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29 Abstract

Lignin is a high energy content material, which could be used as feedstock for future
transportation fuels. To this aim, it needs to be liquefied and upgraded. Currently, the
35 most promising way of upgrading is considered to be hydrodeoxygenation. By combi-
37 ning an upgrading reaction pathway network and a model of a spark ignition internal
39 combustion engine, the fuel properties are linked to the degree of upgrading. This
41 study answers the question how much upgrading is required to obtain the optimum fuel
43 for a spark ignition engine. Depending on the optimization criteria (efficiency, specific
COy emissions or volumetric fuel consumption) different selections of compounds are
identified both for summer and all year applications. Most of the compounds exhi-
48 bit a significantly higher efficiency than gasoline at lower volumetric fuel consumption.
50 Specific CO2 emissions are expected to be marginally reduced compared to gasoline.
52 Furthermore, this study confirms that the initial bio oil is not suitable as fuel and

54 reveals that complete hydrodeoxygenation is not beneficial.
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Introduction

Lignin contains roughly 40 % of the energy content of lignocellulosic biomass!. However, its
chemical recalcitrance hampers its full exploitation. Most of today’s biorefinery concepts are
missing practicable ways to valorize lignin. Fast pyrolysis is an easy and well-established
way to liquefy lignin®3. The different approaches to pyrolysis of biomass have been reviewed
and compared?. In general, fast pyrolysis leads to three fractions: char, liquid, and gas. The
liquid fraction, so called bio-oil, consists of numerous different aromatic and non-aromatic
compounds. In general this liquid shows a high acidity, high water content and is chemi-
cally instable®®. Therefore the bio-oil is not suited as fuel for Spark Ignition (SI) Internal
Combustion Engines (ICEs) and upgrading is indispensable®™®. To this aim, hydrodeoxy-
genation (HDO) has been studied to reduce the oxygen content of the compounds and/or to

101~ Other upgrading strategies and processes have

achieve saturation by hydrogen addition
been reviewed and compared to HDO'2. Several catalysts for the HDO of bio-oil have been
tested in long time experiments (up to almost 100 h). Between 33 % to 42 % of the product

fell into the gasoline boiling range!3.

Due to the requirement of large quantities of Hy for
HDO the upgrading is expensive 4.

Direct usage of bio-oil as fuel has been studied in Compression Ignition (CI) engines (either
marine or converted diesel engines), boilers and gas turbines!®. While its use in boilers has
been demonstrated, the use in engines and turbines is more problematic. Due to the aci-
dic nature of the bio-oil, engines and in particular the fuel systems need to be adapted .
In spite of the aromatic nature of the compounds present in the bio-oil, which in general
correlated to high Research Octane Numbers (RONs)!”, no reports have been published on
experimental studies with SI engines on either raw or upgraded bio 0il*®. In converted diesel
engines the low Cetane Number (CN) leads to problems with ignition!6!. As CN and RON
are inversely correlated, low CN generally result in high RON, indicating potentially good SI

fuels. This has been reflected by an experimental study investigating mixtures of upgraded

pyrolysis oil, rich in esters, and gasoline?’. It has been concluded that 10 % of this upgraded
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pyrolysis oil in gasoline does not lead to any significant changes over pure gasoline operation.
Within this study the question of optimum upgrading has been investigated using a thermo-
dynamic model of an SI ICE in combination with a reaction network.

Lignin derived pyrolysis oil is a mixture of several hundreds of different components. The
exact composition depends on the origin of the biomass and on the applied process conditi-
ons. In prior studies, the main building blocks (shown in Fig. 1) and the side chains (listed
in Figs. 3 to 6) have been identified®?'?2. The number of identified substances varies bet-
ween different studies. Although the occurrence of up to 400 different compounds has been
reported??, the number of exactly identified molecules is in the range of 50. Therefore the
number of studied side chains is increased by extrapolation based on the functional groups

present in the literature. All possible combinations of main building blocks and side chains

