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H I G H L I G H T S

∙ Chemical and physical property data were determined for a beech wood pyrolysis oil.

∙ Thermo-physical property models were developed for low-temperature conditions.

∙ Chemical property data were analysed using pilot-scale equilibrium calculations.

∙ Decomposition kinetics were developed and extrapolated to high heating rates.

∙ Gauss distributed activation energy models are recommended for extrapolation.
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A B S T R A C T

Biogenic and anthropogenic pyrolysis oils can be used as renewable feedstocks in combustion and entrained 

flow gasification processes. The design, evaluation and scale-up of these processes can be done using process 

and CFD models. However, this requires comprehensive and consistent data sets for the chemical and thermo-

physical properties and the decomposition kinetics. Such data sets have not yet been compiled for research or 

for commercial pyrolysis oils. Therefore, this study characterised an industrial beech wood pyrolysis oil using 

(i) proximate, ultimate and heating value analyses, (ii) gas chromatography–mass spectrometry (GC–MS), gel per-

meation chromatography (GPC) and thermogravimetric (TG) analyses, (iii) vacuum and Engler distillations and 

(iv) measurements of density, dynamic viscosity, thermal conductivity, specific heat capacity and surface tension 

under atmospheric-pressure and low-temperature conditions. The chemical analyses demonstrated significant 

uncertainties in the sampling and the analysis methods, which strongly affect the design and evaluation of pilot-

scale entrained flow gasification experiments. The vacuum distillations provided representative samples of the 

vaporisable and non-vaporisable components to a large extent. The TG analyses showed the superposition of 

vaporisation and decomposition based on separate analyses of the vacuum distillate and the vacuum distillation 

residue. Furthermore, thermo-physical property models were developed for the beech wood pyrolysis oil, the 

vacuum distillate and the vacuum distillation residue. Finally, thermogravimetric kinetics were derived based on 

multi-reaction Arrhenius law models and multi first-order reaction Gauss distributed activation energy models. 

Single-particle predictions based on these kinetics indicated that multi first-order reaction Gauss distributed acti-

vation energy models should be preferred for extrapolation to high heating rates in the absence of kinetics based 

on drop-tube reactor experiments.
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Nomenclature

Latin symbols

𝐶 coefficient

specific isobaric heat capacity

𝐸a

𝐶̂𝑝

molar activation energy

𝑬a molar activation energy vector

𝑓 probability density function

𝑔 auxiliary function in Merrick model

𝐻̇ enthalpy flow rate

𝑘0 pre-exponential factor

𝒌0 pre-exponential factor vector

𝑚̇ mass flow rate

𝑀 molar mass

𝑛 reaction order

𝒏 reaction order vector

𝑁 number of parallel reactions

𝑝 pressure

𝑃th thermal input

𝑄̇ heat flow rate

𝑟 volume fraction

𝑅 molar gas constant 

𝑠 uncertainty 

𝑡 time 

𝑇 temperature 

𝑤 mass fraction 

𝒘 mass fraction vector 

𝑋 conversion

Greek symbols

𝛽 heating rate 

𝜂 dynamic viscosity 

𝜆 stoichiometric ratio 

𝜆 thermal conductivity 

𝜇 expectation 

𝝁 expectation vector 

𝜌 density 

𝜎 standard deviation 

𝝈 standard deviation vector 

𝜎 surface tension 

𝜑 parameter in Maxwell mixing rule

Subscripts and superscripts

af on ash-free basis 

ash of ash 

asr on as-received basis 

d on dry basis

eq equilibrium

𝐸a of the Gaussian distribution of the molar activation energy

𝑖 of reaction 𝑖
𝑖 of species 𝑖
𝑗 of (mixture) 𝑗, in (mixture) 𝑗
m mass-weighted mean

max maximum

n number-weighted mean

ng of natural gas

oil of the beech wood pyrolysis oil

op operating

part particle

slurry of slurry

solid of solid compounds

steam of steam

tot total 

vd of the vacuum distillate 

vdr of the vacuum distillation residue 

0 initial 

𝛽 recovered

Acronyms

bioliq EFG bioliq Entrained Flow Gasifier 

CDF cumulative distribution function 

CFD computational fluid dynamics 

CGE cold gas efficiency 

DTG differential thermogravimetric 

EXT I, II or III external laboratory I, II or III 

FID flame ionisation detector 

GC–MS gas chromatography–mass spectrometry 

GPC gel permeation chromatography 

HCR atomic hydrogen/carbon ratio 

HHV higher heating value 

KIT Karlsruhe Institute of Technology 

KIT I, II or III KIT laboratory I, II or III 

LHV lower heating value 

MFORALM multi first-order reaction Arrhenius law model 

MFORGDAEM multi first-order reaction Gauss distributed

activation energy model 

MRALM multi-reaction Arrhenius law model 

PD polydispersity 

PDF probability density function 

SMOD specific minimum oxygen demand 

TG thermogravimetric 

UV ultraviolet

1. Introduction

Biogenic pyrolysis oils, also known as bio-oils, are the liquid products 

of the thermal decomposition of biogenic substances in the absence of 

oxygen [1]. Substances, such as cellulose, hemicellulose and lignin, de-

compose into numerous liquid and solid components depending on the 

raw material and the pretreatment process employed [2–7]. Industrial 

pyrolysis oils are mainly produced using fast pyrolysis processes. These 

processes are operated at moderate temperatures (∼500 K), high heating

rates (∼10 

4–10 

5 K/s) and short residence times (<2 s) [1] and provide 

pyrolysis oils that can be applied as alternative feedstocks in both com-

bustion and entrained flow gasification processes. Production processes, 

experimental characterisation methods and applications of pyrolysis oils 

have therefore been investigated and reviewed in numerous studies 

[1,8–13].

1.1. Experimental studies

Biogenic pyrolysis oils are typically characterised through (i) the 

analysis of elemental, solid, water and ash contents, (ii) the analysis 

of heating values, flash points, ambient density and ambient dynamic 

viscosity, (iii) the gas chromatography–mass spectrometry (GC–MS) 

analysis and (iv) the analysis of long-term and thermal stability and 

miscibility. The ranges of the chemical and physical properties derived 

from such analyses are given in Tables 1 and 7.

Measurements of further chemical and physical properties have been 

conducted less frequently for biogenic pyrolysis oils. In particular, pre-

vious studies have rarely measured (i) density and dynamic viscosity at 

moderate temperatures, (ii) vapour pressure, thermal conductivity, spe-

cific heat capacity and refractive index and (iii) distillation curves and 

molar mass distribution curves. Bakhshi and Adjaye [15] determined
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Table 1 

Carbon contents (dry) 𝑤 C,oil,d 

, hydrogen contents (dry) 𝑤 H,oil,d 

, oxygen contents (dry) 𝑤 O,oil,d 

, nitrogen contents (dry) 𝑤 N,oil,d 

, sulphur contents

(dry) 𝑤 S,oil,d, ash contents (dry) 𝑤 ash,oil,d 

, water contents (asr) 𝑤 H 2 

O,oil,asr 

and higher heating values (as received) HHV oil,asr 

of biogenic pyrolysis

oils based on previous studies [8,14].

𝑤 C,oil,d

%
𝑤 H,oil,d

%
𝑤 O,oil,d

%
𝑤 N,oil,d

%
𝑤 S,oil,d

%
𝑤 ash,oil,d

%
𝑤 H 2O,oil,asr

%
𝑤 solid,oil,asr

%
HHV oil,asr

MJ∕kg

38.1–62.9 4.6–10.3 29.8–51.4 0–0.2 0–0.01 0–0.2 5–45 0.2–1 16–25

vapour pressure curves as well as atmospheric and vacuum distillation 

curves of commercial Ensyn pyrolysis oils. Peacocke et al. [16] measured 

densities, viscosities, thermal conductivities, specific heat capacities 

and refractive indices of Ensyn pyrolysis oils mainly between 293 K 

and 343 K under both inert and oxygen-rich conditions to study the 

impact of ageing. Elliott et al. [17] determined the density and the dy-

namic viscosity of three biomass fast pyrolysis oils and correlated both 

properties with the water content.

More efforts (see Table S1) have been made to study the conver-

sion of biogenic pyrolysis oils under inert or combustion conditions. 

Thermogravimetric (TG) analyses, differential scanning calorimetry 

(DSC) experiments, batch or drop-tube furnace experiments and single-

droplet experiments were employed to investigate decomposition steps, 

kinetics and products as well as yields, reactivity, morphology and 

atomisation quality [3–5,18–32]. Specifically, TG analyses were used 

to assign characteristic temperature ranges to the decomposition steps 

[3,18]. The vaporisation of light volatiles (e.g. water and acetic acid) 

and heavy volatiles (e.g. furans and carbohydrates), the formation of 

secondary char, the low-temperature cracking and the release of gaseous 

decomposition products (CH 4 

, C x 

H y 

, CO, CO 2 

and H 2 

O) were primarily 

observed below 600 K [3,18], whereas the heterogeneous combustion 

of secondary char mainly took place above 600 K in the presence of 

oxygen [3,18]. In addition, TG analyses were applied to develop de-

composition kinetics using multi-reaction Arrhenius law models with 

3–8 parallel reactions [4,20,21,24]. The kinetics were derived from 

TG and DTG curves at various heating rates assuming unique sets of 

pre-exponential factors, activation energies and reaction orders for each 

biogenic pyrolysis oil [4,20,21]. However, the kinetics were mainly de-

veloped for combustion conditions [4,20,21], i.e. the decomposition was 

superposed by oxidation. Moreover, TG analyses were combined with 

DSC experiments, GC–MS analyses and gel permeation chromatogra-

phy (GPC) analyses [5,21,24]. The results showed that the peaks of the 

TG and DSC curves can be identified at similar positions (between 683 K 

and 723 K) in the presence of oxygen [24] and that similar composi-

tions in terms of macro-families (water, monolignols, polar components, 

sugars, etc.) can be derived from thermogravimetric and molar mass 

distribution curves by proportionate superposition of the corresponding 

curves of the macro-families [5].

Furthermore, thermogravimetric analysers, differential scanning 

calorimeters, batch furnaces and drop-tube furnaces were used to study 

the yields of gas, condensates and char. The results showed that, with 

higher reactor temperature, the gas yield increases and the yields of 

char and condensates decrease, while a higher heating rate increases 

the condensates yield and decreases the char yield at an almost constant 

gas yield [26,27,29]. In addition to that, a higher content of vaporis-

ables and a higher pressure increase the char yield [25,31], whereas 

a higher ash content decreases the gas yield and increases the char 

yield and also shifts the gas composition to more CO 2 

and less CH 4 

and CO [29]. Thus, lower temperatures, lower heating rates (due to 

longer reaction times), higher ash contents and higher pressures (due to 

higher boiling temperatures) favour the thermal re-polymerisation (typ-

ically between 523 K and 773 K) and the production of char. The char 

yield is between 1 % at high heating rates and atmospheric pressures and 

40 % at low heating rates and elevated pressures [26,27,29,32]. In addi-

tion, an increase in heating rate from ∼1 K/min to ≥10 

5 K/min reduces 

the char yield from 30 % to 8 % [26], while an increase in pressure from

1 bar to 40 bar doubles the char yield from 20 % to 40 % in a differential 

scanning calorimeter [32]. Furthermore, the results showed that the char 

residues from drop-tube experiments have hollow-spherical structures, 

compositions similar to graphite, reactivities similar to biomass chars 

and sizes that are similar to the original droplets [26,27,32]. The char 

reactivities decrease when exposing chars to higher temperatures [26]. 

In contrast, chars from thermogravimetric analyses have compact glossy 

surfaces and high hydrogen and oxygen contents due to pronounced de-

volatilisation [28]. The decomposition kinetics of the latter chars can be 

described using four-reaction Arrhenius law models [28].

Previous studies also showed that analysis and measurement results 

are affected by high uncertainties. This is because of (i) fuel complexity, 

variability and inhomogeneity, (ii) long-term and thermal fuel instabil-

ity and (iii) the lack of standardised analysis methods. In particular, 

the heterogeneous composition of biogenic pyrolysis oils as well as the 

handling, storage and ageing of samples have challenged the compa-

rability of analysis and measurement results [11,16,27,33]. Therefore, 

several studies [8,10,11,34] reviewed and standardised the analysis 

methods, while inter-laboratory round robin tests [35–39] were car-

ried out to investigate the influence of individual laboratory methods 

on the experimental results. Moreover, Brigdwater et al. [33] provided 

recommendations for the analysis of elemental and water contents and 

concluded, based on various test reports, that carbon and hydrogen 

contents can be reproduced with good accuracy. Furthermore, Harman-

Ware and Ferrel [34] recommended GPC analysis for determining the 

molar mass distributions but suggested improvements to enable the use 

of GPC analysis for a wide range of biogenic pyrolysis oils.

