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Behovet for tunge køretøjer til godstrans-

port øges i Europa. Disse køretøjers behov

for at køre store afstande tillader ikke elek-

trificering af den tunge transportsektorer.

Som en løsning foreslås anvendelse af an-

den genarations biobrændstoffer produceret

med teknologien Hydrothermal liquefaction

(HTL) I denne rapport udføres et omfattende

sæt eksperimenter (30 +) for at undersøge

brugen af Kraft Lignin og lignin-rig bark i

HTL på forsøgsskala. I rapporten er det vist,

at bioolie med dieselækvivalente egensk-

aber kan produceres af lignin-rig biomasse.

Karakteristikaene for bioolien bestemmes

ved hjælp af Simuleret Destillation, FT-IR-

spektroskopi og Micro Carbon Residue. Som

en del af karakteriseringen udarbejdes en ko-

rrelation mellem de vigtigste komponenter i

biomassen og koksdannelse. Korrelationen

viser, at lignin er den primære grund til dan-

nelse af koks. Brugen af hydrogen donor sol-

venter (HDS) undersøges som radical scav-

enger for at reducere dannelse af koks. Bru-

gen af HDS i forbindelse med lignin-rig bark

viser lovende resulter for dannelse af koks.

The content of this report is freely available, but publication (with reference) may only be pursued due to agree-

ment with the author.

http://www.aau.dk
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Nomenclature
Abbreviations
AAU Aalborg University
Abbreviations Meaning
CBS1 Continuous Bench Scale 1
db dry basis
FID Flame Ionized Detector
FT-IR Furrier Transform infrared
HDS Hydrogen Donor Solvents
htl Hydrothermal liquefaction
IEA Internatinally Energy Agency
MB Micro Batch
MCR Micro Carbon Residue
OSR Organic Solid Residue
SDS Sustainable Development Scenario
SEA Steeper Energy Aalborg
simdis Simulated Distillation
WMO World Meteorological Organization

Chemical Compounds
Chemical Formula Abbreviation Name
C10H12 Tetralin
C2H5OH EtOH Ethanol
C4H8O MEK 2-botanone
C6H6O Phenol
CH2Cl2 DCM Dichlormethane
CS2 Carbondisulfide
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Abstract
Registrations of heavy-duty vehicles for freight transport are increasing in Europe.
The need for these vehicles to cover large distances does not allow for electrifi-
cation of the heavy-duty transport sector. As a solution, the use of 2 generation
biofuels produced by hydrothermal liquefaction (HTL) of waste products is pro-
posed. HTL can convert wet biomass, such as lignin-rich forest residue into diesel
equivalent biofuel. Lignin is the most abundant aromatic biopolymer on earth and
is a potential source for fuel and chemical production (1).

In this report, a comprehensive set of experiments(30+) is carried out to inves-
tigate Kraft Lignin and lignin-rich Bark as feedstock in HTL on batch scale. In
the report, it is shown that biocrude, with diesel equivalent properties, can be pro-
duced from lignin rich biomass. The characteristics of the biocrude are determined
through simulated distillation, FT-IR spectroscopy, and Micro Carbon Residue. As
part of the characterization, a correlation between main lignocellulosic components
in the biomass and the formation of organic solid residue (OSR) is created. The
correlation shows that lignin is a key contributor to OSR. Following this, the use of
hydrogen donor solvents is examined as radical scavenger to reduce the formation
of OSR, and is showing promising results for lignin-rich bark based feed.
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1 Introduction

1.1 Heavy duty freight; The Obstacle for Clean Trans-

port

Once again headlines of all the largest media sites are proclaiming that 2020 set

another heating record. According to the World Meteorological Organization

(WMO), they are quite correct. The WMO reports that the average temperature

increase compared to the pre-industrial level (1850-1900) reached 1.2 ◦C in 2020,

encroaching on the target set in the 2015 Paris agreement. Although the Paris

agreement united 196 parties to keep the temperature increase well below 2◦C,

preferably 1.5 ◦C, the WMO Secretary-General states that there is a one in five

chance that the 1.5 ◦C limit will be temporally broken by 2024.(2)

In an attempt to honor the Paris agreement, the International Energy Agency (IEA)

has proposed the Sustainable Development Scenario (SDS), which introduces a se-

ries of ambitious visions that if followed keep the temperature increase below 1.8
◦C with a 66% probability, and results in net-zero emissions by 2070. The IEA

records, tracks, and updates the progress of different sectors to localize and ini-

tiate progress where it is essential. Key sectors are not on track to comply with

SDS, these include fuel supply, transport, biofuels in transport and more (3). These

areas are struggling to meet the demands, in part due to the increasing demands

of heavy-duty transport. The amount of new registrations of heavy-duty vehicles

is projected to increase by 46% in 2030 compared to 2016 (4).

To comply with the increase, it is suggested by IEA that increased research and

production of advanced biofuels are necessary. Advanced biofuels are also known

as second-generation biofuels, and is produced from various types of non-food

biomass. Advanced biofuels reduce the carbon footprint and eliminates the eth-

ical dilemmas associated with 1. generation biofuels. Research into advanced
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Chapter 1. Introduction

biofuels is a worldwide pursuit with research centers throughout the world. At

these research centers, the conversion of biomass to biofuel using thermochemical

processes such as hydrothermal liquefaction (HTL), gasification, and pyrolysis is

developed.

