase has also been investigated concerning impurities & glycerol content by internal
analysis.
Analysis showed that the black, upper layer contained much more impurities in small
quantities than the filtered glycerol. It is assumed that it might contain traces of the
catalyst from the biodiesel production. It was planned to also identify the sludge
regarding the methanol & FAME content but it was not possible with the methods that
are available in house. The results of the analysis can be seen in Table 6.
Table 6 - Internal analysis of black sludge

component
Al
Ca
Cl
Cr
Fe
K
Na
Ni
S
Si
Hydrogen
Carbon

Value [m%]
0,0041
0,0029
0,0006
0,0005
0,0236
0,7183
0,1449
0,0026
0,3410
0,0011
9,0
31,00
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Also the filtered glycerol phase has been analyzed and the many impurities have
been detected. The potassium and sulfur content was above 0.5 m% found in the
glycerol due to the fact that it should be a worst case feedstock, to generate a
process which is capable of dealing with the lowest quality provided. Also amount of
around 0,001 m% of chloride and aluminium have been found in the filtered glycerol.
The results from the analysis can be seen in Table 7.
Table 7 - Internal analysis of main components in filtered worst case crude glycerol [m%]

component
K
Na
S
Glycerol
Hydrogen
Carbon

Value [m%]
0,7488
0,1852
0,7936
72,9
9,1
30,9

It was decided that for the pilot test runs the black phase has to be removed by
filtration to avoid scattering of the results. For the upscaled process this should be
done with two parallel filters before the unit which can be cleaned alternating.

C.2 Process for the selective hydrogenation of glycerol to propanol
The aim of the process is to produce propanol out of crude glycerol. The process
should be defined in a way that it is capable of using crude glycerol. Crude glycerol
contains many impurities and therefor it is necessary to create and use catalysts and
production equipment, which can resist those impurities. Especially sulfur is a toxic
component to the catalyst, which may be the worst impurity contained in crude
glycerol. Additional to sulfur also salts could lead to increased problems. After some
research has been ongoing the process was designed and tested in a pilot scale unit.
A simplified scheme of the unit can be found in Picture 2. The reaction is performed
in a continuous-flow fixed-bed reactor which is operated in a one-through mode and
the product was obtained from a collector. The pressure has been defined to be 50
bara. No further variations have been done to the pressure level during this thesis but
are planned for the future. At first 2 test series (11 different test runs) have been
carried out to check the overall feasibility of the reaction. There are many parameters
that can be varied to optimize the process. It was decided that for the scope of the
thesis some of the parameters will be varied but the pressure will be kept constant.
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The test series, which have been performed, have been used to optimize the varied
parameters and find the best possible operating window via the analytics of the
derived components. So the goal was to optimize the process to the maximum
conversion and the highest selectivity towards propanols. The excess hydrogen,
which is used in the process, is currently not recycled due to the fact that the scale of
the pilot plant is rather small. The recycling of the remaining hydrogen will be an
important factor for the upcoming upscaling steps.

Picture 2 - Pilot scale unit plan
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Picture 3 – Pilot scale unit in operation

The conversion takes place in an aqueous solution. The glycerol was diluted to
contain between 10 and 20 % in water. Also some test runs with 40 % glycerol in
water have been carried out. The glycerol reacts on the surface of the catalyst and
therefore the concentration of glycerol has a significant influence on the conversion
of glycerol and the selectivity towards propanols. The conversion and the selectivity
can also be influenced by the catalyst volume and the excess of hydrogen used for
the process. This leads to the fact that the parameters have to be tested one by one
and the results have to be compared to identify the highest conversion and selectivity
levels.
C.2.1 Reaction mechanism
The reaction mechanism which may occur in the reactor has already been discussed
by many researchers. Some tried the same or a similar process in a multiple step
reaction or as planned for the optimized process in a one-step reaction. The
mechanism was not objective of the research during the diploma thesis.
Nevertheless, the reaction is proposed to be a combination of a dehydration and
hydrogenation reaction. For each step there is a responsible catalyst type included in
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the reactor. In the first step the glycerol may be dehydrated either to produce acetol
(hydroxyacetone) or 3-hydoxypropionaldehyde. This step is catalyzed by the acidic
sites that are contained in the catalyst. The acidic sites are proposed to be further
used to dehydrate 3-hydroxypropionaldehyde into acrolein. These may be the main
reaction pathways for the acidic part of the catalyst.
In the second step the hydrogenation of the intermediates is necessary. Acrolein,
which may be obtained from 3-hydroxypropionaldehyde, could further be hydrated
into 1-propanol with the support of metal sites. Another pathway for 3hydroxypropionaldehyde may be the hydrogenation of the latter into 1,3-propanol via
the metal catalyst and hydrogen. 1,3-propanediol may be processed to 1-propanol
with dehydration and further hydrogenation18,

20–22

.

The dehydration and

hydrogenation of 1,3-propanediol is proposed to be much slower compared to the
one of 1,2-propanediol which results in the fact that most of 1-propanol is synthesized
from 1,2-propanol18.
Acetol may further be hydrogenated through catalysis by the metal sites to produce
1,2-propanediol. Through a second dehydration step and further hydrogenation the
desired 1-propanol is generated. From 1,2-propanediol it is more likely to convert to
1-propanol rather than 2-propanol28.
The dehydration from 1,2-propanol may also lead to the production of acetone, which
may further be hydrogenated over the metal catalyst to produce 2-propanol22.
Another author stated that the glycerol may be directly dehydrated to produce
acrolein and afterwards further hydrogenated to produce 1-propanol20. The other
steps have been reported equally. In general also by-products may be generated
within this reaction mechanism like methanol, ethanol, methane, ethylene glycol,
carbon monoxide and carbondioxide18,

20

. The different reaction pathways can be

seen in Figure 9.
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Figure 9 - Reaction scheme

One problem which may occur is the further dehydration and hydrogenation of
propanol to form propane, which is not desired in the reaction21, 22. As it is obtained in
the gaseous phase it is not valuable for the production of biofuels as the gas can’t be
blended into the gasoline and diesel pool. It would be interesting to use it for the
production of bioplastics. But as this is not counting towards the RED it is not further
considered within the thesis.
The aim would be to obtain 1- and 2-propanol in a mixture which could be suitable for
direct blending into gasoline or further processing into a diesel blending component.
The mixture of 1- and 2-propanol could be in any ratio. Both components are suitable
for blending and also the mixture is if purified before blending. Also traces of other
components like ethanol, methanol and acetone can be contained in the mixture. It is
favorable that the by-products are reduced to a minimum by optimizing the reaction
conditions.
In general the purified 1-propanol is used as an industrial solvent, printing ink and
also a chemical intermediate for the synthesis of n-propylacetat. It is synthesized
through the hydroformylation of ethylene to propanal and further on hydrogenated to
result in 1-propanol. 2-propanol is produced by the hydration of propylene. It is also
used as an industrial solvent but also in the pharmaceutical industry, as disinfectant,
hand sanitizers, alternative to preserve specimens and for the auto industry as gas
dryer and deicer22.
The reaction mechanism has not been investigated within the diploma thesis and has
only been discussed with according literature.
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C.2.2 Catalyst
Within this diploma thesis the catalyst development was not objective of research.
Based on subsequently explained literature, a modified catalyst system was
formulated by OMV and manufactured by a third party supplier. So the used catalyst
within this thesis consists of a mixture of ZrO2, SiO2, 0.6 to 6 % of platinum and 8 to
20 % tungsten but will not be further specified.
Former research promoted the knowledge that a combined catalyst system is
necessary as the reaction has to be carried out in a dehydration step followed by a
hydrogenation step. So the combination of two different catalyst systems is
necessary if a one step reaction is desired.
What was already stated in the literature was that if ZrO2 was used as the single
catalyst, there was no conversion of glycerol which indicates that it is not the
favorable catalyst for the reaction from glycerol to propanols 22. It was used as a
support material for the catalyst in many reactions due to its high thermal stability,
extreme hardness and stability under reducing conditions21, 22.
According to literature, acid sites are necessary for the dehydration step where acetol
and 3-hydroxypropionaldehyd are the proposed products from glycerol. Different
catalysts have been considered for this step in the literature. Phosphotungstic acid is
reported to be a potential option for the dehydration step21. It should also be active
for the dehydration of 1,2- and 1,3-propanediol but should be inactive to dehydrate
further28. The dehydration takes place due to the fact that a Brønsted acid can
protonate an alcohol and this transition state is the driver for activity and selectivity.
The dehydration is in common favored in a position where the carbon forms a stable
carbocation. Normally the secondary carbocation is more stable compared to the
primary carbocations. Despite this fact it is observed that the reaction proceeds in a
different way. It is favorable to remove the primary hydroxyl group, which leads to the
production of acetol. Acetol is more thermodynamically stable and less reactive than
3-hyydoxypropionaldehyd, which is the product after dehydration of the secondary
hydroxyl group18.
In the further reaction it is necessary to remove another hydroxyl group from 1,2- and
1,3-propanediol. The removal of the secondary hydroxyl group should work fairly well
as it can form a stable carbocation. For 1,3-propanediol the carbocation is less stable
and therefore the dehydration is not as easy as for 1,2-propanediol. Both
dehydrations should lead to a large extend to the formation of 1-propanol18.
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The second step is done by the metal catalyst, which is responsible for the
hydrogenation of the intermediates18,

21

. Noble metals like platinum are known as

being hydrogenation catalysts as they activate the hydrogen molecules 18. Ruthenium
is one of the most considered catalysts for glycerol hydrogenolysis as it is not as
sensitive towards sulfur as other catalysts11.
The hydrogenation activity of the metal also has an influence on the conversion of
glycerol. Also other non-noble metal catalysts like Copper and Nickel have been used
for glycerol

were

especially Ni showed

promising results to

convert 3-

hydroxypropionaldehyd into 1,3-propanediol but Ni has not been considered in the
hydrogenolysis to 1-propanol so far18. The metal catalyst influences the conversion of
glycerol and also the distribution of the products18.
As mentioned above, the catalyst used within this thesis contained platinum for the
hydrogenation step. This was due to the fact that similar reaction pathways to
propanols showed good yield with this metal.
Another very promising catalyst system candidate used in the literature was PtH2SiW 12O40/ZrO2 as it worked highly effective for refined glycerol conversion and led
to a very high yield of propanols22. In general, the catalyst has to have an optimal
balance between the acidic sides and the hydrogenation sites18.
Due to the direct feed of crude glycerol without prior purification the approach for this
process development was that the used catalyst is able to restrain catalyst poisoning.
This is particularly essential as crude glycerol contains a variety of impurities (see
Table 7) with sulfur being most critical for catalyst applications. A problem which may
occur with crude glycerol is that the inorganic salts which it contains may block the
active sites of the catalyst and therefore reduce activity30. Catalyst poisoning,
whether through sulfur or salts, will also be an important challenge for large scale
application. The reaction should have suitable run times to avoid unit shut down and
catalyst changes. This will be necessary to grant continuous operation of the unit and
constant bio-component supply.
Prior to the reaction the catalyst has to be activated with a hydrogen flow of 100 Nl/h
and at a temperature of 350°C for 24 hours.