OH OH OH
Rs Rs Rs

(a) Syringol (Main (b) Guaiacol (Main (c) Phenol (Main
building block A) building block C) building block K)
O/ OH OH
/O i O\ HO i O\ HO i
Rs Rs Rs
(d) Dimethoxyanisole (e) 3-Methoxycatechol (f) Catechol (Main
(Main building block Q) (Main building block T) building block U)

Figure 1: Main building blocks of lignin pyrolysis oil components. Ry denotes a side chain
as introduced in Figs. 3 to 6. Names are given assuming H as side chain.

lead to 276 different compounds which are used forthwith to represent the lignin pyrolysis

oil. In this study all combinations of main building blocks and side chains have been taken
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into account, although the presence of not all of them has been verified experimentally in
literature. The reason for this is threefold: First, within the vast amount of different com-
ponents they may be present but not detected so far. Second, even if they are not present,
(minor) changes in the process conditions could possibly favor their production. Third, this

systematic approach may allow the identification of possible trends.

Upgrading

As pyrolysis oil is not suited for direct usage in SI ICEs, upgrading is required??*. HDO is
considered to be the most promising way of converting pyrolysis oil into fuels?*2*. Hydrogen
is added to remove oxygen from the molecules, to hydrogenate double bonds and aromatic
rings. Applying these HDO reactions? to the side chains leads to the reaction pathways
shown in Figs. 3 to 6. For the main building blocks, the reactions proceed via the pathways
depicted in Fig. 2. Other reactions such as demethylation or decarboxylation are thus not
considered herein, as these reactions do not produce new side chains. On the other hand,
these reactions lower the carbon efficiency and are therefore not desirable.

For aliphatic rings, dehydration may generate double bonds within the ring or on its
substituents. These side chains are only considered in conjunction with aliphatic rings. In
the case of aromatic rings, these intermediate steps (e.g. in Fig. 3 shown with a dashed
arrow) are skipped. Considering every possible combination of side chain and main building
block, 1679 different molecules need to be evaluated as fuel. To facilitate the reference to
the respective compounds, the following naming convention is introduced: the main building
blocks are identified by a combination of letters whereas the side chains are numbered. The

corresponding labels are shown in Figs. 2 to 6, e.g. methylcyclohexane is denoted as N2.
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Figure 2: HDO reaction network of the main building blocks. The main building blocks
identified in lignin pyrolysis 0il!%?1?2 are shaded in gray (see Fig. 1). Fragments framed in
green represent compounds whose structures cannot be distinguished by means of Group
Contribution Methods. Rg denotes any side chain shown in Figs. 3 to 6.
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Figure 3: HDO upgrading pathway of a hydroxy group. The dashed arrow indicates the
upgrading of phenolic compounds. The numbers represent the ID of the respective side chain.
The letters identify the main building blocks in combination with which the respective side
chain were reported in the literature.
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Figure 4: HDO upgrading pathway of different side chains leading to a final chain length of
1C atoms. R denotes any ring structure according to Fig. 2, while R, stands for aliphatic
rings only. The numbers represent the ID of the respective side chain. The letters identify
the main building blocks in combination with which the respective side chain were reported
in the literature.
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Figure 5: HDO upgrading pathway of different side chains leading to a final chain length of
2 C atoms. R denotes any ring structure according to Fig. 2, while R. stands for aliphatic
rings only. The numbers represent the ID of the respective side chain. The letters identify
the main building blocks in combination with which the respective side chain were reported
in the literature.
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Ao

Figure 6: HDO upgrading pathway of different side chains leading to a final chain length of
3 C atoms. R denotes any ring structure according to Fig. 2, while R. stands for aliphatic
rings only. The numbers represent the ID of the respective side chain. The letters identify
the main building blocks in combination with which the respective side chain were reported
in the literature.