1.2. Modelling studies

Chemical and physical properties at initial and intermediate conver-

sion states as well as reaction kinetics are essential for describing the 

conversion of biogenic pyrolysis oils in both combustion and entrained 

flow gasification processes. However, in the absence of appropriate 

data and models, the conversion of biogenic pyrolysis oils has mainly 

been modelled using the surrogate vaporisation approach. Zhang and 

Kong [40], Saha et al. [41], Sallevelt et al. [42], Mahmoudi et al. [43] 

and Sital [44] defined surrogates with up to ten volatile components 

based on GC–MS data reported for bio-oils [2,3]. However, major or-

ganic components seldom have mass fractions of more than 2 %, and 

biogenic pyrolysis oils, in contrast to liquid fossil fuels, contain com-

ponents from various chemical classes. The surrogate vaporisation ap-

proach thus strongly simplifies the conversion. Instead of the surrogate 

vaporisation approach, Hallet and Clark [45] suggested the continuous 

thermodynamics approach, wherein gamma probability density func-

tions were assumed for acids, aldehydes/ketones, alcohols, water and 

lignin. It was shown that the probability density functions (in particular 

of water and lignin) can significantly affect the vaporisation predictions. 

Furthermore, the surrogate vaporisation approach and the continuous 

thermodynamics approach were combined with decomposition reaction 

kinetics. Sital [44] used the mechanism of Houminer et al. [46] for the 

thermal polymerisation of levoglucosan. Hallet and Clark [45] described 

the decomposition of lignin using an Arrhenius law model with reaction 

parameters proposed for cellulose.

The physical property models incorporated in previous studies 

[40–45] were mainly based on group contribution methods [47–50] and
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corresponding-states methods. Specific physical property models were 

seldom used or developed for biogenic pyrolysis oils. So far, Yang et 

al. [51] derived empirical equations for the molar enthalpy of formation 

and the molar physical enthalpy as a function of the H/C and O/C ratios 

in order to estimate the enthalpy of pyrolysis for bio-oils.

1.3. Objectives

Numerous studies have investigated the chemical and physical prop-

erties and the conversion of biogenic pyrolysis oil. However, they 

have focussed on specific analyses due to the natural origin of bio-oils 

and the necessary experimental expenditures. For example, Branca et 

al. [3,4,20,21] conducted proximate, ultimate, GC–MS and TG analyses, 

whereas Peacocke et al. [16] derived by far the most comprehensive 

physical property data sets, but without providing the chemical prop-

erty data. Thus, there is a lack of comprehensive and consistent data 

sets for (i) the design, evaluation and scale-up of combustion or gasifi-

cation experiments with biogenic pyrolysis oils using process models and 

(ii) the mathematical description of atomisation and conversion of bio-

genic pyrolysis oils using CFD models. As part of the bioliq project [52], 

biogenic (and anthropogenic) pyrolysis oils are converted to synthesis 

gas in both laboratory-scale and pilot-scale entrained flow gasifiers at 

Karlsruhe Institute of Technology (KIT) [53–56]. In addition, flow-sheet 

models [55,57] and CFD models [58–64] are under development for de-

tailed investigation of sub-processes and for process optimisation and 

scale-up. Therefore, this study derived chemical and physical property 

data and decomposition kinetics for an industrial beech wood pyroly-

sis oil. This bio-oil was produced in the commercial fast pyrolysis plant 

of proFagus [65] and was used as feedstock in high-pressure entrained 

flow gasification experiments at the bioliq Entrained Flow Gasifier (bi-

oliq EFG) plant for the production of high-quality synthesis gas and 

liquid fuels [55,56]. In this context, samples of the beech wood pyrol-

ysis oil were characterised using (i) proximate, ultimate and heating 

value analyses, (ii) GC–MS, GPC and TG analyses, (iii) vacuum and 

Engler distillations and (iv) measurements of density, dynamic viscos-

ity, thermal conductivity, specific heat capacity and surface tension. 

The TG analyses were applied to derive decomposition kinetics based 

on multi-reaction Arrhenius law models and multi first-order reaction 

Gauss distributed activation energy models. The vacuum distillations 

were used to separate the vaporisable from the non-vaporisable com-

ponents, whereas the Engler distillations were carried out to determine 

the boiling behaviour. Furthermore, samples of the vacuum distillates 

were analysed for boiling behaviour, TG behaviour, density, thermal 

conductivity and specific heat capacity, and samples of the vacuum dis-

tillation residues were analysed for TG behaviour and dynamic viscosity. 

The measured thermo-physical properties of both the beech wood py-

rolysis oil and the vacuum distillate were finally used to derive the 

density, thermal conductivity and specific heat capacity of the vacuum 

distillation residue. The possible applications of the measured and de-

rived data are summarised in Section 2. Then, the methods and the 

results of the analyses and measurements are presented in Sections 3 

and 4 and are discussed in Section 5. Finally, the conclusions are given 

in Section 6.

2. Possible applications

This study derived pyrolysis oil data and models for process, single-

particle, RANS based and large-eddy simulations in the course of the 

entrained flow gasification research at KIT. The process simulations 

are primarily employed for the design, evaluation and scale-up of ex-

periments (see Section 5.1 and [55]). This requires reliable elemental, 

water and ash contents, and heating values (see Sections 3.2 and 4.1) 

as well as low-temperature correlations for density and specific heat ca-

pacity (see Sections 3.9.2 and 4.8.1). The single-particle simulations, in 

turn, are applied to develop, test and validate sub-models for describ-

ing the conversion of biogenic or anthropogenic (slurry) particles (see

S1

S2

S3

S4

S5

Cooling water

Synthesis gas + slag

Slurry Oxygen + steam Natural gas + nitrogen

SiC
Burner

ST

Membrane wall

Fig. 1. Schematic cross section of the bioliq EFG reactor with the feed and prod-

uct streams, with the cooling circuits S1, ..., ST, with particle trajectories of 

pyrolysis oil droplets (left; coloured by conversion; violet: no conversion, yel-

low: almost full conversion) and with a gas temperature distribution (right).

(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.)

Section 5.4 and [63,66]). The compositions of such particles are typi-

cally based on the elemental, water and ash contents (see Sections 3.2 

and 4.1). In addition, the density, thermal conductivity and heat capac-

ity (see Sections 3.9.2 and 4.8.1) and the thermo-chemical conversion 

(see Sections 3.8, 4.7 and 5.4) can be described using customised mod-

els. Moreover, surrogates (see Section S4) can be defined using GC–MS 

data (see Sections 3.3 and 4.2), Engler distillation data (see Sections 3.6 

and 4.5) and thermo-physical property data of vacuum distillates (see 

Sections 3.9.2 and 4.8.1). Resolved single-particle-models might also ac-

count for the molar mass distribution (see Sections 3.4 and 4.3) and the 

impact of diffusion based on viscosity models (see Sections 3.9.5, 4.8.3 

and S5).

The RANS based simulations (see [59,62,63]) and the large eddy 

simulations (see [67]) are finally used (i) to describe the local stoichiom-

etry and the local temperatures in entrained flow gasification processes 

and (ii) to determine heat extraction, local slag behaviour and conver-

sion. Based on the temperature distribution of a bioliq EFG experiment, 

the possible conversion of pyrolysis oil droplets is shown in Fig. 1. 

The conversion is described using a multi first-order reaction Arrhenius 

model (see Section 5.4), while the heat capacity is based on a simpli-

fied approach (see Section S3). Large eddy simulations can also be used 

to describe the atomisation of pyrolysis oils at ambient temperatures 

(see [58,60]), based on density, viscosity and surface tension data (see 

Sections 3.9.2, 3.9.4, 3.9.5, 4.8).

3. Methods

This section describes the experimental and mathematical meth-

ods used to derive the chemical and physical property data and the 

thermogravimetric kinetics.
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3.1. Preparation

Samples of the beech wood pyrolysis oil, produced by proFagus [65] 

in 2020, were collected from the storage tanks of the bioliq EFG 

plant [55,56]. The pyrolysis oil was continuously stirred in these 

tanks and additionally pumped in closed circuits for intensive mixing. 

Therefore, the collected samples can be assumed to be homogeneous 

and representative mixtures of the original charge. After sampling, some 

samples were sent to external laboratories, while the other samples 

were stored in glass bottles of 1 l and kept refrigerated at tempera-

tures below 258 K to suppress composition changes due to ageing and 

vaporisation. Before their use in internal laboratory experiments, each 

bottle was warmed up in a water bath at room temperature and was 

homogenised through stirring the sample.

3.2. Chemical analyses

Chemical analyses were used to determine elemental, ash and water 

contents as well as lower and higher heating values of the beech wood 

pyrolysis oil.

The elemental, ash and water contents of the beech wood pyrolysis 

oil were determined at the internal laboratories KIT I, KIT II and KIT III 

as well as the external laboratories EXT I and EXT II. In the absence 

of specific standards for biogenic pyrolysis oils, the analyses of carbon, 

hydrogen, nitrogen, ash and water contents were conducted using the 

standards that were suggested by the laboratories and are summarised 

in Tables S3 and S4. The oxygen contents were determined by differ-

ence, while the ash contents were obtained using an ashing temperature 

of 823 K at the laboratory EXT I or using an ashing temperature of 1088 K 

at the laboratories KIT I and KIT III. The lower ashing temperature was 

suggested in accordance with the standards for biomass, whereas the 

higher ashing temperature is more realistic for ashing under entrained 

flow gasification conditions. The water contents were determined using 

Karl-Fischer titration at the laboratories EXT I, EXT II and KIT II and 

using xylene distillation at the laboratories KIT I and KIT III.

The lower heating values and the higher heating values of the beech 

wood pyrolysis oil were determined at the laboratories KIT I, KIT II, 

KIT III and EXT I according to DIN 51900-2:2003 [68]. Moreover, higher 

heating values were calculated using the elemental and water contents 

and the Boie correlation [69]. The ratios of the calculated higher heating 

values to the measured higher heating values provided the Boie ratios. 

Following previous studies [55,70], these ratios were used to evaluate 

the accuracy of the chemical analysis data for process calculations (see 

Section 5.1), where ratios around 100 % can indicate superior chemical 

property data.

Furthermore, reproducibility limits were extracted for the carbon, 

hydrogen and nitrogen contents from DIN 51732:2007 [71], for the 

water content from DIN 51777:2020 [72] and for the higher heating 

value from DIN 51900-1:2000 [73]. Assuming rectangular probability 

distributions, these limits were used to determine uncertainties 𝑠 for var-

ious variables 𝑌 in the course of process calculations (see Section 5.1), 

i.e. the equilibrium temperature 𝑇 eq 

and the equilibrium species mole 

fractions 𝑥 CO,eq 

, 𝑥 CO 2 ,eq 

, 𝑥 H 2 

,eq 

and 𝑥 H 2 

O,eq 

. The uncertainties 𝑠 𝑌 

are

given by

𝑠 𝑌 

= 

(

∑

𝑖=C,H,H2 

O 

(

d𝑌
d𝑤 𝑖,asr

𝑠 𝑤𝑖,asr 

) 2 

+ 

(

d𝑌
dHHV asr

𝑠 HHVasr 

) 2 

) 0.5

(1)

where 𝑠 𝑤 C,asr 

= 0.0185∕ 

 

3, 𝑠 𝑤 H,asr 

= 0.004∕ 

 

3 and 𝑠 𝑤 H 2 

O,asr 

=

0.067 𝑤 H 2 

O,asr 

∕ 

√ 

3 

√ √

are the uncertainties of the mass fractions and

𝑠 HHV asr 

= 400∕ 

√ 

3 kJ/kg is the uncertainty of the higher heating 

value [71–73].

3.3. GC–MS analyses

GC–MS/FID analyses were used to investigate the contents of 

the vaporisable components of the beech wood pyrolysis oil. Two

measurements were carried out using a commercial gas chromatograph 

system (Agilent 6890 with a VF-1701ms column (60 m × 0.25 mm, ID × 

0.25 mm)) at the laboratory EXT II. The initial oven temperature of 318 K 

was held for 4 min and was then increased to 553 K at a heating rate 

of 3 K/min. The final oven temperature was held constant for 20 min. 