C.3 Plant operation and variation of process parameters
Many parameters influence the conversion and the selectivity of the process. The
parameters to influence the reaction the most were considered to be the temperature,
the weight hourly space velocity (WHSV) and the molar ratio of hydrogen to glycerol
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. As the parameters have been tested with refined glycerol, the last but not least

parameter is the operation with crude glycerol.
It was already seen that in recent publications the best results were achieved with a
Pt-H2SiW 12O40/ZrO2 catalyst at 200°C and with a hydrogen pressure of 50 atm, which
would be equal to the pressure used in the pilot unit. Also test runs with crude
glycerol have been carried out at similar parameters and resulted in propanol yields
of ~ 90%. The operation ran on low WHSV rates and showed stable catalyst
performance over 160 h online time22.
What was observed within an aqueous phase reforming and hydrogenolysis was that
the production of hydrogen and methane from glycerol (which was partly desired in
this experiments) increased at higher temperature. Also a higher production of
ethanol was noted from increased temperatures30.
The information supplied was useful to define process parameters for test series 1 &
2 which were done as a pre-feasibility test of the process and the catalyst. Afterwards
4 further test series have been performed to see the influence from all parameters
and to optimize the process window with refined glycerol. According to subsequent
analysis of the test series 1 & 2 a huge potential for the process pathway to propanol
was obtained, although fine tuning of the process parameters was identified as the
next step. What could be seen in the first 2 runs was that the conversion was low
when performing the reaction at 200°C. The conversion was higher than 90% with
higher temperature at 250°C. It was also observed that with a lower WHSV (weighted
hourly space velocity) the selectivity especially to propanols was higher. The
knowledge received from test series 1 & 2 was used to create a schedule for the test
runs, define the process parameters and optimize the process within the master
thesis. Further on the test series 3 to 7 have been used to vary parameters
(temperature, concentration, WHSV, molar ratio, crude glycerol) systematically and
see the influence on the conversion of glycerol and on the selectivity towards the
desired products 1-propanol and 2-propanol. A comprehensive understanding of
these interrelations is necessary to guide the upscaling process.
Each test series consisted of 6 test runs beginning at a reaction temperature of
200°C and further on the temperature was incrementally increased by 10°C to reach
250°C for the last run. Within one series the predefined parameters other than
temperature were kept at a constant value during one series. After the completion of
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a series the predefined parameter according to the test program were changed for
the next series.
After the 4 series carried out with refined glycerol a series with crude glycerol has
been planned. As there have been issues with the first test series with crude glycerol
(series A), a second had to be created which was named series B. Series B
consisted of 8 runs. To identify the reproducibility of the test runs 4 runs of a former
series have been used as reference runs. Additional one more set of parameters has
been tested at 200 °C and 230 °C. To identify the influence of crude glycerol on the
conversion and selectivity 4 runs within series B have been performed with the
required feedstock. The parameters for the runs with crude glycerol have been the
same as used in series 6. This creates an ideal basis to compare the results that
have been achieved with refined glycerol to the ones with crude glycerol.
C.3.1 Temperature
Test series 1 and 2 were mainly carried out at 200°C or 250°C. For the other test
series it was decided to increase the temperature by 10°C after each test run. Run 1
was always carried out at 200°C and the last run (run 6) was carried out at 250°C.
This was kept stable for the test series 3 to 6. It was assumed that there is an
optimum between 200 and 250°C as the combined results for conversion and
selectivity were not satisfying at the starting- and endpoint temperature. For series B
the temperature was only raised to 230 °C as the conversion was already at
satisfying levels at this temperature.
C.3.2 Glycerol concentration
The glycerol concentration has been varied from 10 to 40 wt%. 40 wt% has only been
used in the first two test series as it did not lead to satisfying results as such a high
content of glycerol massively lowered the selectivity to propanols. So it was decided
to run further test series between 10 and 20 wt% glycerol concentration in aqueous
solution. The glycerol concentration also has influence on the WHSV and the molar
ratio of hydrogen to glycerol which will be outlined in C.3.3 & C.3.4.
C.3.3 Weight hourly space velocity (WHSV)
Another parameter which was changed during the test series was the weight hourly
space velocity (WHSV). It is calculated with the following equation:
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Equation 3 - calculation of the WHSV [h ]

𝑔
𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙)[ ]
ℎ
𝑊𝐻𝑆𝑉 [ℎ−1 ] =
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑚𝑎𝑠𝑠 [𝑔]
This is a parameter which is influenced by the catalyst mass placed in the reactor
and the mass flow of glycerol. To vary the WHSV two different approaches have
been chosen. The first approach is to vary the amount of catalyst placed in the
reactor. For series 1 there was a catalyst amount of 30 g chosen. For the second and
third series the catalyst mass was increased to 60 g to result in a lower WHSV which
was assumed to be more advantageous for the conversion towards propanol. For the
last 4 test series (series 4 to 6, series B) the catalyst amount was increased again to
the maximum possible for the pilot scale reactor, which resulted in a catalyst mass of
85 g.
The second parameter which has influence on the WHSV is the volume of glycerol
contained in the aqueous solution. It was varied from 10% glycerol in water to 40%
glycerol in water and had an enormous impact on the results.
It was favorable to either change the catalyst mass or the concentration of glycerol to
result in smaller steps of change for the WHSV. The WHSV has been varied between
0.07 to 0.88 h-1. A higher WHSV also leads to lower reaction time as the flow of
glycerol through the reactor is increased. In the first and second series it could
already be observed that at higher WHSV the yield for propanol was lower. This gave
the incentive to try the test runs 3 to 7 with even lower WHSV to increase the area for
reaction and interaction time for the glycerol with the catalyst.
Also in the literature a lower WHSV has been seen as the more favorable process
parameter and it was chosen even lower at 0.04/h in comparison to 0.07/h tried in the
process unit22.
C.3.4 Molar ratio H2 to crude glycerol
The reaction is performed with an excess of hydrogen. So another indicator is the
molar ratio of hydrogen to crude glycerol. The molar ratio is calculated with the
following formula:
Equation 4 - calculation of molar ratio

𝑚𝑜𝑙
𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 [
]
ℎ
𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 =
𝑚𝑜𝑙
𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 [
]
ℎ
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It is necessary to define how high the molar ratio between hydrogen and crude
glycerol has to be to avoid overtreating of glycerol without adding any value to the
products. In the first 2 test series the molar ratio of glycerol was not varied
systematically and was chosen between 12 and 65. For the following test series the
ratio was kept constant for a series and was increased from 33 to 133 to see the
effect on the conversion and selectivity.
The molar ratio can be either varied by higher hydrogen flows or by the weight
percentage of glycerol contained in the aqueous solution. The flow of hydrogen was
between 100 and 200 Nl/h and the glycerol concentration in the aqueous phase was
varied between 10 and 40%.
C.3.5 Crude glycerol
For most of the test series refined glycerol has been used to avoid scattering and
define the optimized operating window. The final process should be designed in a
way that it can also perform with crude glycerol and is able to cope with the impurities
crude glycerol contains. Mainly sulfur could be harmful to the process as it poisons
the catalyst. It is necessary to use crude glycerol to make the blending components
count towards the advanced biofuels target. Another advantage of the use of crude
glycerol is the low purchase price, which would improve the overall economics of the
process.
The glycerol was purchased from the nearby biodiesel producer and was considered
as a worst case scenario for the process. This helps to improve the process and
makes it capable of processing all different crude glycerol qualities. As already
mentioned in C.1.3 the glycerol had a brown/black oily substance swimming on top of
the brownish glycerol solution. Before using the crude glycerol for the process there a
cleaning step was necessary. The crude glycerol was centrifugalized first and the
dark brown oily substance was separated from the glycerol. The density of the dark
brown residue was lower than the density of crude glycerol and so after centrifugation
it was found in the upper phase. What was interesting was that the black phase also
stuck to the walls of the laboratory equipment when pouring into other equipment.
The two phases were separated and the lower phase afterwards filtered to keep it
free of the oily substance. The remaining solution was somehow brownish and
should contain glycerol. After this cleaning step the glycerol was ready to be used for
the process (Picture 4).
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Picture 4 – worst case crude glycerol (left) and filtered crude glycerol (right)

Test series A and B were partly carried out with crude glycerol as a feed to see the
influence of impurities contained to the process. Series A and B were also used to
check the influence of crude glycerol on the catalyst, on the conversion and the
selectivity. To identify the influence on conversion and selectivity the runs with crude
glycerol have used the same parameters as the runs in series 6. So there is a direct
way of seeing the influence on the results.
To identify the influence on the catalyst two runs have been performed before the
runs with crude glycerol and repeated afterwards again. If there have been any
changes in the conversion and the selectivity it can be assumed that the catalyst has
been poisoned from the impurities of crude glycerol. If the results from the run before
and after are similar it gives the indication that the catalyst copes quite well with
crude glycerol.
C.3.6 Detailed parameters for each test series
For each series the parameters have been varied. Series 1 and 2 have been used to
see if the process is feasible and to check if the reaction results in the desired
components. The crude glycerol used in test series 1 and 2 was a standard mixture
but not the worst case scenario provided from the biodiesel producer. Test runs have
been carried out at 200 and 250 °C but the runs with crude glycerol have only been
performed at 200 °C.
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Table 8 - Test series 1 (details)

Series 1
Temperature [°C]
-1

WHSV [h ]
Molar ratio H2/Glycerol

1

2

3

4

5

65

200

200

250

250

200

200

0,21

0,42

0,84

0,88

0,88

0,88

53

32

16

13

13

13

1

2

35

45

5

200

250

200

200

200

0,21

0,21

0,21

0,42

0,42

33

33

65

65

33

Table 9 - Test series 2 (details)

Series 2
Temperature [°C]
-1

WHSV [h ]
Molar ratio H2/Glycerol

Test series 3 to 6 were necessary to define the optimum process parameters and to
identify how the parameters influence the yield and conversion. For each run a time
frame of 48 hours was planned.
Test series 3 has been used to see the influence of the temperature on the
conversion and the selectivity towards propanols (see Table 10). The glycerol
concentration in the aqueous solution was 20%. For each series a time frame of 48
hours was planned which led to a total on-time for series 3 of 288 hours.
Table 10 - Test series 3 (details)

Series 3
Temperature [°C]
-1

WHSV [h ]
Molar ratio H2/Glycerol

1

2

3

4

5

6

200

210

220

230

240

250

0,21

0,21

0,21

0,21

0,21

0,21

32

32

32

32

32

32

Test series 4 differed from series 3 with a lower WHSV. This occurred due to a higher
catalyst amount compared to test series 3. The catalyst volume was increased from
60 g to 85 g in the reactor. All other parameters have been kept at a constant value
to see the influence explicit. This led to the lower WHSV for series 4 which can be
seen in Table 11.

5

Performed with crude glycerol
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Table 11 - Test series 4 (details)

Series 4
Temperature [°C]
-1

WHSV [h ]
Molar ratio H2/Glycerol

1

2

3

4

5

6

200

210

220

230

240

250

0,15

0,15

0,15

0,15

0,15

0,15

32

32

32

32

32

32

Test series 5 was done to see if an even lower WHSV is required to optimize the
conversion and selectivity of the process. In the test series 4 the WHSV has been
changed with a higher catalyst amount. As the maximum of catalyst placed in the unit
was reached, another approach had to be chosen to vary the WHSV. Therefore the
concentration of glycerol in the aqueous solution has been reduced to 10 %
compared to 20 % in runs before. The reduction of the glycerol concentration also
influences the molar ratio of hydrogen to glycerol. As the flow for hydrogen was kept
constant, the molar ratio increased to 66 compared to 33 in series 4. The details for
series 5 can be seen in Table 12.
Table 12 - Test series 5 (details)

Series 5
Temperature [°C]
-1

WHSV [h ]
Molar ratio H2/Glycerol

1

2

3

4

5

6

200

210

220

230

240

250

0,07

0,07

0,07

0,07

0,07

0,07

66

66

66

66

66

66

For the test series 6 the flow of glycerol has been kept constant but the flow of
hydrogen has been increased to result in a higher molar ratio of hydrogen to glycerol.
The catalyst amount has not been varied either which led to a constant WHSV. The
details for the series can be seen in Table 13.
Table 13 - Test series 6 (details)

Series 6

1

2

3

4

5

6

200

210

220

230

240

250

WHSV [h ]

0,07

0,07

0,07

0,07

0,07

0,07

Molar ratio H2/Glycerol

133

133

133

133

133

133

Temperature [°C]
-1

After the series 3 to 6, which have all been performed on refined glycerol to avoid
scattering, test series A has been performed. Before test series A started the reactor
has been taken out of the pilot scale unit as there was no time frame available to run
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the test series. Before performing the test the catalyst was again activated at 350 °C
with hydrogen for 24 hours.
Test series A was a combination of different series. At first 3 runs of series 4 have
been repeated to identify the reproducibility of the runs. Subsequent series 7 has
been performed which used the same parameters as series 6 but instead of refined
glycerol it has been performed with crude glycerol. The glycerol used was the worst
case glycerol provided from the biodiesel supplier. Before using it for the reaction it
has been centrifugalized and filtered to remove the black sludge on top. To see the
influence of crude glycerol on the catalyst activity 3 runs of series 4 have again been
performed after test series 7. This gave an indication about changes in the catalyst or
the change of the activity through crude glycerol. The details for series A can be seen
in Table 14 & Table 15.
Table 14 - Test series A (details) part 1/2

Series A - 1

4-1

4-4

4-6

7-16

7-26

7-36

Temperature [°C]

200

230

250

200

210

220

0,15

0,15

0,15

0,07

0,07

0,07

32

32

32

133

133

133

Series A - 2

7-46

7-56

7-66

4-1

4-4

4-6

Temperature [°C]

230

240

250

200

230

250

WHSV [h ]

0,07

0,07

0,07

0,15

0,15

0,15

Molar ratio H2/Glycerol

133

133

133

32

32

32

-1

WHSV [h ]
Molar ratio H2/Glycerol

Table 15 - Test series A (details) part 2/2

-1

As series A has been interrupted and stopped right after applying crude glycerol on
the unit, another series has been created. Series B used again 2 runs of series 4 to
check the reproducibility of the runs. After the 2 runs a set of new parameters has
been introduced (Series 8). This series was used to see if a higher molar ratio of
hydrogen to glycerol can also influence the reaction in a suitable way. The WHSV
was similar to the runs in series 4 at 0.15 h-1 but the hydrogen flow was increased to
200 Nl/h compared to 100 Nl/h in series 4. Two runs at different temperatures (200
and 230 °C) have been performed to see the results with those parameters.
Afterwards it was considered to run 4 runs on crude glycerol, which ran on the same
parameters as in series 6. But through the issues in series A it was assumed that 250
6
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°C may be too high for crude glycerol and the runs have only been performed
between 200 and 230 °C. To see the influence of crude glycerol on the catalyst two
runs of series 4 have again been performed. The detailed description for series B can
be seen in Table 16 & Table 17.
Table 16 - Test series B (details) part 1/2

Series B - 1

4-1

4-4

8-1

8-2

7-17

7-27

Temperature [°C]

200

230

200

230

200

210

0,15

0,15

0,15

0,15

0,07

0,07

32

32

65

65

133

133

-1

WHSV [h ]
Molar ratio H2/Glycerol

Table 17 - Test series B (details) part 2/2

Series B -2

7-37

7-47

4-1

4-4

Temperature [°C]

220

230

200

230

WHSV [h ]

0,07

0,07

0,15

0,15

Molar ratio H2/Glycerol

133

133

32

32

-1

Based on the combined reaction program it should be possible to determine the
optimal process window and to clarify if the process is also capable of running on
crude glycerol.