Steeper Energy Aalborg and Aalborg University

At Aalborg University in Denmark, a collaborative industrial/academic research

group, consisting of SEA and AAU, is investigating the conversion of non-food

biomass using hydrothermal liquefaction. HTL is a conversion technology capable

of converting wet biomass into biocrude, utilizing the exotic properties of wa-

ter/solvents at sub- or supercritical conditions to break the structure of biomass

and re-polymerize it into complex chemicals (5). Part of the assets differentiating

the Aalborg group, is the Continuous Bench Scale 1 (CBS1), a one of a kind contin-

uous HTL test facility. At CBS1 continuous conversion of biomass is investigated

with conditions similar to that of future commercial HTL facilities, highlighting

issues not observable on laboratory scale. The CBS1 was commissioned in 2013

and has since been the centerpiece in the collaboration between the university and

Steeper Energy, who designed and operates the facility. The collaboration pro-

vides valuable information to both parties and furthers the research in advanced

biofuels. Since its commissioning, the CBS1 has produced biocrude from waste

products, such as forestry residue, biopulp, and sewage sludge, with most of the

operating hours using forestry residue as feed.

1.1.1 Forestry Waste Products

The 2011 Billion ton- update for the US Department of Energy states that upwards

of 130 million tons of dry wood and forestry waste is going to be produced in the

US by 2030 (6). The waste is currently used as fuel for combustion or as feed for

biogas facilities. It can however achieve greater energy recovery by use in con-

2



Chapter 1. Introduction

junction with thermochemical processes for biofuel production such as, the HTL

technology, which is suited to convert carbon-based waste products into renewable

biocrude.

The waste from the wood and forestry industry is made of lignocellulosic biomass.

Which consists of three major components, lignin, cellulose, and hemicellulose (7).

Lignin is the most abundant aromatic biopolymer on earth, accounting for 30% of

organic carbon, and a potential source of renewable energy and aromatic chemical

production (1). The use of lignin is, however, far from utilizing its potential as a re-

newable energy source. According to Yao lo et al.(1) less than 2 % of commercially

produced lignin is used for its value-adding properties. Following this, lignin and

lignin-rich bark are investigated as feedstock for use in the Hydrofaction® pro-

cess. Lignin is the key factor in the formation of coke, used synonymously with

organic solid residue (OSR) in this report. The formation of OSR is addressed in

an article by Istvan Kucoraa et al.(8). In the article, the formation of OSR in py-

rolysis furnaces is contributed to two factors. The continued dehydrogenation of

hydrocarbon radicals leaving only elemental carbon or OSR and the condensation

of aromatic chains separating from the gas interface and forming a layer of hard

OSR (8).

1.1.2 On the Use of Hydrogen Donor Solvents

The issue of OSR formation has been researched in many papers including (9) (10)

(11) (12) (13). In these papers Phenols, Tetralin, Ethanol(EtOH) are used in either

hydrogen donor solvent (HDS) assisted HTL or as HTL reation medium to reduce

formation of OSR. The papers apply HDS to reduce the formation of OSR. Both

EtOH, tetralin and phenol show ability to reduce OSR formation during HTL.

Besides these, the current project evaluates the use of Methyl-Ethyl-Ketone/2-

butanone (MEK) and a lightly hydrogenated fraction of biocrude in HTL. MEK

is evaluated, as it is observed to be a great solvent of the biocrude, and theorised

to show favorable properties near the critical point.

In most thermodynamic processes increased efficiencies can be obtained by cou-
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Chapter 1. Introduction

Author Biomass No HDS Ethanol Tetralin Phenol Biomass to HDS

Katarzyna R. Arturi et al.(9) Fallopia Japonica
6w% OSR

at 320 ◦C
—

4 ± 2 w% OSR

at 320 ◦C
— 2.5/1

Steffen brand et al.(12) Pine wood
5-8 w% OSR

at 400 ◦C

1.6w% OSR

at 400 ◦C
— — 1/4

Katarzyna R. Arturi et al.(13) Kraft lignin
55w% OSR

at 300 ◦C
— —

7.1w% OSR

at 300 ◦C
1/1.05

Table 1.1: OSR yield of various HDS assisted liquefaction experiments from literature

Figure 1.1: Sketch of Hydrotreated fraction as drop-in to reduce OSR formation

pling of the process streams. The best example of this is the reduced heating

and cooling utility obtained in a pinch analysis. Similarly, the use of integrated

streams, to substitute HDS with a lightly hydrogenated fraction of the biocrude is

proposed as a way to increase efficiency.

In a paper by Helmer et al., the full characterization of the biocrude from aspen

wood is investigated and analyzed by GC-MS (14). The aspen wood biocrude will

be used as an alternative to spruce, as the characterization enables the selection of

fractions with hydrogen donor properties, and is available in larger quantities.

In this report, the use of waste products such as kraft lignin and bark are investi-

gated as feedstock for Steeper Energy’s proprietary technology Hydrofaction®.

4



Chapter 1. Introduction

1.2 Aim and Scope

The aim of this report is as follows:

• To investigate the use of Kraft lignin and bark as feedstock to produce biocrude

using the thermochemical process; hydrothermal liquefaction.

• To analyse the produced biocrude, by use of Simulated Distillation, FT-IR-

spectroscopy and Conradson Carbon Residue. Providing necessary theory

for interpretation of the analysis.

• To understand the relation between the formation of organic solid residue

and Kraft lignin and bark. Furthermore, understanding the causality and

effect of main lignocellulosic components: Lignin, Hemicellulose, and Cellu-

lose on the formation of organic solid reidue.

• To examine the use of hydrogen donor solvents as radical scavenger during

the thermochemical process.

The scope remains on a laboratory scale, as no prior campaigns from the CBS1

using pure lignin and bark as feed in Hydrofaction® has been recorded. The use

of kraft lignin and bark is theorised to create large amounts of residue, which pro-

poses a critical risk in continuous Hydrofaction®. The preparation and operation is

significantly reduced in laboratory scale and allows for single-handled operation

and analysis. As a result, laboratory experiments are necessary for reducing risk,

while producing results at a faster pace. The experiments relates to the conditions

used in Steeper Energy proprietary technology Hydrofaction® equal to 300-350 bar

and 390-420 ◦C (15).