8

ACS Paragon Plus Environment

Page 8 of 28



Page 9 of 28

oNOYTULT D WN =

Energy & Fuels

Method

ICE Model

The suitability of a certain compound as replacement for gasoline was judged using an ICE
model?®. The model was built to investigate the influence of fuel properties on the perfor-
mance of a Direct Injection (DI) SI engine. The engine was optimized automatically for
each fuel such that the fuel is used to its full potential. Therefore, efficiency at the brake
was optimized at 2000 rpm and at a charging pressure of 2bar (full load) by adapting the
compression ratio (restricted by the occurrence of knocking). While adapting the compres-
sion ratio the bore-to-stroke ratio and total cylinder volume were kept constant at 0.97 and
535 cm?, respectively. Using a simple car model, quasi-stationary simulations allowed to
model the performance of a compound over a standard driving cycle.

As input parameters the elemental composition (C,H,0O,), liquid density (p), liquid kinema-
tic viscosity (v), vapor heat capacity (c,g), vapor pressure (pyap), enthalpy of vaporization
(hyap) and the RON were required. Details of the model have been reported elsewhere?®.
Within this study, the efficiency, the specific CO5 emissions at 2000 rpm and full load (2 bar
charging pressure) as well as the volumetric fuel consumption over the worldwide harmonized

light vehicles test cycle (WLTC) were evaluated.

Property Estimation

Due to the lack of experimental data for most of the studied compounds, all properties of in-
terest were estimated using Group Contribution Methods (GCMs): Vapor heat capacity?”,
liquid density, boiling and melting point, autoignition temperature, enthalpy of vaporiza-
tion?® and liquid viscosity?®. The liquid density is calculated using the GCM for the liquid
molar volume. The vapor pressure is calculated based on the estimated boiling point and the
enthalpy of vaporization using the Clausius-Clapeyron equation. In Table 1 an overview of

the estimation errors (Average Absolute Error (AAE) and Average Relative Error (ARE)),

9
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as reported by the respective authors, is given. These GCMs were selected according to the

Table 1: Overview on the Average Absolute Error and Average Relative Error of the chosen

GCMs.

AAE ARE [%]
boiling point (Theil)) 5.96 K 1.38
melting point (Tiner) 15.99 K 5.07
enthalpy of vaporization (hyap) 1.29kJ /mol 3.24
autoignition temperature (Tyuto) 13.51K 2.09
liquid molar volume (Vi) 0.0024 cm? /kmol 2.03
kinematic viscosity (v) n/a 9.2
vapor heat capacity (c,g) 5.9J/(mol K) n/a

recommendation of another study®’, with the exception of the viscosity. For this parame-

ter, a slightly less accurate method with the benefit of the group definitions matching the

definitions of the other methods was chosen. Although these GCMs use the structure of

the molecule to estimate its properties, they are unable to distinguish certain isomers with

aliphatic rings. Within Fig. 2 these isomers are marked with a green frame. As it can be

seen, these isomers differ by the position of the substituents in the ring.

As a GCM to predict the RON was not available, another approach was employed. Using

experimental data3'3, the following correlation for the RON based on the autoignition

temperature (Thuo) %2, the number of hydrogen atoms (y) and the normal boiling point

(Thoit) 403 was developed.

2557.48

RON =116.44 — 0.26 exp ( ) +8.13 x 10—5y4.38

auto

2557.48 4.36

y
Toa”

—1.73 x 10 % exp ( ) y+36 — 5,94 x 10™

auto

with a residual standard error of 11.2, an R? of 0.8251 and an F-statistic of 141.5.
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Boundary Conditions

As the fuel must be liquid during operation, thresholds regarding the melting point (Tper)
and the boiling point (Th,e) were specified. Two different ranges were defined based on the
climate of Central Europe: For all-year fuels: Ther < 253K and They > 333K, and for
summer fuels: Ther < 273K and The; > 333 K. Additionally, an upper limit for the boiling
point was specified at 463 K according to Tyg, the temperature where 90 % of the mixture

is evaporated, as defined by ASTM D4814%*. The estimated properties of all compounds

meeting these requirements were used as input parameters for the SI ICE model.