C.4 Characterization of products
The products produced in the pilot unit have been analyzed regarding the contained
substances. It was necessary to identify each substance to observe the influence of
temperature, WHSV and molar ratio with respect for products.
C.4.1 Glycerol content
This analysis has been made for the feed and also for the obtained products to help
identify the level of conversion. It has been analyzed with a method from the
American Oil Chemists’ Society (AOCS), which is called AOCS Ea 6-94. The glycerol
reacts with sodium periodate and forms aldehydes and formic acid in acid solution.
Formic acid is considered as a measure for glycerol. Sodium periodate does also
react with other poly alcohols containing three or more adjacent hydroxyl groups but
this is excluded in the provided solution34.

7
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C.4.2 X-Ray Fluorescence Spectrometry
Within the thesis this method has been used for elemental analysis of the feed as it
was necessary to determine the metals (like sodium or potassium) and other
potential impurities caped in the crude glycerol. It is necessary to be aware of the
impurities contained in the crude glycerol to avoid catalyst poisoning. Not only metals
but also sulfur has been detected with this method, which is considered as the main
impurity in the feed.
For the analysis the sample is bombarded with high energy rays and electrons from
the inner layers will be ejected. This will only appear if the energy of the radiation is
higher than the binding energy. After the ejection electrons from higher orbitals will
“fall” into the lower layers to fill the position of the electron, which was ejected before.
This helps to stabilize the unstable state. Through falling of the electron radiation is
released, which is in the range of x-ray radiation and is called fluorescence. This
happens due to the energy difference of the two orbitals. The radiation is
characteristic to the atoms which are contained in the sample 35. The energy
difference can also lead to the release of another electron located in an outer layer,
which is called the Auger effect. Both processes are running simultaneously. All
elements irrespective of hydrogen and helium can be analyzed with this method 36.

C.4.3 Thermogravimetric analysis
For the feed also a thermogravimetric analysis has been done. As glycerol
decomposes at ~ 290 °C it was interesting to see the thermal decay through a
thermogravimetric analysis. The question was if the glycerol already starts
decomposition at 250 °C, which would be a potential operating parameter. To
calculate the thermal decay it is necessary to see the weight loss of the sample with
the temperature. The onset temperature, which defines the decomposition point can
be calculated from the analysis37.
C.4.4 Density
The density has been measured from the feed and the products to see the change of
it, which occurred within the reaction.
The density has been measured at 20 °C for all the samples. It has been done with a
hydrometer for liquefied gases of hydrocarbons according to the DIN 51757:1994-04.
The density was not further used for analysis of the products. It was considered as a
reference indication for the results measured with other methods.
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C.4.5 Headspace gas chromatography
This method has been used to determine the composition of the products obtained
from the reaction.
Gas chromatography (GC) is used to obtain information about the molecular
compositions of mixtures. Not only the composition but also the amounts can be
detected if the peaks are clear separated38. The sample is injected in the column and
transported with a carrier gas. Through the different interdependencies of molecules
with a stationary phase, which is mainly a porous medium, they have different
retention times in the column. This all appears under the influence of a gas39. After
the separation of the molecules they are detected.
For this special application to detect short chain alcohol, ketones and dimerization
products it has been chosen to use a headspace gas chromatography with mass
spectrometry (MS).
For the headspace injection the sample is stored in a vial and closed afterwards.
Then it is incubated at a certain temperature for a defined time, which has been
chosen at 80 °C for 15 minutes for the samples derived from the pilot scale unit. After
incubation an aliquot gas sample is transferred by a syringe into the gas stream,
which carries the sample into the column for separation40.
After the separation in the column the molecules are detected with MS. At first the
molecules are converted into gas-phase ions. Some of the molecules will undergo
fragmentation in the MS. The mass spectrometer separates the ions regarding their
mass-to-charge ratio and also detects their frequency of occurrence41. This technique
is done in full vacuum36. The mass will be detected for each peak of the gas
chromatography and provides a qualitative analysis of the molecules.

C.5 Analysis
C.5.1 Conversion
The most interesting results are the conversion of glycerol and the selectivity towards
products and especially propanol.
The conversion of glycerol is calculated from the measured remaining content of
glycerol in the product fraction. It indicates the amount of glycerol that has been
converted towards products.
The

calculation

for

the

conversion

can

be

seen

in

Equation

5.
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Equation 5 - Calculation of conversion

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 [%] =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 (𝑖𝑛) − 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 (𝑜𝑢𝑡)
∗ 100
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 (𝑖𝑛)

C.5.2 Selectivity
Another factor that has an enormous influence on the feasibility of the process is the
selectivity towards products. The most desired components with respect to fuel
blending are 1-propanol and 2-propanol. Also ethanol as a minor byproduct is
considered.
Depending on the dedication of the final products also acetone is a valuable product
as there are plans to further process the alcohol/ketone mixture into longer chain
alcohols. All other products are not considered as valuable products as most of them
are propandiols or dimerization products. To get to the results two selectivities have
been calculated for each test run, as both ideas should be reflected in the results.
The selectivity can be calculated by summing the moles of one product (depending
on which one is considered) and divide it by the sum of all products (see Equation 6).
Equation 6 - Calculation of selectivity

𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [%] =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑛𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
∗ 100
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

The selectivity to propanols will consider both types of propanol (1- and 2-propanol).
Also separate selectivities for both propanols have been calculated. The selectivity to
products will next to propanols also consider acetone and ethanol as valuable, as
they can be further processed.
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D. Results and discussion
D.1 Results of pre-feasibility test (Test series 1 & 2)
Test series 1 & 2 were used to identify the feasibility of the process. The results were
satisfying even though it already showed that there is still optimization and further
variation of the parameters necessary. For some runs the conversion of glycerol
could not be defined (1-2, 2-5). What was already obtained from the test series (see
Table 18 & Table 19) was that at 250°C the conversion of glycerol was around 95%
compared to the conversion at 200°C, which was only at around 10%. What could
also be obtained was that the selectivity towards propanols was much higher at
200°C. At 250°C there was higher selectivity to ethanol or acetone but lower
selectivity to the desired propanols.
The higher WHSV, which was used in runs 1-4 and 1-6 led to lower selectivity to the
desired products. In the last run of series 1, which was performed with crude glycerol
the selectivity towards propanols was especially low. It showed a high yield of
methanol though, which is an undesired component for gasoline blending due to the
high vapor pressure and a low carbon to oxygen ratio. The carbon to oxygen ratio is
especially interesting in gasoline blending as a higher ratio limits the volume for the
component, which is not favorable for the fulfillment of the directive. Run 2-3 and 2-4
have also been performed with crude glycerol and showed good selectivity towards
propanols. What can be seen when comparing these two runs is that the selectivity
towards propanols is slightly lower with the higher WHSV in run 2-4.
The influence of crude glycerol which was used in runs 1-6, 2-3 and 2-4 made slight
differences compared to the runs with refined glycerol. Run 2-1 and 2-3 show similar
parameters out of the hydrogen ratio, which was slightly higher in the latter, and
could so be compared. Both runs showed similar results with the conversion slightly
higher with refined glycerol. The selectivity was slightly lower to products and also
lower to the desired propanols when using crude glycerol. This was further
investigated in the following test runs.
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Table 18 - Results of test series 1

1

2

3

4

5

68

200

200

250

250

200

200

0,21

0,42

0,84

0,88

0,88

0,88

53

32

16

13

13

13

Conversion of glycerol

6

n.a.

78

94

11

6

Selectivity to products

90

67

54

44

n.a.

96

Selectivity to propanols

70

48

18

17

n.a.

9

1

2

38

48

5

200

250

200

200

200

0,21

0,21

0,21

0,42

0,42

33

33

65

65

33

Conversion of glycerol

10

96

9

13

n.a.

Selectivity to products

98

51

93

89

91

Selectivity to propanols

65

36

53

51

53

Series 1
Temperature [°C]
-1

WHSV [h ]
Molar ratio H2/Glycerol
Results [%]

Table 19 - Results of test series 2

Series 2
Temperature [°C]
-1

WHSV [h ]
Molar ratio H2/Glycerol
Results [%]

These results were used to define the parameters for the test series 3 to 6 which
were performed with refined glycerol to avoid scattering. In series A and B also crude
glycerol was considered as a feed to gain further insights of the influence of
impurities on the process.

D.2 Refined glycerol test series (test series 3-6)
D.2.1 Results
Series 3 to 6 have been used to monitor different parameters and to compare the
results and find the best and most economical operating window with high conversion
and high selectivity. The conversion always increased with higher temperature. But
not only the temperature but also the WHSV had an influence on the conversion.
With the lowest WHSV in test series 6, the conversion could already be pushed close
to 100 % at 200 °C, whereas with higher WHSV it took higher temperatures. Also the
hydrogen ratio influenced the conversion of glycerol. In series 6 the hydrogen ratio
increased compared to series 5 but all other parameters have been kept constant. In

8
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series 5 the conversion at 200 °C was at 72 % and could be increased to nearly 100
% in series 6 with higher hydrogen ratio.
The selectivity to propanols within those series was between 22 % and 81 %. The
selectivity to products, which includes next to n-propanol and i-propanol also ethanol
and aceton, is mainly higher compared to the selectivity to propanols as in nearly all
of the test runs also other products have been produced. The selectivity to products
ranged from 28 % to 90 %. Only in test series 3 the highest selectivity to products
and propanols was reached at the highest temperature. In all other test series the
highest selectivity was reached between 210 °C and 230 °C.
Table 20 - Results of test series 3

Series 3

1

2

3

4

5

6

200

210

220

230

240

250

0,21

0,21

0,21

0,21

0,21

0,21

33

33

33

33

33

33

Conversion of glycerol

22

41

70

92

95

97

Selectivity to products

54

40

53

62

63

63

Selectivity to propanols

46

31

39

50

53

55

1

2

3

4

5

6

200

210

220

230

240

250

0,15

0,15

0,15

0,15

0,15

0,15

32

32

32

32

32

32

Conversion of glycerol

57

81

98

99

100

100

Selectivity to products

62

64

80

86

60

47

Selectivity to propanols

49

48

68

74

49

37

Temperature [°C]
-1

WHSV [h ]
Molar ratio H2/Glycerol
Results [%]

Table 21 - Results of test series 4

Series 4
Temperature [°C]
-1

WHSV [h ]
Molar ratio H2/Glycerol
Results [%]
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Table 22 - Results of test series 5

Series 5

1

2

3

4

5

6

200

210

220

230

240

250

0,07

0,07

0,07

0,07

0,07

0,07

66

66

66

66

66

66

Conversion of glycerol

72

100

100

100

100

100

Selectivity to products

63

75

82

74

64

28

Selectivity to propanols

52

64

70

62

51

22

1

2

3

4

5

6

200

210

220

230

240

250

WHSV [h ]

0,07

0,07

0,07

0,07

0,07

0,07

Molar ratio H2/Glycerol

133

133

133

133

133

133

Conversion of glycerol

100

100

100

100

100

100

Selectivity to products

62

90

88

76

56

38

Selectivity to propanols

52

81

79

66

46

30

Temperature [°C]
-1

WHSV [h ]
Molar ratio H2/Glycerol
Results [%]

