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Sammanfattning

Produktion av biogas har identifierats som en av de mest kostnadseffektiva och
milj6vinligaste processerna for att generera fornyelsebar energi. For att kunna oka
biogasproduktionen behéver man 6ka gasutbytet fran befintliga substrat och flera substrat
maste goras tillgingliga for rotning. Cellulosa- och lignocellulosarikt avfallsmaterial utg6r
en stor del av sambhillets avfallsstrommar och har en stor potential f6r att kunna utnyttjas
tor biogasproduktion. Det hir projektet fokuserar pa att tekno-ekonomiskt utvirdera en
torbehandlingsteknik med det organiska 16sningsmedlet NMMO (N-methylmorpholine-
N-oxide). NMMO har i tidigare studier visat sig vara effektivt for att 16sa upp cellulosa,
minska kristallinitet och dirigenom O6ka metanutbytet under den efterféljande rétningen.
Syftet med projektet var att mojligbra en okad energiproduktion fran befintliga inhemska
substrat pa ett kostnadseffektivt och miljomassigt bra satt.

Vid behandlingsférsoken har fokus legat pa att undersoka effekterna wvid lagre
temperaturer, sa att vatten (90°C) fran fjirrvirmesystemet med fordel skall kunna anvindas
tor behandlingen, vilket dr viktigt ur ett energikombinat-perspektiv. Resultaten visar att
behandling med NMMO vid 90°C férdubblar metanutbytet fran skogsavfall (GROT) samt
okar metanutbytet fran halm med 50 %. Lignocellulosa substrat ar kolrika material som
beh6ver samrotas med andra substrat for att uppnad en optimal niringsbalans for rotningen.
Inom den tekno-ekonomiska utvirderingen var basfallet en anldggning som behandlar och
rotar 100 000 ton GROT eller halm arligen. Det behandlade materialet efter tvitt och
filtrering matas in i en samrétningsprocess dar en tredjedel av inmatat material kommer
fran lignocellulosa och resten fran kallsorterat hushallsavfall. Uppskalning, processdesign,
simulering och ekonomiska berikningar gjordes i programmet Intelligen SuperPro Design”.
Investeringskostnaderna beridknades till omkring 145 miljoner € f6r bade GROT och halm
som ravara. Driftkostnaderna (rdamaterial, energi, avfallshantering, underhall och personal)
stalldes emot intikterna fran forsiljning av metan, koldioxid och den ligninrika rétresten
for att se om processen var lonsam. Internrintan (IRR) uppskattades stérre dn 15 % for
processer med kapacitet 6ver 50 000 ton GROT/iar. Samrotning av. GROT med
avloppslam istéllet for hushallsavfall visade sig diremot inte vara l6nsamt.

Bade de experimentella resultaten samt energibalans och ekonomiska berdkningar visade att
det kritiska steget 1 processen dr tvitt och filtrering efter behandling.
Energibalansberakningen gav ett EROI-virde pa 0,5 vilket betyder att den producerade
biogasen fran behandlad GROT innehaller ungefir hilften sa mycket energi som vi stoppar
in i processen for NMMO-behandling och atervinning av NMMO. Det ir viktigt att
separera NMMO efter behandlingen, eftersom NMMO-rester i koncentrationer hogre dn
0,002 % visade sig i vissa fall inhibera det efterféljande rotningssteget. Samtidigt ar det
viktigt att tvittningsteget fungerar med mindre maingder av vatten fOr att minska
energibehovet. I en industriell process rekommenderas dirfér roterande vakuumfiltrering
tor tvitt och filtrering, samt fOr avdunstningssteget rekommenderas en mekanisk
angkompressor. Behandling med atervunnen NMMO har ocksi testats, vilket gav lika stort
metanutbyte efter behandling av halm, som behandling med firsk NMMO. Efter en
vilfungerande tvitt och filtreringsteg kunde inte NMMO pavisas 1 rétresten.