The maximum injection temperature of the FID was 523 K with a split 

mode of 15:1. The mass fractions of the components were quantified 

through a comparison with calibration lines.

3.4. GPC analyses

GPC analyses were conducted to determine the molar mass distribu-

tion of the beech wood pyrolysis oil using the principle of size exclusion 

chromatography. Two measurements were performed using a commer-

cial liquid chromatograph system (Agilent 1100 Series with an Agilent 

PolarGel-LGuard pre-column (50 mm×7.5 mm) and two Varian PolarGel-

L columns (300 mm × 7.5 mm)) at the laboratory EXT II. The UV detec-

tor had a wavelength of 254 nm. Nine polyethylene glycol standards 

(with molar masses of 194 g/mol, 420 g/mol, 615 g/mol, 1010 g/mol, 

1970 g/mol, 3930 g/mol, 7920 g/mol, 12140 g/mol and 21030 g/mol) 

were used for the calibration. The injection volumes of the samples 

were 100 µl. The number-weighted mean molar mass 𝑀 n 

, the mass-

weighted mean molar mass 𝑀 m 

and the polydispersity PD were derived 

from each molar mass distribution. The polydispersity PD is a measure 

of the width of the molar mass distribution and is given by

PD = 

𝑀 m 

𝑀 n 

. (2)

3.5. Vacuum distillations

Vacuum distillations were used to separate the beech wood pyroly-

sis oil into vaporisable and non-vaporisable components. The laboratory 

setup consisted of (i) an electrically heated round bottom flask with 

a volume of 1000 ml, (ii) a Vigreux column with a length of 300 mm, 

(iii) a reflux condenser at the top of the separation column, (iv) a con-

denser with a connection to a vacuum pump and (v) a second flask 

for collecting the distillate. The beech wood pyrolysis oil sample was 

continuously homogenised with a stirring bar during the vacuum distil-

lation, while a high reflux ratio of the condenser and a long separation 

column ensured the separation of the volatile components according to 

their boiling points. Two type K thermocouples tracked the liquid and 

gas temperatures. One thermocouple was placed at the bottom of the 

round bottom flask, while the other was positioned at the condenser in-

let and the top of the separation column. Both condensers were operated 

at 293 K. The absolute operating pressure was 40 mbar, which was the 

lowest value that ensured constant pressure throughout the distillation 

process and kept the loss of the volatile components to a minimum.

The temperature in the flask could be increased up to 523 K, while 

white fumes indicated thermal decomposition reactions at higher tem-

peratures. 523 K was therefore used to separate the vaporisable from 

the non-vaporisable components and to produce vacuum distillates of 

the beech wood pyrolysis oil for Engler distillations (see Sections 3.6 

and 4.5), TG analyses (see Sections 3.7 and 4.6) and measurements 

of thermo-physical properties (see Sections 3.9 and 4.8). Furthermore, 

the batch distillations were stopped at four temperatures (373 K, 423 K, 

473 K, 508 K) below 523 K (i) to determine the recovered mass fractions 

at different liquid temperatures and (ii) to obtain different vacuum dis-

tillation residues (see Sections 3.9.5 and 4.8.3). Each distillation was 

performed three times. The recovered fractions at specific temperatures 

are reported as mean values with corresponding standard deviations.

3.6. Engler distillations

Engler distillations were conducted to determine the boiling-point 

curves of both the beech wood pyrolysis oil and the vacuum distil-

late. Three measurements each were carried out following ASTM D86-

20a [74] and using modified temperature measurements. The default
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mercury thermometer was replaced by two type J thermocouples based 

on previous recommendations [75,76] in order to track both the liquid 

temperature and the gas temperature. Both thermocouples were cali-

brated in the temperature range between 273 K and 673 K. The initial 

sample volumes in the Engler flask and the recovered distillate volumes 

were recorded at 293 K to ensure reliable and accurate measurement 

data. The measured temperatures were finally used to determine mean 

values and standard deviations for the boiling-point curves.

3.7. TG analyses

TG analyses of the beech wood pyrolysis oil, the vacuum distillate 

and the vacuum distillation residue were performed using a commercial 

device (Netzsch TG 209 F1). The analyses of the beech wood pyrolysis 

oil were carried out using constant heating rates of 2 K/min, 5 K/min, 

10 K/min, 20 K/min and 50 K/min, while the analyses of the vacuum 

distillate and the vacuum distillation residue were conducted using a 

constant heating rate of 20 K/min only. The initial sample masses were 

between 70 mg and 100 mg. The temperature was measured using a 

thermocouple positioned in the gas phase below the sample crucible. 

In contrast to previous recommendations to use the position close to the 

sample bottom [3,20], this was performed in accordance with the fixed 

setup of the analytical instrument. Nitrogen was applied as inert gas 

using volume flow rates of approximately 100 ml/min. Concentrations 

of the decomposition products were not measured, whereas TG and 

DTG curves, representing the relative mass loss 𝑤 and the derivative 

of the relative mass loss d𝑤∕d𝑡, were mainly determined three times 

(only twice for the beech wood pyrolysis oil at 50 K/min). The mea-

sured TG and DTG curves of each heating-rate condition were averaged 

using linear interpolation.

3.8. TG kinetics

TG kinetics were derived from the averaged TG and DTG curves 

of the beech wood pyrolysis oil using either multi-reaction Arrhenius

law models or multi-reaction distributed activation energy mod-

els. For both modelling approaches, the temperature 𝑇 , the mass 

fraction 𝑤, the time derivative of the mass fraction d𝑤∕d𝑡 and

the temperature derivative of the mass fraction d𝑤∕d𝑇 are given by

[4,20,21,77]

𝑇 =

⎧

⎪ 

⎨

⎪ 

⎩

𝑇 0 + 𝛽 𝑡 , if 0 ≤ 𝑡 ≤ 

𝑇 max − 𝑇 0
𝛽 

𝑇max , if 𝑡 > 

𝑇 max − 𝑇 0
𝛽

, (3)

𝑤 = 1 −
𝑁
∑ 

𝑖=1 

𝑤 𝑖,0 

+
𝑁
∑ 

𝑖=1
𝑤 𝑖 , (4)

d𝑤
d𝑡

=
𝑁
∑

𝑖=1

d𝑤 𝑖
d𝑡

, (5)

d𝑤
d𝑇

=
𝑁
∑

𝑖=1

d𝑤 𝑖
d𝑇

, (6)

where 𝑇 0 is the initial and ambient temperature, 𝛽 is the constant heating

rate, 𝑡 is the time, 𝑇 max is the maximum temperature, 𝑁 is the number

of parallel reactions, 𝑤 𝑖 is the mass fraction of reaction 𝑖 and 𝑤 𝑖,0 is the

initial mass fraction of reaction 𝑖. The latter is given by [4,20,21]

𝑤 𝑖,0 

= 𝑤 𝑖
|

|𝑡=0 = 𝑤 𝑖 

|

|𝑇=𝑇 0
. (7)

3.8.1. Multi-reaction Arrhenius law models

Multi-reaction Arrhenius law models, as used in this study, are 

defined by

d𝑤 𝑖
d𝑡

= −𝑘 0,𝑖 

exp 

(

− 

𝐸 a,𝑖

𝑅𝑇

)

𝑤 

𝑛 𝑖
𝑖 , (8)

where 𝑘 0 is,𝑖  the pre-exponential factor of reaction 𝑖, 𝐸  

 a,𝑖 

is the molar

activation energy of reaction 𝑖, 𝑅 is the molar gas constant and 𝑛 𝑖 

is 

the order of reaction 𝑖. In order
(

 

)

to determine approximations for the 

𝒌 = 𝑘
 

pre-exponential factors 0  0 , the molar activat,𝑖 𝑖=1,…,𝑁  ion energies
(

𝑬 a =
 )

 𝐸
 ( ) 

 

 a,𝑖 

, the orders and the initial mass frac
(

𝑖=1
 

,…    𝒏 = 𝑛
)

,𝑁 𝑖 𝑖=1,…,𝑁     

tions 𝒘
 

 0 

= 𝑤 , regressions of the averaged TG and DTG curves𝑖,0 =1,…,𝑁         

 𝑖  

-

were performed using Eqs. (3)–(8) as well as the least_squares and 

solve_ivp methods of SciPy [78,79]. The differential equations were

solved using the LSODA (Adams/BDF) method [80,81]. 

3.8.2. Multi-reaction distributed activation energy models

Multi-reaction distributed activation energy models can be devel-

oped using various probability distributions and assuming either unity or 

non-unity reaction orders [77]. Preliminary tests showed that Gaussian 

distributions and unity reaction orders provide the best approximations 

for the measured TG and DTG data. Multi-reaction distributed activa-

tion energy models were therefore combined with Gaussian distributions 

and unity reaction orders. Multi-reaction distributed activation energy 

models, as used in this study, are defined by [77]

𝑤 𝑖 

= ∫

∞

0
exp

⎛

⎜

⎜

⎜

⎝

−∫

𝑇

𝑇0

𝑘 𝑖

( 

𝐸a 

, 𝑇 

)

𝛽
d𝑇 

⎞

⎟

⎟

⎟

⎠

𝑓 𝑖

( 

𝐸 a 

) 

d𝐸 a 

, (9)

d𝑤 𝑖
d𝑡 

= 𝛽 

d𝑤 𝑖
d𝑇

, (10)

d𝑤 𝑖
d𝑇

= ∫

∞ 

0

𝑘 𝑖 

( 

𝐸 a 

, 𝑇 

)

𝛽
exp

⎛

⎜

⎜

⎜

⎝

−∫

𝑇

𝑇0

𝑘 𝑖

( 

𝐸a 

, 𝑇 

)

𝛽
d𝑇 

⎞

⎟

⎟

⎟

⎠

𝑓 𝑖

( 

𝐸 a 

) 

d𝐸 a 

, (11)

where 

𝑘 𝑖 

( 

𝐸 a 

, 𝑇 

) 

= 𝑘 0,𝑖 exp 

(

− 

𝐸 a

𝑅𝑇

) 

, (12)

(

is the rate constant and 𝑓
 )

  

 

𝐸
 

 a 

is the probability density function, each𝑖
(

of reaction 𝑖
 ) 

. The probability density function 𝑓 𝑖 𝐸 a 

is given by

𝑓 𝑖

( 

𝐸 a 

)

= 

1
√

2𝜋 𝜎𝐸 a 

,𝑖

exp
⎛

⎜

⎜

⎝

− 

𝐸 a 

− 𝜇 𝐸 a 

,𝑖

2 𝜎 𝐸 a 

,𝑖

⎞

⎟

⎟

⎠

, (13)

where 𝜇𝐸 and  are the expectation and the standard deviation
 a   

 

,𝑖 𝜎𝐸a 

,𝑖

of the Gaussian distribution for the molar activation energy 𝐸 a  

 

of re

action 𝑖. In order to determine
(

 appropriate
)

 approximations for the

pre-exponential facto 𝒌0 =
  

rs  𝑘0,𝑖 

, the expectations=1,… =
( ) 

𝑖 ,𝑁    𝝁
( )

 𝐸a
𝜇

 

,𝐸 ,𝑖 𝑖=1,…,𝑁  the standard
(

 deviations
)

 𝝈 

 𝐸 

=
a 

𝜎 and the ini-
 a 

𝐸a 

,𝑖 

  

𝑖=1,…,𝑁   

tial mass fractions 𝒘0 = 𝑤𝑖,0      

 

, regressions of the averaged TG𝑖=1,…,𝑁

-

and DTG curves were carried out using Eqs. (3)–(7) and (9)–(13) as well 

as the trapz, quadgk, fminsearch and fmincon SPQ methods of Matlab [82]. 

The trapz method (trapezoidal quadrature) with 100 equally spaced in-

tervals was applied to the outer integrals, while the quadgk method 

(Gauss–Kronrod quadrature) was used for the inner integrals. The per

centiles at 0.0001 and 0.9999 of the Gaussian distributions were used as 

limits of the outer integrals. The fminsearch was used to obtain appropri-

ate initial parameters for the final optimisation using the fmincon SPQ 

method. In the final optimisation, constraints were applied to ensure 

that the mass fraction 𝑤 is described properly for 𝑇 → ∞.

