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“When great trees fall,

rocks on distant hills shudder,
lions hunker down in tall grasses,
and even elephants

lumber after safety.

When great trees fall

in forests,

small things recoil into silence,
their senses

eroded beyond fear.

When great souls die,

the air around us becomes
light, rare, sterile.

We breathe, briefly.

Our eyes, briefly,

see with

a hurtful clarity.

Our memory, suddenly sharpened,
examines,

gnaws on kind words
unsaid,

promised walks

never taken.

In the memory of Prof. Rune Bakke

Great souls die and

our reality, bound to

them, takes leave of us.

Our souls,

dependent upon their

nurture,

now shrink, wizened.

Our minds, formed

and informed by their
radiance,

fall away.

We are not so much maddened
as reduced to the unutterable ignorance
of dark, cold

caves.

And when great souls die,

after a period peace blooms,

slowly and always irreqularly. Spaces fill
with a kind of

soothing electric vibration.

Our senses, restored, never

to be the same, whisper to us.

They existed. They existed.

We can be. Be and be

better. For they existed.”

- Maya Angelou (1928-2014)
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Abstract

Aims

Biochar production by intermediate pyrolysis of renewable lignocellulosic biomass to
replace traditional carbon material as a reducing agent and energy source in the
metallurgical industries produces carbon rich waste streams viz., hemicellulose
hydrolysate from hot water extraction (HWE) and aqueous pyrolysis liquid (APL) from
pyrolysis requiring efficient treatment before discarding to enhance energy recovery
and avoid environmental problems. Anaerobic digestion (AD), a robust biological
process, was considered to treat these challenging organic waste streams individually or
as co-digestion for enhanced energy recovery in the form of methane. AD of hydrolysate
and APL, both individually and as co-digestion, was performed to study the effect of
HWE and pyrolysis temperatures and biomass types on the methane yield. Effect of AD
temperature and organic load (OL) on methane yield from Norway spruce hydrolysate

was also studied.
Materials and methods

Air-dried wood chips of Norway spruce and birch were hot water extracted in two
different conditions of 140 °C for 300 min and 170 °C for 90 min to produce
hemicellulose rich hydrolysate to use as AD substrate. The wood chips (with or without
HWE) were pyrolyzed at 550 °C or 400 °C to produce APL which was used as AD
substrate. Both hydrolysate and APL were prepared and supplied by RISE-PFI,

Trondheim, Norway.

The hydrolysates from HWE and the APL from pyrolysis were tested for bio-methane
potential (BMP) during batch AD in an Automatic Methane Potential Test System Il
(AMPTS Il, Bioprocess Control® Sweden AB). Syringe batch reactors were used to study

the effect of OL on methane yield.

Simplified lab scale up flow anaerobic sludge bed (UASB) reactors of 345 mL working

volume were used for mesophilic continuous AD of Norway spruce hydrolysates.



Nirmal Ghimire: Methane production from lignocellulosic residues

Results and discussions

Hydrolysate of Norway spruce and birch showed good biodegradability (ranging from 69
to 79 %) in batch AD reactors. The HWE hydrolysates from pretreatment temperature
of 170 °C gave a 13 % lower methane yield for birch compared to hydrolysates
pretreated at 140 °C (not significant decrease for Norway spruce) in batch AD, while it
was 9 % lower for Norway spruce in continuous AD compared to hydrolysates pretreated
at 140 °C. This is due to higher concentration of inhibitors (furans and soluble lignin) and
possible extraction and formation of higher concentration of recalcitrant compound
(soluble lignin) at higher temperature. Birch (hardwood) hydrolysate pretreated at 140
°C resulted in higher methane vyield (8 %) than Norway spruce (softwood) as

hemicellulose extraction is better in hardwood.

Hydrolysate of Norway spruce pretreated at 140 °C gave higher methane yield and
improved production rate during mesophilic AD (35 °C) compared to thermophilic AD
(55 °C) as thermophilic mixed cultures are more susceptible and sensitive to furan
inhibitors. However, the result of hydrolysate pretreated at 170 °C was not consistent
despite having higher concentration of furan inhibitors. Methane yield of hydrolysate
pretreated at 170 °C decreased with increase in OL during the mesophilic AD while
hydrolysate pretreated at 140 °C had similar methane yield at all OLs suggesting better
performance of hydrolysate pretreated at 140 °C during higher OLs due to lower
concentration of inhibitors compared to hydrolysate pretreated at 170 °C. During
thermophilic condition, both hydrolysates pretreated at 140 °Cand 170 °C were affected

negatively with increasing OLs.

APL of birch from pyrolysis temperature at 400 °C and 550 °C had a methane yield of 44
% and 49 %, respectively, while a large decrease in methane yield from 59 % to 32 % was
observed from the APL of Norway spruce with the increase in pyrolysis temperature
from 400 °C to 550 °C, respectively, suggesting that increase in pyrolysis temperature
might have increased the concentration of phenols in APL of softwood compared to
hardwood as softwood has a higher concentration of lignin, which resulted in lower

methane yield. Methane yield from APL of hot water extracted birch at 140 °C and 170

I\
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°C before pyrolysis (400 °C) improved compared to APL from non-hot water extracted
birch and can be attributed to the removal of inhibitors while increasing sugar
concentration during HWE. However, HWE at 140 °C before pyrolysis gave lower
methane yield from Norway spruce APL had inconsistent result while HWE at 170 °C had

no significant effect.

A co-digestion ratio of 3:1 (Hydrolysate:APL) improved the methane yield by 40 % and 6
% in Norway spruce and 26 % and 59 % in birch pretreated at 140 °C and 170 °C,
respectively, compared to the 1:1 ratio suggesting that adding APL only as an additive is
beneficial in terms of methane yield, rate and digestion time than considering as sole

AD feed.

Keywords: Anaerobic digestion (AD), Lignocellulosic woody biomass, Hot water

extraction (HWE), Hydrolysate, Aqueous pyrolysis liquid (APL), Co-digestion

<



Nirmal Ghimire: Methane production from lignocellulosic residues

List of articles

Article 1
Ghimire, N., Bakke, R., Bergland, W.H. (2020) Thermophilic Methane Production from

Hydrothermally Pretreated Norway Spruce (Picea abies). Applied Sciences. 10, 4989.
doi: 10.3390/app10144989.

Article 2
Ghimire, N., Bakke, R., Bergland, W.H. (2020) Mesophilic Anaerobic Digestion of

Hydrothermally Pretreated Lignocellulosic Biomass (Norway Spruce (Picea

abies)). Processes. 9(2), 190. doi: 10.3390/pr9020190

Article 3
van der Wijst, C., Ghimire, N., Bergland, W.H., Toven, K., Bakke, R., Eriksen, @. (2020)

Improving Carbon Product Yields in Biocarbon Production by combining Pyrolysis and

Anaerobic Digestion. Submitted to the Journal: BioResources (under review)

Article 4
Ghimire, N., van der Wijst, C., Toven, K., Eriksen, @., Bakke, R., Bergland, W.H. (2020)

Methane Production in Cascade Processing of Woody Biomass. Submitted to Journal of

Cleaner Production

Article 5
Ghimire, N., Bakke, R., Bergland, W.H. (2020) Liquefaction of Lignocellulosic Biomass for

Methane Production: A Review. Submitted to Bioresource Technology

Other contributions
van der Wijst, C., Ghimire, N., Bergland, W.H., Toven, K., Bakke, R., Eriksen, @. (2020)

Improved Carbon Balance for Biochar Production by Combination of Hot Water

Extraction, Pyrolysis and Anaerobic Digestion. Manuscript in preparation.

Vi



Nirmal Ghimire: Methane production from lignocellulosic residues

Karlsen, V.B., Ghimire, N., Bakke, R., Bergland, W.H. (2020) Anaerobic Digestion of
Hemicellulose Sugars Implemented in ADM1. Proceedings of the 61st Conference on

Simulation and Modeling (SIMS 61).

Kenarsari, Z.N., Ghimire, N., Bakke, R., Bergland, W.H. (2020) Thermophilic Anaerobic
Digestion Modeling of Lignocellulosic Hot Water Extract using ADM1. Proceedings of the
60th Conference on Simulation and Modeling (SIMS 60), 170, 125-131, 2020. doi:
10.3384/ecp20170125.

Aryal, N., Ghimire, N., Bajracharya, S. (2020) Coupling of Microbial Electrosynthesis with
an Anaerobic Digestion for Waste Valorization, Editor (s): Li, Y., Khanal, S. K. Advances in

Bioenergy. doi: 10.1016/bs.aibe.2020.04.003.

Vil



Nirmal Ghimire: Methane production from lignocellulosic residues

List of tables

Table 1.1: Effects of HWE and steam pretreatment on lignocellulosic biomass (adapted
from (Antunes et al., 2019; Hendriks and Zeeman, 2009; Seidl and Goulart, 2016; Sun
et al., 2016; Zheng et al., 2014; Zhuang et al., 2016)). ......cccerrrrrrrrrrrreenennnnnnnnncssssssnnnns 8
Table 1.2: Different modes of pyrolysis technologies, corresponding process
conditions and typical product weight yield ...........ccevceiiiiiiriniiiiiiiinnnnnciinnin, 11
Table 3.1 Severity factor for the hydrolysates from HWE..........cccccceeirirrrnnniiiinnnnnnnn. 27

Vil



Nirmal Ghimire: Methane production from lignocellulosic residues

List of figures

Figure 1.1: Flow chart showing cascade processing of Norway spruce and birch
producing biogas, bio-oil (APL and organic phase) and biochar. .........ccccccceerrrrennnnnnenns 3
Figure 1.2: Schematic biochemical pathways of AD (Adapted from (Batstone et al.,
p 11107 ) T 4
Figure 1.3: Structural composition of lignocellulosic biomass (Adapted from (Alonso et
) I 11 1) ) U 5

Figure 1.4: Flow chart of APL production from lignocellulosic biomass after pyrolysis.

Figure 3.1: Sketch of the pyrolysis rig at RISE PFl.........cccccccciiiiiimnnniiiininnnnnnnicninneennnne 28
Figure 3.2: AMPTS Il set-up and equipment description (figure from Bioprocess
CONtrol's ROMEPAEZE). ...uuuiiiiiiiiiiiiiiiiiiiiiireereeereeeessssssssssessesssesesssssssssnssssssssssssssnns 29
Figure 3.3: Syringe batch reactor test set-up with 100 mL medical syringe................ 30
Figure 3.4 A) Sketch of lab-scale AD reactor with influent and effluent pipes and
separator. B) Diagram of schematic process line of lab-scale UASB...........cccccccuueennns 31
Figure 3.5: Integration of APL from pyrolysis of hot water extracted lignocellulosic
o110 T4 T T4 T Y 0 JO N 33
Figure 4.1 Methane yields of Norway spruce and birch hydrolysates, pretreated at 140
°C and 170 °C, under mesophilic and thermophilic conditions at organic load of 10 and
20 8 COD/L N AMPTS Il cceeeeeeeeieieieiiieicccnsnnnnnneneeseeseesesssssssssssssssnssnsssssssssssessssssssssnns 36
Figure 4.2 Variations of methane yield of Norway spruce hydrolysates, pretreated at
140 °C and 170 °C, during mesophilic and thermophilic conditions at organic loadings
0f 6, 10, 20 aNd 30 8 COD/L...cccceiiiiieiiiceicnennnnnereeeeeeeesesssesesssssssssssnnessesssssesassssssssssnns 38
Figure 4.3 Methane yield of hydrolysates of Norway spruce pretreated at 140 °C and
170 °C under mesophilic and thermophilic AD conditions. .......ccccceeiirirrennniiiinnnennnnne. 39
Figure 4.4 Methane production rates of hydrolysates of Norway spruce pretreated at
140 °C and 170 °C under mesophilic and thermophilic AD conditions.............ccceeuuu... 40
Figure 4.5 Biogas production during OLR increase over time during AD of Norway

spruce hydrolysate pretreated at 140 °C........ccceeeiiiieeiiiiieeereeeierreeenereensesseasseseennns 42



Nirmal Ghimire: Methane production from lignocellulosic residues

Figure 4.6 Biogas production during OLR increase over time during AD of Norway
spruce hydrolysate pretreated at 170 °C.........coceeeiiiiimiiiienrcirenneerenecerennseerenssseseenns 43
Figure 4.7 Methane yield of APL from pyrolysis of Norway spruce and birch at 400 °C
T3 o 11 0 O 45
Figure 4.8 Methane yield decreasing with increasing carbon content in APL............ 45
Figure 4.9 Methane yield of APL from pyrolysis of Norway spruce at 400 °C with (at
140 °C and 170 °C) and Without HWE..........cccciiiiiiiiieeeeennennnennnisniiiininnieniennssesssssenes 47
Figure 4.10 Methane yield of APL from pyrolysis of birch at 400 °C with (at 140 °C and
170 °C) and Without HWE. ..........euiiiiiiiiiiiiiiiiiiiiinineeseesesessssssssssississsnsseessssssssssssnns 48
Figure 4.11 Variation of methane yield with amount of APL during co-digestion with

hydrolySate. ......cciiiiiieuiiiiiiiiiiiiiiiirrinnireesessttrsassssssssressssssssstressssssssssssnnnssssnns 49

>



Nirmal Ghimire: Methane production from lignocellulosic residues

Abbreviations

AD — Anaerobic Digestion

AMPTS Il — Automatic Methane Potential Test System
APHA — American Public Health Association