Nyckelord: lignocellulosa, skogsavfall, halm, f6rbehandling med NMMO,
biogasproduktion, tekno-ekonomisk utvardering
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Summary

Biogas has been identified as one of the most cost-effective renewable fuels. In order to
increase biogas production, yields from traditionally substrates either need to be improved
or other alternative substrates must be made available for anaerobic digestion. Cellulose
and lignocellulose rich wastes are available in large amounts and have great potential to be
utilized for biogas production. This project focused on the optimization of the
pretreatment conditions when using the organic solvent N-methylmorpholine-N-oxide
(NMMO) to enhance the methane yield from forest residues and straw. It also focused on
a techno-economic evaluation of this pre-treatment technology. NMMO has previously
been shown tobe effective in dissolving cellulose and,as a consequence, in
increasing the methane yield during the subsequent digestion. The goal of this project was
to develop a technology that increases energy production from domestic substrates in a
cost-effective and environmentally friendly way.

The treatment works well atlower temperatures (90°C), which means that water from
the district heating system can advantageously be used in the treatment. The results
showed that treatment with NMMO at 90°C doubles the methane yield from forest
residues and increases  the methane yield from straw by 50 %. For the techno-
economic evaluation, the base case was assumed to be a facility with a capacity of 100 000
tones forest residues/year. After a washing and filtration step, the treated material will be
utilized in a co-digestion process where 33% of the incoming material consists of forest
residues and the rest is source-sorted household waste. The scale-up, process design,
simulation and calculations were made using the software tool Intelligen SuperPro Design”.
The total investment costs were calculated to be about 145 million € when forest
residues or straw are to be used as raw material. Costs for operation (i.e. raw materials,
energy, waste management, maintenance and personnel costs) were set against the
incomes from the products (i.e. methane, carbon dioxide and the lignin-rich digested
residue) to see if the process was profitable. The internal return rate (IRR), a parameter
that indicates whether a process is profitable or not, indicated that evaluated processes with
capacities over 50 000 tons forest residues/year are profitable. However, co-digestion of
forest residues with sewage sludge instead of household waste was not profitable.

Both the laboratory results and the energy and economic calculations showed that the
washing and filtration step is critical for the proposed process. The energy balance
calculation resulted in an EROI value of 0.5, which means that the produced methane from
forest residues counted up only the half of the energy needed for the treatment as well as
NMMO separation and recycling. It is important to separate the NMMO well after the
treatment, since remaining NMMO at concentrations higher than 0.002% were found to
inhibit the subsequent digestion step. Also it was showed out to be important that the
washing step operates with small amounts of water to save energy within the NMMO
recovery. A rotary vacuum filtration is therefore recommended for the washing and
filtration step, and a mechanical vapor design is recommended for the evaporation, saving
up to 70- 90% energy compared to a conventional design. Treatment of straw
with recycled instead of fresh NMMO has also been tested and equal amounts of methane
were obtained. After a well-functioning washing and filtration step, NMMO could not
be detected in the digestate residue.

Keywords: lignocellulose, forest residues, straw, pretreatment with NMMO,
biogas production, techno-economic evaluation
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1 Inledning

1.1 Problembeskrivning

Idag finns ett vixande intresse for biogasprocessen, eftersom den stabiliserar och minskar
organiskt avfall och samtidigt genererar miljovanlig foérnybar energi. Efterfrigan pa
biometan ér stérre dn tillgangen och de flesta samrotningsanlaggningar fungerar idag under
sin fulla kapacitet. Fér att kunna producera biogas i storre utstrickning dr det viktig att
komma 4t de avfallsstrommar som finns tillgangliga. Nedbrytning av organiskt material till
metan och koldioxid dr en komplex mikrobiologisk process och for att kunna styra en
biogasanliaggning effektivt mot maximalt gasutbyte beh6évs en utékad kunskap.