3.9. Thermo-physical properties

Density, thermal conductivity and specific heat capacity were de-

termined for the beech wood pyrolysis oil (see Section 3.9.2), the 

vacuum distillate (see Section 3.9.2) and the vacuum distillation residue

-

Fuel 404 (2026) 134897 

6 



M. Dammann, F. Hüsing, U. Santo et al.

(see Section 3.9.3) under low-temperature conditions. In addition, the 

surface tension of the beech wood pyrolysis oil was measured under 

ambient conditions (see Section 3.9.4). Furthermore, the dynamic vis-

cosity of the beech wood pyrolysis oil and three different vacuum 

distillation residues were determined under low-temperature conditions 

(see Section 3.9.5). The standards of the experimental methods are 

summarised in Table S5.

3.9.1. Challenges

The vaporisation of light volatiles, the thermal polymerisation and 

the decomposition affect measurements under low-temperature con-

ditions. Therefore, three measures were taken to avoid composition 

changes and ensure reliable and accurate measurement data. Firstly, 

all measurements were conducted well below 600 K (see Sections 3.9.2 

and 3.9.5). Secondly, comparative measurements were carried out using 

either different heating behaviour or different set-ups (see Sections 3.9.2 

and 3.9.5). Thirdly, some measurements of density, thermal conduc-

tivity and specific heat capacity were carried out under pressures 

of 6 bar to impede the vaporisation of light volatiles (see Section 3.9.2). 

Possible impacts of the pressurised conditions on the measured data 

were neglected as pressure effects are considerably smaller than tem-

perature and composition effects for liquids if pressures are moderate 

and conditions are not close to critical conditions [83].

3.9.2. Density, thermal conductivity and specific heat capacity of the beech 

wood pyrolysis oil and the vacuum distillate

The density, the thermal conductivity and the specific heat capac-

ity of both the beech wood pyrolysis oil and the vacuum distillate were 

determined between 293 K and 453 K at the laboratory EXT III. The mea-

surements below 373 K were carried out at atmospheric pressure and, 

for temperatures above 373 K, at 6 bar. The density was measured ac-

cording to DIN EN ISO 1183-1:2019 [84] with minor adaptations. The 

Mohr balance was calibrated using standard calibration substances. The 

thermal conductivity was obtained using a commercial thermal conduc-

tivity meter (flucon LAMBDA) based on the hot wire method according 

to ASTM D-7896-19 [85]. The measurements were performed using 

temperature ramps, while stopping at 17 temperatures between 293 K 

and 453 K and executing each measurement after reaching thermal equi-

librium. The specific heat capacity was measured using continuously 

stirred sample volumes of 100 ml and an adiabatic calorimeter following 

ASTM D2766-95 [86].

Furthermore, the thermal conductivity and specific heat capacity of 

the beech wood pyrolysis oil were measured at 373 K and 453 K with 

fresh samples in single runs to investigate the heating effects. Finally, the 

density was also determined following ASTM D4052-18a [87] at both 

KIT and the laboratory EXT I. At KIT, the measurements were conducted 

between 293 K and 333 K using a commercial density meter (Anton Paar 

DMA 400). At EXT I, the measurements were carried out at 288 K using 

an U-shaped oscillating sample tube.

3.9.3. Density, thermal conductivity and specific heat capacity of the 

vacuum distillation residue

The density, the thermal conductivity and the specific heat capacity 

of the vacuum distillation residue were derived from the data measured 

for the beech wood pyrolysis oil and the vacuum distillate. The density 

of the vacuum distillation residue 𝜌 vdr and the specific heat  

 

capacity of 

the vacuum distillation residue 𝐶̂ 𝑝,vdr were determined by

𝜌 vdr = 

1 − 𝑤 vd,oil
1
𝜌 oil

− 

𝑤 vd,oil
𝜌 vd

, (14)

𝐶̂ 𝑝,vdr =
𝐶̂ 𝑝,oil 

− 𝑤 vd,oil 

𝐶̂ 𝑝,vd

1 − 𝑤 vd,oil
, (15)

where 𝑤 vd,oil 

is the recovered mass fraction of the vacuum distillate at 

the maximum liquid temperature, 𝜌 oil is the density of the beech wood

pyrolysis oil, 𝜌 vd           

 

is the density of the vacuum distillate, 𝐶̂𝑝,oil 

is the spe

cific heat capacity of the beech wood pyrolysis oil and 𝐶̂ is the specific𝑝,vd   

heat capacity of the vacuum distillate. The thermal conductivity of the 

vacuum distillation residue 𝜆 vdr 

was calculated using the mass-weighted 

mixing rule by

-

𝜆 vdr = 

𝜆 oil 

− 𝑤 vd,oil 

𝜆 vd

1 − 𝑤 vd,oil
(16)

and using the Maxwell mixing rule by

𝜆 vdr 

=
2 𝜆 

2
vd (1 − 𝜑) − 𝜆 oil 

𝜆 vd 

(2 + 𝜑)
𝜆 oil (1 − 𝜑) − 𝜆 vd 

(1 + 2𝜑) 

, (17)

where 𝜆 oil 

is the thermal conductivity of the beech wood pyrolysis oil, 

𝜆 vd 

is the thermal conductivity of the vacuum distillate and 𝜑 = 1 −
𝜌𝑤  oil

 vd,oil .𝜌 vdr

3.9.4. Surface tension

The surface tension of the beech wood pyrolysis oil was measured 

at 293 K using a commercial tensiometer (Krüss K20 force) based on the 

Du Noüy ring method.

3.9.5. Dynamic viscosity

The dynamic viscosity of the beech wood pyrolysis oil and three vac-

uum distillation residues (obtained after reaching liquid temperatures 

of 373 K, 423 K and 473 K; see Sections 3.5 and 4.4) were determined 

between 293 K and 373 K using a commercial rheometer (Anton Paar 

MCR 302). A concentric cylinder geometry cell was used for the beech 

wood pyrolysis oil, while a parallel plate setup was applied to the vac-

uum distillation residues due to their high viscosities and the difficult 

sample handling. For each measurement point, three measurements 

were conducted using a shear rate of 40 s 

−1 . For comparison, the dy-

namic viscosity of the beech wood pyrolysis oil was measured at 293 K, 

313 K and 343 K according to DIN EN ISO 3219:1994 [88] at the 

laboratory EXT I.

4. Results

This section presents the experimental and numerical results of the 

characterisation of the beech wood pyrolysis oil.

4.1. Chemical analyses

The elemental, ash and water contents of the beech wood pyroly-

sis oil are given in Tables S6 and S7. The contents range from 0.569 

to 0.585 for carbon and from 0.054 to 0.073 for hydrogen. In addition, 

the nitrogen, sulphur, chlorine and ash contents are below 0.001, and 

the water contents are between 0.052 and 0.083. The water contents are 

thus below those that are typical for pyrolysis oils. Moreover, the carbon, 

hydrogen and nitrogen contents are primarily inside the respective re-

producibility limits of ±0.0185, ±0.0040 and ±0.0017 [71], respectively, 

whereas the water contents are partially outside the reproducibility lim-

its of ±0.067 𝑤 H 2 

O,asr 

[72]. Overall, all contents are subject to higher 

uncertainties and cannot be reproduced with good accuracy, in contrast 

to previous conclusions [33].

The lower heating values and the higher heating values of the 

beech wood pyrolysis oil, based on both measurements and calcula-

tions, are given in Table S8. The higher heating values on dry basis are 

between 25.53 MJ/kg and 26.38 MJ/kg and partially outside the repro-

ducibility limits of ±400 kJ/kg [73]. Thus, similarly to carbon, hydrogen 

and water contents, the heating values are afflicted with higher uncer-

tainties than should be expected.

Furthermore, the higher heating values based on the Boie corre

lation [69] as well as the Boie ratios are presented in Table S9. The 

Boie ratios are close to 100 % for the analysis results of KIT III and EXT I 

and deviate from 100 % to a greater extent for the analysis results of KIT I
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Fig. 2. Composition of the beech wood pyrolysis oil based on the GC–MS 

analyses.

and KIT II. As values around 100 % indicate superior fuel data for pro-

cess calculations [55,70], the analysis results of KIT III and EXT I are 

likely superior (see Section 5.1). The analysis results of KIT I and KIT II 

could deviate due to erroneous sampling and analysis methods if the fuel 

variability has been low due to intensive mixing (see Section 3.1).

4.2. GC–MS analyses

The GC–MS analyses of the beech wood pyrolysis oil provided re-

peatable results (see Section S2) and identified 48 organic components 

from different chemical classes, including acids, non-aromatic ketones, 

furans, benzenes, lignin derived phenols, methoxy phenols, dimethoxy 

phenols and carbohydrates. The contents are depicted in Fig. 2 and are 

listed in Table S10. On average, 44.5 % of the sample mass (including 

a water content of 5.6 %) could be itemised, where 36.5 % of the total 

mass was assigned to specific organic components, and 2.4 % of the total 

mass was linked with an unspecific anhydrosugar. Such values are fairly 

typical for pyrolysis oils (for example, see [7]) as GC–MS analyses can 

only detect components that are sufficiently volatile to pass through the 

injector and the GC column.

Furthermore, organic acids (11.8 % of the sample mass) as well as 

phenol and phenol derivatives (16.0 % of the sample mass) were iden-

tified as major components of the beech wood pyrolysis oil. Thus, in 

comparison with previous results [2,3,89,90], the beech wood pyrolysis 

oil is characterised by high mass fractions of the decomposition products 

of lignin. Furthermore, the mass fractions of sugars (6.0 %) and ketones 

(3.7 %), derived from carbohydrates, are quite small for the beech wood 

pyrolysis oil.

4.3. GPC analyses

The molar mass distributions of the beech wood pyrolysis oil are 

shown using probability density functions (PDFs) and cumulative distri-

bution functions (CDFs) in Fig. 3. The probability density functions are 

characterised by a first increase up to a molar mass of 30 g/mol, a strong 

peak at a molar mass of 60 g/mol, a broad peak between molar masses 

of 94 g/mol and 210 g/mol, a third peak at a molar mass of 300 g/mol 

and a largely continuous decrease up to a molar mass of 3 ⋅ 10 

4 g/mol. 

The molar mass distributions up to a molar mass of 210 g/mol are in 

agreement with the GC–MS data. The first increase can mainly be at-

tributed to the water content, while the first peak is due to the contents 

of organic acids (acetic acid and propionic acid) and ketones (acetol 

and 2-cyclopenten-1-one). Moreover, the second peak is due to the high 

contents of phenol and phenol derivatives. Furthermore, 54.1 % of the 

pyrolysis oil is characterised by molar masses of up to 210 g/mol, 25.3 %

Fig. 3. Molar mass distributions of the beech wood pyrolysis oil based on the 

GPC analyses: probability density function (PDF) and cumulative distribution 

function (CDF) for two single measurements.

Table 2 

Mass-weighted molar masses 𝑀 m 

, number-weighted molar 

masses 𝑀 n 

and polydispersities PD of the beech wood pyrolysis 

oil based on the GPC analysis results.

Measurement
𝑀 m

g/mol

𝑀 n

g/mol
PD

I 902 71 12.70

II 811 71 11.42

of the pyrolysis oil by molar masses between 210 g/mol and 1000 g/mol, 

and 20.3 % of the pyrolysis oil by molar masses between 1000 g/mol 

and 3 ⋅ 10 

4 g/mol. The latter contents can be due to oligomeric compo-

nents derived from lignin or carbohydrates [7], recalling that dimers and 

trimers have typical molar masses between 210 g/mol and 1000 g/mol.

The characteristic values of both molar mass distributions are shown 

in Table 2. The beech wood pyrolysis oil has a mean mass-weighted mo-

lar mass 𝑀 m 

of 860 g/mol, a mean number-weighted molar mass 𝑀 n 

of 71 g/mol and a mean polydispersity PD of 12. In comparison with 

previous results [7,34,89,90], the number-weighted molar mass 𝑀 n 

is 

lower due to higher contents of water and acetic acid, whereas the mass-

weighted molar mass 𝑀 m is higher due to the broad distribution of molar 

masses between 18 g/mol and 3 ⋅ 10 

4 g/mol. This results in fairly high 

polydispersities PD compared to typical polydispersities PD of between 1 

and 3 for biogenic pyrolysis oils from a wide range of feedstocks and 

pyrolysis processes [34].

4.4. Vacuum distillations

The vacuum distillations were stopped at five different liquid tem-

peratures. The recovered mass fractions at these temperatures are shown 

in Table 3. Most of the volatiles, such as phenolic derivatives, were ac-

cordingly separated at liquid temperatures between 423 K and 473 K,
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Table 3 

Recovered mass fractions of the vacuum distillates at different liquid 

temperatures.