Table 23 - Results of test series 6

Series 6
Temperature [°C]
-1

Results [%]

D.2.2 Discussion
The conversion reached the highest levels at the highest temperatures in test series
3. With lower WHSV it was possible to push the conversion to greater than 99 %
already at lower temperatures. In test series 5 the conversion was already very high
at 210 °C. In series 6 all runs could be performed with a conversion greater than 99
%. At lower WHSV it is possible to work at lower temperatures as the energy required
is not as high as with higher WHSVs.
The highest selectivity reached within the test series was achieved in run 6-2 with a
selectivity of 81 % to propanols and 90 % to products. Those selectivities could be
reached at 210 °C. Also run 6-3 has a similar result, with just 2 % lower selecitivities
compared to run 6-2. Another run with quite promising results was run 4-4 with a
conversion of greater than 99% and a selectivity towards products of 86 % and a
selectivity towards propanols of 74 %. Quiet good results have also been achieved in
run 5-3, which showed selectivity to propanols of 70 % and 82% to products.
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D.3 Crude glycerol test series (series A & B)
D.3.1 Analysis of crude glycerol via thermogravimetric analysis
For the worst case crude glycerol also a thermogravimetric analysis was requested to
identify the potential components contained in crude glycerol. The weight loss can be
seen in Figure 10. Weight loss already appears in the temperature range from 27 °C,
where the analysis has been started, to 75 °C. This might be any light components
that are still captured in the solution like methanol. From 75 °C to 100 °C the weight
loss could appear from the water content (~ 28 % water content identified by internal
analysis) or also from additional methanol contained in the solution, which could not
be measured in house. The largest weight loss appeared between around 150 °C
and 240 °C. This gives a good indication that glycerol already decomposes way
before its boiling point, which is at 290 °C. This is also an important finding for the
process, which indicates that the process temperature should not be higher than 220
°C as decomposition takes place at higher temperatures. The weight loss is with ~ 70
% the highest in this section. Between 240 °C and 500 °C the weight loss was
detected at 6 %. The residue after 500 °C was also measured at 4 %. The residues
could easily be removed by distillation before processing the crude glycerol.

Figure 10 - Thermogravimetric analysis of crude glycerol

D.3.2 Results of interrupted test series A
For test series A it was planned to partly use crude glycerol as a feedstock. The
series defined in Table 14 & Table 15 could not be run as planned. After the reactor
has been attached to the pilot unit, the catalyst was again activated at 350°C and
with 100 Nl/h hydrogen flow for 24 hours. To check the reproducibility of the runs 3
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runs from series 4 were repeated. This was also necessary due to the fact that the
reactor had been dismantled and was stored under hydrogen atmosphere for some
weeks. When there was spare time in the pilot scale unit the test series started again.
It was interesting to check if any performance loss occurred from the storage of the
catalyst.
So the series was started without problems with refined glycerol. After 6 days of
operation run 7-1 was prepared, which was the first one using crude glycerol in a
concentration of 10%. Before starting the first run a pressure difference occurred and
the unit had to shut down. This happened before the steady state in the unit was
reached. The product solutions which passed through the reactor before the
equilibrium were also kept and analyzed.
It has to be mentioned that for economical reasons the first run with crude glycerol
had been carried out at 250 °C. It was the first run with crude glycerol that used a
higher temperature as all other runs, which have been performed before with crude
glycerol at temperature of 200 °C.
D.3.2.1 Product solution

In common the product collection is started when the reactor has reached a steady
state. In this case the steady state with crude glycerol was never reached and so also
the product solutions before the steady operation have been collected. When
comparing the solution with former product solutions derived from the reactions with
crude glycerol (run 1-6, 2-3 and 2-4) it could easily be seen that this time the solution
was not clear as in former runs. The comparison can be seen in Picture 5. What was
still similar to former runs is the color of the solution. The brownish color occurs from
the color of the crude glycerol.
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Picture 5 - Product solution from run 2-4 (left) and run 7-1 (right)

It was also possible to see the color change of the solution. The first bottles obtained
were still white but also not clear. The fourth bottle was the first one which occurred
in the brownish color. It can be seen in Picture 6.

Picture 6 - all foreshots of test series 7 (bottle 1 on the right hand side)

D.3.2.2 Conversion and Selecitivity

Also the glycerol content of the solution has been measured for the runs with refined
and crude glycerol. The results for the conversion in the repeated runs from series 4
were similar to the results of the full series. Only run 4-1 in series A showed lower
conversion than in series 4. For the selectivities some differences could be seen in
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the results. In series A, especially at lower temperatures, the selectivity to propanols
has been halved in test run 4-1 compared to the run in series 4. This has not been
proved in runs 4-4 and 4-6. Run 4-4 delivered lower results in series A compared to
series 4 but the difference between the series was not as great as for run 4-1. In run
4-6 the reproducibility of both runs seems really high. The comparison of the runs can
be seen in Table 24.
Table 24 - Comparison of full test series and repeated runs in series A

[%]
4-1
Conversion
Selectivity to products
Selectivity to propanols

Full series (series 4)

Repeated runs (series A)

57
62
49

44
39
28

4-4
Conversion
Selectivity to products
Selectivity to propanols

99
86
74

98
70
59

4-6
Conversion
Selectivity to products
Selectivity to propanols

100
45
34

100
47
37

Also the foreshots from the runs with crude glycerol have been analyzed to identify
conversion and selectivity. It was expected that the results should be similar to the
results of series 6 as the parameters have been identical to this test series. In series
6 the conversion was at 100 % at any temperature. The conversion in the foreshots
has been as high as 88% to 99% but not stable at all. Also the selectivity has not
been constant within the foreshots. The selectivity to products has been varying
between 22 % and 52 %. Also the selectivity to propanols has been fluctuating
between 19 % and 50%. The results can be seen in Table 25.
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Table 25 - Results for the foreshots of series 7 with crude glycerol

Foreshots series 7 [%]

1

2

3

4

5

6

Conversion of glycerol

92

100

100

86

89

88

Selectivity to products

25

52

45

32

27

22

Selectivity to propanols

23

50

45

30

24

19

What was clearly visible was that already in the first run in series A the results
differed highly from the results, which have been achieved in test series 4. Also the
foreshots showed really low results especially for the selectivity. This may also be
due to the reason that worst case crude glycerol has been used as a feedstock. As
the operation could never be performed constant it has been stopped due to a
pressure difference were it was not safe to operate the unit.
D.3.2.3 Catalyst exchange after test series A

In order to investigate the pressure drop issues which ultimately led to the
extraordinary shut down of the plant, the reactor was opened. After dismantling all
connections, the cross-section of the reactor pipe was examined and it was very
obvious that the catalyst was no more in it’s initial shape. This was contrary to
previously conducted test series 1 and 2, where the optical appearance of the
catalyst just suffered a slight reduction in brightness. However, after this
extraordinary shutdown the optical appearance of the reactor cross section strongly
indicated coking. Also in Picture 7 it can be seen that the catalyst after series 1 and 2
looked completely different than to the catalyst, which was stuck in the reactor after
series A. After series 1 and 2 the catalyst was still removed in the shape of pellets (as
the catalyst was delivered) and just suffered some fracturing when shaking. It was
possible to remove the catalyst from the reactor without any help. After series A it
was not even possible to remove the catalyst.
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Picture 7 - Catalyst removed after series 1& 2 (left), catalyst still in reactor after series A (right)

At this stage, it has to be mentioned that the most plausible way to explain this coking
is due to significant differences with respect to the conditioning of the reactor and
may not be related to the process itself, as the test series was interrupted twice. First,
this was due to shortages of plant availability within Technikum of Schwechat
Refinery. After removing, the reactor section was kept as is but sealed for several
weeks and stored in a deposit for approx. 4 weeks. Subsequently, it was
reassembled within the hydrogenation plant and the common procedure of
preconditioning the catalyst was started again. This obligatory preconditioning step is
performed by heating up the reactor to 350°C and 24 hours of 100 Nl/h hydrogen
flow. As glycerol reportedly decomposes not until 290°C (highest process
temperature was 250°C) residual amounts of glycerol which were kept in the reactor
(as is was sealed during storage and not purged) are very likely the cause for coking
within this high temperature regime during preconditioning. As a consequence, test
series A could not be prolonged as initially defined but had to be finally interrupted
once more a few hours after feed-in.
D.3.2.4 Conclusions of test series A

Many different issues could have led to the result of test series A.
The storage of the mixture of water and glycerol could be one potential issue. As the
glycerol solution can’t be mixed in the storage tanks separation could occur and lead
to higher glycerol concentrations. As glycerol has a higher density than water it would
sink to the bottom. So the applied solution contains a higher concentration of glycerol
at the beginning, which may lead to issues with the catalyst. To clarify this potential a
mixture of glycerol and water was stored for one week and monitored but the solution
looked similar to the start. There was no obvious separation of glycerol and water.
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The only issue which could be seen from the test mixture was that a lot of water
evaporated, which would also lead to an increased concentration. This fact can be
neglected as the storage tank is closed in the Technikum and the temperature is
much lower near the pilot unit compared to the laboratory.
What can be seen from the catalyst was that the catalyst turned black and hard and
could not be removed from the reactor. This might appear due to coke formation
within the reactor. The reactor has been used for series 6 and afterwards has been
dismantled without removing all the glycerol solution from the reactor. When the
reactor was again applied to the unit, the catalyst was again activated at 350°C and a
hydrogen flow of 100 Nl/h. As glycerol has a boiling point at 290°C and already
decomposes way before this temperature, which could be proved from the
thermpgravimetrical analysis, it is possible that these conditions have led to the
formation of coke from the glycerol, which was remaining in the reactor. This would
influence the conversion and selectivity to products. As the conversion was still
reasonable, most of the glycerol might just got stuck in the reactor and lead to further
coke production. The selectivity to products showed in common low results except
from run 4-4, where 70 % to products could be reached. This could be an indication,
that other reactions as expected have been happening in the reactor, which formed
different products compared to the runs before.
The cloudy solution could also be a result of disaggregated catalyst. In combination
with the coke formation it would make a complete picture of the problems that
occurred within series A.
Another potential issue may be the salts contained in the crude glycerol. This is also
the main difference between refined and crude glycerol. The catalyst has to deal with
sulfur and alkali metals that might also appear as salts. These impurities could plug
the catalyst and also lead to a pressure difference.
A different problem could have also been the temperature profile. The runs with
crude glycerol were planned to start at 200 °C but to save time and energy it was
decided to start at 250 °C. Probably the temperature was too high to cope with salts
and other impurities, which are contained in the crude glycerol. The former test runs
(1-6, 2-3 and 2-4) which were performed with crude glycerol only ran at 200°C. So
there was no indication if the process would also work with higher temperatures and
crude glycerol. This observation is also in line with the thermogravimetrical analysis
of crude glycerol were it could be seen that most of the weight loss appeared already
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between 200 °C and 240 °C and therefore at much lower temperatures than the
boiling point of glycerol. So it is not favorable to run the process at higher
temperatures as the decomposition may already take place at 250 °C.
D.3.3 Results of test series B (modified series A)
After the pressure difference issues it was planned to run a series with a slightly
different program. The most important factor was to start the series with crude
glycerol at 200 °C. The test runs with crude glycerol were not performed at 240 °C
and 250 °C as it seemed that the high temperatures were not favorable for the
process. It was also decided to repeat only 2 runs from test series 4 at the start and
the end of the series and add 2 more runs at a higher hydrogen ratio to collect
additional data. The plan can be seen in Table 16 & Table 17.
The series performed in the pilot unit showed no special occurrences and was run
like planned.
D.3.3.1 Product solutions

The product solutions of the test runs with refined glycerol did not show any major
difference to the former test runs. The solutions showed again a slightly brownish
color but it was not as intensive as in series 1 and 2. This also results from the fact
that the series was run with a 10 %w glycerol concentration whereas former runs
have been performed with 20 %w or even 40 %w crude glycerol content in water.
The product solution from the run with crude glycerol at 230 °C in test series B (7-4)
showed again a cloudy solution, which can be seen in Picture 8 on the right hand
side. This could indicate that this temperature is already too high for crude glycerol or
some of the impurities, which turn the solution from clear into cloudy. This
appearance is also in line with the thermogravimetrical analysis. The glycerol already
decomposes in high levels at this temperature.
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Picture 8 - Product solutions of crude glycerol runs in series B (7-1 left, 7-4 right)