5



2 Hydrofaction® of Kraft Lignin and

Bark
In this chapter the use of wood and forestry waste products such as kraft lignin

and bark is investigated as a feedstock for biocrude production using the thermo-

chemical process Hydrofaction® in batch scale. The produced biocrude is anal-

ysed, by use of Simulated Distillation, FT-IR-spectroscopy and Conradson Carbon

Residue. The results of the analysis are presented in section 2.3, while necessary

theory for interpretation is given just prior.

2.1 Experimental Procedure

Hydrofaction® on batch scale is carried out to investigate the conversion of kraft

lignin and bark into biocrude. The experimental procedure covers the current

procedure that has been used for 30+ experiments. For each experiment double

determinations are ensured, thus improving the reliability of the experiments, and

providing 60+ samples for analysis. The extensive amount of samples creates a

solid foundation for the behavior of kraft lignin and bark in the Hydrofaction®

process.

The experimental procedure follows ten steps which are shown in figure 2.1. Fol-

lowing the steps, the micro-batch (MB) reactors are loaded with ∼1.5 g of feedstock

initially. A sketch shows two stainless steel MB reactors with Swagelok tube fit-

tings, connected capillary, pressure valve, pressure transducer, and a syringe for

loading in figure 2.3. The feedstock is mixed with additives and water to create a

slurry, following the recipe used in the CBS1 pilot plant. For this study, slurries

are mixed with 30%, 60%, and 100% of dry biomass coming from lignin and bark

waste respectively with the remaining biomass make up as spruce. The MB reac-
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Chapter 2. Hydrofaction® of Kraft Lignin and Bark

Figure 2.1: Sketch of Experimental Procedure

tors are then pressurized with N2 to ensure correct operating pressure and an inert

atmosphere as oxygen is undesired. The use of the Ideal gas law suggests an initial

pressure of 25 bar to 8 g of slurry. After pressurizing, the MB reactors are injected

in a sand bath that is connected to airflow and heated by a copper coil to 400◦C.

When the sand bath is heated under constant airflow it creates a porous medium

with constant temperature that supplies the reactors with constant heat, without

the medium evaporating. The temperature and pressure profile of the MB reactors

are shown in figure 2.2. The figure shows that the pressure increases to 320 bar in

5 minutes equal to the vapor pressure of 6,4 g of water in a 10 ml MB reactor. The

MB reactors are submerged in the sand bath for 15 min and subsequently cooled

to room temperature in a water tank. Afterward, the product is collected in 50 mL

centrifuge vials, by cleaning the reactors with 2-butanone (MEK) and ∼1M Citric

7



Chapter 2. Hydrofaction® of Kraft Lignin and Bark

Figure 2.2: Pressure and temperature profile for the MB experiments.

Acid. Biocrude is characterized as being MEK soluble and water-insoluble, citric

acid is used to dissolve inorganic material and break emulsion of water in biocrude

caused by the presence of carboxylates (16). Dissolving the inorganic material have

the added benefit that any residue collected must be organic. The use of citric acid

makes analysis of the water phase impossible, but is not the scope of the report

and is thus disregarded. The product is then filtered on a 6-8 µm particle filter

to collect organic solid residue (OSR) that facilitates the creation of a correlation

between lignin and bark content in the feedstock and formation of OSR. The water

phase is then removed by a separations funnel or removed with a blunted syringe.

Lastly, the MEK and oil phase is dried in 105 ◦C oven to receive dry basis oil yield.

Method Development: Slurry Amount [g] Operating Pressure Drying Method Comments:

1st Try 7 ∼240 bar Dried with Rotary Evaporator Loading and Separation Practice

Low Operating Pressure 7 ∼240 bar Dried with Rotary Evaporator High Water in Oil, High Solids Yield

High Operating Pressure 8 ∼320 bar Dried with Rotary Evaporator High Water in Oil

Unconverted Biomass 8 ∼320 bar Dried In 105 ◦C Oven Unconverted Biomass in Reactors

Homogeneous Mixing 8 ∼320 bar Dried In 105 ◦C Oven Use of Metal Balls increases mixing

Table 2.1: Method development, 5 steps from initial experiment to method used in the study

The experimental procedure is the latest iteration, and may still be subject to de-

velopment. Table 2.1 shows the key points in the method development, from not

8



Chapter 2. Hydrofaction® of Kraft Lignin and Bark

Figure 2.3: Sketch of Micro Batch Reactors, left with metal balls for enhanced mixing, and with a

capillary used to reduce pressure. The right open and ready to be loaded and a syringe for loading

the Reactors

9



Chapter 2. Hydrofaction® of Kraft Lignin and Bark

trusting the data to obtaining reliable and repeatable data. When first introduced

to the sand bath, the use of 7 g of slurry was suggested as the standard. It does

however lead to pressures of 240 bar at 400 ◦C, which is not representative of the

conditions used in Hydrofaction®. This can be corrected by increasing the initial

pressure or increasing the amount of water in the reactor, thus increasing vapor

pressure. It is observed that the increased pressure significantly reduces the for-

mation of solids. The first few batches were dried with a rotary evaporator, but

it proved difficult to remove all the water from the samples. Having water in the

biocrude can affect the results of the analysis covered in sections 2.2 and 2.3. An

example of this is shown in figure D.1, where the water in the sample obscures the

interpretation. To ensure there is no water in the samples, they are dried in a 105
◦C oven to steady weight. This results in the loss of the most volatile and valuable

hydrocarbons but provides a foundation for comparative analysis of the biocrude.

The dry oil will be analysed by simulated distillation, FT-IR-spectroscopy and

conradson carbon residue to show the characteristic of the oil.