Results & Discussion

Compliance with Boundary Conditions

Fig. 7, shows the boiling and the melting points of all compounds. The red horizontal lines
represent the thresholds of the boiling point, while the vertical red solid and dashed lines
show the limit of the melting point for all-year and summer fuel, respectively. Among the
1679 compounds, 142 compounds satisfy these boundary conditions — 107 are suitable for
use as fuel year-round, while an additional 35 are suited for summer operation only because

of their higher melting points.

Group Influences

To discuss the influence of the functional groups on the compliance with the previously
defined thresholds, the number of molecules following the criteria is plotted against the
number of each specific functional group present in the molecule (Fig. 8). For example when
studying the case of the CO group one can see that there is a total of 1492 (= 1366+ 30+ 96)
compounds without a CO group. Furthermore, there are no groups with more than two CO

groups and 33 with two CO groups, all of them are not suited as fuel due to the boundary
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Figure 7: Estimation of melting and boiling points of the studied compounds. Dark blue:
compounds suited as all-year fuel, green: fulfilling only summer fuel specifications and light
blue: not compliant within any of the ranges. Red lines: temperature thresholds.

conditions. The case with one CO group is more interesting where 5 compounds are suited as
summer fuel and 11 fulfill the specification as all year fuel. Finally there are 138 compounds
left with one CO group considered not suited as fuel. Based on this analysis it becomes
evident that all —COOH and —COOR groups need to be removed. Furthermore, it can
be concluded that no more than one oxygen atom is allowed per molecule. —CHO groups
are only suited for summer fuels. The influence of double bonds on the melting point and
thereby the boundary conditions is less pronounced. In summary, the presence of hydrogen
bonds in these molecules has a strong influence on the melting point. It mostly determines
whether a compound is still liquid in the temperature range of interest. All compounds have

boiling points above 333 K.

12

ACS Paragon Plus Environment

Page 12 of 28



Page 13 of 28 Energy & Fuels

COOH

800 1500

NV AWN =
O
T

600

1000

400

500
200

408, 19, 104
1426, 35, 107

111, 0, 0
0,0,0
0,0,0
0,0,0

674, 16, 3
366, 0, 0

o
number of molecules
number of molecules

~1400

o
-
N
w
S~

16 COOR co
17 2000 1500

1500
1000

1000

500
500

1366, 30, 96

1508, 35, 107
138, 5, 11

12900
0,00
0,00

~
number of molecules
33,0,0

number of molecules

0,0,0
0,0,0
0,0,0

2 3 4 0 1 2 3 4

27 CHO OCH, and OCH
28 1500 1000 2 2

1000
500

872, 34, 69
348, 1, 38
202, 0,0
105, 0, 0

500

1413, 27, 107

124, 8, 0
0,0,0
0,0,0
0,0,0

w

N
number of molecules
number of molecules

1

N
w
o
o
—
N
w
I

38 Double Bonds
39 1500

- not suited
|:| summer fuel
- all year fuel

1000

500

1275, 9, 26
206, 16, 45

number of molecules
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Optimized Selection

The compounds fulfilling the different criteria (efficiency, specific COy emissions, and volu-
metric fuel consumption) best are shown in Fig. 9. It is important to note that the suitability
of a compound as fuel depends on its performance in the engine. The compounds that are
present in all selections consequently represent a compromise of the three criteria and are
not necessarily the best overall performers. The suitability of the 142 molecules suitable for
all-year or summer operation as pure fuel was subsequently analyzed.