APL — Aqueous Pyrolysis Liquid

C/N — Carbon to Nitrogen ratio

CHs — Methane

CO; — Carbon dioxide

COD - Chemical Oxygen Demand

ESP — Electrostatic Precipitator

H, — Hydrogen

H,S — Hydrogen Sulphide

HMF- Hydroxymethylfurfural

HP — Hewlett Packard

HPLC — High-performance liquid chromatography
HWE — Hot Water Extraction

L-AD — Liquid Anaerobic Digestion

LHW — Liquid Hot Water

MMLD — Mini Mill Laboratory Digester

N2 — Nitrogen

Xl



Nirmal Ghimire: Methane production from lignocellulosic residues

NH3z — Ammonia

OL - Organic Load

OLR — Organic Loading Rate

Py — Pyrolysis

RPM — Revolutions Per Minutes

SS-AD — Solid State Anaerobic Digestion

TAN — Total Ammonia Nitrogen

TS — Total Solids

UASB — Up flow Anaerobic Sludge Blanket

VFA — Volatile Fatty Acid

wt — weight

Xl



Nirmal Ghimire: Methane production from lignocellulosic residues

Table of contents

PREFACE ......coiiiiiiiiiieieeeteeeeeisssssssssss st e e s s e s e e e e s s s s s s s s s s s s s ssssssssssssssssssssesteeeeesesssssnsnnnns |
ACKNOWLEDGEMENTS .....ccoiiiiiiiiiiiiiieeieiennieeneiiississssissseseeseessssssssssssssssssssssssssses |
ABSTRACT ....cuuuuiiiiiiiiiiiieiieties e e eeeeesssssssaaaaa s s ssssss s s s s s e e e e e e e s s s sssssssssssssssssssssssnsss [}
LIST OF ARTICLES .....ceeveeiuueuuiniiiiiiiiiiiinntieneeeeeeesssssssssssssssssssssssssssssssssesneessssssssssnnes Vi
LIST OF TABLES .......cceeieieeiiiiiiiiiiiinieniensnseesssssssssassssssssssssssssssss s s s s s e sssssssssnsnnnns Vil
LIST OF FIGURES .......cceeuuuueiiiiiiiiiiiiiiniiiniinnesessssssssssssssssssssssssssssssssessessssssssssssssssnes IX
ABBREVIATIONS ......uiiiiiiiiiiiiiiiiniieineesssessaessssssssssssssssnsssesssssssssssssssssssssssssssssssss Xl
1 INTRODUCTION......ccitieieeenmnunnniiiiisiisissesieetiseeeessssssssssssssssssssssssssssssssseseesssssssanss 1
1.1 2ol 4= { o VT o PSPPI 1
1.2 ANAErobiC digESTION .oiiiiiiiiiei e 3
1.3 Composition of lignocellulosic biomass ........c.uvvveiiiiiiiiieeiiii e, 5
1.4 Hot water eXtraction......cccccovviiiiiiiiii e 7
1.5 PYTOIYSIS ettt e e e e baaeee s 9
1.6 (0] o [=Tot {1V PP UPTRSUTPUPPR 11
1.7 FAY o] o] fo =Tl o =T PP UPPPR 12
1.8 Scope of the diSSertation ........cccveeeiiriiiiiieiiir e 13
2 LITERATURE REVIEW .......cciiiiiiiiiiiiiiiiieeinenieieiisssssssssssssssssessssssssssssssssssssssssses 14
2.1 Lignocellulosic biomass as feed for anaerobic digestion ..........cccceeeennnnneee. 14
2.2 Constraints and challenges for anaerobic digestion of lignocellulosic biomass

2.3
2.4
2.5
2.5.1
2.5.2
2.5.3
254
2.6
2.6.1

.................................................................................................................... 14
Anaerobic Digestion of hot water extract (hydrolysate) .......ccccceevuveeennnenn. 16
Anaerobic Digestion of Aqueous Pyrolysis Liquid .........ccccceeeervriiieeeeiinnnnen. 19
Pretreatment inhibitors during anaerobic digestion .........cccccoevvvvveeinnnnen. 20
SUBAN AEIIVALIVES...eiiiiiiiiiiee ettt e s e e s e s sbaaeeee s 21
Yo ] 18] o] L=3 =40 Y 1o FO U UPPP 22
LININ dEIIVATIVES ...vveiiiiieiiiiiee et e e e s 22
Inhibitory and toxic compounds from pyrolysis ......cccceccvveeeiiriiiveeeeeennnnee. 23
Pretreatment tuning to increase overall anaerobic digestion yield ........... 23
Hot water eXtraction......cccccoiviiiiiiiii e 24



Nirmal Ghimire: Methane production from lignocellulosic residues

2.6.2  PYFOIYSIS ciiiiiiiiiee ettt s e e e e s rra e e e s e e 24
3 MATERIALS AND METHODS ......ccooiiinnnnneennniiiiiiiissssssssssssssssssessssssssssssssssssnes 26
31 FEed Preparation ...ttt 26
3.1.1  RAW MALEIIAIS coiiiiiieiiiiee e 26
3.1.2 Hot water eXtraCtion ......cccooviiiiiiiiiiieicreere e 26
3.1.3  Synthetic hydrolySate ......ccccuuiiiiiiiiiiiiieee e 27
TR 0 S oY o 1Y £] PP PPPRPUPPP 27
3.2 ANQErobiC digESTION ...ciiiiiiiiee e 28
3.2.1  BatCh r@ACLOrS. .o it 28
3.2.2 Continuous fed reactor (Unpublished) ..........ccoooieiiiiiiiiieciieee e, 30
3.2.3 Integration of hot water extraction and anaerobic digestion .................... 32
3.2.4 Integration of pyrolysis and anaerobic digestion .......ccccecvviieiiiniiiiieeennnns 32
3.2.5 |Integration of hot water extraction, pyrolysis and anaerobic digestion .... 33
33 ANalytical METhOAS ...cciiiiiiiiee e 34
3.3.1 Hot water eXtraCtion ......cooooviiiiiiiiiiiiiiiee e 34
3,302 PYIOIYSIS ittt e e e e s e e e e e aaa 34
3.3.3  AnQerobic digeStioN .......ccovuiiiiiiiiiiiiiee e 34
4 RESULTS AND DISCUSSIONS ......ccevvtmuuuunniiiiiiiiiiiiisiiinienneessssssssssssssssssssssssssssnnnnns 35
4.1 Anaerobic digestion of hydrolysate (Article 1, 2, 4 and unpublished results)
.................................................................................................................... 35

4.1.1 Effect of pretreatment severity and biomass types on methane yield and
rate from Norway spruce and birch hydrolysate........cccccoecviiiiiinniiiieeennns 35

4.1.2 Effect of organic load during anaerobic digestion of Norway spruce
Y AIOIYSAtE .. 37

4.1.3 Effect of anaerobic digestion temperature of Norway spruce hydrolysate 39
4.1.4 Continuous AD of Norway spruce hydrolysates in a high rate reactor
(UNpublished reSUILS) ....eeieeceeiieeeeeceee et 41

4.2 Anaerobic digestion of aqueous pyrolysis liquid (Article 3) ......cccccvveeenneen. 44
4.3 Anaerobic digestion of aqueous pyrolysis liquid from pyrolysis of hot water
extracted biomass (Article 3and 4).....eeeeeieeiiiieeeeeeee e 46

XV



Nirmal Ghimire: Methane production from lignocellulosic residues

4.3.1  NOIWAY SPIUCE .. ettt s e e e e e e e e e e eee et e tteeeee b eaeeseeeeaeeeeseereeeennes 46
A.3.2 BIICH ettt e 47

4.4 Anaerobic co-digestion of hydrolysate and APL .........ccccvveeeiiviiiieeeeiininen, 48

5 CONCLUSIONS.......cuiiiiiiiiiiiitiiirieerreessssssaaeesssssssssssss s e e s e e s s sssssssssssssssssssssses 50
51 Effect of HWE pretreatment severity and biomass types on anaerobic
QIZESTION 1eveiiiiiee e e e e s e e 50

5.2 Effect of organic load and temperature during anaerobic digestion of
Norway spruce hydrolySate ........ccueeeeiiiiiiiieeeiiiiiee e 51

53 Effect of pyrolysis temperature and biomass types on anaerobic digestion of
aquUeEOoUs PYrolysis lIQUIT.......cuveeeeiiriiiiee e 51

5.4 Effect of hot water extraction before pyrolysis on anaerobic digestion of
aquUeEOoUs PYrolysis lIQUIT.......cuuveeeiiriiiiee e 52

5.5 Anaerobic co-digestion of hydrolysate and aqueous pyrolysis liquid......... 53

5.6 Further recommendations.........cccueiiiiiiiiiiiieie e 53
5.6.1 Anaerobic digestion ProCess......cccuuiiiiiiiiiiieei ittt 53
5.6.2 Pretreatment of anaerobic digestion feed .........cccccevvviiiiiiiiiniiii 54

SR ST T Y/ [ ol o] 11 ] [o =4V PSP UPPPRSP 54
5.6.4 Anaerobic digestion model 1 (ADM1) modeling......cccccveeverveeiiciveeenieeeennne 54
REFERENCES .......ccceeetieeiteneniiiiiiiiiiiiinnnstieseeeessesssssssssssssssssssssssssssssssssessesesssssssnsnnes 55

XV



Nirmal Ghimire: Methane production from lignocellulosic residues

Part |

XVI



Nirmal Ghimire: Methane production from lignocellulosic residues

1 Introduction

The potential of bio-methane is introduced in this chapter for enhanced energy recovery
from by-product streams generated during the production of bio-carbon material from
lignocellulosic biomass (woody biomass) which is used as a reducing agent and energy
source paving a way for huge carbon dioxide (CO;) emission reduction from metallurgic
industries. Anaerobic digestion (AD), lignocellulosic biomass, hot water extraction
(HWE) and pyrolysis are also introduced in this chapter which ends by setting objectives

and scopes of the thesis and approaches taken to meet the objectives.

1.1 Background

Fossil fuel is still providing more than 80 % of the world energy demand and efforts
should be made in providing new and renewable alternatives for energy security and to
avoid environmental and health hazards caused by excessive dependence on fossil fuels
(Guo et al., 2015). Metallurgic industries consume huge amount of carbon material as a
reducing agent and energy source and replacing fossil carbon with bio-carbon (biochar)
by exploiting the cheap and abundant woody biomass lignocellulosic biomass would
lead to huge reduction in global CO, reduction. Traditional kilns without off gas
utilization or recovery still produce majority of today’s charcoal (Bailis et al., 2013) and
should be replaced as they are emitting incomplete combustion products with larger
global warming impact than the molar CO; equivalent of complete combustion of the
off gases into the atmosphere (Bailis, 2009) and increasing mortality and respiratory

diseases for populations close by the points of emission (Bailis et al., 2005).

Pyrolysis is a modern technology fundamentally similar to charcoal production in which
thermal degradation of biomass takes place in oxygen free environment. Out of
different types, intermediate pyrolysis has been in use in recent years with emphasis on
co-production of bio-oil and biochar (Laird et al., 2009) as numerous applications and
enormous environmental benefits of biochar have been recognized (Cha et al., 2016). It

produces 30 wt. % biochar which is in the upper range of traditional charcoal kiln. Bio-

[EY
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oil, on the other hand, usually phase separates into an organic phase and aqueous phase
(aqueous pyrolysis liquid, APL) out of which APL has no obvious area of applications
despite being organic rich rendering it as a by-product waste stream. However, APL
contains several compounds, both toxic and with unknown effects, making it a

challenging feed for biological treatment (Kan et al., 2017).

Various pre-treatments can be applied on lignocellulosic biomass before pyrolysis to
obtain biochar of better quality. HWE is one of such pre-treatments which is simple,
cost-effective and environment friendly and removes hemicellulose significantly with a
small part of lignin resulting in a solid residue with a higher content of lignin and
cellulose, beneficial for biochar and bio-oil production (Nitsos et al., 2013). Hydrolysate,
thus produced liquid stream, is organic rich but has no obvious use due to presence of

inhibitors rendering it also as a by-product waste stream.

Both of the organic rich by-product streams, hydrolysate and APL, need to be well
treated before disposing to avoid environmental deteriorations and enhance energy
recovery. AD can be considered to handle these waste streams due to the presence of
mixed communities of organisms capable of coping complex, toxic and inhibitory
compounds (Benjamin et al., 1984). Moreover, AD produces biogas, a renewable and
clean biofuel and improves energy recovery in the overall cascade processing of

lignocellulosic biomass (Figure 1.1).

Lignocellulosic biomass types and operating conditions of both HWE and pyrolysis
(temperature and retention time) play an important role in the quality of final product,
either the main product biochar or by-product waste streams for efficient methane
production from AD (both APL and hydrolysate). It is also imperative to choose the best

possible AD operating conditions for efficient methane production.
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Figure 1.1: Flow chart showing cascade processing of Norway spruce and birch
producing biogas, bio-oil (APL and organic phase) and biochar.

1.2 Anaerobic digestion

AD is a robust and mature biological process where a mixed community of
microorganisms act together to break down organic compounds to produce biogas
(about 50-75 % methane (CHa4), 25-50 % CO. and traces of hydrogen sulfide (H.S),
ammonia (NHs), nitrogen (N2), hydrogen (H,), water vapor, siloxane other volatile
compounds) in the absence of free oxygen) (Aryal and Kvist, 2018). An advantage of such
consortia of microorganisms is their ability to synergistically break down various
complex, recalcitrant and inhibiting compounds (in low concentration) to methane after
some adaptation time (Benjamin et al., 1984). The AD process is carried out in four main
steps, namely hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Figure 1.2).
Initially, the complex organic substrate is converted to smaller compounds (e.g. volatile

fatty acids (VFAs) and alcohols) during hydrolysis and acidogenesis where hydrolysis is
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the rate limiting step for complex substrate (Passos et al., 2017). VFAs and alcohols are
further broken down to acetate, hydrogen and carbon dioxide during acetogenesis and
finally to methane and carbon dioxide from the intermediates during methanogenesis
and can be a rate limiting step for readily biodegradable substrates. Methanogenesis is
carried out by archaea via two pathways viz. aceticlastic methanogenesis, carried out by
heterotrophic organisms using acetic acid to produce CHs and CO; and
hydrogenotrophic methanogenesis, carried out by autotrophic organisms using CO; and
H> to produce CHa. However, disruption in the symbiosis of different microorganisms
leads to VFA accumulation due to stressful conditions such as nutrient deficiency and
toxicity in the feed which may lead to poor biogas production and methane content and
ultimately failure of the reactor (Baeta et al., 2016). Therefore, AD requires regular

monitoring with proper process control for the optimization (Aryal et al., 2020).

Carbohydrates »  Monosaccharides [~ ¢ Acetate
Intermediate / * \
Proteins > Amino Acids # Products:Propionate, CH,4, CO,
Butyrate, Valerate... v /
Lipids » Long Chain FattyAcids | ¥ €Oy, Ha
Hydrolysis Acidogenesis Acetogenesis  Methanogenesis

Figure 1.2: Schematic biochemical pathways of AD (Adapted from (Batstone et al.,
2002)).

Temperature plays a crucial role in AD as increased temperature leads to increased
reaction rate in biochemical systems (Li et al., 2015). Thermophilic AD (55-60 °C) is
considered a highly-efficient system due to a better pathogen inactivation and enhanced
biogas production rate compared to mesophilic AD (35-40 °C) (Li et al., 2015). However,
several studies have reported that thermophilic AD is susceptible to process imbalance
due to VFAs accumulation (especially propionic acid), higher risk of ammonia inhibition,
and decreasing the pH-buffer system (Dinsdale et al., 1997; Lier et al., 1993; Nges and
Liu, 2010). Thermophilic AD is opted if the feed preparation is operated at higher

temperature which avoids the energy cost for heating the reactors. Besides the

N



Nirmal Ghimire: Methane production from lignocellulosic residues

operating condition, higher proportion of feeding can also influence the rate of AD. The
OL of the reactor with reasonable amount of inoculum is an important parameter when
estimating methane potential (Hashimoto, 1989). High OL leads to VFA accumulation
inhibiting the methanogens, thus lowering the amount of methane produced. On the
contrary, lower OL cannot provide enough nutrition for microorganism growth, thus

hampering the AD process (Feng et al., 2013).