Cellulosa- och lignocellulosarikt avfallsmaterial utgér en stor del av sambhillets
avfallsstrommar och har en stor potential att utnyttjas till biogasproduktion. I det tidigare
projektet (WR12) utvecklades flera foérbehandlingsmetoder som avsevirt forbittrade
biogasutbytet. Inom det hir projektet gick vi vidare och utvirderade de tekniska och
ekonomiska mojligheterna nir det giller biogasproduktion fran lignocellulosarika
avfallsfraktioner. Projektet kopplades till ett nyligen avslutat SGC projekt (SGC147), dir
utifrin en sammanstillning 6ver forskningslaget for effektiva férbehandlingstekniker for
lignocellulosa, det gjordes en ekonomisk utvirdering och industriell implementering av
angexplosion. Inom detta projekt kunde kunskap och erfarenheter som kom fram frin
SGC projektet tillimpas och vidareutvecklas. Hir fokuserade vi pa forbehandling med
NMMO  (N-methyl-morfolin-N-oxid). NMMO-tekniken visade sig vara en effektiv
torbehandlingsmetod foér lignocellulosarika avfallsfraktioner enligt resultat fran WRI12.
Dessutom kan tekniken vara intressant dven ur ett bioenergikombinat-perspektiv. NMMO
kan tillimpas vid ldgre temperaturer, ger en mild kemisk férbehandling, och det ar maoijligt
att atervinna l6sningsmedlet efter behandlingen. Det behandlade materialet kan anvindas
vidare antingen till biogasproduktion eller efter ett efterféljande hydrolyssteg till bio-etanol
produktion.

1.2 Syfte och mal

Syftet med projektet ar att undersoka NMMO-processen genom att:

1. Utvirdera och optimera effekten av forbehandling av lignocellulosamaterial med
NMMO med avseende pi koncentration, férbehandlingstid och temperatur
samt effekten av partikelstorleken hos det behandlade materialet pa
biogasproduktionen. Férbehandlingens effektivitet mits som metanpotential
och omsittningshastighet.

2. Optimera atervinning av NMMO.

3. Studera effekten av att anvinda atervunnet NMMO pa
torbehandlingseffektiviteten.

4. Parallellt undersoka rotrestkvalitén, och optimera behandlingen for aterforing av
rotrest till akermark.

5. Utvirdera méjligheten att anvinda NMMO-behandling och rétning av
lignhocellulosa material (vid testade férhallanden) 1 kommersiell skala, genom att
ta fram energibalans och kostnadsberikningar.
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Mialet ér att ta fram och utvirdera en ny férbehandlingsteknik for att underlitta
biogasproduktion fran lignocellulosarika avfallsfraktioner och darigenom vicka intresse for
att tillimpa tekniken hos anliggningsigare, teknikleverantérer, kommuner, industri,
avfallsbolag, myndigheter, branschorganisationer.

1.3 Avgrinsningar

Projektet utgér en laboratoriestudie som fokuserade pa tvd kolrika sviromsittbara
avfallsfraktioner: skogsavfall (GROT) och halm. Dessa fraktioner valdes ut i samrdd med
referensgruppen. Bada obehandlade och behandlade fraktioner studerades. De
experimentella resultaten anvindes sedan inom en process design dir en storskalig
behandlingsprocess med efterféljande biogasproduktion har tagits fram med hjilp av ett
processimuleringsprogram, SuperPro Designer”.

2
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2 Bakgrund

Biogasprocessen kan tillimpas pa 1 princip allt biologiskt material, men svaromsattbara
fraktioner begrinsar omsittningshastigheten och dirmed processens effektivitet.
Nedbrytbarhet av olika material beror pa den kemiska sammansittningen och strukturen.
De littnedbrytbara fraktionerna har en ”6ppnare struktur” som ar littare att komma at nir
enzymer borjar “tugega pa” materialet 1 rotkammaren. De svarnedbrytbara fraktionerna har
diremot en mer komplex och kompakt struktur. Svarnedbrytbara substrat som cellulosa
och hemicellulosa bryts ner langsammare, som i sin tur kan leda till att hydrolyssteget blir
det hastighetsbegrinsande steget i metanbildningen.

Genom utveckling av effektiva férbehandlingsmetoder som ger en 6ppning av strukturer 1
svarnedbrytbara biopolymerer, har nedbrytningshastighet och biogasutbyte kunnat 6kas ur
cellulosahaltiga substrat. Det finns manga mojliga alternativa metoder for behandling av
substrat innehallande lignocellulosa [1]. Resultat fran WR12-projektet visar att olika
toérbehandlingar avsevirt kan forbittra metanproduktion ur kolrika svarnedbrytbara
avfallsfraktioner [2]. Behandlingen av pappersavfall med dngexplosion férdubblade
metanproduktionen jimfért med obehandlat pappersavfall (Figur 2.1) [3].
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Figur 2.1. Ackumulerade metanproduktion fran papperstubsrester forbehandlade med
angexplosion, uttryckt i Nml/gVS. Forhallanden (temperatur och tillsats% av kemikalier)
som anvénds vid behandlingen visas i figuren (enligt ref [3]).