2.2 Introduction to analysis: Theory

The combination of simulated distillation and FT-IR provides a solid foundation

for analysis and comparison of distillate fractions and functional groups of the

biocrude produced in the experiments. While micro carbon residue is used as an

indication of the biocrude quality.

Simulated Distillation

Simulated distillation (simdis) is used to depict the boiling point distribution

against the distillate fraction of crude oil in the interval 100-750 ◦C. The simdis is

calibrated with a REF5010 oil containing hydrocarbons with carbon number from

1-100. The boiling point distribution of the REF5010 oil is known, and is used in

reference to the boiling point of a sample with C-length. The distillate fraction is

the amount of the sample that evaporates at a given temperature. Thus different

intervals of the boiling point curve indicate factions that can be used as drop-in for

10



Chapter 2. Hydrofaction® of Kraft Lignin and Bark

fuel production. In this report the drop-in fractions are divided into four intervals

of >180◦C, 180-390◦C, 390-550◦C, and 550◦C<. The interval up to 180◦C can be

used as gasoline drop-in, the interval from 180 to 390 ◦C can be used as diesel

drop-in, the interval from 390-550 ◦C can be used as marine fuel drop in. Distillate

fractions above 550 ◦C is considered vacuum gas oil or vacuum residue. It is worth

noticing that biocrude cannot be directly used as drop-in in fuel production, and

requires further treatment, such as hydrotreatment and washing. The simulated

distillation provides the distillate fraction, but cannot show the functional groups

of the biocrude. The equipment used for simulated distillation is a gaschromato-

graph GC-2010 (Shimadzu Inc., Japan), with a flame ionization detector (FID) and

a Zebron ZB-1XT column (Phenomenex, Germany) and the standard used is the

ASTM D7169-11 standard (17).

FT-IR Spectroscopy

Furrier Transform infrared Spectroscopy (FT-IR) is a simple but efficient method

to identify functional groups. infrared Spectroscopy is based on the vibration of

atoms in a molecule. The infrared spectrum is obtained by passing infrared ra-

diation through a sample and observing the transmittance of infrared radiation.

The peaks of an IR-spectrum corresponds to a specific vibration of stretching and

bonding in molecules (18). IR-spectroscopy depicts transmittance in the mid in-

frared spectrum of from 4000 cm−1 to 400 cm−1. The spectrum is often divided

into four regions, the first being the X-H stretching region (4000-2500 cm−1), the

triple bond region (2500-2000 cm−1), the double bond region (2000-1500 cm−1) and

the fingerprint region (1500-600 cm−1) (18). The aliphatic and aromatic hydrocar-

bons are visible also at specific vibrations in the mid infrared spectra, depending

on functional groups and bonds related to individual chemicals. The equipment

used for FT-IR-spectroscopy is a ThermoFisher Scientific Nicolet 380 FT-IR.

Conradson Carbon Residue

The Conradson Carbon Residue or micro carbon residue (MCR) of crude oil is

measured as the residue of combustion in N2 at 550 ◦C. The residue indicates the

11



Chapter 2. Hydrofaction® of Kraft Lignin and Bark

potential for coke formation in crude oil and is often used as an indicator of the

quality.

MCR =
mass o f crude oil
mass o f residue

· 100% (2.1)

2.3 Analysis and Observations on the Results

The following section provides the results of the extensive experiments, and ob-

servations on the tendencies of these experiments.

Oil Yield

The oil yield is the amount of dry biomass that has been converted into biocrude,

and is calculated as:

Oil Yielddb =
(mass o f dried Oil − additives)
mass o f the biomass · dry matter

(2.2)

The dry basis oil yield for lignin and bark based feed is shown in figure 2.4. To

ensure dry basis oil yield, the biocrude is dried to steady weight in a 105 ◦C

oven. However, the drying might evaporate the more volatile components of the

biocrude, decreasing the apparent oil yield. Figure 2.4 shows that an increase in

lignin and bark content increases the biocrude yield slightly from 50 % to 57% as

lignin and bark content increases from 0 to 100%.

As of December 2020 one campaign from the CBS1 with slurries containing 30%

and 60% bark supports this tendency. (19)

The reason for increased oil yield can be attributed to an increased amount of

carbon in the feed. Table 2.2 shows the Hydrogen to carbon (H/C) ratio of lignin

and spruce. However some irregularities can be observed for the 30% lignin data

point. Lignin based feed shows a 10% deviation compared to the tend-line. The

lower yield is due to human error and is caused by a small spillage when the

sample was filtered. Besides this point, the set of data provides a tendency that

12



Chapter 2. Hydrofaction® of Kraft Lignin and Bark

Figure 2.4: Oil yields for bark waste and lignin feedstocks with spruce make up

the oil yield increases as bark and lignin content increases.

Feedstock Kraft Lignin Bark, softwood Spruce

H/C 1.10 1.47

Table 2.2: H/C ratio for Kraft lignin and Spruce, bark is likely between 1.10 and 1.47 closer to 1.10

(20)

Simulated Distillation

Furthermore the biocrude, has been analyzed by simdis, the results of the analysis

are shown in figure 2.5 and depict the boiling point distribution of biocrude from

pure spruce, lignin, and bark. The figure shows that the lignin, bark, and spruce

biocrude contains no gasoline drop in. The lignin oil contains 42% diesel drop-in,

while spruce and bark crude contains 49 % diesel drop in. The remaining distillate

is considered marine fuel drop-in or residues. 49% of the bark and spruce oil can

be recovered as diesel while the total recovery of the biocrude is 64%.