1.3 Composition of lignocellulosic biomass

The composition of lignocellulosic biomass creates constraints and challenges for direct
AD of the lignocellulosic biomass. Lignocellulosic materials are primarily composed of
three types of polymers: cellulose (CsH100s5)n (30-50 %), hemicellulose (CsHgOa)m (15-30
%) and lignin [CoH1003(OCH3)o,5-1,7]x (10-20 %) (Akhtar et al., 2016; Jgrgensen et al.,
2007). Cellulose and hemicellulose are chain polysaccharides, while lignin, closely
associated with cellulose and hemicellulose, is a heterogeneous, phenolic polymer
(Mussatto et al., 2008) (Figure 1.3). The composition of lignocellulosic biomass depends
on the plant species, its growth stage and environment (Surendra and Khanal, 2015).
Non-structural carbohydrates like glucose, fructose, and sucrose along with proteins,

lipids, and pectin are also present in different concentrations in the lignocellulosic

materials (McDonald et al., 1991).

Figure 1.3: Structural composition of lignocellulosic biomass (Adapted from (Alonso et
al., 2012)).

(%2}



Nirmal Ghimire: Methane production from lignocellulosic residues

1.3.1.1 Cellulose

Cellulose is the main component of lignocellulose cell walls, produced biosynthetically
and is the most abundant organic compound on earth (Zheng et al., 2014). It is a linear
condensation polymer consisting of anhydro-glucan joined together by B,1-4 glycosidic
bonds (Zhang and Lynd, 2004). These bonds give significant hydrogen bonding, in both
intra- and inter-molecular cellulose molecules (Saini et al., 2015). The hydrogen bonds
between the glucan units determines the crystallinity of cellulose, indicated by the
crystallinity index (Zheng et al.,, 2014). Different orientation of cellulose material
throughout the structure leads to different levels of crystallinity (Zheng et al., 2014) with
low crystallinity classified as amorphous and high crystallinity as crystalline (Atalla and

Vanderhart, 1984).

1.3.1.2 Hemicellulose

Hemicellulose has a complex carbohydrate structure more related to cellulose than
lignin (Rydholm, 1965), and its content differ significantly from hardwood (angiosperm)
to softwood (gymnosperm) (Fengel and Wegener, 1989). It is composed of pentoses
(xylose, rhamnose and arabinose) and/or hexoses (glucose, mannose and galactose) and
acids (glucuronic acid, methyl glucuronic acid, and galacturonic acid) (Zheng et al., 2014).
In general, xylose is present at higher concentration as hemicellulose component in
agricultural plants, such as grasses, straws and hardwoods (Kambo, 2014; Pu et al., 2008)
while glucose and mannose are present at higher concentrations in softwood

(Ebringerova and Heinze, 2000).

1.3.1.3 Lignin

Lignin is a cross-linked three-dimensional phenolic polymer generally combined with
hemicelluloses (Fengel and Wegener, 1989). It is the most abundant aromatic
biopolymer on earth (Righi et al., 2016), more concentrated in softwood than hardwood,
and second most abundant organic compound after cellulose (Zheng et al., 2014). Lignin
plays the role of cement in cross-linking cellulose and hemicellulose to form a rigid

three-dimensional structure of the cell wall (Palmqvist and Hahn-Haagerdal, 2000). It
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protects plants from physical attack and gives structural strength (Paul and Dutta, 2018).
P-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) are the basic units of lignin polymers
(Xu and Ferdosian, 2017). Lignin is water insoluble (Zheng et al., 2014), but water at
higher temperature (180 °C) can dissolve lignin depending upon how lignin is formed

(Grabber, 2005).

1.4 Hot water extraction

Hot water extraction (HWE, also called liquid hot water (LHW) or hydrothermolysis) is a
mild hydrothermal pretreatment carried out in the temperature range 120-230 °C and
at various pressure conditions at which water is kept in subcritical conditions (Nitsos et
al., 2013). Its objective is to efficiently extract sugars, acids, or other chemicals from
lignocellulosic biomass without considering any structural changes in the extracted
wood (Pelaez-Samaniego et al., 2013). During HWE, water or steam (or both) penetrates
under pressure (with or without catalysts) to liberate most of the hemicellulose and
partial lignin while making biomass more accessible to hydrolytic enzymes (Pérez et al.,
2007; Taherzadeh and Karimi, 2008). The composition of aqueous hemicellulose
depends on the sources of lignocellulosic biomass and the extraction time and
temperature. At pretreatment temperature of 100 °C, hemicellulose remains in the solid
fraction but at temperature above 150 °C, hemicellulose hydrolyzes and dissolves into
the liquid fraction (or hydrolysate) (Fernandez-Cegri et al., 2012; Hendriks and Zeeman,
2009). At temperature 150-180 °C, solubilization of firstly hemicellulose and shortly
after lignin starts (Bobleter, 1994; Garrote et al., 1999; Hendriks and Zeeman, 2009).
HWE has different effects on different components of lignocellulosic biomass (Table

1.1).
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Table 1.1: Effects of HWE and steam pretreatment on lignocellulosic biomass (adapted
from (Antunes et al., 2019; Hendriks and Zeeman, 2009; Seidl and Goulart, 2016; Sun
et al., 2016; Zheng et al., 2014; Zhuang et al., 2016)).

Components Effects on the composition Effects of HWE
and structure
Increase contact surface High
area
Reduce particle size Inefficient
Cellulose Reduce degree of Partial
polymerization
Reduce crystallinity Partial

Increase solubilization

Inefficient or low

Increase solubilization High
Hemicellulose Formation of degradation
Partial
products (e.g furfural, HMF)
Structural change Partial

Lignin

Increase solubilization

Inefficient or low

Formation of degradation

products (e.g, phenol)

Inefficient or low

HWE can be carried out for conditioning woody biomass to optimize production of other
products such as biochar, bio-oil and valuable products (Alvarez-Chavez et al., 2019;
Pelaez-Samaniego et al., 2013; Rasi et al., 2019). Hot water extract (hydrolysate) is

produced as a by-product side stream during the HWE pretreatment of woody
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lignocellulosic biomass to enhance the quality of the solid biomass products like
composites and various board products, such as reduced water absorption, improved
mechanical properties and improved resistance to decay (Pelaez-Samaniego et al.,
2013); improve bio-oil yield due to increased cellulose content while reducing ketones,
acids and water content in the bio-oil leading to higher heating value and significantly
improved levoglucosan content (Chang et al., 2013); and lower the activation energy for
thermal degradation during pyrolysis compared to untreated biomass (Kumar et al.,

2020).

1.5 Pyrolysis

Pyrolysis breaks down chemical bonds to form new compounds in the absence of oxygen
and has a high flexibility in processing raw biomass materials for derived end products
(Rasi et al., 2019). It converts biomass thermo-chemically into liquid, charcoal and non-
condensable gases (syngas) by heating to about 480 °C or more (Demirbas, 2000). Higher
cellulose content leads to higher liquid products, high hemicellulose content leads to
higher gas production and higher lignin content leads to more solid residues (Kumar et

al., 2020).

The liquid which is usually called bio oil is also called pyrolysis oil, pyrolysis liquid, bio-
crude, wood liquid, wood oil or wood distillate (Mohan et al., 2006) and consists of
molecules derived from the degradation of cellulose, hemicellulose and lignin (Alvarez-
Chavez et al., 2019). Bio oil from pyrolysis is a dark brown, free flowing liquor with
pungent smell that consists of a complex mixture of up to 400 organic compounds such
as acids, sugars, alkenes, esters, ethers and different oxygenates (Evans and Milne,
1986; Huber et al., 2006; Kan et al., 2017; Rezaei et al., 2014). Bio oil can be upgraded
to fuels due to the presence of phenolic monomers and dimers (Mortensen et al., 2011),
its ideal carbon numbers (Ce-C20) and relatively lower oxygen content compared to
carbohydrate (Zhou et al., 2019). Similarly, engineered microorganisms (e.g. Escherichia
coli) can utilize the pyrolytic sugars such as levoglucosan to produce fuels and chemicals

(Layton et al., 2011).
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However, high water content of bio oil poses several challenges such as low heating
value and chemical and thermal instability (Zhou et al., 2019). Due to the presence of
high concentration of water in the feedstocks, the bio oil is separated into aqueous
phase (APL) (lighter fraction) and organic phase (heavy fraction) (Figure 1.4). The organic
phase (or biocrude) is a complex mixture of oxygenated hydrocarbons and nitrogenated
compounds such as aromatics, short chain carboxylic acids, ketones, phenolics, sugars
and derivatives of furan depending upon the type of biomass (Hassan el et al., 2009). Its
complex nature together with high oxygen levels makes it difficult to utilize this organic
phase directly in AD and can enter the market as renewable alternative to heavy fuel oil
(Oasmaa et al., 2015). The organic or oily phase is considered as an energy source and
for chemical production (Rasi et al., 2019), and it has also been considered used for bio-

based pesticides (Hagner et al., 2018) and in manure acidification (Keskinen et al., 2017).

APL, on the other hand, has high chemical oxygen demand (COD) concentration along
with various potentially toxic organic compounds and can be environmentally harmful
if not managed properly (Seyedi et al., 2019). APL has a high water content and contains
C2-Cs sugars, furan derivatives, hydroxyacids, oligomers, water soluble phenols and

other water soluble organics formed during pyrolysis (Shanmugam et al., 2017).

Aqueous
phase (APL)

Separation

Pyrolysis

Lignocellulosic
Biomass

Figure 1.4: Flow chart of APL production from lignocellulosic biomass after pyrolysis.

Process parameter adjustments varies the proportion of produced bio oil, biochar and
syngas. Lower process temperature and longer vapor residence time favors char

production. High temperature and longer residence time increases syngas formation,
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while moderate temperature and short vapor residence time produces optimum bio oil
(Bridgwater, 2012). Pyrolysis is differentiated into four main categories based on
residence time, slow (or conventional), moderate (or intermediate), fast and flash (Table
1.2) (Bridgwater, 2012; Giwa et al., 2019; Goyal et al., 2008; Sharma et al., 2015). In fast
pyrolysis, liquid with only a single phase is obtained (Oasmaa et al., 2015) while
intermediate pyrolysis produces two phase liquid (organic phase and aqueous phase

(APL)) (Fabbri and Torri, 2016).

Table 1.2: Different modes of pyrolysis technologies, corresponding process
conditions and typical product weight yield

Mode Conditions Products
Temperature Residence time  Liquid Char Gas
(%) (%) (%)
(°C)

Fast ~500 ~1s 75 12 13
Moderate ~500 ~10-30s 50 20-25  25-30
Slow ~500 ~5-30 min 30 35 35
Flash 400-950 30ms-1.5s 70 25 16

1.6 Objectives

The main task of this PhD work is to consider the by-product streams which are
produced during the production of biochar, a renewable source of carbon material from
lignocellulosic biomass used as a reducing agent and energy source, as feed for AD to

produce methane, a renewable energy, to increase the overall energy recovery.

During the process of biochar production by intermediate pyrolysis, organic rich but
complex APL is produced. Similarly, hemicellulosic sugars rich hydrolysate is produced

when biomass is pretreated by HWE. Both APL and hydrolysate are waste streams and
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considered as AD feed for enhanced energy recovery before discarding to avoid

environmental deteriorations.

This PhD work aims to contribute to this effort of enhancing energy recovery by

improved utilization of lignocellulosic biomass. The main objectives of this PhD work are:

Study the effects of the biomass types (birch (hardwood) and Norway
spruce (softwood)) and pretreatment severity (temperature (170 °C and
140 °C) and retention time (300 min and 90 min)) on lignocellulosic
biomass during HWE on kinetics and methane yield from the hydrolysate
in batch reactors. Study hydrolysate of Norway spruce as a model
substrate at mesophilic continuous AD condition.

Comparative study of the effects of AD temperature conditions
(mesophilic (35 °C) and thermophilic (55 °C)) and OL on kinetics and
methane yield from the hydrolysate of Norway spruce (softwood) as a
model substrate.

Study the effects of pyrolysis temperature (400 °C and 550 °C) and
biomass types (birch (hardwood) and Norway spruce (softwood)) on
kinetics and methane yield from the APL. Also, to study the effect of HWE
(170 °C and 140 °C) before pyrolysis (400 °C) on methane yield from the
APL.

Evaluate co-digestion of hydrolysate and APL from birch and Norway

spruce for enhanced methane production.

1.7 Approaches

Various approaches have been used in order to meet the objectives such as:

12

Use of automatic biomethane potential test system (AMPTS Il) and
syringe as batch reactors to obtain kinetic and stoichiometric data by

methane potential tests.
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e Use up-flow anaerobic sludge bed (UASB) reactor tests to investigate high
rate AD of the hydrolysates, including adaptations to inhibitors.
e Use the available range of analysing techniques available for feed,

bioreactor environment and effluent characterization.

1.8 Scope of the dissertation

The scopes of the PhD work are as follows:

e Literature study of:
o AD of lignocellulosic substances, including HWE and pyrolysis of
lignocellulosic biomass and inhibition from degradation products.
o HWE method for efficient hemicellulose extraction for use as feed
for AD.
o APL for use as feed for AD.
e Conduct batch experiments using AMPTS Il and syringe reactors.
e Build, operate and investigate process performance of UASB reactor with

continuous feed.
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2 Literature review

Review of different scientific works related to suitability of lignocellulosic biomass as
feed for AD, its constraint and promising AD results of hydrolysate and APL is discussed

in this chapter.

2.1 Lignocellulosic biomass as feed for anaerobic digestion

Large amount of cellulose and hemicellulose makes lignocellulosic biomass attractive
for biogas production through AD (He et al., 2015). Lignocellulosic biomass has
competitive advantages over other AD feedstock due to their abundance, low price,
relatively consistent composition and relatively high yield (Wu and He, 2013). It can
however vary to what extent these feedstocks can be treated in sustainable ways by AD
to produce biogas. A wide range of lignocellulosic biomass has been considered as feeds
for AD (Gunaseelan, 1997) including agricultural and forestry residues, municipal paper
and food waste (Sawatdeenarunat et al., 2015; Zeng et al., 2007); waste lignocellulosic
substances like wood and wood wastes (Nakamura and Mtui, 2003); agricultural crops
and their waste residues like sugarcane bagasse (Baeta et al., 2016), corn silage, cob and
stover (Huang et al., 2017; Li et al., 2013a; Li et al., 2014; Wirth and Mumme, 2014),
wheat and rice straw (Chandra et al., 2012a; Chandra et al., 2012b; Kaparaju et al.,
2009a; Kaparaju et al., 2009b; Nkemka and Murto, 2013); animal waste (Bergland et al.,
2015); industrial residue such as paper and pulp processing waste (Ashrafi et al., 2015);
energy crops such as giant reed and Napier grass (Di Girolamo et al., 2013; Wells et al.,

2019); and municipal solid waste (Pecorini et al., 2016).