Figure 2.1. Accumulated methane production from paper tube samples treated with
steam explosion in comparison with that from untreated samples. The different treatment
conditions are presented on the figure (adapted from ref [3]).

Under 2011 genomférde Grontmij tillsammans med Hogskolan i Boras (HB) en studie
benimnd “Biogas from lignocellulosic biomass” finansierad av bland annat SGC (Svenskt
gastekniskt center) och Avfall Sverige [4]. I studien utvirderades mojligheterna till
biogasproduktion fran substrat sisom trd, halm och papper innehallande lignocellulosa
genom olika férbehandlingstekniker. Initialt genomfordes en litteraturgenomgang dir olika
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tekniker och metoder for férbehandling och rotning av dessa utvalda substrat kartlades.
Direfter valdes ndgra limpliga tekniker/metoder ut for att evalueras ur ett tekniskt och
ekonomiskt perspektiv. Angexplosion valdes ut som en potent férbehandlingsmetod och
sedan genomfordes en ekonomisk utvirdering av hela konceptet [4].

Det ar dock intressant att undersoka andra tekniker for férbehandling av lignocellulosarika
avfallsfraktioner for biogasproduktion. NMMO (N-methyl-morfolin-N-oxid) dr ett
l6sningsmedel som har anvants for att 6ka etanol- och biogaspotentialen fran cellulosa och
textilier [5, 6, 7]. Tekniken anvinds vid laga temperaturer (130°). Andra férdelar med denna
torbehandling ar att NMMO ir ett miljovinligt 16sningsmedel som kan atervinnas med mer
an 98 % effektivitet, utan nigon kemisk forindring eller produktion av giftiga biprodukter
[8, 9]. Alla de hir egenskaperna gér metoden intressant fran milj6- och energisynpunkt.

NMMO har ocksa visat sig vara en effektiv forbehandlingsmetod for lignocellulosarika
avfallsfraktioner enligt resultat frain WR12 [2]. Férbehandling av skogsavfall med NMMO
resulterade i en Skning av upptill 25 ginger mer metan (motsvarande 250 Nm’/ton) frin
granflisavfall jimfort med det obehandlade materialet. Liknande behandling resulterade i
upptill 200 Nm® CH, /ton halm, som ir sex ginger mer 4n metanproduktion av obehandlad
halm (Figur 2.2) [10].
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Figur 2.2. Metanproduktion av obehandlade eller forbehandlade prover fran granflis och
ragvetehalm uttryckt som procenthalt av det teoretiskt mojliga metanutbytet beraknat pa
kolhydratinnehallet (415 Nml/gCH [14]). Férbehandlingen skedde med NMMO vid 130°C
under tidsperioder av olika langd. (enligt ref [10])

Figure 2.2. The percentage of the final accumulated methane production from different
lignocellulosic materials compared to theoretical (415 Nml/g carbohydrates [14]) after
NMMO treatment at 130°C compared with that of the untreated materials. The results are
based on accumulated methane production during batch anaerobic digestion
experiments (adapted from ref [10]).
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Figuren visar ocksa att mekanisk forbehandling (malning) forbattrar effekten av NMMO-
behandlingen ytterligare. Under behandling med NMMO kan cellulosafibrerna 16sas upp
och dirigenom sinks kristalliniteten effektivt i materialet [11]. NMMO anvinds med férdel
dven fOr andra avfallsfraktioner som t ex textilavfall, halm blandad godsel (sk
djupstrogodsel) andra jordbruksavfall osv. inom vara andra studier [5, 6, 12, 13].

2.1 Genomforande

Skogsavfall (GROT) utnyttjas redan idag till el- och virmeproduktion genom
huvudsakligen forbranning, men har bedémts som mycket intressant att studera ocksa i
detta projekt. Potentialen for biogas frin skogsavfall motsvarar 59 TWh/ér i Sverige och
darfor har dven sma delfléden av detta avfall till biogasproduktion stor méjlighet att bidra
till att besvara den allt storre efterfrigan pa biogas. Genom detta skulle nya
affirsmoijligheter uppsta samtidigt som det ar ett led i att uppfylla de nationella miljémalen.