Depending on the optimization criteria the number of compounds was reduced to 24
(28) with efficiency (), 12 (13) with specific COy emissions and 5 (11) with volumetric fuel
consumption (c) as criteria, respectively (values given for all-year fuels, values for summer
fuels in parenthesis). The structures in Fig. 9 suggest aromatics to be favorable in terms
of volumetric fuel consumption. This can be attributed to their high Lower Heating Value
(LHV) as well as their high RON. On the other hand, molecules with a higher degree of
saturation are advantageous regarding specific CO5 emissions as the fraction of carbon atoms
present is reduced, leading to lower specific CO, emissions. The presence of a >CO group
seems to be beneficial for each criterion, in particular efficiency where it is present in the two
top performing molecules 1-cyclohexa-2,4-dien-1-ylpropan-1-one (AF20) and 1-cyclohexa-
2,4-dien-1-ylpropan-2-one (AF21). —~OCH; and —OCHs— groups improve the efficiency and
lower specific CO5 emissions and are always attached to non-aromatic rings. Due to the
impact of —OH groups on the melting point, compounds containing those are only suitable
as summer fuels. Comparing for example cyclohexanol (J1) with cyclohexane (N1), it can
be seen that the presence of the —OH group significantly improves the suitability of the
compound as SI fuel. The efficiency increases from 31.1 % to 35.2 %. Specific CO, emissions
and volumetric fuel consumption are reduced from 0.83 g/kWh to 0.77g/kWh, 8.71/100 km
to 7.61/100 km, respectively.

Table 2 summarizes the performance parameters together with the average amount of

Hs; added for each selection. Minimum, average and maximum values are reported. An
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overall summary of the results for each compound can be found in Table 4 in the Appendix.
Additionally the values for gasoline, n-butanol and o-pinene are listed as reference®. As a
reference, full HDO of the lignin pyrolysis oil to cyclohexane derivatives requires on average
7.05 moly, /moly; (minimum 4, maximum 10 moly, /moly;). In terms of Hy addition, roughly
55% to 70 % of the maximum is needed, with all-year fuels requiring less H, addition than
summer fuels. The amount of Hy added for optimized selections increases in the following
order: volumetric fuel consumption < efficiency < specific CO5 emissions. Minimum effi-
ciency is, with one exception, higher than for gasoline. Average efficiency is in the order of
n-butanol for the all-year fuel selections. Minimum CO, emissions are similar to gasoline. An
optimization for volumetric fuel consumption shows values below o-pinene with maximum

values comparable to gasoline.

Single Compounds

Concerning single compounds, the best performing molecules as indicated in Fig. 9 are listed
together with their performance values in Table 3. In any case, minimum volumetric fuel
consumption is achieved with B-methylstyrene (M7). Efficiency is optimized in the sum-
mer selection with 1-cyclohexa-2,4-dien-1-ylpropan-1-one (AF20). In the all-year selection,
efficiency is maximized with 1-cyclohexa-2,4-dien-1-ylpropan-2-one (AF21). Specific CO,
emissions are minimized with 1-methoxy-4-methylcyclohexane (O2).

Based on its respective properties 4-methylanisole (BC2) has been identified as best suited
drop-in fuel obtainable from pyrolysis 0il*®. Anisole (BC1) has been included in a list of 40
bioblendstocks with desirable properties®. The simulation results shown in Table 3 indicate
that both 4-methylanisole and anisole perform, with the exception of COy emissions, well.
However none of these two molecules performs best with respect to either efficiency, specific

CO4 emissions or volumetric fuel consumption.
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1

2

3

4

5

6 Table 2: Summary of the performance parameters (efficiency (1), specific CO5 emissions
; (eco,FL) both at full load, and volumetric fuel consumption (c), specific COy emissions
9 (eco,p) based on the WLTC), including the average Hy required for production of the
10 different selections of compounds starting from lignin pyrolysis oil. std: standard deviation.
11

1 g criteria n €C0,, FL c €C0,,D “I;‘;llfﬁ
14 [76]  [g/kWh] [I/100km]| [g/km]  []
15 all-year

o n  min 343 0.76 69 191  1.00
18 mean 36.2 0.80 7.5 203 4.14
19 max  36.9 0.90 8.8 232 8.00
20 std 0.5 0.03 0.5 8 1.45
. CO, min 311 076 71191 1.00
23 mean 35.8 0.78 7.5 198 4.88
24 max  36.4 0.83 8.8 207 8.00
25 std 0.8 0.02 0.6 5 1.39
;? c min  34.3 0.79 6.9 202 1.00
28 mean 35.7 0.83 7.2 211 3.90
29 max  36.2 0.90 7.9 232 7.00
g? std 0.7 0.03 0.3 9 126
32 summer fuel