The results for the test runs can be seen in Table 26 & Table 27. The first 2 runs
have been used to check the reproducibility of the test runs which will further be
outlined in D.4.3.4. Run 8-1 and 8-2 have been used to check the influence of the
molar ratio at a constant WHSV compared to runs 4-1 and 4-4. The conversion
increased from 29 % to 39 % at 200 °C. At 230 °C it stayed at around 95 %, which
has already been achieved without an increased hydrogen ratio.
In run 8-1 the selectivity was lower compared to 4-1. In run 8-2 an increase of the
selectivity could not be observed. It is expected that the maximum selectivities for the
set of parameters in series 8 lies at another temperature than tested in those two
runs. Only runs at 200 °C and 230 °C have been performed and there is still potential
to also optimize and recheck that parameter set.
Also runs with crude glycerol have been performed in this series. The main purpose
was to test the identified parameters with a worst case crude glycerol quality. The
results for the conversion have been at low levels of 20 % to 51 %. The highest
conversion could again be reached at the highest temperature of 230 °C. Also the
results for the selectivity have not been satisfying compared to results that have
already been reached in series 1 and 2. The selectivity to propanols reached the
highest level at 15 % and the conversion to products only climbed to 15 %.
The last 2 runs of series B (repeat of runs 4-1 and 4-4) have been performed to see
the influence of crude glycerol on the catalyst. Even though the runs were performed
with refined glycerol, the results changed significantly compared to 4-1 and 4-4
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before the crude glycerol runs. The conversion went down to 8 % at 200 °C and 47 %
at 230 °C. The selectivity at 200 °C has been at 10 % for propanols and also for the
products, which indicates that not a lot of other valuable products have been
produced. At 230 °C the selectivity to propanols has been at 9 % and the selectivity
to products has been 12 %.
Table 26 - Results of test series B part 1/2

4-1

4-4

8-1

8-2

7-19

7-29

200

230

200

230

200

210

0,15

0,15

0,15

0,15

0,07

0,07

32

32

64

64

133

133

Conversion of glycerol

29

95

39

94

21

20

Selectivity to products

50

64

38

67

15

12

Selectivity to propanols

41

55

30

59

15

11

Series B
Temperature [°C]
-1

WHSV [h ]
Molar ratio H2/Glycerol
Results [%]

Table 27 - Results of test series B part 2/2

Series B

7-39

7-49

4-1

4-4

Temperature [°C]

220

230

200

230

WHSV [h-1]

0,07

0,07

0,15

0,15

Molar ratio H2/Glycerol

133

133

32

32

Conversion of glycerol

30

51

8

47

Selectivity to products

11

14

10

12

Selectivity to propanols

9

9

10

9

Results [%]

D.3.3.2 Conclusions of series B

After the catalyst has been exchanged and the reactor filled with new catalyst good
performance has been expected. The results for runs 4-1 and 4-4 have not been as
good as the runs, which have been performed in series 4. Runs 8-1 and 8-2 have
been performed to identify the influence of a higher molar ratio on the conversion and
the selectivity. So it was directly comparable to run 4-1 and 4-4, which used the same
parameters but a lower molar ratio. The conversion has been improved by 10 % at
200 °C. The higher molar ratio did not show any improvement on the selectivity, it
was even lower at 200 °C. It still has to be clarified, which temperature would lead to

9

Performed with crude glycerol

67

the highest selectivities as series 8 has only been performed at 200 and 230 °C and
not at the other temperatures in between.
The crude glycerol runs did not show satisfying results. The conversion reached a
maximum of 51 % and the selectivity a maximum of 15 % to propanols and 15 % to
products. This would not be feasible for a production process. As this was a worst
case glycerol quality, it was a good test to see if the catalyst is capable of coping with
those impurities. As already seen in test series 1 and 2, where standard crude
glycerol has been used, the performance was much better as in series B. A potential
solution would be to distillate the crude glycerol before using it for the reaction. The
diluted glycerol could be obtained and the sludge with most of the impurities could be
removed. This would improve the quality of the crude glycerol but it could still be
obtained as a worst case quality, which results in low prices.
The last two runs of the series have been used to see the influence of the crude
glycerol runs on the catalyst. The parameters have been the same as in runs 4-1 and
4-4 before the crude glycerol runs. The performance has been significantly lower
compared to the runs before the crude glycerol runs. The conversion has been
reduced from 29 % to 8 % at 200 °C and from 95 % to 47 % at 230 °C, which is a
significant reduction. In point of selectivity the reduction is even more significant. In
run 4-1 the selectivity to propanols has been reduced from 41 % to 10 % and for
products from 50 % to 10%. In run 4-4 the performance was not greater with a
reduction for propanols from 55 % to 9 % and for products from 64 % to 12 %.
Overall it has to be mentioned that the results were low in series B. Many reasons
can lead to low results. As a new reactor has been used for the reaction, there might
still be impurities from the production process contained on the surface. Also no
further investigations have been done on the catalyst handling and storage. The
pellets could be broken from carrying the catalyst around or water, air or chemicals
could influence the performance of the catalyst. Also the sampling methods are still
not standardized, which can lead to different ways of sampling. As the analyzing
method is also still in development, there might be differences in the measuring
between the samples
D.3.4 Discussion of worst case crude glycerol test series
In series A and B a worst case crude glycerol has been used as the feedstock for the
runs. The idea was to identify if the process is capable of coping with the impurities
contained in this type of crude glycerol. Former runs which also used crude glycerol
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but in a better quality showed quiet good results although only low conversion
(between 6 % and 13 %) could be reached, the selectivity to products showed good
results (up to 96 %). Also the selectivity to propanols showed quiet promising results
of 53 % in the highest case. It was thought that the results could even be increased
with an optimized parameter set.
When the tests were performed with worst case crude glycerol it was expected to
improve the results as the parameters have been optimized with refined glycerol.
When series A was performed it was not possible to operate the unit constantly with
crude glycerol. Also the results of the foreshots, which have been collected and
measured, have been fluctuating. The range of the fluctuation was around 12 % for
the conversion and around 30 % for the selectivity to products and propanols.
After halting the unit in series A the catalyst was removed and the unit prepared for a
new set of runs, which should also use worst case crude glycerol. This time the
operation of the unit was possible, without any major issues or interruptions. It was
expected to see quiet good results due to fact that the catalyst has only been used
for a few hours and the parameters should result in good conversion and selectivity
levels. The conversion level has been improved compared to test runs in series 1 and
2, which was at 13 % in series 2 and at up to 51 % in series B. But the selectivity has
been worse for products and propanols in series B compared to the test runs in
series 1 and 2. The highest selectivity was reached at 200 °C but has been as low as
15 % for propanols and products. This result is not really satisfying as it would not be
worth to extract such small amounts of propanols and it would generate a lot of
waste. The results for this series are still doubtable as the overall results of this series
have not been as good as expected. It would be necessary to repeat the series and
recheck the potential problems that have been identified.

D.4 Comparison of test runs
D.4.1 Influence of temperature on the production of ethane and propane
The temperature does not only have a high influence on the conversion of glycerol
and the selectivity towards propanol but also on the production of gas in the reaction.
What was observed through the measurement of the gaseous phase was that the
production of ethane and propane increased at higher temperatures. In test series 4
this can be seen obviously. For the first run the percentage share of the aqueous
solution was nearly 100 % and only a small combined amount of 0.6 % gas was
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produced. With increasing temperature the production of ethane and propane
increased to a total of 3.5 % and the aqueous phase was reduced to approximately
93 % of feed. This gives an indication that at higher temperatures also the volume of
decomposition products and further reaction to propane increases. Figure 11 was
obtained from test series 4 over all 6 runs with increasing temperature. The WHSV in
this test series was 0.15 h-1. This trend has also been seen in the other test series in
similar percentage of feed.
100

3,5
3,0
2,5

96

2,0

94

1,5

gas phase [%]

aqueous phase [%]

98

1,0
92

0,5

90

0,0
199

210

220

228

237

Temperature [°C]
aqueous phase
propane

248
ethane

Figure 11 - Development of ethane, propane and aqueous phase [%] with the temperature [test series 4]

What could be obtained by comparing the test runs was that also other parameters
had an influence on the gas amount produced. If test series 4 is compared to test
series 6 it can be seen that the total production of gas was only ~2 % of the feed in
this case. The difference between those 2 runs is the concentration of glycerol in the
aqueous phase which was reduced from 20 w% in series 4 to 10 w% in series 6. The
glycerol concentration has influence on the hydrogen ratio as well as on the WHSV.
Compared to series 4 the hydrogen ratio was increased from 32 to 133. So either the
increased hydrogen ratio or the lower WHSV will have a positive effect on the gas
production in the reactor, which can be seen in Figure 12.
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Figure 12 - Development of ethane, propane and aqueous phase [%] with the temperature [test series 6]

D.4.2 Influences on the conversion
D.4.2.1 Temperature

What was already obtained from the pre-feasibility runs was that the conversion at
250 °C was higher compared to the conversion at 200 °C. So in test series 3 to 6 the
temperature was raised incrementally by 10 °C between 200 °C and 250 °C and
therefore the series was used to identify a certain connection between conversion
and temperature. Compared to test series 1 & 2, were the conversion was between 9
and 13% of the input material, test series 3 showed already improvement in
conversion at 200°C which was at 20 %. With the incrementally increase of the
temperature also the conversion increased. The highest value was reached at 250 °C
but already at 230 °C the conversion was up to 97 % which would seem feasible.
From the conversion point of view 230 °C seems as the most favorable temperature
with the parameters in series 3. The conversion in dependence on the temperature
can be seen in Figure 13.
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Figure 13 - Conversion profile of test series 3

This is only valid in combination with the parameters defined for series 3. For the
other test series the conversion was already near 100 % at 200 °C due to the fact
that the other parameters, like WHSV and hydrogen/glycerol ratio, were chosen in a
more favorable way for the conversion of glycerol. The conversion profile of series 5,
which was performed at 10% glycerol concentration, can be seen in Figure 14. The
other parameters like catalyst volume and hydrogen flow have been kept constant,
which led to a lower WHSV and a higher molar ratio of hydrogen to glycerol. It can be
seen that already at 210 °C a conversion of nearly 100 % could be reached.
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Figure 14 - Conversion profile of test series 5
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In series 6, which had a higher molar ratio between hydrogen and glycerol compared
to series 5, full conversion was already reached at 200 °C. The results of all series
can be seen in Figure 15. It is intended that with lower WHSV and higher molar ratios
the temperature required is not as high as also a lower amount of energy is
necessary.
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Figure 15 - Conversion profile of series 3 to 6

D.4.2.2 WHSV

It was clear that also the WHSV has a significant influence on the conversion of
glycerol. The WHSV can be influenced either by the catalyst volume or by the
concentration of glycerol in water. If the glycerol content in water is changed it also
has an influence on the hydrogen to glycerol ratio. In Figure 16 the runs at 200 °C
with different WHSVs are considered. What can be obtained from the measurements
was that the conversion of glycerol increased at lower WHSVs. In series 2 a glycerol
concentration of 40 % was used. For series 3 the concentration was reduced to 20
%, which resulted in a decrease of the WHSV and which improved the conversion
from 13 % to 22 %. Between series 3 and 4 the catalyst amount was increased and
all the other parameters were kept constant and therefore the WHSV was decreased.
Therefore the conversion increased significantly to 57 %. From series 4 to series 5
the concentration was further decreased and led to a WHSV of 0.07/h and to a
conversion of 72 %. From this WHSV it was also possible to increase the conversion
close to 100 % by increasing the hydrogen to glycerol ratio again due to higher
hydrogen flow rates as done in series 6.
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Figure 16 - Conversion at 200 °C with different WHSVs

In Figure 17 it can be seen that at a temperature of 230 °C the conversion is already
above 90 % with a WHSV of 0.21 h-1. No run has been performed at 230 °C and 0.42
h-1.
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Figure 17 - Conversion at 230 °C with different WHSVs

In Figure 18 the same diagram is drawn at a temperature of 250 °C. It can be seen
that the conversion already reached 97 % with the highest WHSV of 0.21 h -1. The
highest conversion at any WHSV is reached at 250 °C.
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Figure 18 - Conversion at 250 °C with different WHSVs

D.4.2.3 Influence of the molar ratio

The influence of the molar ratio has been tested at different WHSVs. The
temperature and the WHSV have been kept constant and only the flow of hydrogen
has been increased from 100 Nl/h to 200 Nl/h. At a higher WHSV of 0.15 h-1 two
different molar ratios have been tested. In the first run the molar ratio was at 32 and
has been increased to 64 in the second run. To compare the runs with the same
catalyst the results from runs 4-1, 4-2, 8-1 and 8-2 from series B have been chosen
with a WHSV at 0.15 h-1. At 200 °C it could be observed that with the increased molar
ratio also the conversion increased from 29 % to 39 %. The results for the conversion
at WHSV 0.15 h-1 and 200 °C can be seen in Figure 19. Runs 4-2 and 8-2 have been
performed at 230 °C whereof run 8-2 had the higher molar ratio at 64. The
conversion did not change significantly by increasing the molar ratio.
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Figure 19 - Influence of molar ratio on the conversion at 200 °C and 0.15 h WHSV