Aven andra svirnedbrytbara kolrika avfallsfraktioner kan bidra till en utdkad
biogasproduktion. Vid inférande av dessa fraktioner i biogasprocessen kan en battre C/N
kvot uppnas och processen stabiliseras. Darfér dr en utveckling kopplade till den hir
problematiken mycket intressant f6r manga olika aktorer i branschen.

Halm ir ett annat intressant och prioriterat substrat som har stor biogaspotential. Termisk
behandling av halm medfor olika problem bland annat pa grund av den héga mineralhalten
1 halm. Dessutom konkurrerar inte halm med livsmedelproduktionen. Potentialen fér
biogas frin halm i Sverige dr 5,7 TWh/ar. Inom projektet beslutades dirfor att utfora
forsok med skogsavfall och halm.

De prelimindra studierna har utférts vid en temperatur pa 130°C och férbehandlingstider
mellan 1 och 15 timmar. Partiklarnas storlek hade ocksa effekt pa biogaspotentialen (Figur
2.2). Inga utvirderingar har gjorts av tillimpandet av ligre temperaturer och lingre
behandlingstider i1 kombination med partikelstorleken pa effektiviteten 1 form av
biogasproduktion, kostnader och energibalans. Dirf6ér fokuserade vi inom detta projekt pa
dessa faktorer. Temperaturen varierade mellan 90 och 120°C, och partikelstorlek mellan 2
och 8 mm. Valet att underséka behandlingseffekterna vid sa lig temperatur som 90 °C
skedde 1 samrdd med referensgruppen, dia man var intresserad av att utnyttja
fjarrvirmesystemet for behandlingen. Eftersom temperaturen var ldgre, lingre
behandlingstider, upp till 30 timmar, testades ocksa.

Det ar kint fran andra studier att NMMO kan atervinnas genom destillation, dock har
ateranvindning efter férbehandling av lignocellulosa inte underséktes dnnu. Sista delen av
det experimentella arbetet fokuserade dirfér pa att studera inverkan av att anvinda
atervunnet NMMO pa férbehandlingseffektiviteten.

Arbetet avslutades med en tekno-ekonomisk utvirdering av NMMO behandlingen. I denna
studie har vi haft nytta av den ekonomiska utvirdering som genomférdes 1 SGC-projektet
av Grontmij AB tillsammans med HB [4], dir vi tog fram en enklare modell for att testa
tekniken i storre skala. Kontakter med olika teknikleverantorer var ocksi redan etablerade,
vilket underlattade processen med att ta fram nya data.

5
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De bifogade manuskripten 1 Bilaga A, B och C innehiller fler detaljer om bakgrundanalys
tillhérande olika delar av arbetet med ytterligare referenser.
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3 Material och metoder

3.1 Material

Tvia olika lignocellulosarika avfallsfraktioner valdes ut f6r vara studier 1 samrad med
referensgruppen. Skogsavfall, grenar och toppar (GROT) himtades frain Boris
Energi och Milj6 AB. Denna fraktion utnyttjas idag till el- och virmeproduktion
genom foérbranning vid Ryaverket 1 Boras. Halm himtades fran trakterna utanfér
Boras.

Bdda dessa material maldes till 6nskad partikelstorlek vid hégskolans laboratorier
innan de olika behandlingsférséken drogs igang.

3.2 Forbehandling med NMMO

Syftet med behandlingen ér att 6ka metanutbytet jamfort med det obehandlade materialet. 1
samrad med referens- och projektgruppen utfordes olika behandlingsserier med varierande
behandlingsférhallanden enligt Tabell 3.1. Behandlingseffekterna undersoktes med hjilp av
efterfoljande satsvisa rotningsforsok, diar biometanpotentialen (BMP) av de olika
behandlade proven faststilldes. Utover dessa analyserades materialen dven med avseende
pa sammansattning- och strukturforindringar forre och efter behandling.