13



Chapter 2. Hydrofaction® of Kraft Lignin and Bark

Figure 2.5: Simulated distillate fractions of dried bark, lignin and spruce Oil

The lack of gasoline drop in, can be attributed to the biocrude being dried

in the 105 ◦C oven to steady weight, evaporating any hydrocarbons with boiling

points below. The biocrudes shows low overall recovery, which can be attributed

to stadard used. The analysis of samples by simulated distillation follows the

ASTM D7169-11 standard, which suggest the samples to be a two % solution of

oil dissolved in carbon-disulfide (CS2) The standard is designed to show boiling

point distribution for crude oils, which differentiates significantly from bio crude

by the amount of oxygen and H/C ratio in biocrude (21). As a result, the biocrude

from spruce, bark and lignin is not completely soluble in CS2. The low solubility

of biocrude in CS2 results in low recovery. In a article by Danielle Castello et al.

(17) The use of dichloromethane (DCM) is proposed as solvent with increased sol-

ubility of biocrude. In appendix B the gaschromatography using DCM and CS2

as solvents are compared. The comparison shows that DCM disturbs the GC in

the lighter region and can result in negative values, which is physically impossi-

ble. The use of CS2 introduces lower recovery due to the solubility of biocrude in

CS2. It does however provide steady and uniform results, useful for comparative

analysis.

14



Chapter 2. Hydrofaction® of Kraft Lignin and Bark

The recovery is not the final recovery as the biocrude is upgraded by hydrotreat-

ment (HT) before supplied to refinery. Upgrading by HT will be covered in ap-

pendix D. The effect of upgrading can also be seen in the simdis. Upgrading lowers

the boiling point distribution by approximately 100 ◦C and reduces the curvature

in middle to heavy region resulting in increased recovery.

Furrier Transform infrared Spectroscopy

Figure 2.6 shows the FT-IR-spectroscopy of biocrude from spruce, lignin, bark,

and distilled tall oil. The figure shows two peaks in the X-H stretching region, one

large peak in the double bond region, and many peaks in the fingerprint region.

The figure shows aliphatic hydrocarbons as C-H stretching in the 3000-2800 cm−1

wavelengths, and aromatic ketones as a C−−O bond at 1680 cm−1. The large dip

from 3300 - 2500 cm−1, indicates the presence of carboxylic acid. The peak at

1680 cm−1 is often associated with a carboxylic acid. The presence of aromatic

hydrocarbons is shown in the fingerprint region at 1430 cm−1. The remaining

peaks in the fingerprint region can be difficult to differentiate because of noise.

The FT-IR spectra analysis shows that the biocrude contains aliphatic-, aromatic

hydrocarbons and carboxylic acids.

Figure 2.6: IR spectroscopy of Bark, Lignin and Spruce oil
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The results from FT-IR are heavily dominated by the presence of acid, which

can be accounted for by one the additives used in the CBS1 recipe. In the recipe,

recirculated oil accounts for 15% of the slurry. In the first cycle of a continuous

run, the use of distilled tall oil replaces the recirculated oil. Tall oil is comprised

of fatty acid and resin acids and will appear on the mid infrared spectrum as car-

boxylic acid. The FT-IR of pure tall oil is included in figure 2.6 for comparison.

The tall oil shows the same peaks in the X-H stretching and double-bond regions,

but contains three peaks in the fingerprint region not observed in the biocrudes.

The biocrude of spruce, bark and lignin are similar in both simdis and FT-IR, with

the exception that lignin biocrude has lower overall recovery and shows more ab-

sorbance of aromatic hydrocarbons. Not surprisingly as, lignin contains one the

most complicated aromatic structures resulting in more aromatic hydrocarbons,

which is a key component of the middle to heavy fractions of biocrude (15),(14).

A further indication that HTL of lignin produces a biocrude with a larger heavy

fraction can be observed by the measurements of micro carbon residue (MCR) of

the biocrude.

Micro Carbon Residue

Figure 2.7 shows the micro carbon residue of biocrude made from lignin and bark

with spruce make up. The figure shows that the biocrude based on spruce has

14% MCR and increases to 16% and 18% for bark and lignin-based biocrudes. The

expected values of MCR of biocrude is in the range 20-30% (19). The low yields is

attributed to the presences of tall oil which does not contain MCR.

The MCR yields of bark based biocudes indicates a nonlinear behaviour, where

the MCR decreases to 8 % with addition of 30% bark in the feed, then increasing

linearly with further addition of bark. The MCR yields for bark based slurries is ei-

ther the result of a small data set or a nonlinear behaviour by addition of bark. The

point with 0, 40 and 70 % spruce make up shows a three point linear correlation

supporting the nonlinear tendency obtained by addition of bark. The correlation
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Chapter 2. Hydrofaction® of Kraft Lignin and Bark

Figure 2.7: Micro Carbon Residue of Lignin and Bark based biocrude

is based on 4 points, as a result, verifying the tendency requires further repeti-

tion. The increased MCR yield indicates a increased potential of coke formation

using lignin based biocrude. The increased potential for coke formation is further

observed in the organic solid residue collected by filtration of the HTL product.

2.4 Organic Solid Residue

When using lignocellulosic biomass for continuous HTL the formation of organic

solid residue cannot be avoided. If a small amount of OSR is formed, it may be

carried with the flow of product and can be removed by sedimentation. If large

amounts of OSR are formed, it induces pressure losses leading to blockage over

time, at least with the design used in CBS1. Understanding the formation of OSR

is a key aspect to the success of HTL as a technology using kraft lignin and bark.

The product from HTL consist of gas, water, biocrude and residue. The residue is

collected on a 6-8 µm filter paper, and is shown to be mostly organic, by burning

in a 775 ◦C, with samples showing 98.5% organic material.

The collected OSR has been plotted against the spruce content in the slurry,

which can be seen in figure 2.8, the figure shows that the amount of OSR decreases
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Chapter 2. Hydrofaction® of Kraft Lignin and Bark

Figure 2.8: OSR of slurries based on lignin and bark with varying spruce make up

proportional to the amount of spruce in the feedstock.