2.2 Constraints and challenges for anaerobic digestion of

lignocellulosic biomass

Lignocellulosic biomass can be treated anaerobically to produce biogas. However, AD is
not sufficient to recover all the energy from lignocellulosic materials because of a high
content of non-biodegradable lignin and a high crystallinity of cellulose, and the

lignocellulosic matrix limits the accessibility of the sugars, making pretreatments
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compulsory to exploit the potential of such substrates. Hydrolysis, the rate-limiting step
for lignocellulosic material that breaks down the complex organic polymer components
during AD, is a very slow process for lignocellulosic materials and is sensitive to the type
and composition of the substrate (Paudel et al., 2017) where each component has its
own degree of resilience to chemically induced, thermal and biological degradation (Liu,
2015). The hydrolysis is affected by the high crystallinity of cellulose limiting the surface
available for biodegradability (Frigon and Guiot, 2010). A higher crystallinity of cellulose,
indicated by the crystallinity index, means more difficulty in biodegradation (Zheng et
al., 2014), where amorphous cellulose is more susceptible to microbial degradation than
crystalline cellulose (Monlau et al., 2013). In addition, both the hemicellulose and the
lignin fractions act as physical barriers to avoid enzymatic attack of cellulose (Hu and
Ragauskas, 2012). Lignin is the main barrier for AD of lignocellulosic biomass, the higher
the lignin content in the biomass; the more difficult it is to biodegrade. Lignin must be
opened up and/or dissolved in a pretreatment process to make the lignocellulosic sugars

available for efficient AD but is not a main source for methane production itself.

Other constrains to the AD process is the heterogeneity and low density of
lignocellulosic substances that hamper AD by forming a floating layer on the surface of
AD reactors (Tian et al., 2015). This leads to poor substrate accessibility for the
microorganisms, worsening mass and heat transfer and reducing the methane yield
(Wang et al.,, 2018). High carbon to nitrogen (C/N) ratio can also limit AD of
lignocellulosic biomass (Sawatdeenarunat et al., 2015) but it can be adjusted by adding
nitrogen sources (at added cost) or co-digesting with substrate with higher nitrogen

content.

Reported AD of lignocellulosic biomass is mostly solid state AD (SS-AD) which is operated
at a total solid (TS) content of 15 % or higher, contrary to liquid-state AD (L-AD) that
operates at TS content of less than 15 % (Guendouz et al., 2010; Rapport et al., 2008).
SS-AD has several advantages but also several inherent problems. Some of the well
noted problems are low methane yield, slow methanogenesis, slow mass transfer

between AD microorganisms and feedstock, potential instability, acidification, ammonia
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inhibition, nutrient imbalance, temperature disturbance and obstacles in using end

products (Yang et al., 2015).

Pretreatments can efficiently deal with the slow hydrolysis of lignocellulosic materials
by disrupting the lignin barrier, solubilizing the hemicellulose, reducing the cellulose
crystallinity, increasing the surface for enzymatic attack and homogenizing the
lignocellulosic biomass to improve biodegradability (Bhatia et al., 2020; Carrere et al.,
2016; Di Girolamo et al., 2013; Sawatdeenarunat et al., 2015). Pretreatments can be
categorized into different groups such as mechanical or physical, thermal,
hydrothermal, chemical and biological. Pretreatments involving chemical tend to be
costly both due to added costs of chemicals and handling of chemical waste streams and

should be avoided if possible.

Pretreatment for liquefaction of lignocellulosic biomass overcomes problems posed by
SS-AD. Approach of liquefying lignocellulosic biomass is the most disruptive approach as
it changes the inlet mode of lignocellulosic biomass from solid to liquid so that a wider
range of AD reactors, including high rate sludge bed, can be applied. Liquid state AD (L-
AD) also has greater reaction intensity and shorter retention time (Kainthola et al.,
2019). Hot water extract and APL are the liquid feed with soluble organics produced as
by-product streams by HWE and pyrolysis, respectively, which can be used in AD process
overcoming the problems posed by conventional SS-AD for enhanced methane

production.

2.3 Anaerobic Digestion of hot water extract (hydrolysate)

Biomethane potential of hydrolysate cannot be predicted on the basis of HWE
treatment alone due to factors such as difference in hemicellulose content between
different lignocellulosic biomass, generation of inhibitors, hydrothermal reactor
configuration, liquid and solid ratio, operation mode i.e. batch or continuous and

possible utilization of catalytic agent (Ahmad et al., 2018).

The biomethane potential is however clearly influenced by HWE pretreatment

temperature with some optimal combination of time and temperature determining the

16



Nirmal Ghimire: Methane production from lignocellulosic residues

amount of sugars transferred to the liquid hydrolysate and the amounts of inhibitory
compounds included. The choice of pretreatment severity (based on temperature and
residence time) depends on the feedstock. Low severity pretreatment conditions form
products such as oligosaccharides (xylo-oligosaccharides) of higher potential value due
to their prospective use in medicinal, food, cosmetic and health products (Qing et al.,
2013). Higher severity leads to better extraction of hemicellulose from the biomass but
forms inhibitors from degradation of monosaccharides extracted, with possible
appearance of metal ions from reactor vessel in the extracted hydrolysate (Carvalheiro

et al., 2016).

Recent studies suggest that operating temperature between 100 and 230 °C is best to
obtain hydrolysate for biogas production (He et al.,, 2015) and HWE pretreatment
temperatures above 250 °C is not recommended to avoid unwanted pyrolysis reactions
(Brownell et al., 1986). If biochar is the main product of the process, temperature should
be chosen (dependent on the biomass type) to extract hemicellulose as much as possible
while avoiding lignin and cellulose solubilization. Review by He et al. (2015) covers

specific operational parameters crucial for lignocellulosic biomass for biogas production.

The products from HWE are results of different temperatures, pressures and water
contents, forming a vast variety of components, from easily degradable to inhibiting.
Hydrolysate consists mainly of oligomeric and monomeric hemicellulose sugars and is
beneficial to the AD in theory (Mosier et al., 2005b). HWE should liberate compounds
utilized by AD microorganisms such as pentose sugars (xylose and arabinose), hexose
sugars (mannose, galactose, glucose), volatile fatty acids (VFA), proteins and lipids for
effective AD process (Bruni et al.,, 2010). During HWE, part of the hemicellulose is
hydrolyzed and form acids such as acetic acid which is the most abundant VFA produced
while other VFAs are found to be negligible (Di Girolamo et al., 2013). The produced
acetic acid, which can be directly converted methane production, also acts as a catalyst
during the process in degrading the polymers and thereby contributes in increasing the

sugar yield (Hu and Ragauskas, 2012; Mosier et al., 2005b; Xu et al., 2019).
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However, moderate formation of inhibitory products will occur during HWE, hampering
the methane yield (McMillan, 1994; Sun et al., 2016; Zheng et al., 2014). Increase in
temperature during pretreatment leads to formation of AD inhibitors like furans from
sugars degradation (Mosier et al., 2005a; Simangunsong et al., 2018) and phenolic
compounds from lignin polymer and/or lignin oligomers such as vanillin and
syringaldehyde (Barakat et al., 2012; Klinke et al., 2002; Monlau et al., 2014). The furan
compound 2-furaldehyde, referred to as furfural, forms due to degradation of pentose
while 5-hydroxymethyl-2-furaldehyde, referred to as 5-HMF, forms because of hexose
degradation (Jonsson and Martin, 2016; Larsson et al., 1999). Less 5-HMF is formed
compared to furfural due to limited hexose degradation (Chandel et al., 2011). These
degradation products are inhibitory to bacterial fermentation and can lower the

methane yield in AD (Palmquvist et al., 1999).

As part of lignin can be dissolved along with the hemicellulose (Garrote et al., 1999;
Mosier et al., 2005b), it can inhibit different steps of AD (Koyama et al., 2017). Soluble
lignin itself is either inert (Jimenez et al.,, 1990; Liu et al., 2017) or has very low
biodegradability under anaerobic condition (Benner et al., 1984), but hemicellulosic
sugars, which are readily biodegradable, appear to be less biodegradable or even
completely refractory when in combination with lignin (Dauwe et al., 2007; Djajadi et
al., 2018; Jimenez et al., 1990; Li et al., 2018; Tong et al., 1990). In addition, partial lignin

degradation leads to inhibitory compounds.

Hydrolysate produced due to HWE as pretreatment of agricultural residues has been
successfully used as AD feed (Baeta et al., 2016; Luo et al., 2019). The enhanced methane
production due to HWE pretreatment for different agricultural residues, compared to
untreated ones, is reported to be from 20 % for wheat straw (Chandra et al., 2012b) to
222 % for rice straw (Chandra et al., 2012a). Although SS-AD of Eucalyptus globulus, a
woody biomass, has been examined in AD after HWE (Nakamura and Mtui, 2003),
reported HWE of woody biomass is limited mostly to make woody biomass rich in

cellulose and lignin by removing hemicellulose (Pelaez-Samaniego et al., 2013), not
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considering L-AD for methane production. This by-product stream can be handled by AD

but in depth, evaluations of such solutions are lacking.

2.4 Anaerobic Digestion of Aqueous Pyrolysis Liquid

The products from pyrolysis are results of different temperatures and residence time,
forming a vast variety of components, from easily degradable to inhibiting. APL contains
soluble organic fractions such as sugars, acetic acid, methanol, furfural, formaldehyde,
HMF and phenol and are considered as a feedstock for biogas production as these
compounds can be converted to methane by AD microorganisms (Cordella et al., 2012).
As AD consumes acetic acid directly to produce methane, it is a suitable technology to

use this acetic acid rich substance (Wen et al., 2020).

However, APL from pyrolysis is a challenging feed as it consists of known inhibitory
organic compounds such as cresol, hydroxyacetaldehyde, acetol, furans, N-heterocyclic
compounds and phenols together with several compound with unknown effect (Evans
and Milne, 1986; Fedorak and Hrudey, 1984; Huber et al., 2006; Kan et al., 2017; Liaw et
al., 2015; Rezaei et al., 2014).

Pyrolysis in conjunction with AD (Py-AD) is gaining interest as a low cost environmental
friendly option with some investigations already started (Cordella et al., 2012; Hubner
and Mumme, 2015). Life cycle analysis assessment performed on the coupling of AD and
pyrolysis has shown significant achievable reduction of greenhouse emission (Righi et

al., 2016).

APL from woody biomass has been subjected to AD for methane production. APL from
Douglas fir wood has been examined in AD and increased methane production was
observed in acetic acid (10 %) washed biomass compared to untreated, due to increased
concentration of levoglucosan and reduced concentration of hydroxyacetaldehyde
(Liaw et al., 2020). Continuous AD of APL from pine wood in UASB showed that 52 % of
APL was potentially biodegradable at organic loading rate (OLR) of 1.5 g COD/(L d) (Torri
et al., 2020). This should trigger more research on adaptation to this challenging

substrate in continuous flow AD to make it feasible for industrial scale.
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AD of APL from pyrolysis has been tested both through co-digestion and as a sole
substrate. Inhibition was targeted in batch tests, with observed efficient anaerobic
degradation of APL up to 1 g/L and complete inhibition at 20 g/L initial APL content
(Willner et al., 2004) suggesting dilution through co-digestion as a reasonable solution.
Co-digestion of up to 6.5 % (v/v) pyrolignitic acids (similar to APL), from pyrolysis of
wood residue, mixed with swine manure is reported for a biofilm based AD (Andreoni,
1990). Recently, APL has been used as an additive during the AD of swine manure and
observed improved methanogenic capacity because of trace elements in APL and
enhanced resistance of microorganisms to high total ammonia nitrogen (TAN)
concentration and its accumulation (Yu et al., 2020). Optimized integration of pre- and
post-treatments together with adapted mixed AD cultures may be the key for full-scale

AD of APL (Fabbri and Torri, 2016).

Although, experiment on APL of hot water extracted pine and spruce bark was
performed recently which showed promising result (Rasi et al., 2019), AD of APL from
hot water extracted woody biomass is still rare. Also, AD of undiluted APL of woody
biomass without co-digestion or using acclimatized inoculum has not been explored

more.

2.5 Pretreatment inhibitors during anaerobic digestion

The most prominent AD inhibitors produced during HWE are furfural and HMF together
with soluble lignin and its derivatives. A range of measures have been suggested to
counteract inhibition problems (Jonsson and Martin, 2016; Kim, 2018; Zabed et al.,
2019). Readers interested in details regarding detoxification of hydrolysates are
suggested review articles by Jonsson et al. (2013), Bhatia et al. (2020), Ko et al. (2015)
and Kumar et al. (2019).

The pyrolysis process also produces several toxic compounds to microorganism at
percentage level but several studies have shown that AD microorganisms adapt to these
compounds (Barakat et al., 2012; Benjamin et al., 1984; Fox and Noike, 2004). The ratio

of inhibiting compounds to inoculum influences the adaptation process (Park et al.,
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2012). Powdered activated carbon (PAC) and biochar have also been found useful in
mitigating inhibitory effects (Liu et al., 2017; Torri and Fabbri, 2014; Zhou et al., 2015).
Although biochar cannot be degraded to produce methane (Mumme et al., 2014), it can
be added during AD to help in detoxification of APL while also supporting biofilm,
favoring bio-methanation or enhancing electron transfer (Chen et al., 2014; Conti et al.,
2014; Shen et al., 2015b; Xu et al., 2015; Zhao et al., 2015) thereby enhancing the biogas
production. Developing a robust microbial consortia tolerant to toxicity of APL through
metabolic evolution of organism has also been found effective for successful AD (Zhou

et al., 2019).

2.5.1 Sugar derivatives

Sugar can degrade to furanic compounds which at high concentrations hamper
microorganisms by inhibiting cell growth, inducing DNA damage and inhibiting several
enzymes of the glycolysis pathway (Almeida et al., 2009; Palmqvist and Hahn-Haagerdal,
2000). Complete inhibition on methanogenic activity from furfural and HMF was
observed at the concentration of 2 g/L while partial inhibition was observed starting
from the concentration of 0.8 g/L depending on substrate compositions and inoculum
in batch, and the inhibition is more pronounced during thermophilic condition than
mesophilic condition (Ghasimi et al., 2016). Furfural and HMF may have additive
inhibitory effects when both are present (Taherzadeh et al., 1999), while furfural is
found to be more inhibitory compared to HMF due to its lower molecular weight which

eases its uptake by microbial cells (Modig et al., 2002; Quéméneur et al., 2012).