Den forsta behandlingsserien var ett preliminirt forsok, dir behandlingsférhallandena
valdes ut med utgangspunkt fran tidigare resultat [2, 5, 10]. Syftet var att testa hur
minskning av temperatur (frin 130 tll 120 och 90 °C), behandlingstid (fran 15 ll 3
timmar) och koncentration av  NMMO (fran 85 till 75 %) kan paverka effekten.
Forhallandena i den andra serien valdes ut pga resultaten fran den forsta och hir testades i
forsta hand effekten av partikelstorlek. Den sista serien utférdes med ligre temperaturer
och lingre behandlingstider. Efter diskussionen med referensgruppen beslutade man att
undersoka effekter vid behandlingstemperatur av 90 °C, med mdlet att kunna utnyttja
fiirvirmesystemet for behandlingen i framtiden. Inom denna serie undersoktes dven om
blétlaggning i vatten under 24 timmar infér behandlingen skulle kunna ge positiva effekter
genom att 6ka diffusion av NMMO in i materialet.

Kommersiellt klassad NMMO-16sning (50 % w/w) anvindes for alla behandlingar. Vatten
har forst avdunstats for att fa onskad koncentration av. NMMO till behandlingen.
Materialet behandlades sedan under omroring i1 6nskad tid. Vid behandlingstidens slut
separerades det behandlade materialet genom filtrering och tvittades med vatten for att fa
bort NMMO-rester infor vidare undersékningar och analyser, samt rétningsférsék (BMP
tester).

En mer detaljerad beskrivning om behandlingsférsoken finns i bifogade manuskript. Se
Bilaga A och B.
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Tabell 3.1. Olika behandlingsforhallanden for NMMO-behandling med avseende p& temperatur,
NMMO koncentration, behandlingstid och partikelstorlek av det behandlade materialet

Table 3.1. Different pretreatment conditions of NMMO pretreatment regarding to temperature,
concentration of NMMO, treatment time and the size of the particles of the treated materials

Temperatur NMMO Behandlingstid  Partikelstorlek

QO %) &) (mm)

Serie 1

120 75 15 2

120 85 15 2

120 85 3 2

90 85 3 2

Serie 2

120 75 15 2,4,8

120 75 2,4,8

120 75 2,4,8

120 85 15 2,4,8

Serie 3

90 85 7 2

90 85 15 2

90 85 30 2

90 85 3 2 (blotlaggning)
90 85 7 2 (blotliggning)
90 85 15 2 (blotliggning)

3.3 Analyser

3.31 Karakterisering av substrat fére och efter behandling

Skogsavfalls- och halmproverna analyserades fore och efter NMMO-behandling med
avseende pa material sammansattning och strukturférandringar.

Total solids (TS), volatile solids (VS), cellulosa, hemicellulosa och lignin innehéllet
bestimdes enligt metod fOor analyser av biomassa utvecklade vid National Renewable
Energy Laboratory (NREL), USA [15, 16].

Strukturella férindringar analyserades med “Simons” staining” [17). "Simons” staining” ir en
speciellt utvecklad firgningsmetod som med hjilp av tva olika firgimnen (orange och blai)
med olika molekylstorlek, kan ge svar pa hur porositeten férdndras i materialet pga
behandlingen [18]. Dessa tva firgimnen kan fastna i olika mingd pa materialet och i
porerna. Fordelningen f6r hur mycket av dessa tva dmnen som fastnar beror pa pordsiteten
1 materialets struktur.

Den orange firgen har en storre molekylir storlek, dvs5 - 36 nm [19], dn det typiska
bakteriella enzymkomplexet, cellulosome med en storlek pa 4 - 16 nm. Enzymkomplexet ar
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aktiv vid nedbrytning av cellulosa [20]. Det betyder att enzymet kan tringa sig in 1alla de
platser som firgen kan. Dirfor ger adsorptionsvirdet, som  beskriver hur mycket
orange firg fastnar 1  materialet, indikationer pa  hur tillgingligt materialet  Ar
tor enzymet. En minskning 1 kristalliniteten och en 6kning i porositeten kan kopplas till en
forbittrad nedbrytbarhet, dvs ett 6kat metanutbyte [18].