Liquid temperature / K Gas temperature / K Recovered mass fraction / %

Total Differential

293 273 0 0

373 314 9.4 ± 0.7 9.4

423 368 16.4 ± 0.6 7.0

473 433 42.5 ± 0.3 26.1

508 461 55.3 ± 0.2 12.8

523 471 57.7 ± 0.1 2.4

while 57.7 % of the sample mass was recovered at the maximum liquid 

temperature of 523 K. Furthermore, 91 % of the sample mass was re-

trieved as vacuum distillate or vacuum distillation residue, while 9 % 

of the sample mass was lost. It is expected that the losses are rather es-

caped volatiles than uncollected solid residues. Therefore, up to 66.7 % 

of the sample mass should have been recovered as vacuum distillate at 

the maximum liquid temperature of 523 K under ideal conditions (see 

Section 5.2).

4.5. Engler distillations

The Engler distillation curves were determined for both the beech 

wood pyrolysis oil and the vacuum distillate. The mean gas and mean 

liquid temperatures are plotted over the recovered volume fraction in 

Fig. 4. The temperatures are only depicted up to a volume fraction 

of 60 % in the case of the beech wood pyrolysis oil and up to a volume 

fraction of 90 % in the case of the vacuum distillate, as decomposition 

reactions were observed at higher volume fractions.

The gas temperatures of the beech wood pyrolysis oil are largely 

congruent with those of the vacuum distillate. The initial boiling tem-

peratures are approximately 373 K due to the transition of water into 

vapour, and the final boiling temperatures are approximately 550 K. 

However, the gas temperature curves are distorted due to the different 

contents and compositions of the volatiles (see Section 4.4), given that 

the fraction of vaporisable components at ambient conditions is 60 % in 

volume fractions and 60.4 % in mass fractions.

The liquid temperatures are significantly higher than the gas temper-

atures and increase to approximately 650 K with increasing recovered 

volume fraction. In addition, the liquid temperature curves of the beech 

wood pyrolysis oil and the vacuum distillate diverge above recovered 

volume fractions of 15 % due to the deviating contents and compositions 

of the volatiles. The liquid temperature curve of the vacuum distillate 

also gets quite steep at the end of the Engler distillation as the sample 

mass in the flask decreased and the constant heat supply could have falsi-

fied the measured data. Furthermore, solid organic residues were formed 

during the Engler distillation of the vacuum distillate. This indicates that 

vacuum distillation up to 523 K separated some components that decom-

pose rather than vaporise under atmospheric-pressure conditions (see 

Section 5.2).

4.6. TG analyses

The TG and DTG curves that were obtained for the beech wood 

pyrolysis oil at five heating rates between 303 K and 1273 K are shown in 

Fig. 5. Firstly, the curves exhibit similar shapes indicating similar decom-

position behaviour at the various heating rates. The mass decrease shifts 

to higher temperatures with an increase in heating, while the total mass 

decrease (up to 90 %) increases with faster heat-up. Secondly, the mass 

mainly decreases between 373 K and 723 K, where the maximum mass 

decrease is between 470 K and 600 K. Above 723 K, the mass varies only 

slightly. The mass decreases are in qualitative agreement with previous 

studies [2,3,18,26,29] (see Section 5.3) and the results obtained through 

vacuum distillation and Engler distillation (see Section 5.2). Thirdly, 

the mass decrease at lower temperatures was due to the vaporisation

Fig. 4. Engler distillation curves of the beech wood pyrolysis oil and the vacuum 

distillate.

of light volatiles, while the mass decrease at higher temperatures was 

due to the vaporisation of heavy volatiles and the release of gases. At 

the heating rate of 2 K/min, water and very light components (15 % of 

the mass) evaporated below 423 K, while heavy volatiles vaporised be-

tween 423 K and 523 K. About 60 % of the mass was lost at the peak 

of 473 K. In addition, gaseous decomposition products were released 

from the non-vaporisable residue at temperatures above 523 K.

The TG and DTG curves of both the vacuum distillate and the vac-

uum distillation residue, determined at the heating rate of 20 K/min, are 

compared with the corresponding TG and DTG curves of the beech wood 

pyrolysis oil in Fig. 6. The TG and DTG curves of both the vacuum dis-

tillate and the vacuum distillation residue were weighted by their mass 

fractions (as determined by vacuum distillation up to the maximum liq-

uid temperature) to demonstrate the contributions of the vaporisable 

and the non-vaporisable fractions to the thermogravimetric conversion 

of the beech wood pyrolysis oil. The TG curves of the vacuum distillate 

and the vacuum distillation residue show that the mass of the vacuum 

distillate was almost completely converted between 350 K and 650 K, 

whereas the mass of the vacuum distillation residue started to decrease 

at 520 K. About 25 % of the initial mass of the vacuum distillation residue 

remained at the end, which is in agreement with the residues of approx-

imately 10 % observed in the TG analyses of the beech wood pyrolysis 

oil. In addition, the DTG curves of the vacuum distillate and the vac-

uum distillation residue demonstrate the superposition of vaporisation 

and decomposition in the conversion of the beech wood pyrolysis oil 

between 500 K and 650 K.

Furthermore, cumulated TG and DTG curves were obtained from the 

respective curves of the vacuum distillate and the vacuum distillation 

residue. These curves are shown in Fig. 6 and are in good agreement 

with the curves of the beech wood pyrolysis oil (see Section 5.2).

4.7. TG kinetics

The approximations of the TG and DTG curves using multi-reaction 

Arrhenius law models with reaction orders bounded between 0.1
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Fig. 5. TG and DTG curves of the beech wood pyrolysis oil: comparison of measurement data with numerical approximations based on the multi-reaction Arrhenius 

law model.

Fig. 6. TG and DTG curves of the beech wood pyrolysis oil, the vacuum distillate and the vacuum distillation residue.

and 2 are shown in Fig. 5, while the approximations using multi first-

order reaction Arrhenius law models are depicted in Fig. 7. In addition, 

the approximations using multi first-order reaction Gauss distributed ac-

tivation energy models are shown in Fig. 8. The parameters of the models 

are given in Tables 4, 5 and 6. The approximations of all three models

are in good agreement with the measurement data. However, the multi-

reaction Arrhenius law models provide slightly superior approximations 

compared to the multi first-order reaction Gauss distributed activation 

energy models and could provide better predictions at low heating rates 

(see Section 5.3).
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Fig. 7. TG and DTG curves of the beech wood pyrolysis oil: comparison of measurement data with numerical approximations based on the multi first-order reaction 

Arrhenius law model.

Fig. 8. TG and DTG curves of the beech wood pyrolysis oil: comparison of measurement data with numerical approximations based on the multi first-order reaction 

Gauss distributed activation energy model.

4.8. Thermo-physical properties

The thermo-physical properties of the beech wood pyrolysis oil un-

der ambient conditions are compared with ranges of values obtained in 

previous studies [8,11,12,14,16,91] in Table 7.

The measured density, the measured dynamic viscosity and the 

measured surface tension of the beech wood pyrolysis oil are in the 

respective ranges of previously measured values, whereas the mea-

sured specific heat capacity and the measured thermal conductivity are
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Table 4 

Parameters for the calculation of the mass loss 𝑤 and the derivative of the mass loss d𝑤∕d𝑡 for the beech wood pyrolysis oil using the 

multi-reaction Arrhenius law model based on Eqs. (3)–(8).

𝑖
𝑘 0,𝑖

1/s

𝐸 a,𝑖

J/mol
𝑛 𝑖

𝑤 0,𝑖

2 

K

min
5 

K

min
10 K

min
20 

K

min
50 

K

min

1 4.134 ⋅ 10 

3 4.452 ⋅ 10 

4 2.000 1.861 ⋅ 10 

−1 1.787 ⋅ 10 

−1 1.947 ⋅ 10 

−1 2.170 ⋅ 10 

−1 2.769 ⋅ 10 

−1

2 1.535 ⋅ 10 

3 5.394 ⋅ 10 

4 1.482 4.072 ⋅ 10 

−1 4.593 ⋅ 10 

−1 4.954 ⋅ 10 

−1 5.452 ⋅ 10 

−1 6.254 ⋅ 10 

−1

3 3.788 3.728 ⋅ 10 

4 2.000 5.801 ⋅ 10 

−2 3.796 ⋅ 10 

−2 1.861 ⋅ 10 

−2 1.183 ⋅ 10 

−2 9.053 ⋅ 10 

−3

4 2.530 ⋅ 10 

5 8.189 ⋅ 10 

4 2.000 2.200 ⋅ 10 

−1 2.299 ⋅ 10 

−1 1.987 ⋅ 10 

−1 1.390 ⋅ 10 

−1 1.355 ⋅ 10 

−2

Table 5 

Parameters for the calculation of the mass loss 𝑤 and the derivative of the mass loss d𝑤∕d𝑡 for the beech wood pyrolysis oil using the multi 

first-order reaction Arrhenius law model based on Eqs. (3)–(8).

𝑖
𝑘 0,𝑖

1/s

𝐸 a,𝑖

J/mol
𝑛 𝑖

𝑤 0,𝑖

2 

K

min
5 

K

min
10 

K

min
20 

K

min
50 

K

min

1 7.440 3.653 ⋅ 10 

4 1 3.818 ⋅ 10 

−1 5.139 ⋅ 10 

−1 5.289 ⋅ 10 

−1 4.342 ⋅ 10 

−1 3.237 ⋅ 10 

−2

2 1.842 ⋅ 10 

1 3.449 ⋅ 10 

4 1 1.414 ⋅ 10 

−1 1.687 ⋅ 10 

−1 2.658 ⋅ 10 

−1 4.373 ⋅ 10 

−1 8.531 ⋅ 10 

−1

3 2.209 3.858 ⋅ 10 

4 1 3.033 ⋅ 10 

−1 1.925 ⋅ 10 

−1 9.171 ⋅ 10 

−2 2.187 ⋅ 10 

−2 2.927 ⋅ 10 

−2

4 1.259 5.387 ⋅ 10 

4 1 4.275 ⋅ 10 

−2 2.745 ⋅ 10 

−2 1.828 ⋅ 10 

−2 1.720 ⋅ 10 

−2 7.817 ⋅ 10 

−3

Table 6 

Parameters for the calculation of the mass loss 𝑤 and the derivative of the mass loss d𝑤∕d𝑡 for the beech wood pyrolysis oil using the multi 

first-order reaction Gauss distributed activation energy model based on Eqs.(3)–(7) and (9)–(13).

𝑖
𝑘 0,𝑖

1/s

𝜇 𝐸 a 
,𝑖

J/mol

𝜎 𝐸 a 
,𝑖

J/mol

𝑤 0,𝑖

2 

K

min
5 

K

min
10 

K

min
20 

K

min
50 

K

min

1 7.736 ⋅ 10 

−3 1.056 ⋅ 10 

5 2.917 ⋅ 10 

4 4.708 ⋅ 10 

−2 3.825 ⋅ 10 

−2 2.595 ⋅ 10 

−2 2.519 ⋅ 10 

−2 2.160 ⋅ 10 

−2

2 7.778 3.961 ⋅ 10 

4 5.998 ⋅ 10 

3 4.819 ⋅ 10 

−1 3.541 ⋅ 10 

−1 2.305 ⋅ 10 

−1 1.185 ⋅ 10 

−1 0
3 1.147 ⋅ 10 

4 6.371 ⋅ 10 

4 7.014 ⋅ 10 

3 3.424 ⋅ 10 

−1 5.136 ⋅ 10 

−1 6.510 ⋅ 10 

−1 7.693 ⋅ 10 

−1 9.034 ⋅ 10 

−1

Table 7 

Density 𝜌 oil 

, specific heat capacity 𝐶̂ 𝑝,oil, thermal conductivity 𝜆 oil 

, dynamic viscosity 𝜂 oil and surface tension 𝜎 oil of the beech wood pyrolysis

oil under ambient conditions in comparison with ranges of values obtained in previous studies [8,11,12,14,16,91].