Additionally, the figure shows that pure lignin and bark based feed results in

29% and 14% OSR respectively. Kraft lignin feed results in twice the amount of

OSR, indicating that there is a difference in formation of OSR. Understanding the

mechanisms behind formation of OSR is of major importance. The mechanism of

formation of OSR is heavily affected by temperature, pressure and retention time

(9). The aim of this study is however, to investigate the use of kraft lignin and bark

as feed for Hydrofaction®. As a result the operating conditions remain constant,

and the differences between formation of OSR in kraft lignin and bark as materials

will be investigated.

2.4.1 Correlation between Lignin Content and Organic Solid Residue

The only aspect differentiating the bark and lignin is the distribution of cellulose,

hemicellulose, and lignin. The distribution is shown in table 2.3. With lignin being

the most complex and condensed molecule by far, it is suspected to be the main
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Chapter 2. Hydrofaction® of Kraft Lignin and Bark

Figure 2.9: Weighted relations of cellulose, hemicellulose, and lignin and formation of OSR

cause of the formation of OSR and it is hypothesised that there is a correlation

between lignin content in biomass and formation of organic solid residue in the

Hydrofaction® process.

Table 2.3 shows the distribution of cellulose, hemicellulose and lignin of the ligno-

cellulosic biomass used in the report.

Feedstock Kraft Lignin Bark, softwood Spruce

Lignin % 93-96 47 28-30

Cellulose %
2-6

27 42

Hemicellulose % 12 26

Ash % 0.5-1 2 0.2

Table 2.3: Distribution of lignocellulosic components in feedstock provided by Steeper Energy (20)

The table shows that the Kraft lignin is mainly lignin but consists of 2-6%

cellulose and hemicellulose. The bark contains 47% lignin and spruce contains
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28-30%. The relation between cellulose, hemicellulose and lignin content in the

biomass and formation of OSR is shown in figure 2.9. The lignocellulosic content

used in the figure is weighted by the cellulose, hemicellulose and lignin fraction of

Kraft lignin, bark, and make up spruce.

The figure shows that the formation of OSR decreases from 29 % to 5% as cellulose

content increases from 3% to 42%. If the cellulose content is extended to 100% the

figure indicates that the OSR would be -29% using the correlation obtained from

lignin-based feed. The correlation obtained using bark follows the same tendency,

indicating that cellulose has a dampening effect on the formation of OSR. The

same can be applied to the weighted content of hemicellulose, where the trend-line

projects a value of -69%indicating that hemicellulose has a larger dampening effect

on the formation of OSR. Figure 2.9 also shows the weighted content of lignin, and

that the formation of OSR increases from 5% to 29% as lignin content increases

from 29% to 94%. The figure shows that lignin is the key factor in the formation of

OSR. The figure indicates that biomass containing high fractions of hemicellulose

and low fraction of lignin will produce biocrude with the lowest yield of OSR.

The formation of OSR was attributed to two factors in section 1.1.1, dehydrogena-

tion of radical hydrocarbon and condensations of aromatics(8). In appendix A, the

molecular structure of lignin, cellulose, and hemicellulose is shown. The structure

of cellulose and hemicellulose forms long chains, while the lignin connects to form

a grid-like macro-structure of aromatics. The structure of lignin indicates that the

formation of OSR can occur by dehydrogenation of radical hydrocarbon and con-

densations of aromatics hydrocarbon. The dehydrogenation can be circumvented

by the use of hydrogen donor solvents as reaction medium/co-solvent for HTL of

biomass, and will be explored in chapter 3.
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Chapter 2. Hydrofaction® of Kraft Lignin and Bark

2.5 Conclusion of the initial results

Biocrude can be produced from Kraft lignin and bark using the Hydrofaction®

technology. The biocrude yield increases slightly, when increasing bark and lignin

content in the feed. The quality of the biocrude is heavily influenced by the

presence of distilled tall oil, affecting the results of FT-IR, simdis and MCR. The

biocrude were comparable when analysed by simdis and FT-IR, with the crude

from lignin containing a larger heavy fraction and showing more absorbance of

aromatic hydrocrabons.

Hydrofaction® of Kraft lignin and bark results in the formation of OSR with lignin

resulting in twice the amount of OSR compared to bark. The increased OSR is due

to the lignin content in the feedstocks. The presence of cellulose and hemicellulose

indicates a damping effect on the formation of OSR using lignin rich feedstock.

Further study of the behaviour of cellulose and hemicellulose is required to make

any definite conclusions.

The excessive amount of OSR is detrimental for pure Kraft lignin to be used in con-

tinuous HTL commercially. Co-processing of bark and spruce can be considered

for continuous HTL, as the bark crude shows similar quality as spruce crude.
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3 Reduction of Organic Solid Residue

by Addition of Hydrogen Donor Sol-

vents
In the following chapter, the use of hydrogen donor solvent as radical scavenger is

investigated for bark and Kraft lignin feedstock in Hydrofaction®. The hydrogen

donor solvent will be used in the ratio of 1:1 with the feedstock to allow for a

screening of effect on OSR. The hydrogen donor solvents used are Ethanol, Phe-

nol, Tetralin. Besides this MEK and a lightly hydrogenated fraction, 5 from the

paper by helmer et al. (14) is used in addition to the other three. The procedure

for hydrogenation of fraction 5 is covered in appendix D. The use of the lightly

hydrogenated fraction of the biocrude is proposed as a way to increase efficiency,

by removing a recovery/flashing step of HDS. It is investigated whether OSR for-

mation from Hydrofaction® of Kraft lignin and Bark can be reduced by the use of

hydrogen donor solvents as co-solvent.