However, furfural and HMF has also been found to work as sole carbon sources (at ~2
g/L) to produce methane (Barakat et al., 2012). During AD both furfural and HMF can be
converted to less inhibitory compounds such as furfuryl and HMF alcohols by facultative
anaerobes in AD, while furfural can also be converted to furoic acid and acetate, before
being converted to methane and carbon dioxide (Liu et al., 2004; Monlau et al., 2014;
Rivard and Grohmann, 1991). For detailed mechanism of inhibitory products formation

during hydrothermal pretreatment, readers are referred to Nitsos et al. (2013).
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2.5.2 Soluble lignin

Soluble lignin dissolved along with the hemicellulose hinders efficient AD of hydrolysate
by inhibiting the growth of methanogens (Baeta et al., 2016; Barakat et al., 2012), with
negative linear correlation between lignin content and methane yield during AD of
cellulose, hemicellulose, manure wastes and acetate-rich wastewater (Li et al., 2018; Li
etal., 2013b). Areduced AD rate for methanogenesis, acidogenesis and hydrolysis by 15
%, 10 % and 35 %, respectively, at soluble lignin concentration higher than 5 g/L is

observed (Koyama et al., 2017).

Negligible amounts of lignin is broken down during AD with only 2-7 % of methane
produced from lignin during co-digestion of natural lignin (organosolv, kraft and
lignosulfonates) with xylose (Barakat et al., 2012), and only 1.4 % biodegradation of
hardwood lignin compared to 16.9 % of grass lignin (Benner et al., 1984). However,
elevated AD temperature was found to enhance conversion rate of lignin and lignified
substances to methane or lower molecular-weight aromatic compounds during AD

(Benner and Hodson, 1985).

2.5.3 Lignin derivatives

Lignin derivatives such as soluble phenolic compounds are formed at pretreatment
conditions above 160 °C (Hendriks and Zeeman, 2009). The produced phenolic
compounds have in many cases inhibitory and toxic effects on bacteria and
methanogens/archaea (Campos et al., 2009; Gossett et al., 1982; Hierholtzer et al.,
2013) as they can damage cell membranes, causing leakage of intracellular components
and lead to inactivation of essential enzymatic systems (Heipieper et al., 1994).
Inhibition by lignin derived phenolic compounds is directly related to molecular weight;
lower molecular weight are more toxic than high molecular weight phenolic compounds

(Clark and Mackie, 1984).

Microorganisms are however capable of adapting to soluble phenolic compounds
(Hendriks and Zeeman, 2009) with effective phenol degradation during AD (Fang et al.,

2004; Olguin-Lora et al., 2003; Rosenkranz et al., 2013) and Benzoate as a key
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intermediate (Fang et al., 2004; Hoyos-Hernandez et al., 2013). AD efficiency of different
phenols depends on temperature with higher degradation efficiency at mesophilic than
at thermophilic conditions (Leven et al., 2012; Levén and Schnirer, 2005). Some
degradation can also occur during the pretreatment with formation of the AD inhibiting

phenolic degradation products such as syringaldehyde and vanillin (Barakat et al., 2012).

2.5.4 Inhibitory and toxic compounds from pyrolysis

APL contains several toxic compounds and AD containing mixed anaerobic consortia
possible of adaptation to a wide range of chemical substances (Appels et al., 2011) can
be exploited for its capacity to degrade and convert such to methane (Torri and Fabbri,

2014; Wen et al., 2020).

Organics with molecular weight less than 1000 in HTL aqueous phase has been degraded

in AD batch tests (Chen et al., 2016).

Si et al. (2018) observed complete conversion of furfural and HMF to methane while
some phenolic compounds such as 4-ethyl-phenol and 3-hydroxypyridine degraded with

some inhibition in acetogenesis during continuous AD.

Pyridine and pyridine derivatives can also be converted by AD at low biodegradation
rates (Li et al., 2001). Pyridine degradation can be enhanced by nitrate as electron
acceptor (Shen et al., 2015a). Sun et al. (2011) observed a synergistic effect of the
inhibitors found in APL, in which phenol > 400 mg/L inhibited pyridine degradation.
However, inhibition caused by phenol on pyridine degradation was less in immobilized
compared to suspended cultures (Kim et al., 2006) implying that microbial aggregates

(e.g. biofilm and granules) may handle APL toxins better than reported batch tests.

2.6 Pretreatment tuning to increase overall anaerobic digestion

yield

Pretreatment conditions should be chosen based on primary objective while also

considering the utilization of bi-product streams for enhanced resource recovery. The
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whole process should be optimized according to the total set of products, including
methane production by AD of the liquid. In this perspective, efficient pretreatment must
extract hemicellulose while minimizing carbohydrates loss and limiting inhibitors
formation in the total process (Benjamin et al., 1984) so that the hydrothermal
extraction can produce value-added products, such as biogas, from compounds that are

otherwise wasted in other pretreatment schemes (Liu, 2015).

2.6.1 Hot water extraction

The hydrolysate composition after HWE vary depending upon the origin of
lignocellulosic biomass and process conditions such as reaction temperature, solid to
liquid ratio, type of reaction vessel and mode of operation, i.e, batch or continuous

(Ahmad et al., 2018).

Temperature affects the extraction mass removal (Lu et al., 2012), where an optimal
extraction severity can be observed. E.g. HWE of sorghum sundanense treated at 100 °C
for 1 hour produced the highest yield (0.282 m3 CHa/kg VS) of the conditions tested and
treatment at lower and higher temperatures led to lower AD methane yield (Sambusiti

et al., 2013).

A higher extraction pressure maintains the liquid hot water as solvent to solubilize
mainly the hemicellulose, which makes the cellulose better accessible for
microorganisms and reduces the formation of inhibitors (Hendriks and Zeeman, 2009;
Liu, 2015). pH can also influence the formation of inhibitors and should be maintained
between 4 and 7 (Mosier et al., 2005a). This optimized pH also maximizes the
solubilization of the hemicellulose fraction and reduces the formation of monomeric
sugars and therefore also the formation of inhibitory degradation products (Mosier et

al., 2005a).

2.6.2 Pyrolysis

Pyrolysis parameters should be tuned for higher APL yield if the side stream is to be

treated by AD, implying HTL with moderate temperature (around 400 °C) and short
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vapor residence time, producing bio oil. This will increase easily degradable ketones and
acids and decrease the concentration of recalcitrant or toxic carbon compounds such as
hydroxyacetaldehyde, acetol, furans, N-heterocyclic compounds and phenols in APL for
enhanced methane yield (Alvarez et al., 2014; Hierholtzer et al., 2013; Rezaei et al.,
2014). Parameter tuning should be chosen accordingly if biochar or syngas production
is also considered, where lower process temperature and longer vapor residence time
favors char production and high temperature and longer residence time increases

syngas formation (Bridgwater, 2012).

Physical, thermal, chemical and biological pretreatments on biomass before pyrolysis
can also help in avoiding inhibitors and increasing sugar concentration in the APL, to
favor AD methane production. HWE before pyrolysis removes hemicellulose and alkali
metals (Na and K) leading to increased sugar concentration, mainly levoglucosan, while
reducing possible AD inhibitors such as acetic acid, carboxylic acids, ketones and phenols
in the bio-oil (APL and organic phase) (Chang et al., 2013; Kan et al., 2016; Tarves et al.,
2017). Similarly, steam explosion pretreatment also reduces acids, furfural and HMF
concentration in the bio-oil (APL and organic phase) while increasing the concentration
of levoglucosan and other anhydrous (Hassan el et al., 2009; Kan et al., 2016; Wang et
al., 2011) increasing the methane production (Liaw et al., 2020). Comprehensive reviews
on details of such pre-treatments are published by Alvarez-Chavez et al. (2019) and

Kumar et al. (2020).
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3 Materials and methods

A brief overview of the pre-treatments used in the feed preparation, materials and
methods is included here. Detailed descriptions are available in the attached articles in

part Il.

3.1 Feed Preparation

Feeds used in AD are prepared at RISE-PFI, Trondheim, Norway. Hydrolysate from hot
water extracted Norway spruce and birch and APL from pyrolysis of Norway spruce and
birch (with and without HWE) was sent for AD experiments at University of South-

Eastern Norway (USN), Porsgrunn.

3.1.1 Raw materials

Woodchips of Norway spruce and birch were used for this experiment. The samples

were air dried to 93-94 % DM and fractionated to a size between 13 mm and 5 mm.

3.1.2 Hot water extraction

The wood chips were hot water extracted in a Mini-Mill Laboratory Digester (MMLD)
where a temperature of 140 °C or 170 °C was kept for 300 min or 90 min, respectively.
The temperatures and retention times were chosen based on literatures (Liu, 2015;
Nitsos et al., 2016), so as to extract maximum hemicellulose from the biomass without
the formation of AD inhibitors in the hydrolysate while also pretreating the solid
residues to be used in bio-char production. After the HWE, the hydrolysate was

collected, analyzed and tested for AD.

In order to describe the combined effects of pretreatment time and temperature for
each pretreatment, a severity factor (Eq. 1) (Overend and Chornet, 1987) is calculated
for each hydrolysate (Table 3.1).

T —100 (1)

Severity factor = log (Ry) = log(t X exp ( 14.75 )

Where, T (°C) is the pretreatment temperature and t (min) is the reaction time.
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Table 3.1 Severity factor for the hydrolysates from HWE

Hydrolysate samples | Hydrothermal pretreatment conditions | Severity factor
(log(Ro))
Temperature (°C) Time (min)
Norway 170 90 4.02
sprucel70/birch170
Norway 140 300 3.65
spruce140/birch140

3.1.3 Synthetic hydrolysate

Corresponding synthetic hydrolysates were prepared to closely simulate real
hydrolysate based on sugar concentrations and acetic acid while excluding inhibitors
(e.g., furfural, HMF, soluble lignin) content to study their effects on methane yield and

methane production rate. Synthetic hydrolysates also acted as positive control.

3.1.4 Pyrolysis

The wood chips (with or without HWE) were pyrolyzed in a pyrolysis development unit
at RISE PFI AS (Figure 3.1). The Pyrolysis Development Unit consists of a stainless-steel
fix bed reactor of 5.6 L located in an oven. A heated gas transfer line connects the reactor
with a condensation unit, consisting of two water-cooling condensers, an electrostatic
precipitator (ESP) and a silica gel filter. The vapours condensed in the water condenser
naturally phase separated into an organic phase and an aqueous phase. The condensate
was stored in the condensate bottles overnight before the top phase was decanted off.

The aqueous phases produced were used as feed for AD.
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Figure 3.1: Sketch of the pyrolysis rig at RISE PFI.

3.2 Anaerobic digestion

3.2.1 Batch reactors

3.2.1.1 Automatic methane potential test system (AMPTS Il)

Automatic Methane Potential Test System Il (AMPTS Il, Bioprocess Control® Sweden AB)
is a standardized laboratory set-up which automatically determines methane potential
of any biodegradable material by the water displacement method. It is equipped with a
heat bath, automatic stirrer motors and a CO; removal unit (Figure 3.2). The system is

monitored via software provided by the company.
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Figure 3.2: AMPTS Il set-up and equipment description (figure from Bioprocess
control's homepage).

3.2.1.2 Syringe test

Disposable plastic medical syringes (BD Plastipak, Franklin Lakes, NJ, USA) of 100 mL are
used as batch reactors to study the effect of OL on methane yield. Anaerobic condition
is maintained by removing air and sealed by a needle with silicone rubber stopper at the
tip (Figure 3.3). Biogas volume is measured by piston displacement in the syringe and is

collected and analysed for methane content.
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Figure 3.3: Syringe batch reactor test set-up with 100 mL medical syringe.

3.2.2 Continuous fed reactor (Unpublished)

A simplified UASB reactor (Figure 3.4a) of a 370 mL glass vessel with 345 mL working
volume (Bergland et al., 2015) was used in the experiment. The reactor was 130 mm
high and 60 mm wide with substrate inlet through a central tube ending around 10 mm
above the bottom of the reactor. A wide circular plate was installed at the end of the
inlet tube to distribute feed uniformly below the sludge bed. The lab-scale process line
is shown in Figure 3.4b. Biomass is retained inside the reactor by a solid separator
installed inside the reactor while the liquid and gas are separated outside the reactor
for efficient operation. The substrate tank was kept in a cooler (4 °C) while four
simplified UASB reactors were kept in a water bath to maintain mesophilic condition (35

°C).
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Figure 3.4 A) Sketch of lab-scale AD reactor with influent and effluent pipes and
separator. B) Diagram of schematic process line of lab-scale UASB.

About half of the reactor volume was filled with granular sludge (same as used in batch
tests). Four identical reactors were operated where two reactors were fed with
hydrolysates pretreated at 170 °C while the other two reactors were fed with

hydrolysates pretreated at 140 °C. A recirculation flow was maintained at 4 L/d to keep
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the granular sludge bed suspended. The feed was fed in pulse 24 times per day, feeding
rate increasing over time with increasing OLR. Initially 45 mL/d of feed was pumped into
the reactors giving OLR of 3.23 kg COD/(m3d) and hydraulic retention time (HRT) of 7.7
days for hydrolysate pretreated at 140 °C and OLR of 4.10 kg COD/(m3d) and HRT of 7.7
days for hydrolysate pretreated at 170 °C. OLR was increased gradually and values of

pH, COD removal and biogas production were observed.

Initially the feed pH was maintained at 6.5 using 2M NaOH but after day 63, feed with

pH as low as 5.6 was pumped into the reactors.

The feed was added macronutrients and micronutrients. A macronutrient solution was
made of NH4Cl (44.48 g/L), (NH4)H2PO4 (5.3 g/L), (NH4);HPO,4 (1.78 g/L), MgCl,:6H,0
(21.4 g/L), CaCly2H,0 (7.56 g/L) and NaHCOs (100 g/L). Similarly, the micronutrients
were prepared from Yeast Extract (2.5 g/L), FeCl36H,0 (0.2 g/L), ZnCly (5.2 g/L),
MnCl24H,0 (0.0472 g/L), (NH4)sM07024-4H,0 (0.064 g/L), AlKOgS»12H,0 (0.01 g/L),
CoCl6H20 (0.2 g/L), NiCl>'6H,0 (0.52 g/L), H3BO3 (0.12 g/L), CuCl,2H,0 (0.32 g/L) and
HCI (20 mL/L). The macronutrient solution was added to maintain a minimum COD:N:P
ratio of 350:5:1 (Baeta et al., 2013), while 4 mL micronutrient solution was added per

1000 L feed.

3.2.3 Integration of hot water extraction and anaerobic digestion

In this integration (Article 1 and 2), hydrolysates of Norway spruce and birch pretreated
at 140 °Cand 170 °C are anaerobically digested to evaluate the effects of pretreatment
conditions and biomass types on methane vyield from hydrolysates. Two AD

temperatures are utilized.

3.2.4 Integration of pyrolysis and anaerobic digestion

In this integration (Article 3), APL produced by pyrolysis of Norway spruce and birch
(without HWE) at two temperatures (400 °C and 550 °C) is digested anaerobically to
evaluate the effects of pyrolysis temperature and biomass types on methane yield from

APL.
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3.2.5 Integration of hot water extraction, pyrolysis and anaerobic digestion

3.2.5.1 Anaerobic digestion of aqueous pyrolysis liquid from hot water extracted

lignocellulosic biomass

In this integration (Article 4), Norway spruce and birch are hot water extracted at 140 °C
and 170 °C before pyrolysis at 400 °C (Figure 3.5). APL, thus obtained, is anaerobically
digested to evaluate the effect of HWE temperatures on methane yield from APL

compared to APL without HWE.