gj n  min 349 0.76 6.9 191 1.00
3 mean  36.3 0.79 7.3 201 419
36 max  37.1 0.85 8.8 216  8.00
37 std 0.4 0.03 0.4 7 1.41
o CO, min 343 076 71 191 1.00
40 mean 36.0 0.78 7.5 197  4.83
41 max  36.8 0.80 8.8 204 8.00
42 std 0.4 0.02 0.6 5 1.38
- ¢ min 343 077 69 196  1.00
45 mean 35.9 0.82 7.2 207 4.01
46 max  36.8 0.90 7.9 232 7.00
Z; std 0.6 0.03 0.2 8 1.29
49 reference 28

g? gasoline 33.7 0.77 8.2 193

52 n-butanol 36.5 0.70 9.3 179

53 o-pinene 32.8 0.84 7.6 211

54

55

56

57

58
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Table 3: Performance of the molecules when optimizing engine performance. Lowest vo-
lumetric fuel consumption: B-methylstyrene (M7). Maximum efficiency in summer fuel se-
lection: 1-cyclohexa-2,4-dien-1-ylpropan-1-one (AF20). Maximum efficiency in all-year fuel
selection: 1-cyclohexa-2,4-dien-1-ylpropan-2-one (AF21), minimum specific CO, emissions:
I-methoxy-4-methylcyclohexane (O2). Bioblendstock: anisole (BC1)*6, Optimum drop-in
fuel: 4-methylanisole (BC2)%.

molecule  nrL e PRl €co.FL ECR Teye  €CO02,D &
= E)

— =

_ Z E

. - — —

= E E 2 T E =

AF20 371 224 814 0.81 12.7 229 200 7.0

AF21 36.9 222 80.9 0.81 122 22.8 206 7.4

M7 36.2 21.8 787 0.83 11.8 224 211 6.9
02 35.5 216 T77.3 0.76 94 22.0 191 8.6
BC1 36.3 21.8 80.7 0.89 14.8 225 227 7.8
BC2 36.8 222 81.2 0.85 13.8 228 216 7.5

Influence of Selected Groups

Based on these findings, the influence of the different groups on the performance as fuel is
investigated. Cyclohexane (N1) is chosen as base molecule, to which the selected groups

(-CHj3, ~CHO, —COCH3;, —COOCH3, —OCH3, —OH) are subsequently attached. At first

the influence on the different input properties (z;) is calculated:

A.’L’i =T; — xi,Nl (2)

Based on these deviations, the averaged absolute difference (Ax;) is used to determine the
local sensitivities around cyclohexane. By combining the local derivative with the difference

in the input property it is possible to estimate its influence on efficiency (7;).

n(zing + 0.5A1;) — n(xing — 0.5Ax;)
Al’i

on; = (75 — zin1) (3)
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0m; can be interpreted as the local derivative of the efficiency. Although it is difficult to
translate this directly to a defined change in efficiency, this formulation allows detecting
amplification /reduction and inverse correlations quickly.

Fig. 10 presents the results of this investigation. The changes in viscosity, vapor pressure
and enthalpy of vaporization for cyclohexanol are most prominent, whereas the influence of
the viscosity on the efficiency is non existent. This behavior can be explained by the fact
that the viscosity influences droplet size. However, as long as the droplets evaporate in a
given time, there is no influence on the efficiency. Additionally the power requirement of the
fuel pump is negligible?®, changes in its power requirement due to increase viscosity are thus
not expected to be significant. The opposite is true for changes in heat capacity, autoignition
temperature/RON and density, where even small changes are amplified. Changes in vapor
heat capacity lead to changes in temperature at Top Dead Center (TDC) and thus influence
the thermodynamic cycle. The influence of the RON can be explained by the fact that the
maximum compression ratio is knock-limited. The influence of the enthalpy of vaporization is
due to the fact that an increase in enthalpy of vaporization leads to lower temperatures, which
is favorable in terms of knock reduction. However according to Carnot, lower temperatures
also lead to lower efficiencies. Furthermore, a higher enthalpy of vaporization increases charge
cooling, which in turn allows for more fuel-air mixture to be introduced into the cylinder.
Which of these mechanisms prevails depends on the detailed situation. As long as the
optimum compression ratio cannot be reached due to knock limitation, it is to be expected
that any efficiency loss due to lower temperatures will be outweighted by efficiencies gains
due to increased compression ratios. Once the optimum compression ratio is obtained, the
situation looks different. The influence of the enthalpy of vaporization warrants further
investigations. Increasing the size of the molecule leads to negative influences in case of
additional carbon (x) and hydrogen (y) atoms and positive effects for additional oxygen
atoms (z). The elemental composition defines the LHV and the mixture composition of the