𝜌 oil

kg/m 

3

𝐶̂ 𝑝,oil

J∕(kg K)
𝜆 oil

W∕(m K)
𝜂 oil

Pa s

𝜎 oil

N/m

Beech wood pyrolysis oil 1201 2062 0.1887 1.19 23.43 

Literature values 1100–1300 2600–3500 0.35–0.45 0.02–10 22–37

significantly lower than the literature values. However, comparative 

data for these thermo-physical properties is scarce and depends on the 

feedstock and the pyrolysis process. Given that the density and the vis-

cosity of bio-oils decrease with an increase in water content [17], the 

water content could strongly affect heat capacity and thermal conduc-

tivity. When considering the thermo-physical properties of water, it is 

expected that the heat capacity and the thermal conductivity of bio-oils 

increase with an increase in water content. Thus, if the literature data for 

heat capacity and thermal conductivity have been determined for pyrol-

ysis oils with water contents between 20 % and 35 % (see [3]), the data 

measured for the beech wood pyrolysis oil are in a reasonable agreement 

with the literature data.

4.8.1. Density, thermal conductivity and specific heat capacity of the beech 

wood pyrolysis oil and the vacuum distillate

The measured densities 𝜌, the measured thermal conductivi-

ties 𝜆 and the measured specific heat capacities ̂ 𝐶 𝑝 of both the

beech wood pyrolysis oil and the vacuum distillate are shown in 

Figs. 9–11.

In Fig. 9, the densities of both the beech wood pyrolysis oil and the 

vacuum distillate decrease linearly by about 12 % when the temperature 

is increased from 293 K to 453 K. The density of the vacuum distillate 

is always lower than that of the beech wood pyrolysis oil, as the vac-

uum distillate only consists of light components. Moreover, the density

of the beech wood pyrolysis oil changes by 54 kg/m 

3 between 293 K 

and 353 K, which is in agreement with previous data [16] for Ensyn 

pyrolysis oil samples (albeit with higher water contents). Furthermore, 

the densities of the beech wood pyrolysis oil that were measured be-

tween 293 K and 343 K at KIT or at 287 K at EXT I are shown in Fig. 9. 

The measured data of KIT are in excellent agreement with the data 

of EXT III, whereas the measured data of EXT I is 2 % lower and could be 

erroneous. Comparative measurements are thus recommended for future 

studies.

In Fig. 10, the thermal conductivities of both the beech wood pyroly-

sis oil and the vacuum distillate decrease by 16 % and 12 %, respectively, 

when increasing the temperature from 293 K to 453 K. The thermal 

conductivity of the vacuum distillate decreases linearly, whereas that of 

the beech wood pyrolysis oil decreases more strongly at higher tempera-

tures than at lower ones. The decrease in the thermal conductivity with 

increasing temperature is in agreement with literature data for water and 

extracted bio-oils [92], while previous findings for Ensyn pyrolysis oil 

samples [16] have suggested a slight increase between 303 K and 333 K 

for thoroughly mixed samples.

In Fig. 11, the specific heat capacities of both the beech wood py-

rolysis oil and the vacuum distillate increase linearly by 24 % and 30 %, 

respectively, when increasing the temperature from 293 K to 453 K. Due 

to the higher water content, the measured heat capacities are higher for 

the vacuum distillate than for the beech wood pyrolysis oil. Moreover,
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Fig. 9. Densities of the beech wood pyrolysis oil, the vacuum distillate and the 

vacuum distillation residue: comparison of measurement data with numerical 

approximations. Note the abbreviation: pred.: predicted.

the beech wood pyrolysis oil exhibits a smaller increase in heat capacity 

between 303 K and 333 K compared to Ensyn pyrolysis oil samples [16], 

recalling that previous data varied strongly between 2600 J/(kg K) 

and 3800 J/(kg K) due to various measurement challenges, such as the 

vaporisation and decomposition of pyrolysis oil components [16].

Furthermore, the measured single-run data of EXT III are shown in 

Figs. 10 and 11. These single-run values are in good agreement with the 

previously measured data of EXT III. Thus, heating did not significantly 

affect the measurements.

The density 𝜌, the thermal conductivity 𝜆 and the specific heat 

capacity ̂ 𝐶 𝑝 were finally approximated by

𝜌 𝑗 = 

( 2
∑

𝑖=1
𝐶 𝑖,𝑗

(𝑇
K

) 𝑖−1
)

kg

m 

3
, (18)

𝜆 𝑗 =

( 3
∑

𝑖=1
𝐶 𝑖,𝑗

(𝑇
K

) 𝑖−1
)

W

m K 

, (19)

𝐶̂ 𝑝,𝑗 = 

( 3
∑

𝑖=1
𝐶 𝑖,𝑗

(𝑇
K

) 𝑖−1 

)

J

kg K 

, (20)

where 𝑗 = oil, vd refers to the beech wood pyrolysis oil and the vacuum 

distillate, respectively, 𝐶 1, 𝐶 2 

and 𝐶 3 

are coefficients and 𝑇 is the tem-

perature. The coefficients 𝐶 1, 𝐶 2 and 𝐶 3 

are given in Tables 8 and 9. The 

approximations are in good agreement with the measured data.

4.8.2. Density, thermal conductivity and specific heat capacity of the 

vacuum distillation residue

The derived density 𝜌, the derived thermal conductivity 𝜆 and the 

derived specific heat capacity 

̂ 𝐶 𝑝 of the vacuum distillation residue are

shown in Figs. 9, 10 and 11. The density of the vacuum distillation

Fig. 10. Thermal conductivities of the beech wood pyrolysis oil, the vacuum 

distillate and the vacuum distillation residue: comparison of measurement data 

with numerical approximations. Note the abbreviations: dist.: distillation; pred.: 

predicted.

residue is thus higher than that of the beech wood pyrolysis oil un-

der low-temperature conditions, while the specific heat capacity of the 

vacuum distillation residue is lower than the specific heat capacity of 

the beech wood pyrolysis oil. Moreover, the thermal conductivity of the 

vacuum distillation residue is higher than that of the beech wood py-

rolysis oil at temperatures of up to 420 K and lower than the thermal 

conductivity of the beech wood pyrolysis oil at higher temperatures. This 

is in agreement with the deviating slopes of the thermal conductivities 

of the beech wood pyrolysis oil and the vacuum distillate. In addition, 

both the mass-weighted mixing rule and the Maxwell mixing rule pro-

vide fairly similar predictions for the thermal conductivity of the vacuum 

distillation residue. The impact of the mixing rule on the derived data is 

thus rather low. Furthermore, the specific heat capacity of the vacuum 

distillation residue 𝐶̂ 𝑝,vdr was approximated using the Einstein/Merrick

model with two characteristic temperatures [93] in order to enable a 

reasonable extrapolation to higher temperatures. The approximation is 

given by

𝐶̂ 𝑝,vdr 

= 

( 

1 − 𝑤 ash,oil 

)

𝐶̂ 𝑝,vdr,af 

+ 𝑤 ash,oil 𝐶̂ 𝑝,ash , (21)

𝐶̂ 𝑝,vdr,af =
(

𝐶1

( 

𝑔
( 

𝐶 2
K

𝑇

) 

+ 2 𝑔 

( 

𝐶 3
K

𝑇

)))

J

kg K
, (22)

𝐶̂ 𝑝,ash = 

( 

754 + 0.586 

(𝑇
K

− 273.15 

))

J

kg K
, (23)

where 𝐶 1, 𝐶 2 and 𝐶 3 

are coefficients, given in Table 9, and 𝑔 is an

auxiliary function that is defined by [93]

𝑔 (𝑧) = 

exp (𝑧)
((exp (𝑧) − 1) ∕𝑧) 

2
. (24)
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Fig. 11. Specific heat capacities of the beech wood pyrolysis oil, the vacuum 

distillate and the vacuum distillation residue: comparison of measurement data 

with numerical approximations. Note the abbreviations: dist.: distillation; pred.: 

predicted.

Table 8 

Coefficients for the calculation of the density 𝜌 oil 

using Eq. (18), the calculation 

of the thermal conductivity 𝜆 oil 

using Eq. (19) and the calculation of the specific 

heat capacity 𝐶̂ 𝑝,oil using Eq. (20), each of the beech wood pyrolysis oil.

𝑖
𝐶 𝑖

𝜌 oil 𝜆 oil 𝐶̂ 𝑝,oil

1 1.466068 ⋅ 10 

−3 2.174394 ⋅ 10 

−1 1.672170 ⋅ 10 

3

2 −9.008656 ⋅ 10 

−1 −4.402192 ⋅ 10 

−5 −2.935937 ⋅ 10 

−1

3 – −1.848268 ⋅ 10 

−7 5.582648 ⋅ 10 

−3

Table 9 

Coefficients for the calculation of the density of the vacuum distillate 𝜌 vd 

using 

Eq. (18), the calculation of the thermal conductivity of the vacuum distillate 𝜆 vd 

using Eq. (19), the calculation of the specific heat capacity of the vacuum distil-

late 𝐶̂ 𝑝,vd using Eq. (20) and the calculation of the specific heat capacity of the 

vacuum distillation residue 𝐶̂ 𝑝,vdr using Eqs. (21)–(24).

𝑖
𝐶 𝑖

𝜌 vd 𝜆 vd 𝐶̂ 𝑝,vd 𝐶̂ 𝑝,vdr

1 1.433500 ⋅ 10 

3 2.342043 ⋅ 10 

−1 1.202392 ⋅ 10 

3 1.007613 ⋅ 10 

2

2 −9.733561 ⋅ 10 

−1 −1.881592 ⋅ 10 

−4 3.393910 4.272600 ⋅ 10 

2

3 – – 6.470100 ⋅ 10 

−8 2.322618 ⋅ 10 

3

4.8.3. Dynamic viscosity

The measured dynamic viscosities of the beech wood pyrolysis oil 𝜂 oil 

are shown in Fig. 12. The dynamic viscosity decreases with an increase 

in temperature and asymptotically approaches a minimum value at 

high temperatures. Furthermore, the measurement data are in agree-

ment with the data measured at the laboratory EXT I. However, in 

comparison with the literature data [11], the measured dynamic viscosi-

ties are higher due to the lower water content and the higher fraction 

of large molecules (see Section 4.3). An accurate approximation is

Fig. 12. Dynamic viscosity of the beech wood pyrolysis oil and four vac-

uum distillation residues: comparison of measurement data with numerical 

approximations.

Table 10 

Coefficients for the calculation of the dynamic viscosity of 

the beech wood pyrolysis oil using Eq. (25) and the calcu-

lation of the dynamic viscosity of the beech wood pyrolysis 

oil and the vacuum distillation residues using Eq. (26).

𝑖
𝐶 𝑖

𝜂 oil 𝜂 vdr

1 4.463692 ⋅ 10 

1 1.373277 ⋅ 10 

−2

2 1.295787 ⋅ 10 

−1 3.104976
3 2.220811 ⋅ 10 

1 5.463751
4 5.572887 ⋅ 10 

−2 6.768664
5 5.550941 2.050511 ⋅ 10 

1

6 – 8.516608 ⋅ 10 

−1

7 – 9.938904 ⋅ 10 

−1

8 – −1.275005
9 – 2.929994 ⋅ 10 

1

10 – 2.498487 ⋅ 10 

2

11 – −2.738196 ⋅ 10 

3

12 – 7.705428 ⋅ 10 

−2

13 – 9.169229
14 – 1.326153 ⋅ 10 

3

15 – 5.811586 ⋅ 10 

3

given by

𝜂 oil = exp 

(

𝐶 1 − 𝐶 2 

(𝑇
K

)) 

+ exp 

( 

𝐶 3 − 𝐶 4

(𝑇
K

)) 

+ 𝐶 5 

, (25)

where 𝐶 1, 𝐶 2, 𝐶 3 

, 𝐶 4 and 𝐶 5 

are coefficients, given in Table 10. 

The measured dynamic viscosities of the vacuum distillation 

residues, obtained at 373 K, 423 K and 473 K (see Sections 3.5 and 4.4), 

are shown in Fig. 12. These data were mainly obtained at higher 

temperatures, as the samples were usually too viscous at lower ones. 

Furthermore, the dynamic viscosity increases with increasing fraction of 

non-vaporisable components, while the temperature dependency differs 

for the various vacuum distillation residues.
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Table 11 

Characteristic operating parameters of the bioliq EFG experiment V105: slurry, thermal input 𝑃 th 

, operating pressure 𝑝 op 

, ash/slurry mass flow

rate ratio 𝑚̇ ash 

∕𝑚̇ slurry 

, steam/slurry mass flow rate ratio 𝑚̇ steam 

∕𝑚̇ slurry 

, oxygen/slurry mass flow rate ratio 𝑚̇ CO 2 

∕𝑚̇ slurry 

and nitrogen/slurry mass

flow rate ratio 𝑚̇ N 2 

∕𝑚̇ slurry 

.