Different molar ratios have also been tested with a WHSV of 0.07 h-1. From series 5
to series 6 all other parameters have been kept constant out of the molar ratio which
has been increased from 66 to 133. With the higher molar ratio it was possible to
push the conversion to 100 % already at 200 °C whereas it was only 72 % with a
molar ratio of 66. There was no improvement for the other temperatures as the
conversion was already at 100 % with the lower molar ratio.
At certain temperatures and WHSVs it is worth to increase the molar ratio to identify if
there is still potential to improve the conversion of the process.
D.4.3 Influences on selectivity
Next to the conversion it is also necessary to monitor the selectivity towards certain
components. Propanols would be the desired components to be blended into the
gasoline pool. Also other products like ethanol and acetone are valuable as they can
be used for further processing together with mixed propanols.
D.4.3.1 Temperature

The selectivity towards propanols and products has been monitored for every test
run. It was expected, that the selectivity is higher at lower temperatures as this was
concluded from series 1 and 2.
In common it was possible to see that the production of byproducts was pretty
constant. If the selectivity increased it was mainly due to the fact that the production
of the desired propanols increased.
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Series 3 differed somehow from all the other runs. In series 3 the highest selectivity
was reached at temperatures between 230°C and 250 °C. It reached up to 63 % for
products and 55 % for propanols. The lowest selectivity could be measured at 210
°C. It is indicated that higher temperatures are required as the energy necessary to
convert the glycerol to propanols is higher with this set of parameters. The results
can be seen in Figure 20.
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Figure 20 – Selectivity profile of test series 3

From the other test runs it was observed, that the selectivity was always lowest at
250 °C. Also at 200 °C and 240 °C the selectivity was always lower than in the range
from 210 °C to 230 °C. The maximum was not seen at one dedicated temperature. In
series 4 the maximum for the selectivity of propanol and products was seen at 230
°C. The selectivity to propanols reach to 74 % and the selectivity for products up to
86 % at a conversion level of 100 %. This can be seen in Figure 21.
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Figure 21 - Selectivity profile of test series 4

In series 5 (Figure 22) the maximum production has been reached at 220 °C. The
selectivity to propanols reached 69 % and to products 82 %.
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Figure 22 - Selectivity profile of test series 5

In series 6 the maximum was reached at 210 °C. In this series it was even more
clearly that the selectivity was lowest at 250 °C and also at 200 °C. At 250 °C the
energy input is already too high and favors the production of other products and not
propanols. An advantage for this set of parameters would be that the process
temperature could be set at 210 °C and could therefore reduce heating costs. The
profile for the conversion can be seen in Figure 23.
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Figure 23 - Selectivity profile of test series 6

D.4.3.2 WHSV

As the test runs have been carried out at different WHSVs it is possible to see the
influence of the WHSV on the selectivity to propanols and products. At 200 °C the
selectivity was higher with lower WHSV as considered in series 4 and 5. The lower
WHSV also promoted the production of other valuable products slightly. This can be
seen in Figure 24.
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Figure 24 - Selectivities at 200 °C with different WHSVs

At 210°C and 220 °C the highest selectivity was reached at the lowest WHSV of 0.07
h-1 in series 5. The selectivity reached up to 69 % towards propanols and 82 %
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towards products at 220 °C. At 230 °C (Figure 25) the maximum selectivity was
found at a WHSV of 0.15/h in series 4 which reached 74 % for propanols and 86 %
for products. The selectivity with lower WHSV is already decreasing as the maximum
was reached at 220 °C.
100%

Selectivity [%]

80%
60%
40%
20%
0%
Series 3
0,21/h

Series 4
0,15/h

Selectivity to products

Series 5
0,07/h
Selectivity to propanols

Figure 25 - Selectivities at 230 °C with different WHSVs

At 250 °C it can be seen that the selectivity decreased heavily with lower WHSVs.
The highest selectivity was therefore reached at the highest WHSV. This is due to the
fact that the energy input is already too high at the lowest WHSV and favors the
production of other products. This can be seen in Figure 26.
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Figure 26 - Selectivities at 250 °C with different WHSVs
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D.4.3.3 Molar ratio

It was also investigated if the molar ratio between hydrogen and glycerol has an
influence on the selectivity towards products and propanols. The variation of the
molar ratio (from 32 to 64) has been investigated at a constant WHSV of 0.15 h-1. In
test series B the runs 4-1, 4-4, 8-1 and 8-2 have been compared. At 200 °C the
selectivity to products has been reduced from 50 % to 38 % and also the selectivity to
propanols has been reduced by 11 %. The results at WHSV 0.15 h-1 and 200 °C can
be seen in Figure 27. Runs 4-2 and 8-2 have been performed at 230 °C whereof run
8-2 had the higher molar ratio at 64. The results did not change significantly by
increasing the molar ratio. This might also be due to the reason that the maximum
selectivity with the parameters in series 8 might be reached at 210 °C or 220 °C. As
those temperatures have not been tested, it cannot be compared.
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Figure 27 - Influence of molar ratio on the selectivity at 200 °C and 0.15 h WHSV

The same investigation has also been done at a WHSV of 0.07 h-1 by comparing
series 5 and 6. The series have been performed at all temperatures. It was observed
that with increased molar ratio also the selectivities improved especially at 210 °C
and it was possible to produce more products and more propanols. At 200 °C the
selectivities have been similar. From 210 °C to 230 °C and at 250 °C process
temperature the production of the desired species was higher with an increased
molar ratio. At 240 °C the inverse was seen. Here the selectivity towards products
and propanols was higher with a lower molar ratio.
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The trends can be seen in Figure 28 whereas results of series 5 with a lower molar
ratio can be seen in darker colors and results of series 6 can be seen in lighter
colors. Series 5 has been performed at a ratio of 66 and series 6 at 133.
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Figure 28 - Influence of molar ratio on the selectivity at all temperatures and 0.07 h WHSV

D.4.3.4 Distribution between 1- and 2-propanol

What was already observed in test series 1 and 2 was that the selectivity to 1propanol was always higher than the selectivity towards 2-propanol. This has already
been reflected by other researchers and could also be monitored in the test series
performed22,

28

. In series 2 it was observed that at higher WHSV values also the

share of 1-propanol increased and less 2-propanol was synthesized. This might be
due to the fact that the reaction time to produce 2-propanol takes longer compared to
the production of 1-propanol18.
In the test series it was possible to prove that the production of 1-propanol was much
higher compared to 2-propanol. Around 15 % to 22 % of the total propanol production
was 2-propanol in series 3 to 6. The selectivity to 1-propanol and 2-propanol in series
6 can be seen in Figure 29. At 250 °C the ratio for the production of 2-propanol was
in common lower. It decreased to as low as 2 % in run 6-5.
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Figure 29 – Influence of the temperature on the selectivity towards 1- and 2-propanol in series 6

D.4.4 Reproducibility of test results
Some runs of test series 4 have been performed more than once and this creates the
possibility to monitor the reproducibility of the test results. If the results would differ
highly the process does not seem really reproducible. As the first attempt from test
series A had to be stopped, the reactor was filled with fresh catalyst and run 4-1 and
4-3 have been repeated in series B. This can be directly compared to run 4-1 and 4-3
which have been performed after series 3. Series A somehow should not be the
major comparison result as the series later on has been halted and the catalyst
showed the potential of coking.
The result can be seen in Table 28. The reproducibility for the conversion is not really
satisfying for test run 4-1 as the conversion is half in series B compared to series 4.
The conversion in series A is in between the results from series 4 and B. For series
4-4 the reproducibility of the conversion was better than in series 4-1. Even though
the conversion was reduced by 4 % from series 4 to series B, the result is still very
satisfying.
Table 28 - Conversion in test runs 4-1 and 4-4 in series 4, A and B

Conversion [%]

Series 4

Series A

Series B

4-1

57

43

29

4-4

99

98

95

83

Series 4 and A have been ran on the same catalyst. But it was expected that the
catalyst suffered from coking and therefor the results in series A will not be satisfying
and highly differ.
Before series B the catalyst has been changed and the runs 4-1 and 4-4 ran on fresh
catalyst. From the operations point of view there was no obvious difference between
the runs in series 4, series A and series B. Problems in series A just appeared with
the use of crude glycerol and after the runs 4-1 and 4-4.
The results for the selectivities show some fluctuations, which can be seen in Table
29 & Table 30. The selectivity towards products in run 4-1 is at 62 % in series 4 and
50 % in series B not too far apart. Series A differs from this result. The selectivity to
propanols in the same run is similar in series 4 and B at around 45 %. Again here
series A differs highly from this result. Run 4-1 was the first run in series A, where the
catalyst has been used before and the reactor stored for a while.
In run 4-4 the results have not been as constant as for run 4-1 in series 4 and B. The
selectivity towards products showed a difference of 20 % between series 4 and B.
The results from series A lies closer to the value for series B. Also the selectivity
towards propanols shows the same results as the selectivity towards products.
Table 29 - Selectivity towards products in test runs 4-1 and 4-4 in series 4, A and B

Products [%]

Series 4

Series A

Series B

4-1

62

39

50

4-4

86

71

64

Table 30 - Selectivity towards propanols in test runs 4-1 and 4-4 in series 4, A and B

Propanols [%]

Series 4

Series A

Series B

4-1

49

28

41

4-4

74

59

55

The reproducibility does not show correlating results. There are many reasons for the
difference between these results. The difference between series 4 and A was that the
reactor has been removed from the unit and stored without removing the remaining
glycerol. When the reactor was again placed into the unit, the catalyst was activated
at 350 °C for 24 h. As already described in D.3.2 it was assumed that the glycerol still
contained in the reactor started to form coke and therefore the reactor was blocked
for further reaction. Even though the conversion showed quiet good results it could
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be possible that nearly all glycerol contained just got stuck in the reactor, formed
additional coke and therefore did not remain in the product solution.
For series B a new reactor with freshly filled catalyst was used. There are a lot of
potential issues that may have happened. As these are just the first tries for the
process there is no standardized sampling method, which may lead to differences
within the sample drawing process. As the reactor was completely new there is a
potential that traces of oils or other impurities from the production process are still
stuck on the inside surface of the reactor. The new catalyst used for series B was the
same as for the run before but has been stored for a much longer time than the rest.
So there is a potential that the catalyst might suffer from different influences as water,
air or chemicals, which have been used near the storage place. The storage stability
of the catalyst has not been investigated so far. There is also the potential that during
handling some of the pellets broke into smaller pieces and therefor the active sites
distribution has been limited. Also the potential, that a mistake during the input of
catalyst may have happened, cannot be neglected. Therefor the used amount of
catalyst could be lower than expected.
Another unknown factor is the stability of the product solution. During storage it might
be possible that evaporation appears and some of the products or other chemicals
are removed. This will change the result when analyzing. As also the analysis is just
in development, there could be potential issues with the analyzing method itself as
well.
Further test runs should be performed to increase the reproducibility of the process.
D.4.5 Catalyst activity
Also the time the catalyst was used for the reaction was monitored. This is necessary
to prove long term stability, which is necessary to operate a unit continuously. It helps
improve the run time for the catalyst and avoids additional catalyst changes and
production downtimes. In the first test series the catalyst was online for 288 hours.
For the second and third test run one catalyst filling was used, which was double the
catalyst quantity than in series 1. Also the online time was higher with 528 h. It was
planned to use one catalyst filling from test series 4 to the end of the program but as
the reactor was dismantled after series 6 and issues occurred during series A the
catalyst had to be changed. The highest run time, which has been achieved so far,
was 864 h. Series B was not extended to longer run times as it was not possible to
use the pilot unit further. The run times can be seen in Table 31.
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Table 31 - Total run time

Test series

run time
[h]

Total run time
[h]

Catalyst volume
[g]

1

288

288

30

2

240

3

288

528

60

4

288

5

288

864

85

6

288

Series B

480

480

85

In series B 4 runs have been performed with crude glycerol which indicates that 192
of 480 hours have been run on crude glycerol. The performance was not as good as
expected and the handling and storage of the catalyst still has to be rechecked.