Norway spruce
or birch

\ 4

Hot water
extraction (140
°Cand 170 °C)

\ 4

Pyrolysis (400
°C)

Hydrolysate

APL

\ 4

Anaerobic
digestion

Figure 3.5: Integration of APL from pyrolysis of hot water extracted lignocellulosic
biomass and AD.

3.2.5.2 Anaerobic co-digestion of aqueous pyrolysis liquid from hot water extracted

lignocellulosic biomass and hot water extract (Cascade process)

In this integration (Article 4), APL and hydrolysate produced in section 3.2.5.1 are co-
digested in two different COD based ratios of 3:1 and 1:1 (Hydrolysate:APL) to study the
effect of co-digestion on methane yield compared to individually digested hydrolysate

and APL.

33



Nirmal Ghimire: Methane production from lignocellulosic residues

3.3 Analytical methods

3.3.1 Hot water extraction

The organic content of samples was determined as soluble (filtered through 0.45 um
pore size glass filter) and total COD values according to American public health
association (APHA) standard method 5220D using commercial kits (WTW™) and
Spectrophotometric method (APHA, 1995) in Spectroquant Pharo 300
spectrophotometer (Dramstadt, Germany). The carbohydrate composition was
analyzed according to the NREL procedure by Sluiter et al. (Sluiter et al., 2010), using a
Dionex ICS500 High-performance liquid chromatography (HPLC) system from
ThermoFisher Scientific. Approximations of the furfural and HMF concentrations in the
hydrolysates was done according to the procedure of Chi et al. (Chi et al., 2009), using a

UV 1800 from Shimadzu.

3.3.2 Pyrolysis
Water content was measured in all APL with Karl-Fischer titration on a Mettler Toledo
V20 Volumetric KF Titrator. Carbon content of the APL was analysed on a Thermo

Scientific Flash 2000 CHNS/O Analyzer.

3.3.3 Anaerobic digestion

VFA concentrations were carried out using gas chromatography HP 6890 serial C
(Hewlett-Packard) with a flame ionization detector and a capillary column (DB-FFAP 30
m long and 0.25 mm ID, 0.25 um film). Helium was used as the carrier gas at a flow
velocity of 5 mL/min with detector gases as hydrogen and air. The injector and the
detector temperatures were set to be 200 °C and 250 °C, respectively. The oven was
programmed to start at 80 °C and hold for 1 min, then to 180 °C at a rate of 30 °C/min,
then to 230 °C at a rate of 100 °C/min. Biogas compositions of samples were analyzed
using SRI 8610C Gas chromatography using Helium as a carrier gas and oven

temperature kept constant at 83 °C, calibrated with a standard mixture of 60 % methane
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and 38 % carbon dioxide. pH was measured using Beckman 300 pH meter equipped with

Sentix-82 pH electrode or WTW™ inolab pH7110.

4 Results and discussions

An overview of results obtained during the AD of hydrolysate and APL leading to
scientific papers (listed in part 1) as well as unpublished results are presented and

discussed in this chapter.

4.1 Anaerobic digestion of hydrolysate (Article 1, 2, 4 and

unpublished results)

The effect of pretreatment conditions (temperature and retention time) and types of
biomass (hardwood (birch) and softwood (Norway spruce)) on batch methane
production from hydrolysate is evaluated in sub-section 4.1.1. Similarly, the effects of
OL and AD temperature on methane production in batch reactors has been summarized
in sub-section 4.1.2 and 4.1.3, respectively, and mesophilic continuous AD (unpublished)
is summarized in sub-section 4.1.4 taking Norway spruce hydrolysate as feed. The work

is presented in articles 1, 2 and 4.

4.1.1 Effect of pretreatment severity and biomass types on methane vyield

and rate from Norway spruce and birch hydrolysate

Results:

During AMPTS Il batch tests, methane yields from hydrolysates pretreated at 140 °C
were higher compared to the hydrolysates pretreated at 170 °C, during both mesophilic
and thermophilic conditions at the organic loading of 10 and 20 g COD/L (Figure 4.1).
Birch (hardwood) hydrolysate pretreated at 140 °C had 15 % more methane yield
compared to hydrolysate pretreated at 170 °C while for Norway spruce (softwood) the
increase was not significant (3 %) during mesophilic AD at OL of 10 g COD/L. While
comparing Norway spruce hydrolysate results, the methane yield values during

mesophilic conditions at OL of 20 g COD/L were significantly lower than the methane
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yields at OL of 10 g COD/L. Methane yield of Norway spruce hydrolysate pretreated at
170 °C during the OL of 20 gCOD/L was 42 % lower compared to only 18 % of hydrolysate
pretreated at 140 °C, suggesting that the effect of pretreatment temperature was more

pronounced at higher OLs.
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MesophilicBirch@10  MesophilicSpruce@10 MesophilicSpruce@20 ThermophilicSpruce @20
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HWE at 140°C ®HWEat 170°C

Figure 4.1 Methane yields of Norway spruce and birch hydrolysates, pretreated at 140
°C and 170 °C, under mesophilic and thermophilic conditions at organic load of 10 and
20 g COD/L in AMPTS II.

Discussion:

The lower methane yield of hydrolysate pretreated at 170 °C compared to 140 °Cin most
of the cases during AD batch tests can be attributed to higher concentration of inhibitors
as higher pretreatment temperature that leads to higher sugar dissolution which
increases the concentration of AD inhibiting sugar degradation products such as furfural
and HMF (Monlau et al., 2014). Hydrolysate pretreated at 170 °C is also expected to
have higher concentration of complex recalcitrant compounds and soluble lignin than
pretreatment temperature at 140 °C which remain undigested, is slowly degraded or
acts as inhibitor in different steps of AD (Benner et al., 1984; Jimenez et al., 1990;
Koyama et al., 2017). Higher concentration of inhibitors and soluble lignin also led to
longer lag phase between the two methane production peaks compared to the

pretreatment temperature of 140 °C indicating longer time taken by the microorganism
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to adapt to the oligomers and complex compounds broken down during the second peak
(Benjamin et al., 1984) and also possibly slow breakdown of some part of soluble lignin

(Benner and Hodson, 1985).

Higher methane yield in birch (hardwood) hydrolysate pretreated at 140 °C compared
to Norway spruce (softwood) can be attributed to better hemicellulose extraction of
hardwood due to its higher content of hemicellulose, type of hemicellulose (acetylated
xylans), lower lignin content and the more complex nature of the lignin component to
extract (Pan et al., 2005; Vivekanand et al., 2013). However, higher hemicellulose
concentration in hardwood also leads to higher degradation product concentration at
high pretreatment temperature with products hampering the methane yield as
observed in birch pretreated at 170 °C. Higher concentration of furfural (0.66 g/L) in
birch hydrolysate pretreated at 170 °C gave slightly lower methane yield as observed by
others at nearly similar concentration (Ghasimi et al., 2016). Synergistic inhibition effect
from individual inhibitors may also have affected the methane yield (Mussatto and

Roberto, 2004).

4.1.2 Effect of organic load during anaerobic digestion of Norway spruce

hydrolysate

Results:

During mesophilic syringe batch tests, increasing OL beyond 10 g COD/L had significant
effect on the methane yield of hydrolysate pretreated at 170 °C, unlike hydrolysate
pretreated at 140 °C (Figure 4.2). Hydrolysate pretreated at 140 °C had no effect of OL
on methane yield and the values were around 0.7 g COD/g COD for all OLs. During
thermophilic syringe batch tests, increasing OL of the both hydrolysates pretreated at

170 °C and 140 °C had similar trend of negative effect on the methane yield.
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Figure 4.2 Variations of methane yield of Norway spruce hydrolysates, pretreated at
140 °C and 170 °C, during mesophilic and thermophilic conditions at organic loadings
of 6, 10, 20 and 30 g COD/L.

Discussion:

Hydrolysate pretreated at 140 °C seems to be better suited for higher OLs compared to
hydrolysate pretreated at 170 °C in both thermophilic and mesophilic conditions. A
decrease in methane yield with increase in OL can be explained by inhibition from the
increased stress on microorganisms due to imbalance between VFA production and its
consumption and the increasing effect of inhibitor at increased OLs. Since high OL during
mesophilic condition did not compromise methane yields from hydrolysate pretreated
at 140 °C, lower methane vyield (32 %) of hydrolysate pretreated at 170 °C can be
attributed to inhibition only from inhibitors such as furans and possible soluble lignin
and lower methane yield (19 %) of hydrolysate pretreated at 140 °C compared to the
synthetic hydrolysate (positive control) is primarily due to recalcitrant compounds and

not inhibition.
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4.1.3 Effect of anaerobic digestion temperature of Norway spruce

hydrolysate

Results:

During thermophilic condition the methane yield from syringes (Figure 4.2) of
hydrolysate pretreated at 140 °C was hampered by increased OL unlike mesophilic
condition. Thermophilic condition also resulted in a significantly lower methane yield of

hydrolysate pretreated at 170 °C compared to mesophilic condition.

During AMPT Il tests thermophilic AD (55 °C) of Norway spruce hydrolysate pretreated
at 140 °C resulted in lower methane yield (12 %) than mesophilic AD (35 °C) during the
OL of 20 g COD/L. However, thermophilic AD had higher methane yield (10 %) than

mesophilic AD when the hydrolysate was pretreated at 170 °C (Figure 4.3).
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Figure 4.3 Methane yield of hydrolysates of Norway spruce pretreated at 140 °C and
170 °C under mesophilic and thermophilic AD conditions.

Methane production rates of Norway spruce hydrolysates were higher during
mesophilic condition compared to thermophilic condition, and hydrolysates pretreated
at 140 °C had higher methane production rates compared to hydrolysates pretreated at

170 °C during the both mesophilic and thermophilic condition (Figure 4.4).
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Figure 4.4 Methane production rates of hydrolysates of Norway spruce pretreated at
140 °C and 170 °C under mesophilic and thermophilic AD conditions.

Discussion:

The methane yield of hydrolysate pretreated at 140 °C was hampered by increased OL
during syringe batch tests at thermophilic condition unlike mesophilic condition and can
be explained by pronounced effect of furan inhibitors during thermophilic condition
compared to mesophilic condition (Ghasimi et al., 2016). The lower methane yield is also
observed during AMPTS Il tests at high load. It was also a significantly lower methane
yield during syringe tests of hydrolysate pretreated at 170 °C compared to hydrolysate
pretreated at 140 °C at thermophilic condition explained by the pronounced effect of
furan inhibitors. The possible effect of furan inhibitors can also be observed during
methane production rate as the hydrolysate pretreated at both pretreatment
temperatures of 140 °C and 170 °C during thermophilic condition was lower compared

to mesophilic condition.

Interestingly, hydrolysate pretreated at 170 °C during thermophilic AD in AMPTS Il at OL
of 20 g COD/L gave slightly higher methane yield compared to mesophilic condition
which was also observed in syringe tests at low OLs for hydrolysate pretreated at 140
°C. This could be explained by improved degradation of soluble lignin at thermophilic

condition (Benner and Hodson, 1985) as there are reported several degradation effects
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of AD temperature (Ghasimi et al., 2016; Benner and Hodson, 1985). However, 53 days
adaptation period of mesophilic granular sludge to thermophilic condition in the
laboratory might not have been enough resulting in slower rate effects during

thermophilic AD process.

4.1.4 Continuous AD of Norway spruce hydrolysates in a high rate reactor

(Unpublished results)

Results:

During the AD of Norway spruce hydrolysate pretreated at 140 °C, the start-up was quick
and biogas production started immediately. Biogas flow and yield were stable during
the start of experiment (from day 0 to 20) when OLR was stable (Figure 4.5). When OLR
was increased starting on day 26, biogas production increased accordingly but the yield
decreased suggesting overloading conditions. When OLR was reduced to less than 1 kg
COD/(m?3 d), the biogas yield started increasing and remained constant at around 0.4
m3/kg COD with stable reactor performance. The biogas yield remained almost constant
when OLR was increased up to 5 kg COD/(m3 d). However, the biogas yield started
reducing below 0.4 m3/kg COD when OLR was increased above 5 kg COD/(m3d) and
reduced to 0.22 m3/kg COD at the highest operative OLR (7 kg COD/(m3d)). During the
stable operation (day 68 to 130), biogas yield was 0.43+0.06 m3/kg COD corresponding
to methane vyield of 0.24 m3/kg COD or 213 NmL/g COD (taking average value of

methane content from 27 samples, 56.1+4.1 %).
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Figure 4.5 Biogas production during OLR increase over time during AD of Norway
spruce hydrolysate pretreated at 140 °C.

Similarly, during AD of Norway spruce hydrolysate pretreated at 170 °C, the biogas yield
was stable after a slow start (Figure 4.6). During day 8 to 20, the biogas yield was around
0.45 m3/kg COD but decreased with the increase of OLR to 5.2 kg COD/(m3 d). Biogas
flow increased with the increase of OLR ultimately failing at OLR of 8.7 kg COD/(m?3d).
The reactors failed to recover and had to be restarted again after replacing with new
batch of granular sludge. The reactor produced biogas immediately after new start-up
at lower OLR. The biogas yield was stable from day 45 to 72 in which biogas yield was
0.39+0.07 m3/kg COD corresponding to methane yield of 0.21 m3/kg COD (taking
average value of methane content from 15 samples, 54.4+3.44 %). When OLR was
increased to 4.5 kg COD/(m3 d), biogas yield decreased to 0.28 m3/kg COD and

completely failed upon further OLR increase suggesting overloading condition.

42



Nirmal Ghimire: Methane production from lignocellulosic residues

e S
o » o wu o
-
o

=
wn
w A~ U1 O N ® ©

Biogas yield (m3/kg COD)
OLR (kg COD/(m3d))

=
o

Biogas Production (L/(L d))

N

©
"
|

o
o

0 20 40 60 80 100 120 140 160

Time (d)
—&— Biogas production Biogas yield == OLR

Figure 4.6 Biogas production during OLR increase over time during AD of Norway
spruce hydrolysate pretreated at 170 °C.

Discussion:

During the stable operation (day 68 to 130) of hydrolysate pretreated at 140 °C, the
methane yield was 213 NmL/g COD which is similar to the batch mesophilic AD value
obtained at OL of 20 g COD/L (210 NmL/g COD) but 16 % lower than at OL of 10 g COD/L
(254 NmL/g COD). For hydrolysate pretreated at 170 °C during the stable operation (day
45 to 72) the methane yield was 175 NmL/g COD which is 18 % higher than obtained
during the batch mesophilic AD at OL of 20 g COD/L (148 NmL/g COD).