Experiment Slurry
𝑃 th

MW

𝑝 op

bar

𝑚̇ ash

𝑚̇ slurry

𝑚̇ steam

𝑚̇ slurry

𝑚̇ O 2

𝑚̇ slurry

𝑚̇ N 2

𝑚̇ slurry

V105 Beech wood pyrolysis oil + glass beads 4.9 40 0.045 0.36 0.94 0.26

Several approximations of the measured dynamic viscosities of the 

beech wood pyrolysis oil and the vacuum distillation residues were 

tested in this study. The best possible approximation, which provides 

both accurate results and reasonable extrapolation behaviour, is shown 

in Fig. 12 and is given by

𝜂 vdr 

=
(

𝐶1 + 𝐶 2 

𝑤 𝛽
) 

exp 

( 

𝐶 3 

+ 𝐶 4 

𝑤 𝛽 

+ 𝐶 5 

𝑤 

2 

𝛽 

− 𝐶 6

(𝑇
K 

))

+
(

𝐶7 + 𝐶 8 𝑤 𝛽 

) 

exp
(

𝐶9 

+ 𝐶 10 

𝑤 𝛽 

+ 𝐶 11 𝑤 

2
𝛽 − 𝐶 12

(𝑇
K

))

+
(

𝐶 13 

+ 𝐶 14 

𝑤 𝛽 

+ 𝐶 15 𝑤 

2
𝛽

) 

,

(26)

where 𝐶 1,… , 𝐶 15 are coefficients, given in Table 10, and 𝑤 𝛽 

is the re-

covered mass fraction, which is used to include the effect of distillation 

progress corresponding to the distillation temperature (see Table 3). The 

approximation slightly overestimates the dynamic viscosity at higher 

temperatures and may be revised in future studies.

5. Discussion

This section discusses (i) the chemical analysis data in connection 

with process calculations, (ii) the separation of vaporisable and non-

vaporisable components using vacuum distillations, (iii) the TG data and 

(iv) the extrapolation of the TG kinetics to high-temperature and high-

heating-rate conditions.

5.1. Chemical analyses

Chemical analyses conducted at five laboratories provided scattered 

data mainly within the reproducibility limits of DIN 51732:2007 [71], 

DIN 51777:2020 [72] and DIN 51900-1:2000 [73]. Process calcula-

tions were therefore applied to investigate the impact of the chemical 

analysis results on the design and the evaluation of the bioliq EFG 

experiment V105. This experiment was conducted at the bioliq EFG 

plant [55,56,94] with a total thermal input of 4.9 MW and a total pres-

sure of 40 bar. Oxygen and steam were used as gasification media, glass 

beads were supplied to ensure slag deposition on the refractory material 

of the cooling screen, and natural gas was used for ignition and flame sta-

bilisation (see [55]). The characteristic operating parameters are given 

in Table 11, whereas the averaged mass flow rates and corresponding 

enthalpy flow rates of the feed streams are given in Tables 12 and S11. 

The total heat extraction was balanced to 652 kW, while peripheral heat 

losses were neglected following previous assumptions [55]. The molar

H/C ratios HCR slurry 

, the minimum specific oxygen demands SMOD slurry 

, 

the stoichiometric ratios 𝜆, the equilibrium compositions in mole frac-

tions 𝒙 eq 

, the equilibrium temperatures 𝑇 eq 

and the equilibrium cold-gas

efficiencies CGE eq 

were determined using the chemical analysis results

of the laboratories 

1 , the measured mass flow rates, temperatures and

pressures, and the equilibrium model for the bioliq EFG [55].

The molar H/C ratios HCR slurry 

and the specific minimum oxygen de-

mands SMOD slurry 

based on the five chemical analysis results are given 

in Table 13. The molar H/C ratios are between 1.1 and 1.5, while 

the specific minimum oxygen demands SMOD slurry 

are between 1.68

1 Heating values were not determined at the laboratory EXT II and were 

therefore based on the Boie correlation [69].

Table 12 

Feed data of the bioliq EFG experiment V105: mass flow rate of slurry 𝑚̇ slurry 

, 

mass flow rate of natural gas 𝑚̇ ng 

, mass flow rate of steam 𝑚̇ steam 

, mass flow rate 

of O 2 

𝑚̇ O 2 

and mass flow rate of N 2 

𝑚̇ N 2 

based on measurements.

Experiment
𝑚̇ slurry

kg/h

𝑚̇ ng

kg/h

𝑚̇ steam

kg/h

𝑚̇ O 2

kg/h

𝑚̇ N 2

kg/h

V105 743.9 37.5 267.6 702.5 195.2

Table 13

Molar H/C ratios HCR slurry 

, minimum specific oxygen demands SMOD slurry, sto-

ichiometric ratios 𝜆 and equilibrium cold gas efficiencies CGE eq 

, based on 

different chemical analysis results, for the bioliq EFG experiment V105.

Laboratory
HCR slurry

mol/mol

SMOD slurry

kg/kg
𝜆

CGE eq

%

KIT I 1.28 1.61 0.525 59.39

KIT II 1.40 1.61 0.525 60.22

KIT III 1.42 1.69 0.503 64.79

EXT I 1.46 1.68 0.506 63.81

EXT II 1.65 1.71 0.496 64.63

and 1.79. This, in turn, suggests a wide range of stoichiometric ra-

tios 𝜆 between 0.496 and 0.525 (based on the specific minimum oxygen 

demands SMOD slurry 

and the mass flow rates 𝑚̇ slurry 

and 𝑚̇ O 2 

).

The equilibrium compositions in mole fractions 𝒙 eq 

= (𝑥 𝑖,eq 

) and the 

equilibrium temperatures 𝑇 eq based on the five chemical analysis results 

are shown in Fig. 13. The equilibrium concentrations of H 2 

and H 2 

O and 

the equilibrium temperature are thus very sensitive to the chemical anal-

ysis results, whereas this applies less to the equilibrium concentrations 

of CO, CO 2 

and N 2 

. Moreover, the uncertainties (see Section 3.2) are 

shown in Fig. 13. The uncertainties of the equilibrium temperatures are 

up to ±151 K if the deviations of the analysis results are inside the repro-

ducibility limits (in particular of the carbon and hydrogen contents). 

Moreover, the uncertainties of the equilibrium concentrations of H 2 

and H 2 

O are up to ±0.021, whereas those of the equilibrium concentra-

tions of CO, CO 2 

and N 2 

are much smaller. Note that the uncertainties of 

the equilibrium concentrations reflect both the impact of the uncertain-

ties of the elemental contents and the impact of the adjusted equilibrium 

temperature. The former impact is based on the reproducibility limits, 

whereas the latter is due to the water–gas shift reaction (see [55]). The 

uncertainties of the equilibrium concentrations due to the shift of the 

equilibrium temperature only are up to ±0.013.
The equilibrium cold gas efficiencies CGE eq are compared in 

Table 13. The equilibrium cold gas efficiency CGE eq 

is in a broad range 

between 59 % and 65 %. However, similar values were obtained based

on the analysis results of the laboratories KIT III, EXT I and EXT II, i.e. the 

analysis data with Boie ratios of approximately 100 %. This is in agree-

ment with previous recommendations to use fuel data with a Boie ratio 

close to 100 % for process calculations [55,70].

In summary, uncertain chemical beech wood pyrolysis oil data 

strongly affect both the design and the evaluation of entrained flow gasi-

fication experiments. This is primarily because the elemental and water 

contents are strongly linked with the stoichiometries of both slurry and 

feed. In addition, both the elemental and water contents, and the heat-

ing value influence the flow rate, composition and temperature of the
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Fig. 13. Equilibrium compositions in mole fractions 𝒙 eq 

and equilibrium tem-

perature 𝑇 eq 

, based on different chemical analysis results, for the bioliq EFG 

experiment V105.

synthesis gas in the equilibrium model. In order to reduce the uncertain-

ties of both the carbon, hydrogen and water contents and the heating 

values (see Section 4.1) and eventually improve the design and evalua-

tion of technical processes, future studies should enhance the sampling 

and the analysis methods for the chemical properties of pyrolysis oils.

5.2. Vacuum distillations

Vacuum distillations at 40 mbar were applied to separate the beech 

wood pyrolysis oil into vaporisable and non-vaporisable components, 

assuming that the vacuum distillate and the vacuum distillation residue 

can represent the volatile and the non-volatile components of the beech 

wood pyrolysis oil. However, some comments and comparisons are 

needed to substantiate this approach:

1. The GC–MS data indicates a lower mass fraction of

volatiles (44.5 %) compared to both the vacuum distillation 

data (57.7 %) and the Engler distillation data (60.4 %). This is 

reasonable because the GC–MS analyses did not (fully) detect 

low-volatile components with boiling temperatures above 523 K 

(see Sections 3.3 and 4.2). Thus, both vacuum distillates and 

Engler distillates are better representatives of the vaporisable 

components than mixtures based on GC–MS data (see also 

Section S4).

2. The mass fraction of the Engler distillate (60.4 %) is greater

than the mass fraction of the vacuum distillate (57.7 %) and less 

than the maximum possible mass fraction of the vacuum distil-

late (66.7 %). This is because some volatiles were lost during 

vacuum distillation (see Section 4.4). In addition to that, some 

volatiles that decompose rather than vaporise under atmospheric-

pressure conditions were released during vacuum distillation (see 

Section 4.4). Therefore, the vacuum distillate differs from the 

Engler distillate and is not fully representative of the vaporisable

components under atmospheric-pressure conditions. The Engler 

distillate could be superior to the vacuum distillate.

3. The Engler distillation residue cannot be used for further analysis

based on the authors’ experiences. Thus, the vacuum distilla-

tion residue is likely the most appropriate basis for investigat-

ing the chemical and physical properties of the non-vaporisable 

components.

4. The TG data demonstrates that the TG and DTG curves for the

beech wood pyrolysis oil are largely consistent with the mass 

fraction-weighted and superposed TG and DTG curves of the

vacuum distillate and the vacuum distillation residue. Thus, the 

vacuum distillate and the vacuum distillation residue can reflect 

the TG behaviour of the beech wood pyrolysis oil.

In summary, vacuum distillation can provide representative samples 

of the vaporisable and non-vaporisable components to a large extent. 

Therefore, the thermo-physical properties of the vacuum distillate and 

the vacuum distillation residue were measured and used to describe the 

vaporisable and non-vaporisable fractions of the beech wood pyrolysis

oil. Future studies may improve upon this approach.

5.3. TG analyses

TG analyses have been conducted for a wide range of biogenic pyrol-

ysis oils. For example, TG curves were determined for four commercial

wood pyrolysis oils in the presence of oxygen at a heating rate of 5 K/min 

and a maximum temperature of 600 K [3]. These oils were derived in the 

pyrolysis plants of BTG, Dynamotive, Ensyn and Pyrovac, respectively, 

and exhibited water contents of 30.4 % (BTG), 21.1 % (Dynamotive), 

20.3 % (Ensyn) and 15.7 % (Pyrovac) [3]. The TG curves of these four 

oils are reproduced in Fig. 14 and are compared with the TG data of 

the (proFagus) beech wood pyrolysis oil for 5 K/min. First, note that 

the TG curves were determined using different setups. In this study, the 

temperature was measured below the sample crucible (see Section 3.7),

Fig. 14. TG curves of the BTG, Dynamotive, Ensyn and Pyrovac pyrolysis oils 

at 5 K/min [3] in comparison with the TG data of the (proFagus) beech wood 

pyrolysis oil.
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Fig. 15. Assumed particle temperatures 𝑇 part 

(left) and predicted particle conversions 𝑋 part (right) using the multi-reaction Arrhenius law model (MRALM), the multi

first-order reaction Arrhenius law model (MFORALM) and the multi first-order reaction Gauss distributed activation energy model (MFORGDAEM) for test case 1.

whereas the thermocouple was previously positioned close to the sample 

bottom [3]. This could limit the comparability of the TG data (see [20]). 