D.5 Influence of glycerol quality
The analysis of crude glycerol showed, that the impurities contained correlate with
the values that have been announced by the biodiesel producer.
D.5.1 Comparison of crude glycerol and worst case crude glycerol
The glycerol, which was used in series 1 and 2, was obtained from the biodiesel
producer as standard crude glycerol. After quiet promising results in series 1 and 2, a
worst case crude glycerol was requested for series A and B to identify the durability
of the process. For both types of glycerol the same analyses have been made. What
can be obtained from the result was that the glycerol content of worst case crude
glycerol (CG) was much lower and at only 72.9 w%. The glycerol content in crude
glycerol was at nearly 80 w%. As the glycerol is further diluted, this value is not really
crucial to the process. More interesting for the process are the contents of sulfur and
alkali metals. The value for sulfur is increased to nearly 0.8 m% in worst case crude
glycerol from 0.54 m% in crude glycerol. Sulfur could heavily influence the catalyst.
Also the alkali metals, which have been found in the RFA analysis, are higher in the
worst case crude glycerol than in crude glycerol.
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Table 32 - Analysis of crude glycerol (series 1 & 2) and worst case crude glycerol (series A & B)

Crude glycerol
value [m%]
0,6056
0,1300
0,5448
79,9
9,8
32,3

component
K
Na
S
Glycerol
Hydrogen
Carbon

Worst case CG
value [m%]
0,7488
0,1852
0,7936
72,9
9,1
30,9

Other elements like chloride, aluminum or iron have only been found in traces.
D.5.2 Influence on catalyst
As test series B was partly carried out with crude glycerol there is the possibility to
monitor the influence of crude glycerol on the catalyst. Before series 7 was carried
out two runs of series 4 were repeated and afterwards the same runs were performed
again. This gives the possibility to see if the results have changed in a significant
way. If yes it would mean that the run time on crude glycerol for 192 h already
caused a lot of damage to the active sites of the catalyst.
As it can be seen in Table 33 the runs with crude glycerol had a major impact on the
conversion of glycerol in runs 4-1 and 4-4. The activity of the catalyst was reduced to
limit the conversion to one third in run 4-1 and to half in run 4-4.
Table 33 - Influence of crude glycerol on conversion

Conversion [%]

Series B before crude

Series B after crude

glycerol

glycerol

4-1 (200 °C)

29

8

4-4 (230 °C)

95

47

So the run time of 192 h already reduced the activity of the catalyst to much worse
level than before the test runs. One reason why the reduction was so high is due to
the fact that the feedstock used was a worst case feedstock requested from the
biodiesel producer. The influence is lower at the higher temperature at 230 °C (run 44). All other parameters have been constant from run 4-1 to 4-4.
The picture, which was seen for the conversion, has been similar for the selectivities.
In run 4-1 the selectivity towards products has been reduced from 50 % to 10 %. Also
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the selectivity towards propanols has been reduced significantly from 41 % to 10 %.
Similar results can be seen for run 4-4. The reduction can be seen in Table 34 &
Table 35.
Table 34 - Influence of crude glycerol on the selectivity to products

Products [%]

Series B before crude

Series B after crude

glycerol

glycerol

4-1 (200 °C)

50

10

4-4 (230 °C)

64

12

Table 35 - Influence of crude glycerol on the selectivity to propanols

Products [%]

Series B before crude

Series B after crude

glycerol

glycerol

4-1 (200 °C)

41

10

4-4 (230 °C)

55

9

What can be seen from the results is that the activity of the catalyst has been
significantly reduced. This has not been expected from series 1 and 2 as it was still
possible to achieve good results after the crude glycerol runs. As already seen in the
analysis of both types, the impurities contained in the worst case glycerol are even
higher. It could be possible that the higher content of sulfur or alkali metals is too
much for the catalyst to still provide a reasonable activity. Also the other common
issues that have been experienced in series B should be reflected and rechecked.
D.5.3 Influence of crude glycerol on conversion and selectivity
Test series 7 was performed with the same parameters as test series 6 except from
the use of crude glycerol. This gives the ability to directly see the influence on the
conversion and selectivity to the desired products. In general the results should not
greatly differ from the results in test series 6. The results seen in series 7 were much
lower compared to the results achieved in series 6.
Also the results from the other runs in series B showed incredibly lower results
compared to other test runs. Many reasons have been identified for those results. For
crude glycerol the increased impurities contained in the worst case scenario might be
one of the reasons but also other issues like the stability of catalyst and product
solution should also not be neglected. The main change, which occurred before
series B, was the new reactor that replaced the one which was broken after series A.
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Traces of oil and other impurities may still be contained in the reactor an therefor also
influencing the results. As there is no standardized sample drawing method, this may
also lead to deviations in the results.
The conversion has been reduced from 100 %, which could be achieved with refined
glycerol, to only 21 % at 200 °C. It was possible to reach 50 % at 230 °C, which is
still not a satisfying result for a commercial process. The values can be seen in Table
36 and the major difference in Figure 30.
Table 36 - Conversion in series 6 and series 7

Conversion [%]

200

210

220

230

Series 6 (ref. glycerol)

100

100

100

100

Series 7 (crude glycerol)

21

20

30

51

100%

refined glycerol

Conversion [%]

80%
60%
40%

crude glycerol

20%
0%
200

210
220
Temperature [°C]
Series 6
Series 7

230

Figure 30 - Conversion in series 6 and 7

Also the selectivity highly differed from the results seen with refined glycerol. The
selectivity towards products was reduced to around 10 % in all runs from up to 90 %
(Table 37).
Table 37 - Selectivity to products in series 6 and series 7

Products [%]

200

210

220

230

Series 6 (ref. glycerol)

62

90

88

76

Series 7 (crude glycerol)

15

12

11

14

The same result can be seen for the selectivity towards propanols. The lowest value
was at 9 %. The highest achieved production of propanols from crude glycerol was
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15 % compared to 81 % in the best run with refined glycerol. This can be seen in
Table 38 and Figure 31.
Table 38 - Selectivity to propanols in series 6 and series 7

Propanols [%]

200

210

220

230

Series 6 (ref. glycerol)

52

81

79

66

Series 7 (crude glycerol)

15

11

9

9

Selectivity towards propanols [%]

100%
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0%
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Temperature [°C]

220

230

Series 7

Figure 31 - Selectivity towards propanols in series 6 and 7

It is still necessary to investigate and improve the performance from runs with crude
glycerol as already quiet promising results have been achieved in series 1 and 2 with
standard crude glycerol. Some limitation in the results might come from higher
impurities contained in the worst case crude glycerol. Also the analyzing method for
crude glycerol has to be rechecked and extended as some potential impurities like
FAME and methanol can currently not be detected in house and have therefor been
neglected. So there is still potential that the worst case crude glycerol contains other
impurities than sulfur and alkali metals.
The overall results in series B have not been very compatible with the runs performed
before this may be due to preconditioning steps prior to the test series, which need to
be further investigated and closer defined in order to avoid any potential mistakes. So
some general issues might have reduced the conversion and selectivities in this runs.
A potential solution would be, to repeat the runs from series B to investigate if some
of the issues still persist or can be excluded.
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D.6 Influences of process parameters
The variation of parameters gave good indications to identify the influence of each
parameter on the conversion and selectivity. The parameters that have been varied
have been temperature, WHSV and the molar ratio. The overall results can be found
in Table 39. It was observed that in general a higher temperature led to higher
conversion but lowered the selectivity towards propanols and products. For the
WHSV it was possible to see a higher conversion and higher selectivities if the value
was lower. This has either been varied by reducing the concentration of glycerol or by
increasing the catalyst amount packed into the reactor. Also the molar ratio had an
influence on the conversion and selectivity. With an increased molar ratio also the
conversion and the selectivities have been raised to higher levels.
Table 39 - Influence of paramters on conversion and selectivites

Higher temperatures favored higher conversion rates but it was also possible to push
the conversion rate to higher levels by decreasing the WHSV through lower
concentrations or higher catalyst amount. The influence of the molar ratio on the
conversion was limited and only visible at higher WHSVs.
The selectivity towards propanol and products was also influenced by all parameters.
The lowest selectivity was measured at 200 °C and 250 °C. In general the selectivity
was higher at temperatures between 210 °C and 230 °C. This observation was also
in line with the thermogravimetrical analysis. Here the highest weight loss was
detected between 130 °C and 265 °C, which is clearly before the boiling point of
glycerol. It indicates that the runs should not be performed at higher temperatures as
glycerol will decompose way before its boiling point.
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D.7 Optimal operating parameters
From the test series, which have been carried out with refined glycerol, it was
possible to identify a set of parameters that lead to promising results. It is preferable
to have high levels of conversion and also high level selectivity towards propanols.
The maximum reached for the conversion was 100 %. This was mainly achieved at
higher temperatures with slightly higher WHSVs or additionally at lower temperatures
if the WHSV was low enough. The highest selectivity to propanols was reached with
low WHSV and a high molar ratio between hydrogen and glycerol. The highest
results have been achieved in run 6-2. The set of parameter used was a temperature
of 210 °C, a WHSV of 0.07 h-1 and a molar ratio of 133. The glycerol has been used
in a 10 % dilution (which is also reflected in the WHSV and the molar ratio). The
conversion was 100 %, the selectivity to propanols at 81 % and the selectivity to
products at 90 % in this run. This can be obtained from Figure 32. Next to the best
run in 6-2, there are two other runs, which show quite good performance.
Selectivity to propanols [%]

100%
0.07

80%

0.15

0.07
60%
40%
20%
0%
200

210

220
Series 4

230

Temperature [°C]
Series 5

240

250

Series 6

Figure 32 - Different optimized operating windows

Run 5-3 has been performed at the same WHSV as run 6-2 but a lower molar ratio of
66. It may be more cost efficient to use less of expensive hydrogen and increase the
temperature to 220 °C. It can even be cheaper though the selectivities have been
lower at 69 % to propanols and 82 % to products.
Also run 4-4 performed quiet well. The temperature was set at 230 °C and the WHSV
at 0.15 h-1. The molar ratio was lower compared to series 6 at 32. This set of
parameters delivered a conversion of 100 %, a selectivity towards propanols of 73 %
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and a selectivity towards products of 86 %. The selectivity towards products is only
reduced by 4 %, for the selectivity towards propanols the value is reduced by 8 %.
Due to the fact that glycerol has been used in a dilution of 20 % and also a lower
hydrogen supply is required, it might be more cost efficient to choose the parameters
with lower selectivities but profit from higher glycerol throughput and lower hydrogen
requirements. This is part of a cost optimization, which still has to be done.

D.8 Potential savings
For a company it is not only valuable to create a reliable process but it is also
necessary to create financial benefit from the investments that have been taken. To
indicate the potential savings of the newly developed process a calculation has been
done. As the only current compliance option it to blend purchased ethanol, a
comparison between the purchase of ethanol and the production of propanol has
been made. In the savings the capital expenditures (CAPEX) and the operating
expenditures (OPEX) have not been reflected. The costs for a 30 kt/a production unit
have been estimated (refinery cost estimation class 5) with 50 mn€ but will not be
considered further in the calculation.
As crude glycerol is seen as a good feedstock opportunity to fulfill the advanced
biofuels target it is assumed that the demand will increase in the following years. To
reflect an increasing demand in the calculation, two different crude glycerol price
scenarios have been calculated. For the low price crude glycerol case a price of 145
€/t has been assumed, which matches the price in 2016. The high crude glycerol
price was assumed at 500 €/t, which overruns the current price for refined glycerol
and indicates a rising demand for this component. It has also been considered that
glycerol is diluted in water and therefore only has a concentration of 80%.
To calculate the potential savings the conversion of glycerol was considered to be
95%, as during test runs a conversion of 100 % could be achieved, and the yield for
the production of propanol as high as 80%, where the highest value achieved in the
test runs was 81 %, as there might still be improvement in process development but
losses in the purifying process of propanols. Nevertheless it should be mentioned
that also around 8 % of ethanol have been produced, which could be utilized as well
but was not considered in this calculation. It was only possible to work with
assumptions as there is no final process available and the purification of propanol
has not been investigated in detail so far.
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Hydrogen is used as the second raw material for the process and will be used in
excess. This is why the hydrogen quantity has been set at the 1.25 fold molar mass
of the theoretical calculated value.
The costs assumed for the production of propanols have been compared with the
cost, which would be necessary if ethanol is purchased from an ethanol supplier.
Currently a price indication for ethanol produced from advanced feedstock was
announced to be from 1,800 €/t to 1,950 €/t. The highest value was considered for
the high ethanol case. Also a low case, which is considered within OMV, was
announced to be at 1,350 €/t. These values have also been reflected in two cases.
The sensitivities for crude glycerol and ethanol lead to 4 cases. The detailed savings
for each case can be seen in Table 40. Also the averaged savings for each year has
been calculated to provide an overview in Figure 33.
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Figure 33 - average potential savings per year
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Table 40 – Annual potential savings [mn€]