3.1 Organic Solid Residue of HDS assisted Hydrofaction®

The effect of HDS assisted htl on the formation of OSR for Kraft lignin-based

feedstock is shown in figure 3.1.

The figure shows that the reference without the use of HDS resulted in 29% of the

dry biomass being converted into OSR. While the use of MEK and Tetralin resulted

in increased OSR. The use of Ethanol had no effect and Phenol decreased the OSR

to 27%.

HDS assisted htl of kraft lignin in ratio 1:1 HDS to biomass has a limited effect

on the formation of OSR. Indicating that the formation of OSR when using kraft
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Chapter 3. Reduction of Organic Solid Residue by Addition of Hydrogen Donor Solvents

Figure 3.1: Organic Solid Residue of HDS assisted Hydrofaction® of Kraft lignin

lignin is the result of condensation of aromatic hydrocarbons or that the ratio of

HDS to lignin on a weight basis (lignin/w%) is insufficient to counter the effect of

dehydrogenation of radical hydrocarbons.

Table 2.3 in the previous chapter, showed that the lignin/w% content in the bark

was around half of the content in kraft lignin. If the reason the HDS assisted Hy-

drofaction of kraft lignin did not affect the formation of OSR is due to the ratio

of HDS to lignin/w%, then the use of bark with half the amount of lignin/w%

should produce an alternate result. The formation of OSR from HDS assisted

Hydrofaction® of bark is shown in figure 3.2. The figure shows that the use of

HDS decreases the formation of OSR, with the largest effect observed when using

EtOH and Tetralin, where OSR is reduced to 8.6 % and 8.1% respectively. The use

of MEK reduces the OSR to 10.8%, and the hydrotreated fraction 5 results in 10.3%

OSR, while the use of phenol shows minimal impact on the formation of OSR.
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Figure 3.2: Organic Solid Residue of HDS assisted Hydrofaction® of Bark

3.2 Analysis of HDS assisted biocrude

The use of HDS assisted Hydrofaction® reduced the formation of OSR. In the fol-

lowing sections, the biocrude is analyzed by simdis, FT-IR, and MCR to investigate

any changes to the biocrude. One of these changes is observed as, an effect on the

recovery of biocrude when analyzed by simulated distillation. This is visible in

figure 3.3. The figure shows the boiling point distribution and distillate fraction

of biocrudes produced by HDS assisted Hydrofaction®. The figure shows an in-

creased recovery of the biocrude using EtOH, Phenol, and MEK, while the use of

tetralin does not affect the recovery. However, the tetralin-assisted biocrude shows

a slight jump at 180 ◦C indicating the presence of tetralin in the biocrude, which

in theory can be recovered in a hydrotreating step.

The use of EtOH as HDS increases the recovery from 64% to 74%, with the increase

primarily being above 400 ◦C in the marine fuel drop in region. Similarly, the use

of phenol and MEK increases the recovery to 72% and 67% in the same region.

The results obtained from analysis using simdis are mirrored when analyzed by
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Figure 3.3: Shows increased recovery of the heavy distillate fractions

FT-IR. The results of the FT-IR analysis are shown in figure 3.4. The figure show

that the biocrude contains the similar functional groups and that the spectrum is

still dominated by the presence of acid. There is however a small peak at 740

cm−1 for the spectrum representing tetralin assisted biocrude. Tetralin shows one

large peak at 2950 cm−1 and one small peak at 800-740 cm−1 in the mid infrared

spectrum. The small peak is observed in figure 3.4 and is visible if enhanced. The

enhanced version is shown in appendix C. Otherwise, the tetralin curve lies upon

the reference.

The curves representing the biocrude from EtOH, Phenol, and MEK assisted

Hydrofaction® shows increased absorbance of aromatic hydrocarbons and the re-

maining fingerprint region. The largest increase is observed for EtOH, then phenol,

and then MEK. Lastly, the MCR of the biocrudes is shown in figure 3.5. The figure

supports that the use of tetralin does not alter the biocrude. While the use of MEK,

Phenol, and EtOH reduces the MCR in order of least to most effective.
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Figure 3.4: No alterations is observed in the biocrude, but increased absorbance in the fingerprint

region, when using EtOH, MEK and Phenol

Figure 3.5: Micro Carbon Residue, supports the results of simdis and IR-FT
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3.3 Conclusion: On the use of Hydrogen Donor sol-

vents

Hydrogen donor solvent assisted Hydrofaction® of kraft lignin showed no effect

regarding the formation of OSR. While the results, using bark showed a decrease

in the formation of OSR. This indicates that the HDS to lignin/w% ratio is critical

and that a 1:1 ratio is not sufficient in the conditions used in this study.A ratio of

2:1 reduced the formation significantly. Further research is necessary to define a

correlation describing the effect of the HDS to lignin/w% ratio.

The HDS to lignin/W% ratio showed no visible effect at 1:1, and fraction 5 used in

the study accounted for only 15.3 %w of the aspen wood crude (14). The biomass

with the lowest lignin content used in the report is spruce, containing 28-30%.

Assuming the boiling point distribution of spruce crude is equal to that of aspen

wood, then using all of fraction 5 as substitution results in a 0.5:1 ratio, which will

not yield any visible results.

The use of tetralin as HDS resulted in the largest reduction in the formation of

OSR, while the quality of the biocrude remained mostly unaffected. Simdis and

FT-IR showed the presence of tetralin, in small peaks. If the tetralin can be recov-

ered in a hydrotreating step, it may provide a way of reducing OSR without the

increased cost of flashing the HDS for recovery. The use of EtOH as HDS resulted

in the second-largest reduction of OSR, increased the recovery of the biocrude, and

reduced the MCR. As a result, EtOH improved the quality of the biocrude, and is

the solvent with the lowest boiling point, resulting in the cheapest flashing step.
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4 Conclusion
The extensive pre-evaluation experimentation of liquefaction of Kraft lignin and

bark have been conducted. The results have been analyzed, discussed, and it

can be concluded that biocrude can be produced from Kraft lignin and bark in

yields similar to that obtained from spruce. In fact the produced biocrude showed

slightly increased oil yields with addition of Kraft lignin and bark. The use of

bark resulted in a biocrude quality interchangeable with that of spruce, while

lignin based crude had decreased quality, having a higher boiling point distribu-

tion and a higher coking potential. , making more extensive upgrading necessary

for production of advanced transportation fuels.