Continuous AD of Norway spruce hydrolysates pretreated at 140 °C and 170 °C also
revealed the effect of pretreatment temperature on methane yield similar to the results
of batch AD. Hydrolysate pretreated at 170 °C had lower methane yield compared to
hydrolysate pretreated at 140 °C as in batch AD experiments. Methane vyield of
hydrolysate pretreated at 140 °C was similar in continuous and batch AD while
hydrolysate pretreated at 170 °C had improved methane yield (18 %) during continuous
AD and can be attributed to lower OLR compared to batch AD (20 gCOD/L), which had
lower inhibition from furan inhibitors and soluble lignin. AD microorganisms might also

have adapted to hydrolysate during continuous AD. Failure of the reactor at lower OLR
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while running hydrolysate pretreated at 170 °C than hydrolysate pretreated at 140 °C
also suggests higher inhibition to AD microorganisms. However, replacement of granular
sludge leading to lower acclimatization period in reactors running with hydrolysate
pretreated at 170 °C could also have played a major role in failure of the reactors at

lower OLR compared to reactors running with hydrolysate pretreated at 140 °C.

4.2 Anaerobic digestion of aqueous pyrolysis liquid (Article 3)

Results obtained during the AD of APL prepared from two different types of biomass
(birch and Norway spruce) at the pyrolysis temperatures 400 °C and 550 °C are
presented, and the effect of pyrolysis temperature and biomass type on methane yield

from aqueous pyrolysis liquid is evaluated.
Results:

APL from the pyrolysis used as feedstock in AD gave methane yields depending on the
type of biomass and the pyrolysis temperature (Figure 4.7). APL of birch from pyrolysis
at 400 °C and 550 °C had a methane yield of 44 % and 49 %, respectively, of theoretical
achievable. A small increase in yield was observed with the increase in pyrolysis
temperature for birch. Contrarily, a large decrease in methane yield from 59 % to 32 %
was observed from the APL of Norway spruce with the increase in pyrolysis temperature
from 400 °C to 550 °C. The common trend for both birch and Norway spruce is a

decrease in methane yield with increased carbon content in the APL (Figure 4.8).
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Figure 4.7 Methane yield of APL from pyrolysis of Norway spruce and birch at 400 °C
and 550 °C.
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Figure 4.8 Methane yield decreasing with increasing carbon content in APL.

Discussion:

The methane yield of APL from birch and Norway spruce ranged from 32 % to 59 % which
is comparable to 52 % of APL of pine wood during continuous AD (Torri et al., 2020).
Birch (hardwood) had higher concentration of carbon content in APL (dry basis, wt %)
and unlike Norway spruce, the carbon content was higher in APL from pyrolysis
temperature of 400 °C compared to 500 °C. The effect of carbon content on methane
yield from hardwood APL was lower compared to softwood APL although the difference

in carbon content between APL pretreated at different temperatures was significant.
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The lower effect of carbon content in methane production from hardwood APL can be
explained by the lower lignin content (21 wt. % dry basis) (Parparita et al., 2014) and
complex lignin structures (syringil-guaiacyl lignin) of hardwood compared to softwood
(guaiacyl lignin) (Fahmi et al., 2008), therefore breaking down at a lower rate yielding
less inhibitory APL (Torri et al., 2016). Norway spruce (softwood) had a significant effect
of carbon content on methane yield since the lignin content of Norway spruce is high
(27.6-29.4 wt. % dry basis) (Parparita et al., 2014). This leads to Norway spruce APL
composed of higher concentration of complex phenols with higher molecular weight

(Stefanidis et al., 2014).

4.3 Anaerobic digestion of aqueous pyrolysis liquid from

pyrolysis of hot water extracted biomass (Article 3 and 4)

Results obtained during the AD of APL prepared from two different types of biomass
(birch and Norway spruce) at the pyrolysis temperatures 400 °C after hot water
extraction at 140 °C and 170 °C are presented, and the effect of hot water extraction on

methane yield from aqueous pyrolysis liquid is evaluated.

Results:

4.3.1 Norway spruce

Methane yield from APL of Norway spruce (softwood) decreased significantly when the
biomass was hot water extracted at 140 °C before pyrolysis but the difference was
insignificant at HWE of 170 °C (Figure 4.9). Methane yield of 0.59 gCOD/gCOD was
observed during the AD of APL of Norway spruce without HWE but methane yield
decreased to 0.49 gCOD/gCOD at HWE temperature of 140 °C. The difference in
methane yield between pretreatment temperatures of 140 °C and 170 °C was however

not significant.
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Figure 4.9 Methane yield of APL from pyrolysis of Norway spruce at 400 °C with (at
140 °C and 170 °C) and without HWE.

4.3.2 Birch

HWE before pyrolysis had a significant positive effect on the methane yield from APL of
birch (Figure 4.10). Methane yield from APL of birch without HWE before pyrolysis was
0.44 g COD/g COD and the value improved with the increase in HWE temperature to
0.49 g COD/g COD and 0.52 g COD/g COD for 140 °C and 170 °C, respectively. However,

the effect of HWE temperatures on the methane yield was not significant.
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Figure 4.10 Methane yield of APL from pyrolysis of birch at 400 °C with (at 140 °C and
170 °C) and without HWE.

Discussion:

The methane yield of APL from hot water extracted birch improved compared to
untreated biomass and can be attributed to the removal of hemicellulose and alkali
metals (Na and K) by HWE leading to increased sugar concentration, mainly
levoglucosan, while reducing possible AD inhibitors such as acetic acid, carboxylic acids,
ketones and phenols in the bio-oil (Chang et al., 2013; Kan et al., 2016; Tarves et al.,
2017). On the other hand, the methane yield of APL from hot water extracted Norway
spruce at 140 °C decreased compared to APL from untreated Norway spruce. The
inconsistency might be due to different biomass types and is beyond the scope of this
research. Although the tested HWE temperature before pyrolysis had no significant
effect on the methane yield, the digestion period was longer in the case of APL from hot
water extracted biomass at low temperature as lower amount of hemicellulose and
lignin were extracted from the biomass during low HWE temperature which might have

increased the concentration of furan and phenolic compounds in the APL during

pyrolysis.

4.4 Anaerobic co-digestion of hydrolysate and APL (Article 4)

Co-digestion of the two waste streams of hydrolysates and corresponding APL, creating

a cascade processing, is shortly presented and evaluated in this section.
Results:

A co-digestion ratio of 3:1 (Hydrolysate:APL) improved the methane yield by 40 % and 6
% in Norway spruce and 26 % and 59 % in birch pretreated at 140 °C and 170 °C
respectively compared to the 1:1 ratio cases. At the 3:1 ratio, the yield was higher than
the sum yield of individual substrates, except Norway spruce pretreated at 170 °C.
Similarly, regression analysis showed that the relationship between methane yield and
volume of APL was relatively strong (R?=0.73) (Figure 4.11). During the co-digestion ratio

of 1:1, the methane yield in all the samples was found to be significantly lower than the
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sum yield from the individual substrates (APL and hydrolysate). However, at the 3:1 ratio

the yield was not significantly different than the sum yield of individual substrates.
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Figure 4.11 Variation of methane yield with amount of APL during co-digestion with
hydrolysate.

Discussion:

Diluting APL with a higher amount of sugar rich hydrolysate improved methane yield by
reducing toxicity and inhibition of APL which was also observed in reduced digestion
period, an absence of lag phase during co-digestion ratio of 3:1 compared to 1:1. APL
has also been previously co-digested with swine manure as an additive to observe
improved methanogenic activity (Yu et al., 2020). Relatively strong relationship during
regression analysis implies that the amount of APL should be carefully controlled for

enhanced methane yield during the co-digestion.
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5 Conclusions

Innovative cascade processing of hot water extraction before pyrolysis followed by co-
digestion of the corresponding waste streams hydrolysate and APL during AD is
presented, evaluated and found to be a promising approach. The cascade processing
was found to be an effective method for methane production in batch reactors while
the hydrolysate was also run in continuous high rate AD reactor and found to handle a

wide range of OLRs supported by values of pH, COD removal and biogas production.

The overall research finding of effects of biomass types, HWE pretreatment severity,
pyrolysis temperature, AD temperature and OL, HWE before pyrolysis and co-digestion
(hydrolysate and APL) on methane production is summarized in this chapter. Further
recommendations to understand underlying mechanisms of AD of hydrolysate and APL

are also summarized at the end of the chapter.

5.1 Effect of HWE pretreatment severity and biomass types on

anaerobic digestion

e AD was found to be an effective method for methane production from organic
rich waste streams of birch and Norway spruce hydrolysate as feedstock with
biodegradability ranging from 69 to 79 % in batch reactors and 50 to 61 % in
continuous reactors.

e Birch hydrolysate pretreated at 140 °C had 15 % more methane yield than birch
hydrolysate pretreated at 170 °C and is attributed to lower concentration of
inhibitors and possibly soluble lignin. For Norway spruce hydrolysate the
difference in methane yield was insignificant between pretreatment at 140 °C
and 170 °C in batch AD, but hydrolysate pretreated at 140 °C gave higher
methane yield during continuous AD.

e Pretreatment at 140 °C resulted in higher methane yield from birch hydrolysate
than Norway spruce, with opposite result from pretreatment at 170 °C which
gave lower methane yield from birch hydrolysate compared to Norway spruce

suggesting higher pretreatment temperature leads to increased sugar
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5.2

5.3

degradation products in birch compared to Norway spruce, inhibiting the AD

process.

Effect of organic load and temperature during anaerobic

digestion of Norway spruce hydrolysate

During mesophilic AD, increasing OL beyond 10 g COD/L had a significant
negative effect on the methane yield of Norway spruce hydrolysate pretreated
at 170 °C, unlike 140 °C that had slightly lower methane production rate at high
OL but without a compromise in the methane yield suggesting that reduced
methane yield with an increase in OL is primarily due to inhibitors present in the
feed such as furans and soluble lignin. This implicates that Norway spruce
hydrolysate pretreated at 140 °C is more suited for high rate reactors where only
recalcitrant compounds and not inhibitors are influencing the methane yields,
while for Norway spruce hydrolysate pretreated at 170 °C, both recalcitrant
compounds and inhibitors are reducing methane rates and vyields. At
thermophilic condition, the effect of inhibitors was however more pronounced
and influencing the methane yield from both Norway spruce hydrolysate
pretreated at 140 °C and 170 °C.

Norway spruce hydrolysate pretreated at 140 °C had higher methane yield
during mesophilic condition compared to thermophilic condition suggesting
pronounced effect of furan inhibitors during thermophilic condition. Although,
the hydrolysate pretreated at 170 °C had lower methane yield during mesophilic
condition, improved methane production rate could be observed during

mesophilic AD of both hydrolysates.

Effect of pyrolysis temperature and biomass types on

anaerobic digestion of aqueous pyrolysis liquid

e AD recovered reasonable amounts of carbon (32 to 59 %) from the APL of

intermediate pyrolysis of Norway spruce and birch as biomethane in batch
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reactors, showing the potential of high carbon recovery from APL with well
adapted microorganisms, improved continuous systems and enhancing
additives.

e The biomethane yield in the case of Norway spruce APL was much lower (46
%) at pyrolysis temperature 550 °C compared to 400 °C while the methane
yields of birch APL were about 50 % (based on COD) at both temperatures
suggesting that the lower pyrolysis temperature is better for Norway spruce
to produce APL with lower concentration of inhibitors from degradation of
softwood lignin.

e A decrease in methane yield with increased carbon content in the APL was
observed for both birch and Norway spruce. The effect is largest for Norway
spruce (softwood) with a larger and less complex lignin content, leading to
higher concentrations of recalcitrant and toxic compounds in the

intermediate pyrolysis APL.

5.4 Effect of hot water extraction before pyrolysis on anaerobic
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digestion of aqueous pyrolysis liquid

Mesophilic methane yield of the APL from pyrolysis of birch after HWE was
higher than the APL from pyrolysis without HWE suggesting that HWE before
pyrolysis is beneficial for birch if APL is considered as feed for AD as HWE
improves sugar concentration (mainly levoglucosan) in APL while removing
possible AD inhibitor (acetic acid, carboxylic acids, ketones and phenols)
concentrations. However, the choice of tested HWE temperature had no
significant effect on methane yield.

HWE at 140 °C before pyrolysis decreased methane yield from APL of Norway
spruce while HWE at 170 °C had no significant effect.

Although the choice of HWE temperatures had no significant effect on methane
yield, they had some effect on production rate in both Norway spruce and birch

since HWE at 140 °C resulted in longer digestion time compared to 170 °C for
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both biomass types suggesting higher reduction of possible inhibitor precursors

at 170 °C.

5.5 Anaerobic co-digestion of hydrolysate and aqueous
pyrolysis liquid

e Mesophilic co-digestion of APL with hydrolysate enhanced the overall methane

yield at the COD based feed ratio of 3:1 (hydrolysate:APL) compared to the ratio

of 1:1, while the enhancement was not significant compared to individual

digestion suggesting that the use of APL as an additive feed in moderate ratios

to hydrolysate in AD can be advantageous considering the volume of the feeds

typically available in the process scheme investigated, the toxicity of the APL and

the easy bio-degradation of the hydrolysate.

5.6 Further recommendations

5.6.1 Anaerobic digestion process

Most of the experiments performed during this study are batch tests to evaluate the
biodegradability and methane production potential of the substrates. Thus, data
obtained from the batch experiments such as methane yield can be used to study
continuous tests which can be used to assess the performance and stability of reactors,
adaptation and acclimatization of microorganism strains and breakdown of the
inhibitors present in the hydrolysate and APL, which are more important for industrial
application. Additives such as biochar, a solid by-product of the pyrolysis process, can
also be used during the AD process to help the microorganisms cope with inhibitors in
the hydrolysate and APL. Activated sludge from aerobic wastewater treatment plant can
be utilized as co-substrate with hydrolysate and APL as a stable and nutritious source.
Similarly, co-digestion with nitrogen rich substrate to maintain C/N ratio without
nitrogen supplement (used in this study) is interesting to avoid extra cost. Syngas which

is not considered in the integration during this PhD work should also be used as possible
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AD feed to enhance energy recovery, perhaps in a pressure reactor for enhanced

diffusion.

5.6.2 Pretreatment of anaerobic digestion feed

AD process is inhibited by various toxic compounds such as furans and phenolic present
in the hydrolysate and APL. Therefore, detoxification strategies such as use of activated
carbon, calcium hydroxide, ion exchange resins and oxidative process should be
considered to lower negative impacts of toxic compounds on the methane production

and cell growth.

5.6.3 Microbiology

Microbial communities should be studied to evaluate time needed for adaptation or
alteration of microbial community to handle the inhibiting and toxic compounds present

in the hydrolysate and APL.