[mn€]
Glycerol price
Ethanol price
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030

Case 1
low
low
44
44
62
81
100
116
159
194
238
275
275

Case 2
low
high
69
69
99
128
158
183
251
307
376
434
434

Case 3
high
low
22
22
32
41
54
59
80
98
120
138
138

Case 4
high
high
48
48
68
88
111
126
172
210
258
297
297

The savings increase every year as they are rising with the amount of advanced
biofuels blended. One objective is that there is always less propanol necessary
compared to ethanol. This occurs due to the fact that the energy density of propanol
is higher compared to the density of ethanol and the target is set as an energetic
one. Another objective is that compliance can be achieved till 2029 by blending
propanol. After 2029 the savings have been considered as constant due to the fact
that no more propanol can be blended but still achieve a high saving compared to the
blending of purchased ethanol. The savings when blending propanols have been
projected against virtual ethanol volumes as the blending limit would already be
reached in 2023 for E5 and 2026 for E10.
As mentioned above the CAPEX and OPEX are not included in the potential savings.
The transportation of glycerol is also not included in the calculation. As also ethanol
would have to be transported towards the refinery the fact is negligible for both liquids
(the price for purchase was given without transportation costs). Probably the pumping
of glycerol may be more complicated but one potential supplier, which could serve a
reasonable amount, is closer to the Schwechat refinery, which may lead to some
advantage.
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E. Conclusion and outlook
Advanced biofuels will have a high contribution towards the blending of biocomponents in the future. If the obligatory target is not implemented in 2020, it will
be necessary from 2021 onwards. What is assumed is that the price for advanced
biofuels will increase significantly due to the fact that the demand is higher than the
current supply. If advanced biofuels have to be purchased, the price will be high and
will increase the cost for customers. So it would be a great alternative to produce
advanced biofuels at the OMV Schwechat refinery.
The development of a final production unit would still take some time as with every
upscaling step, the optimization gets more complicated. Also the integration into the
existing utilities from the refinery has to be evaluated. The unit could be integrated
with the hydrogen and low pressure system of the refinery. Excess heat of other
process units could be used as the temperature for the reaction is comparably low.
What has been analyzed is that there is a high potential of cost saving if a production
unit is introduced at the OMV refinery in Schwechat. As it is a reliable alternative
compared to the purchase of advanced ethanol, which is currently one of the rare
solutions for compliance. If the price for advanced components grows, the savings
could even increase further. As it is possible to blend higher amounts of propanol into
gasoline another positive effect is that compliance can be achieved till 2029 in an
E10 scenario. With ethanol it would only be possible till 2026. In the E5 scenario the
compliance with ethanol is only given till 2023 and with propanol it can be extended
to 2027.

E.1 Conclusion of process development
The process development delivers quiet good results with refined glycerol. All
parameters like temperature, WHSV and molar ratio have been varied and the
influences monitored.
It was possible to optimize the parameters to reach a conversion of 100 %, a
selectivity towards products of 90 % and a selectivity towards propanols of 81 %.
These results would be quiet promising for a commercial process. Depending on the
future use of the products, it would either be possible to blend propanols into the
gasoline pool or to process the products further into long chain alcohols. It still has to
be investigated if and what kind of impurities are contained in the product solution.
Also the purification of the product solution is still a necessary research topic. It
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should be possible to purify the propanols via distillation first, which should especially
remove heavier products that could originate from the process.
The results for crude glycerol showed quiet good results with a standard quality. As
here good results for the selectivity towards propanols and products could be
achieved.
Also the catalyst activity was quiet satisfying as already a continuous run time of 860
hours without interruption could be achieved at the low stage of process
development.
For the worst case crude glycerol runs the results have not been as satisfying as
expected. The higher content of impurities pushed conversion results as low as 50 %
in the best case and even further down to 20 % in the worst case. Selectivities have
been pushed down to 15% for propanols and products in the best case.

E.2 Upscaling
As the process brought good results in the small scale testing, there is the
opportunity to upscale this process and test the operation again. There have to be
some adaptions to the small scale unit though. The upscaling will normally take place
in a 10-fold increase from the last stage. To evaluate the potential of a large scale
plant of 50 kt/a first assumptions have been taken within the thesis even though there
are more upscaling steps necessary.
After the delivery of crude glycerol it will be stored in a tank and filtered with a
cartridge filter before mixing it with water. The filter should remove around 2% of the
impurities but can’t remove more than that. So the impurities will be present in the
whole process. It is necessary to have two filters parallel to each other to give the
possibility of cleaning.
As the results with worst case glycerol were not satisfying, a different approach has
to be chosen if worst case crude glycerol should be used for the process. To remove
the amount of impurities contained in the crude glycerol a distillation unit should be
placed after the filter system. As the process will be performed with water the vacuum
distillation does not have to be too complicated as it is only necessary to remove the
sludge and impurities before the reactor to avoid catalyst poisoning and improve the
conversion and selectivity.
After filter and distillation the glycerol will be mixed with the necessary quantity of
water. The mixture of water and glycerol in the desired concentration will be stored in
a stirred tank. It will be further heated and mixed with hydrogen before entering the
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reactor. After the reactor it will be cooled down to 50°C and afterwards a liquid-gas
separation will be carried out. The mixture of water, propanols and glycerol which has
not been reacting will be obtained from the liquid phase. It is important to separate
the unused glycerol and the impurities first to further obtain a cleaned product. The
separation of these materials will be carried out in a distillation unit were only the gas
phase will be further considered. The gas contains the desired propanols and also
water. The separation of water has not been carried out in the small scale unit but
has to be carried out in the larger scale. The separation of water and propanols is
somehow more complicated as the two liquids form an azeotropic mixture. Here
further investigation is necessary as this is not a trivial problem and suitable
equipment has to be chosen. Further research in this topic will be necessary.
As hydrogen is used in excess the molar mass of hydrogen is compared to the flow
through the unit low. So it is necessary to reuse the hydrogen for the process. The
hydrogen has to be purified for the process again and cleaned from propane,
ethanol, carbon monoxide and carbon dioxide. A potential idea for the purification of
hydrogen could be a membrane separation, which is able to upgrade the hydrogen to
a purity of 99%. This has already been discussed with membrane manufacturer
Evonik located in Schörfling in Austria. After the recycle it will be mixed with fresh
hydrogen to provide the necessary volume for the process. The draft for a upscaled
unit can be seen in Picture 9.
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Picture 9 - Draft for an upscaled unit

In Table 41 all basic parameters for the upscaled process have been identified and
further have to be verified and adapted in order to derive a sound basic engineering
with experienced partners.
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Table 41 - Process points for the upscaled process
slop outlet

pervaporation inlet

Distillation inlet

flash drum liquid outlet (liquid gas separation)

Reactor outlet

glycerol feed 20% + hydrogen (molar ratio 1:200)

water diluted glycerol feed (20%)

filtered crude glycerol feed

Crude glycerol feed

J

I

H

G

F

E

D

C*

B

A

Process Point

5,7

34,8

40,4

40,4

40,4

74,2

74,2

40,0

10,0

10,0

Mass flow
kg/h

0

0

0

1

1

1

11

20

82

80

Glycerol
(share)
%

0

100

86

84

84

46

42

77

15

15

Water
%

100

0

14

12

12

7

0

0

0

0

Mixed
alcohol
product
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One parameter which has not been considered in the upscaled unit is the recycling of
not converted glycerol after distillation. This parameter also depends on the yield
which can be obtained from the process. If only a low quantity of glycerol is left in the
residue than there is no financial aspect to recover it as the recovery might be more
expensive compared to the loss of glycerol. This will need further investigation when
the scale is closer to the final needs for the production of advanced components.

E.3 Outlook for biodiesel production and supply of glycerol
Due to the fact that the process is designed for crude glycerol, which can be counted
towards advanced biofuels, the availability of it is a key fact for a larger scale unit.
Biodiesel is mainly produced from oils which are counted towards conventional
biofuels. As food-based biofuels are limited to 7% within the RED I there is still
potential that the supply of crude glycerol will be available as the 7% complies the
amount as of today. From 2021 onwards the blending of food-based biofuels will
continuously decrease and therefore also the biodiesel production will reach a certain
limit. If the production of biodiesel is decreasing also the availability of crude glycerol
will decrease and the price will increase for this product.
The other oils which are used for the biodiesel production are animal fats and used
cooking oils. Within the RED I there is no limit for these feedstocks but this will
change after 2021 as a limit of 1.7% will be applied for those waste based
feedstocks. This will also lead to lower biodiesel production and therefore also to
lower crude glycerol supply.
So in common if it is not possible to extend the feedstock list to other feeds, which
are not limited like advanced feedstocks, the outlook for crude glycerol supply is not
the best. It will be hardly affected by those influences and limitations. The first
consequence of the lower production of biodiesel is that the price for crude glycerol
may increase. This will lead to reduced savings through the developed process.
One fact that could also influence the profitability of the process is if other
technologies to produce advanced biofuels are created and appear on the market in
a short time. This could also appear through advanced usability of other feedstocks
with current technologies. Through additional supply of components the price for
advanced components will decrease. As glycerol is a cheap material with good
potential the process may still be profitable in those cases.
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As outlined in A.2.3 the maximum blending volume in E5 of propanols is at 166 kt/a.
This quantity would fulfill the demand for advanced biofuels for the OMV refinery in
Schwechat till the year 2027. In an E10 scenario this value would increase to 246
kt/a and fulfill the directive till the year 2029.
As already some discussions with the biodiesel supplier of OMV have indicated they
only see a potential of 50 kt/a around the Schwechat refinery.
What has not been considered so far is the possibility to transport crude glycerol from
other countries in Europe to the Schwechat refinery. Many FAME producers are
located all around the Europe and probably it would be profitable to transport high
amounts via rail from the producer to the refinery.
The transportation by rail may not be considered for smaller amounts but could be
done from large production units. The largest producer of biodiesel in Europe was
Diester industries, which owns plants in France, Germany, Italy and Belgium and had
a production capacity of 2.5 mnt/a biodiesel in 2013. The total production capacity of
biodiesel was 11.8 mnt/a in 2017 according to EurObserv’ER 42. As around 10% of
the production volume is glycerol there should be plenty of supply.
If the storage capacity for glycerol in the Schwechat refinery is chosen in an
appropriate way, it should be possible to deliver glycerol from large production unit
towards the refinery. The transportation will of course narrow the potential savings
but will still lead to compliance towards the RED.

E.4 Outlook
An optimized window for the operation at 50 bar has been defined with in this thesis.
It would be possible to optimize the process also at different pressures, which might
lead to lower process costs, as the gas needs to be compressed to lower levels. The
most desired pressure would be at 35 bar as the hydrogen supplied in the refinery is
compressed to that level.
With further upscaling of the pilot scale unit it will be necessary to investigate all
details which have not been reflected in the small pilot unit. This will also include the
recycle of hydrogen and the separation of water and propanols after the reaction. It
will also be necessary to purify propanols to a level which is suitable for the blending
into gasoline or to purify the product mix to use it for further processing.
As the results have been low for worst case crude glycerol, it is also necessary to
repeat the runs with crude glycerol and compare the results with series 6. It will also
102

be necessary to prove if purification before the reactor for worst case crude glycerol
improves the results for the process.
As the potential savings for the process are pretty high there is a high incentive to
invest in the technology. The quantities, which are required for the fulfillment in the
first years, are pretty low. This saves some time to further optimize the process
conditions and increase the quantity produced. A potential solution to the tough time
line is to start commercial production even after the start of the renewable energy
directive. Another potential would be to not completely fulfill the needs for advanced
biofuels with propanol but fulfill parts of the required quantities and purchase the
remaining ones. This would limit the potential savings but still lead to lower costs. If a
bigger unit is desired, it would also be possible to earn money by selling the
remaining production on the market and create a unique selling position.
The overall outlook for the process is not too bad if the directive is implicated as
published by the EU. If the process is capable of using any type of crude glycerol it
will further be persisting even if biodiesel production from vegetable oils is limited. If
biodiesel producers keep the business up with alternative sources as used cooking
oil or animal fats, there will still be potential for crude glycerol processing. As it is
indicated that the targets will increase over the coming years, the price for advanced
biofuels will rise further and therefore also savings could improve. Another important
point is to secure feedstock that is available on the market. As oil companies or
others may be working on similar projects, it is necessary to secure quantities near
the Schwechat refinery to avoid high transportation costs or an underutilized unit. The
securing of feedstock could also limit the influence of decreasing biodiesel
production.
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