The formation of OSR increased linearly with addition of bark in the feed. The use

of Kraft lignin resulted in a sizeable increase of OSR, thus the processing of pure

lignin in continuous HTL or at least in the CBS1 will induce clogging problems .

The use of hydrogen donor solvents showed a decrease in formation of OSR for

bark based feedstock, with the most promising solvents being ethanol and tetralin.

Ethanol reduced the OSR formation and improved the quality of the crude. The

use of tetralin resulted in largest reduction of OSR, but the quality remained un-

affected. The use of MEK lowered OSR formation and improved quality to some

degree. The use Phenol showed minimal impact on OSR but increased quality.

Furthermore, the correlation between lignocellulosic components and OSR have

been investigated. It can be concluded that biomass with predominance of hemi-

cellulose resulted in lowest formation of OSR. The investigation can be used in

predicting favourable biomass for use as feedstock in HTL.

The study contributes by evaluating liquefaction of bark and lignin, two ressources

with a large but unused potential in the production of advanced biofuels. Particu-

larly bark is a promising feedstock, as the biocrude quality and yield distribution

is similar to spruce, whereas the prosseing of lignin does convert to oil, but due to

high yields of OSR requires more optimisation, perhaps with the use of HDS.
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5 Future Work
In the process of making this report, subjects were highlighted that would provide

definite conclusions, however due to time constraints and COVID-19 restrictions

in the lab these subjects were not covered. In this chapter, the subjects that were

not covered, but remain interesting to the work, will be listed.

• Evaluation of the effect of HDS on lignin conversion if present in larger

HDS:lignin ratios .

Continuous Hydrofaction uses recycled oil as part of the feed, in the report the use

of distilled tall oil were used as replacement. In batch experiments the presence

of tall oil can be diluted in 4-5 cycles. Upcycling of the batch experiments with

added HDS will yield more representable data compared to operation of continu-

ous Hydrofaction®.

• Further research into the use of HDS in different concentrations.

Research into the concentration of HDS can be used to create a correlation on the

effect of HDS on OSR formation.

• Evaluation of recovery of hydrogen donor solvents in an economical perspec-

tive.

The use of tertalin reduced the amount of OSR, however it remains unknown

whether or not it is economically feasible to use tetralin and other HDS to reduce

OSR. The recoervy of HDS needs to be addressed to conclude on the economical

feasibility.
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A Lignin structure
In this appendix the molecular structure of lignin, hemicellulose and cellulose is

shown.

Figure A.1: Hemicellulose(22)
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Appendix A. Lignin structure

Figure A.2: Cellulose(22))

Figure A.3: Lignin (1)

33



B Comparison of Gas chromatogra-

phy of DCM and CS2

Figure B.1: GC of biocrude in CS2 enhanced Figure B.2: GC of biocrude in DCM enhanced

Figure B.3: GC of biocrude in CS2 Figure B.4: GC of biocrude in DCM

The figures show that the use of DCM results in a large spike in the first few

minutes. Even though the spike is thin, it still results in negative values in the GC,

which is not possible.
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C Enhanced IR-Spectrum of Tetralin

at 760-680 cm−1
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D Hydrotreatment: Procedure and Con-

siderations
Hydrotreatment is historically used to remove sulphur from crude oil but has

been developed into removing oxygen from Biocrude. Hydrotreatment is carried

out either continuously or in batch. In this report, Hydrotreatment was carried

out in batch, with the procedure being very similar to the Hydrofaction batch

experiments. The exception being that the batch reactors are pressurized with H2,

the use of a NiMo sulfided catalyst, and retention time are increased to 1-8 h.

In this report hydrotreatment is used to hydrogenate a distilled fraction of straw

biocrude. 4 g of sample was used to 2 g of catalyst with a retention time of 2 h.

In the paper Full characterization of compounds obtained from fractional distil-

lation and upgrading of an HTL biocrude (14), the biocrude of HTL of straw is

distilled into 6 fractions with 50 ◦C intervals ranging from <100- 350◦C, and a

7th fraction that is characterized as residue above 350◦C. The 5th fraction is used

in this report and is the distillate from 250-300◦C. The fraction consists mostly of

carboxylic acid and some alcohols. The alcohols have hydrogen donor properties,

which was shown by the use of EtOH. The carboxylic acid(R-COOH) is not readily

useful as HDS, it can however be converted into alcohols by hydrogenation, which

is achieved by Hydrotreatment of the fraction(23).

A hydrogenated fraction of spruce oil would be preferable, but straw is used, as

the characterization enables the selection of fractions with hydrogen donor prop-

erties, and the straw crude is available in larger quantities.

The reactors were pressurized with 65 bar H2, and the final pressure, after cooling,

was 40-45 bar. The reduced pressure indicates that hydrogen was absorbed in the

process. The effect of hydrotreating the biocrude is shown in figure D.1

The figure shows that the characteristics peaks from carboxylic acid is removed.
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Appendix D. Hydrotreatment: Procedure and Considerations

Figure D.1: Biocrude before and after hydrotreatment

The figure shows significant reduction in the pressence of O-H bonds at 3600-3000

cm−1 wavelength. The O-H band is known to disturb the finger print region,

making interpretation of this area difficult.
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