burnt gases. Thereby the elemental composition has a direct influence on the thermodynamic
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cycle. The impact of the vapor pressure on efficiency is relatively small and inverse. This
can be explained by the fact that as long as the fuel is fully evaporated within the given

time there is no impact of the vapor pressure on efficiency.

I CHs [ 1+COCH; B +OCH;
B - CHO [ ]+COOCH; B o+

1 = -

Az; N

X y z Cpg P v Pvap hvap Thuto RON

Figure 10: Fuel properties and efficiency dependency on functional groups attached to cy-
clohexane. The change in property is normalized with respect to the values of cyclohexane,
except for the number of oxygen atoms (z) that is normalized using the number of carbon
atoms in cyclohexane. The change in viscosity for cyclohexanol is equal to 9.02.

Conclusion

The most suitable compounds in lignin-derived pyrolysis oil to replace gasoline were identi-
fied, by coupling an engine model with a reaction pathways network,. Fuels showing higher
efficiencies than the currently-employed fuels can be produced from pyrolysis oil by selective
hydrotreating. It is impossible to lower the specific CO, emissions compared to n-butanol
substantially. However, compared to gasoline this equals a reduction by roughly 10%. On
the contrary, specific CO5 emissions in the range of gasoline are expected. Yet, the volumetric

fuel consumption can be significantly reduced if this is the aim of the optimization.
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The influence of selected groups (—CHs, —CHO, —COCHj3, —-COOCH3, —OCHj3, —OH)

as cyclohexane side chains on the fuel properties and efficiency was shown.

oNOYTULT D WN =

Based on these results, we derived the following design rules:

10 e Full HDO is not beneficial for the fuel quality. In addition, partial HDO requires less

12 H, and thereby reduces process costs significantly.

e To comply with the defined limitations on both melting and boiling point, only one

oxygen atom is allowed per molecule.

19 e —COOH and —COOR groups must be completely removed to meet the required mel-

21 ting and boiling point ranges (besides issues with corrosion in case of —~COOH groups).
24 e Compounds with a CHO group are only suitable as summer fuels.

e Structural entities with one >CO, a —OCHs— or with a —OCH3 group attached to non-
aromatic rings contribute to good overall performance. While —~OCH,— and —OCH;
groups improve almost all properties (except carbon and hydrogen content), >CO
groups lead to improvements in density and RON but worsening in heat capacity and

carbon content, when compared to —OCHj3.
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Table 4: Results for all compounds shown in Fig. 9. Efficiency (1) and specific CO5 emissions
(CO2) at full load, consumption (c) and specific COy emissions (COgeyc) over the WLTC.

SU: summer fuel, AY: all year fuel.