Then, despite a qualitative agreement, the TG curves differ clearly from 

each other. The volatiles of the proFagus pyrolysis oil were mainly re-

leased between 350 K and 600 K, whereas the sample masses of the other 

pyrolysis oils mainly decreased between 300 K and 550 K. Moreover, 

between 300 K and 400 K, the mass decreased more strongly for the 

BTG pyrolysis oil with the highest water content than for the other oils 

with lower water contents. The water content thus strongly determines 

the thermogravimetric conversion, while the impact of other volatiles 

is less pronounced, as the pyrolysis oils with similar water contents 

(Dynamotive and Ensyn) have shown similar mass decreases. This is 

also in line with TG analyses of other proFagus pyrolysis oil charges 

with slightly different water contents. Furthermore, 23 %–45 % of the 

initial sample masses were retrieved as residues at 600 K. The residues 

were similar for the proFagus, the Ensyn and the BTG pyrolysis oil, while 

larger residues were obtained for the Dynamotive and the Pyrovac py-

rolysis oil. This reflects different contents of (light and heavy) volatiles. 

In summary, the TG data of the (proFagus) beech wood pyrolysis oil are 

in accordance with its water content. Therefore, the TG data should not 

be adopted for other pyrolysis oils with higher water contents. However, 

future studies may use the TG data for pyrolysis oils with similar water 

contents in the absence of experimental data.

5.4. TG kinetics

TG kinetics were derived for the beech wood pyrolysis oil us-

ing multi-reaction Arrhenius law models (MRALM), multi first-order 

reaction Arrhenius law models (MFORALM) and multi first-order re-

action Gauss distributed activation energy models (MFORGDAEM). 

Zero-dimensional particle simulations were subsequently performed us-

ing an in-house software in Python to compare the kinetics. Two test 

cases were considered in this study.

In test case 1, a non-moving spherical droplet with an initial tem-

perature of 300 K and an initial diameter of 100 µm is heated up using 

a constant heating rate of 50 K/min in an inert non-moving gas. The 

particle temperature 𝑇 part 

was thus prescribed, as shown in Fig. 15 

(left), while differential equations were solved for the particle con-

version 𝑋 part 

using constant time steps of 1 s and assuming constant 

particle diameters. The simulated particle conversions 𝑋 part 

are shown 

in Fig. 15 (right). The multi-reaction Arrhenius law model and the multi 

first-order reaction Arrhenius law model provide similar predictions, 

whereas the conversion based on the multi first-order reaction Gauss dis-

tributed activation energy model is initially faster and then slows down 

in accordance with the numerical approximations (see Section 4.6).

In test case 2, a non-moving spherical droplet with the same ini-

tial temperature of 300 K and the same initial diameter of 100 µm is 

assumed in a non-moving gas consisting of nitrogen with a gas tem-

perature of 1673 K and a gas pressure of 1 bar. Differential equations 

were solved for the particle temperature 𝑇 part 

and the particle conver-

sion 𝑋 part 

using constant time steps of 10 

−4 s, assuming constant particle 

diameters and with an empirical approach for the particle heat ca-

pacity (see Section S3). Furthermore, the initial mass fractions 𝒘 0 

= 

( 

𝑤 𝑖 

) 

were adjusted for high-heating-rate conditions based on previ-

ous observations [29] and SEM images of cenospheres collected in 

atmospheric-pressure drop-tube reactor experiments and bioliq EFG 

experiments (see Fig. 16). The adjustment is depicted for the multi first-

order reaction Gauss distributed activation energy model in Fig. 17. The 

initial mass fractions 𝒘 0 

for high heating rates are given in Table S12.

The simulated particle temperatures 𝑇 part 

are shown in Fig. 18 (left) 

and differ clearly from each other, as the particle temperatures 𝑇 part 

are linked with the particle conversion 𝑋 part 

through the correlation 

of the particle heat capacity (see Section S3). The simulated particle 

conversions 𝑋 part 

are shown in Fig. 18 (right). The kinetics provide full 

conversion at about 0.3 s (MFORGDAEM), 1.6 s (MRALM) and 3.5 s 

(MFORALM), respectively. First of all, this is in line with the adjusted
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Fig. 16. SEM images of cenospheres collected in an atmospheric-pressure drop-tube reactor experiment (1273 K, 1 bar, left) and in a bioliq EFG experiment (1433 K, 

40 bar, right), each with (proFagus) beech wood pyrolysis oil.

Fig. 17. Extrapolation of the initial mass fractions 𝑤 0,1 

, 𝑤 0,2 

and 𝑤 0,3 

to high heat-

ing rates for the multi first-order reaction Gauss distributed activation energy 

model. Note that the labels refer to the indices of the initial mass fraction 𝒘 0 

.

initial mass fractions 𝒘 0 

. Then, the multi first-order reaction Gauss dis-

tributed activation energy model provides faster conversion than the 

multi-reaction Arrhenius law models. This can also be observed for both 

smaller and larger particles (see Figs. S1 and S2). Moreover, both multi-

reaction Arrhenius law models provide deviating predictions. Recalling 

that the kinetics were derived at low heating rates of between 2 K/min 

and 50 K/min, this indicates inconsistent extrapolation behaviour of 

the multi-reaction Arrhenius law models. It also shows that extrapola-

tion of TG kinetics can result in unreliable predictions at high heating 

rates. Therefore, kinetics from drop-tube reactor experiments should be

preferred over TG kinetics for simulations with rapid heating processes. 

However, in the absence of kinetics based on elaborative drop-tube re-

actor experiments, kinetics may be developed using the steps described 

below:

1. TG analyses under inert conditions at heating rates of 2 K/min,

5 K/min, 10 K/min, 20 K/min and 50 K/min up to a maximum 

temperature of 1273 K

2. Numerical approximation of experimental TG curves under con-

straints using multi-reaction Gauss distributed activation energy 

models

3. Numerical extrapolation of TG and DTG curves to heating rates

of 10 

3 K/min, 10 

4 K/min, 10 

5 K/min and 10 

6 K/min applying multi-

reaction Gauss distributed activation energy models with the 

parameters from the previous numerical approximation but with 

adjusted initial mass fractions (corresponding to the expected 

minimum remaining mass fractions at high heating rates)

4. Calculation of numerical TG and DTG curves at 2 K/min, 5 K/min,

10 K/min, 20 K/min, 50 K/min, 10 

3 K/min, 10 

4 K/min, 10 

5 K/min

and 10 

6 K/min using multi first-order reaction Gauss distributed 

activation energy models

5. Numerical approximation using multi-reaction Arrhenius law

models or multi first-order reaction Arrhenius law models

In summary, decomposition kinetics for high heating rates may be

derived using multi-reaction Arrhenius law models from TG and 

DTG curves predicted by multi-reaction Gauss distributed activation en-

ergy models, where the latter models should be based on experimental 

TG and DTG curves. This is recommended because (i) multi-reaction 

Gauss distributed activation energy models could provide better extrap-

olation behaviour (see [66,95]) and (ii) decomposition kinetics based on 

multi-reaction Arrhenius law models are beneficial for CFD simulations 

of combustion and entrained flow gasification processes due to lower 

computing times.

The numerical approximations of the numerical TG and DTG curves 

using multi-reaction Arrhenius law models with unity and non-unity re-

action orders are shown in Fig. 19. The approximations based on the 

multi-reaction Arrhenius law model and non-unity reaction orders are 

thus slightly superior for high heating rates compared to the approxima-

tions based on the multi first-order reaction Arrhenius law model. The 

parameters of the approximations for the heating rate of 10 

6 K/min are 

presented in Tables 14 and 15.
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Fig. 18. Predicted particle temperatures 𝑇 part 

(left) and predicted particle conversions 𝑋 part (right) using the multi-reaction Arrhenius law model (MRALM), the multi

first-order reaction Arrhenius law model (MFORALM) and the multi first-order reaction Gauss distributed activation energy model (MFORGDAEM) for test case 2.

Fig. 19. TG curves of the beech wood pyrolysis oil: comparison of predicted data based on the multi first-order reaction Gauss distributed activation energy model 

with numerical approximations based on the multi-reaction Arrhenius law model (left) and the multi first-order reaction Arrhenius law model (right).
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Table 14 

Parameters for the calculation of the mass loss 𝑤 and the derivative of the mass 

loss d𝑤∕d𝑡 for the beech wood pyrolysis oil using the multi-reaction Arrhenius 

law model based on Eqs. (3)–(8).

𝑖
𝑘 0,𝑖

1/s

𝐸 a,𝑖

J/mol
𝑛 𝑖

𝑤 0,𝑖

10 

6 K

min

1 1.089 ⋅ 10 

5 7.951 ⋅ 10 

4 1.552 8.758 ⋅ 10 

−11

2 3.363 ⋅ 10 

3 4.697 ⋅ 10 

4 1.228 3.211 ⋅ 10 

−1

3 1.849 ⋅ 10 

2 5.481 ⋅ 10 

4 2 2.215 ⋅ 10 

−7

4 1.077 ⋅ 10 

4 6.132 ⋅ 10 

4 1.281 6.982 ⋅ 10 

−1

Table 15 

Parameters for the calculation of the mass loss 𝑤 and the derivative of the mass 

loss d𝑤∕d𝑡 for the beech wood pyrolysis oil using the multi first-order reaction 

Arrhenius law model based on Eqs. (3)–(8).

𝑖
𝑘 0,𝑖

1/s

𝐸 a,𝑖

J/mol
𝑛 𝑖

𝑤 0,𝑖

10 

6 K

min

1 6.394 ⋅ 10 

3 6.115 ⋅ 10 

4 1 4.839 ⋅ 10 

−1

2 6.721 ⋅ 10 

3 7.172 ⋅ 10 

4 1 0
3 4.609 ⋅ 10 

3 5.026 ⋅ 10 

4 1 4.951 ⋅ 10 

−1

4 1.259 4.390 ⋅ 10 

4 1 0

6. Conclusions

Chemical and physical property data, thermo-physical property mod-

els and decomposition kinetics were determined for an industrial beech 

wood pyrolysis oil with a low water content and a high oligomer 

content. The investigation included (i) proximate, ultimate, heating 

value, gas chromatography–mass spectrometry (GC–MS), gel perme-

ation chromatography (GPC) and thermogravimetric (TG) analyses, 

(ii) vacuum and Engler distillations and (iii) measurements of density, 

dynamic viscosity, thermal conductivity, specific heat capacity and sur-

face tension. The data and the models can be used for the design and 

scale-up of combustion or entrained flow gasification processes using 

both process and CFD models. The conclusions based on the evaluation 

of the measured and derived data are summarised below:

1. The uncertainties of the sampling and chemical analysis meth-

ods strongly affect the design and the performance evaluation of

technical processes.

2. The vaporisable and non-vaporisable fractions of pyrolysis oils can

be separated through vacuum distillation to a large extent.

3. The TG data of the vacuum distillate and the vacuum distil-

lation residue can show the superposition of vaporisation and 

decomposition.

4. The thermal conductivity data and the heat capacity data of

pyrolysis oils strongly depend on the water content.

5. Multi-reaction Arrhenius law models have provided slightly supe-

rior approximations of the TG data of the beech wood pyrolysis oil 

compared to multi first-order reaction Gauss distributed activation 

energy models. The latter models, however, are recommended for 

the extrapolation to high heating rates in the absence of kinetics 

based on drop-tube reactor experiments.

Future studies should enhance the sampling and the analysis methods for

the chemical properties of pyrolysis oils, including the carbon, hydrogen, 

oxygen and water contents and the heating values. In the absence of en-

hanced methods, the chemical analysis data could be assessed using the

Boie correlation [69] and the Boie ratio (see [55]), or using measured 

and balanced process data from laboratory-scale or pilot-scale experi-

ments (see [55]). Due to fuel complexity and variability and the impact 

of the water content, the chemical and physical property data and ki-

netics derived in this study could only be used to describe beech wood 

pyrolysis oils with water contents around 5 %–10 %. Therefore, future

studies may also focus on the comprehensive characterisation of bio-

genic pyrolysis oils with water contents between 10 % and 30 % and of 

anthropogenic pyrolysis oils. Such an investigation may analyse whether 
pyrolysis oils on dry basis exhibit similar thermo-physical properties. 
Future studies may also determine the decomposition rates at low and 
high heating rates as well as under atmospheric- and high-pressure con-

ditions. In addition, gaseous and solid decomposition products may be 
characterised regarding their chemical and physical properties, as the 

products determine the temperature distribution and the conversion in 

technical processes (see [53,54,63]). Finally, future studies may incorpo-

rate the data and the models for the beech wood pyrolysis oil in detailed 

combustion or entrained flow gasification models. The chemical analysis 

data and the thermo-physical property models can be used to describe 

the chemical and physical properties of pyrolysis oil droplets, while the 

extrapolated kinetics can be applied to describe the droplet conversion.
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