5.6.4 Anaerobic digestion model 1 (ADM1) modeling

ADM1 modeling of continuous AD of hydrolysate with the consideration of inhibition of
furfural and HMF is very useful for industrial application. Similarly, APL being a very
challenging AD feed due to various known and unknown inhibitors, its simulation in
ADM1 can give providing important information before considering it for pilot or

industrial scale.
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Abstract: Norway spruce (Picea abies) is an industrially important softwood species available in
northern Europe and can be used to produce bio-methane after proper pretreatment to overcome
its recalcitrant complex structure. Hot water extraction (HWE) pretreatment at two different
conditions (170 °C for 90 min (severity 4.02) and 140 °C for 300 min (severity 3.65)) was applied to
extract hemicellulosic sugars from Norway spruce for thermophilic anaerobic digestion (AD) of the
hydrolysate. The methane yield of hydrolysate prepared at the lower pretreatment severity was
found to be 189 NmL/gCOD compared to 162 NmL/gCOD after the higher pretreatment severity
suggesting higher pretreatment severity hampers the methane yield due to the presence of inhibitors
formed due to sugars and lignin degradation and soluble lignin, extracted partially along with
hemicellulosic sugars. Synthetic hydrolysates simulating real hydrolysates (H170syn and H140syn)
had improved methane yield of 285 NmL/gCOD and 295 NmL/gCOD, respectively in the absence
of both the inhibitors and soluble lignin. An effect of organic loadings (OLs) on the methane yield
was observed with a negative correlation between OL and methane yield. The maximum methane
yield was 290 NmL/gCOD for hydrolysate pretreated at 140 °C compared to 195 NmL/gCOD for
hydrolyate pretreated at 170 °C, both at the lowest OL of 6 gCOD/L. Therefore, both pretreatment
conditions and OL need to be considered for efficient methane production from extracted hydrolysate.
Such substrates can be utilized in continuous flow industrial AD with well-adapted cultures with
stable organic loading rates.

Keywords: lignocellulosic biomass; Norway spruce; hot water extraction; hydrolysate; anaerobic
digestion; thermophilic

1. Introduction

Biofuels are of great interest to reduce excessive dependence on fossil fuels that trigger issues
related to global warming and energy security. Lignocellulosic biomass such as wood, food wastes,
energy crops, and agricultural and forest residues are the most abundant renewable sources for biofuels
and do not compete with food production. Methane production from such biomass can reduce a
significant fraction of fossil fuel usage paving ways for a cleaner environment in a sustainable way.

Spruce, a softwood, is found abundantly as the major forest reserve in Nordic countries [1] and
can be considered as a potential source of biogas due to its high carbohydrate content. However, its
inherent recalcitrant structure and complex composition must be overcome to enhance hydrolysis
and further conversion by anaerobic microorganism [2]. Various pretreatments, such as mechanical,
thermal, chemical, and biological methods, have been attempted on lignocellulosic biomass prior to
anaerobic digestion (AD) to enhance methane production. Hot water extraction (HWE) has several
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advantages and is widely accepted as a green technology as it involves only lignocellulosic biomass
and water and avoids corrosion problems, acid recycling, and formation of neutralization sludges [3-5].
HWE, usually carried out at temperatures between 120 °C and 230 °C and various pressure conditions
for different retention times, effectively dissolves hemicellulose sugars which may be beneficial to
the anaerobic digestion in theory [6]. This liquid hydrolysate is rich in oligomeric and monomeric
products like xylose, glucose, mannose, arabinose, and galactose [7] and is a suitable substrate for
AD [8]. AD on hydrolysate, instead of AD on the original lignocellulose, overcomes problems related
to traditional solid-state (SS) or semi SS-AD such as higher retention time, poor biodegradation, low
methane yield, and acidification [9]. In addition to the hemicellulosic sugars in the liquid hydrolysate,
inhibiting compounds are also formed due to degradation of sugar molecules during HWE [10] which
usually inhibit bacteria and archea and operating parameters of the pretreatment need to be optimized
to reduce their formation [11]. The nature and concentration of such inhibiting compounds depend
upon the condition of pretreatment of the raw material types [12]. The main inhibitors are furfural and
5-hydroxymethylfurfural (HMF) formed by the dehydration of pentose and hexose sugars respectively
in addition to degradation products of lignin polymer such as phenol, cresol, syringaldehyde, and
vanillin [12].

Temperature plays a crucial role in AD as increased temperature leads to increased reaction rate
in biochemical systems [13]. Thermophilic AD (55-60 °C) is considered a highly-efficient system due
to a better pathogen inactivation and enhanced biogas production rate compared to mesophilic AD
(35-40 °C) [13]. However, several studies have reported that thermophilic AD is susceptible to VFAs
accumulation (especially propionic acid), inhibiting the methanogenic activity and decreasing the
pH-buffer system [14-16]. Besides the operating condition, a higher proportion of feeding can also
influence the rate of anaerobic digestion. The organic loading (OL) of the reactor with a reasonable
amount of inoculum, also called substrate-to-inoculum ratio (S/I), is an important parameter when
estimating methane potential [17]. High OL leads to VFA accumulation inhibiting the methanogens,
thus lowering the amount of methane produced. On the contrary, lower OL cannot provide enough
nutrition for microorganism growth, thus hampering the AD process [18].

Although hot water extracted hydrolysates of several agricultural residues and energy crops
have been anaerobically digested to produce methane [11,19,20], AD of woody biomass hydrolysate
(especially spruce) is still lacking. Among the available experiments, very few [21] are conducted in
a thermophilic condition although it would save energy cost cooling the hydrolysates prepared at
high temperatures. It is also imperative to test AD of hydrolysate prepared at different pretreatment
conditions to have an overview of the effects of possible inhibitors in methane production due to the
severity of the pretreatment.

This paper aims to evaluate the methane yield in thermophilic AD condition from hot water extract
of Norway spruce pretreated at two different pretreatment severities, also by testing corresponding
synthetic hydrolysates and the effect of organic loadings in AD.

2. Materials and Methods

Norway spruce is pretreated using hot water extraction before anaerobic digestion is conducted
on the hydrolysate. Synthetic similar substrates, without inhibitors from the pretreatment, are also
anaerobic digested and compared with the spruce hydrolysates. Two batch AD methods are used,
syringe and automatic methane potential testing system (AMPTS II).

2.1. Raw Materials

Wood chips of Norway spruce was used for the experiment. The wood chips had a dry matter
content of 44.5% when received from a Norwegian forestry company. The sample was air dried to
93.9% dry matter, hammer milled with 1000 RPM through a 19 mm hole screen and fractionated to a
size between 13 mm and 5 mm.
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2.2. Hot Water Extraction (HWE)

The wood chips were hot water extracted in a Mini-Mill Laboratory Digester (MMLD) from MK
Systems Inc. Distilled water and wood chips were mixed in a 5:1 weight ratio and loaded into the
MMLD before preheated at 110 °C for 20 min. The temperature was then increased to the target
temperature of 140 °C or 170 °C over the course of 20 or 30 min, respectively, while the final temperature
was kept for 300 min or 90 min, respectively. After the HWE, the hydrolysate was collected, analyzed
and tested for anaerobic digestion.

In order to describe the combined effects of pretreatment time and temperature for each
pretreatment, a severity factor (Equation (1)) [22] is calculated for each hydrolysate (Table 1). The
temperatures and retention times were chosen based on literatures [10,23] so as to extract maximum
hemicellulose from the biomass without the formation of AD inhibitors in the hydrolysate while also
pretreating the solid residues to be used elsewhere such as bio-char production for enhanced carbon
recovery. Pretreatment at 140 °C for 300 min and 170 °C for 90 min gives a severity factor ((log(Rg)) of
3.65 and 4.02 respectively, both considered as relatively moderate treatment severities with relatively
low concentration of inhibitory degradation products [23].

T- 100))
14.75

Severity factor = log(Rp) = log (txexp ( (1)

where T (°C) is the pretreatment temperature and t (min) is the reaction time.

Table 1. Severity factor for the hydrolysates from HWE.

Hydrothermal Pretreatment Conditions

Hydrolysate Samples Severity Factor (log(Ry))

Temperature (°C) Time (min)
H170 170 90 4.02
H140 140 300 3.65

2.3. Synthetic Hydrolysate

Synthetic hydrolysates H170syn and H140syn were prepared to closely simulate hydrolysate
pretreated at 170 °C (H170) and 140 °C (H140) respectively, based on the concentrations of sugars and
acetic acid and excluding the amount of furfural, 5-HMF, and soluble lignin (Table 2).

Table 2. Content of synthetic hydrolysates.

Parameters H170syn H140syn
Soluble COD (gCODs/L) 20.7 12.6
Arabinose (g/L) 0.81 1.63
Galactose (g/L) 217 1.67
Glucose (g/L) 3.00 1.55
Xylose (g/L) 2.24 1.95
Mannose (g/L) 10.39 5.11
Acetic acid (g/L) 1.03 0.59
pH 3.07 3.14

2.4. Anaerobic Digestion in Batch Reactors

The two hydrolysates from HWE of Norway spruce were tested for bio-methane potential (BMP)
during syringe batch anaerobic digestion (AD) at different organic loads, while both hydrolysates and
the synthetic hydrolysates are tested in the AMPTS II at one load.

All hydrolysates, including the synthetic, had micronutrients and macronutrients added. A
macronutrient solution was made of NH4Cl (44.48 g/L), (NH4)H>PO4 (5.3 g/L), (NH4),HPO4 (1.78 g/L),
MgCl,-6H,0 (21.4 g/L), CaCl,-2H,0 (7.56 g/L) and NaHCOs3 (100 g/L). Similarly, a micronutrient was
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prepared from the yeast extract (2.5 g/L), FeCl3-6H,O (0.2 g/L), ZnCl, (5.2 g/L), MnCl,-4H,0O (0.0472
g/L), (NH4)sMo70,4-4H,0 (0.064 g/L), AIKOgS,-12H,0 (0.01 g/L), CoCl,-6H,O (0.2 g/L), NiCl,-6H,O
(0.52 g/L), H3BO3 (0.12 g/L), CuCl,-2H,0 (0.32 g/L) and HCl (20 mL/L). The macronutrient solution
was added to maintain a minimum COD:N:P ratio of 350:5:1 [24], while 4 mL micronutrient was added
per 1000 L feed. Nutrients and NaOH addition increased the feed pH to 7.

2.5. Bio-Methane Potential AMPTS 1I Test Setup

The BMP test was performed [25] with the Automatic Methane Potential Test System II (AMPTS I,
Bioprocess Control® AB, Lund, Sweden), a standardized laboratory set-up designed to automatically
determine BMP of any biodegradable material by water displacement method. Each sample was
run in triplicates (Table 3) in standard 650 mL glass flasks (Kimax® kimble) with working volume of
400 mL and the same organic loading of 20 gCOD/L. The system was purged with pure nitrogen gas
for 3-5 min to ensure desired anaerobic condition. An intermittent mixing was 50 s every hour (motor
speed adjustment of 80%). The carbon dioxide was removed by passing produced biogas through
80 mL of 3 M sodium hydroxide (NaOH) mixed with 0.4% thymolphthalein solution as pH-indicator
for each reactor. The methane produced from AMPTS II were automatically provided as NmL by
Bioprocess Control® software. A more detailed description of the system can be found in Badshah,
Lam [26].

Table 3. Organic loading (OL) of AMPTS II-fed hydrolysates and synthetic hydrolysates.

Sample Inoculum (mL) Substrate (mL) OL (gCODY/L)
H170 240 160 20
H140 200 200 20
H170syn 200 200 20
H140syn 160 240 20
Control (Blank) 240 160 (distilled water) NA

NA: Not applicable.

2.6. Bio-Methane Potential Syringe Test Setup

Cheap disposable plastic medical syringes (BD Plastipak, Franklin Lakes, NJ, USA) of 100 mL
were used as batch reactors for BMP test [27]. Triplicates of each OL of 6, 10, 20, and 30 g COD/L for
both HWE feeds were prepared (Table 4) for bio-methane potential (BMP) tests to study the effect of
OL on methane yield. After feeding, syringes were closed airtight by adding a needle with silicone
rubber stopper at the tip. Fed syringes were kept at 55 °C in a thermostat. Stirring was not applied but
frequent gas sampling acted as manual stirrer. During the test, gas volume was recorded depending
upon the activity. After prolonged gas accumulation, gas (minimum 5 mL) was transferred to a separate
syringe by pushing through interconnected gas valves (Mininert® syringe valve) for determination
of methane content of the produced biogas. Methane volume was adjusted to 0 °C and 1 atm and
presented as NmL.

Usually, OL is used interchangeably with substrate to inoculum (S/I) ratio. However, S/1 is based
on volatile solids (VS) of substrate and inoculum. The value of 0.5 (based on volatiles) has been found
to be boundary to avoid overloading conditions if the inoculum is sewage sludge [28]. However,
this value can change with the types of inoculum and substrate used. The S/I value can be higher if
inoculum is compact such as granular sludge and lower if the substrate is more complex such as algae
residues [29]. As our substrate is mostly liquid, COD based loading per volume of inoculum is more
logical. In addition, volatiles such as acetic acid is lost during drying at 105 °C which gives incorrect
methane potential values using VS.
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Table 4. Organic loading (OL) of batch syringes fed HWE hydrolysates.

Sample Inoculum (mL) Substrate (mL) OL (g CODt/L)

H170 15 3 6

H170 15 5 10

H170 15 10 20

H170 15 15 30

H140 15 4 6

H140 15 6.7 10

H140 15 13.4 20

H140 15 20 30
Control (Blank) 15 10 (distilled water) NA

NA: Not applicable.

2.7. Inoculum

Mesophilic granular sludge used as inoculum was originally obtained from a mesophilic industrial
internal recirculation reactor treating paper mill effluent with total solid and volatile solid concentrations
of 181 and 119 g/L respectively. Inoculum was degassed at 30 °C for at least 5 days before using for
the experiment to reduce the gas production from inoculum. Thermophilic sludge was prepared [30]
by running initial similar tests in both syringes (Table 4) and AMPTS II (Table 3) at 55 °C for 53 days
until complete methane production before used as inoculum in this experiments. Blank sample, only
containing inoculum, was tested in triplicates along with the investigated samples. Gas produced from
blank sample was deducted from the gas produced from hydrolysates to offset the gas produced by
endogenous respiration of microorganisms in inoculum. The result thus represents gas produced only
from the tested samples.

2.8. Analytical Methods

Gas composition was determined by SRI gas chromatography (model 8610C) (Table 5) using
Helium as a carrier gas and the oven temperature was kept constant at 83 °C.

Table 5. Various analysis carried out during the experiment using different instruments.

Analysis Instruments Used References
Biogas composition SRI gas chromatography (model 8610C) [34]
. Gas chromatography HP 6890 serial C

VFA concentrations (Hewlett Packard) [34]
COD Commercial kits (WTW™) [31]

pH WTW inolab pH7110

. Dionex ICS500 HPLC
Carbohydrate composition (ThermoFisher Scientific) [32]
Furfural and HMF UV 1800 from Shimadzu [33]

VFA concentrations were carried out using gas chromatography HP 6890 serial C (Hewlett-Packard)
with a flame ionization de