Energy & Fuels

n COq ¢ COg¢e condition & IUPAC name
= E
_EE
=X &= 0 criteria

AD1 365 0.79 7.3 200 SU:n, c 2-cyclohexenol

AD2 368 0.77 7.2 196 SU: n, ¢, CO, 4-methyl-2-cyclohexen-1-ol

AD32 36.6 0.83 7.2 211 SU:n, ¢ cyclohexa-2,4-dien-1-o0l

AF19 36.7 0.83 7.1 211 SU:n, c 1-cyclohexa-2,4-dien-1-
ylethanone

AF20 371 081 7.0 205 SU:n 1-cyclohexa-2,4-dien-1-
ylpropan-1-one

AF21 369 081 7.4 206 SU & AY: n 1-cyclohexa-2,4-dien-1-
ylpropan-2-one

AF3 364 077 7.2 195 AY & SU: 5, COq 5-ethyl-1,3-cyclohexadiene

AF4 364 0.76 7.2 193 AY & SU: 5, COq 5-propylcyclohexa-1,3-diene

AF44 364 077 7.2 195 AY & SU: g (57Z)-5-
propylidenecyclohexa-
1,3-diene

AF50 364 0.80 7.8 204 AY: 7 5-(methoxymethyl)-1,3-
cyclohexadiene

AF53 356 081 7.9 205 AY: 7 5-(ethoxymethyl)cyclohexa-
1,3-diene

AF7 364 0.80 7.7 202 AY & SU: n 5-|(1E)-1-Propen-1-yl]-1,3-
cyclohexadiene

22

ACS Paragon Plus Environment

Page 22 of 28



Page 23 of 28

Energy & Fuels

1

2

3

4 Table 4 - continued

5

6 n CO, ¢ COgee condition & IUPAC name

7 —_

8 = & —

% z &8 &

1 = E = E criteria

12

12 G1 36.2 0.78 8.7 198 AY & SU: g 4-methoxycyclohexene
12 G2 36.5 0.77 84 195 AY & SU: g 5-methoxy-3-methyl-
17

18 cyclohexene

o G32 365 082 85 204 AY:p dihydroanisole

;; 112 36.5 0.79 7.3 200 SU:n, c 3-cyclohexen-1-ol

;i 119 36.5 0.80 7.2 203 AY & SU: 7 4-acetylcyclohexene

;2 12 34.1 080 8.1 206 AY: CO, 4-methylcyclohexene
;; 120 367 078 7.1 199 SU: 1-cyclohex-3-en-1-ylpropan-
29

30 1-one

2 121 364 079 7.6 201 AY & SU: CO, 1-(3-Cyclohexen-1-

33

34 yl)acetone

22 146 34.3 079 7.7 199 AY & SU: CO, 4-ethylidenecyclohexene
g; J1 35.2 0.77 7.6 196 SU: 1, ¢, CO, cyclohexanol

ig J2 34.9 0.77 7.6 196 SU: n, CO, 4-methylcyclohexanol
2; M1 34.3 090 79 232 SU:c AY:n, c benzene

jj M2 345 087 7.6 221 SU: ¢ AY: 7, ¢ toluene

22 M21  36.7 0.85 7.3 216 AY & SU: g phenylacetone

j; M3 36.1 0.80 7.1 204 AY & SU: 7, ¢, CO,  ethylbenzene

:g M4 36.0 0.79 7.1 202 AY & SU: n, ¢, COy n-propylbenzene

g; M50  36.2 0.84 7.7 214 AY & SU:n (methoxymethyl)benzene
gi Mb53 354 0.8 7.9 215 AY & SU: n (ethoxymethyl)benzene
gg M7 362 0.83 6.9 211 AY & SU: n, ¢ B-methylstyrene

57

58
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Table 4 - continued

n COq ¢ COgqc condition & IUPAC name
= & _
o
_ 28 &
N e = 20 criteria
N1 31.1 0.83 8.7 207 AY: CO, cyclohexane

N19 36.2 0.77 7.3 196 AY & SU: 5, COq methyl cyclohexyl ketone

N20  36.3 0.76 7.2 194 AY & SU: 5, COq ethyl cyclohexyl ketone

01 354 0.76 8.8 193 AY & SU: 5, COq methoxycyclohexane

02 355 0.76 8.6 191 AY & SU: 5, COy 1-methoxy-4-
methylcyclohexane

032 36.2 0.78 8.7 198 AY & SU: g 4-methoxycyclohexene
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