3.3.2  Satsvisa rotningsfors6k

Metanutbytet pa de obehandlade och behandlade materialen bestimdes genom
satsvisa utrétningsforsok under termofila férhillanden (55°C). Metoden utvecklades
vid DTU [21] och anvinds idag regelbundet vid hogskolans laboratorier inom olika
projekt kopplade till biogasproduktion.

CH, och CO,-produktionen féljdes upp genom att regelbundet ta gasprover som
analyserades med gaskromatograf. Ymp har hidmtats fran Sobackens
biogasanliggning (Boras Energi och Milj6 AB), som dr en storskalig termofil
samrotningsanligening. 1 varje rotningsserie anvindes dven avjoniserat vatten och
ymp som blank, fér att kunna faststilla gasproduktion frain ympen. Utover detta
anvindes cellulosa som kontrollsubstrat for att sikerstilla ympens kvalitét.

Mer detaljerad information om hur rotningsforséken utfordes finns 1 bifogade
manuskript 1 Bilaga A och B.

3.4 Atervinning och ateranvindning av NMMO

Med utgangspunkt frin resultat fran foérbehandlingsstudier utférdes en studie om
atervinning och recirkulering av NMMO. Behandlingsférhallandena pa 90 °C, 30 timmar,
85 % NMMO och 2 mm partikelstorlek valdes ut i1 samrad med referens- och
projektgruppen. Dessa férhillanden gav det hogsta metanutbytet vid behandling pa 90 °C,
dir fjarrvirmesystemet kan utnyttjas for behandlingen. Behandling, atervinning och
recitkulering samt ny behandling med det édtervunna kemikaliet skedde 3 ganger.
Effektiviteten av behandlingen med atervunnen NMMO kontrollerades under efterféljande
satsvisa utrotningsforsok. Rotrester fran dessa f6rsok sparades till vidare undersékningar.

3.5 Karakterisering av rotrest

NMMO-koncentrationen analyserades i1 rotrestprover genom titrering med 0,1M HCI
under kontinuerlig mitning av pH. Langtidseffekter av behandlingen samt hur
rotrestkvalitén paverkats kan med férdel undersokas genom kontinuerliga rotningsférsok.
Pa grund av tid- och resursbegrinsningar kunde dock inte sadana forsok utfoéras inom
ramen for detta projekt. Vi kunde dirfor inte genomféra en mer detaljerad karakterisering
av rotresten.
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3.6 Tekno-ekonomisk utvirdering

Syftet med den delen av projektet var att utvirdera NMMO-tekniken fran en teknisk,
energimassig och ekonomisk synvinkel.

Med utgangspunkt frin laboratorieférsok har ett prelimindrt processkiss f6r NMMO-
behandling tagits fram inklusive tvitt och destilleringssteg (Figur 3.1). De forsta
energibalansberikningarna baserades pa det hir prelimindra processflédet och fragan var
om den 6kade biogasproduktionen (energivirdet) frain GROT motsvarar de
energirelaterade kostnaderna i form av virmehallning under behandling, uppkoncentrering
av NMMO, eftertvittning och destillering av tvittvatten, vilka ingar i det hir processteget.
Berikning av EROI (Energy return on investment), som anger forhallandet mellan levererad
energi och energikostnaderna, anvinds oftast i sidana hir sammanhang. Exempelvis har ett
vil fungerande vindkraftverk en ratio pa 15:1.

Figur 3.1 visar det preliminira processchemat f6r NMMO-behandling, som anvindes vid
energibalansberikningarna. Som den framstar i figuren, GROT (wood) sénderdelas forst
och sedan behandlas i ett bad med 85 % NMMO pa 90 °C under 30 timmar. Materialet
tvittas fOr att nd en renhet sa att NMMO inte himmar den efterféljande biologiska
rétningsprocessen. Tvittvattnet och flodena virmevixlas.

c-101
and
C-102
s
NMMO J-101 =
> A-400
— v-03
=] and
> VA 04 wW-101
—H Pretreated Wood
% | | » A-200>
\‘____/
E=101

P-102

P-101 A) E-103

s-101 o
5402 -

R S-103

Make up Water P-103

> A300 & Utility =)

Figur 3.1. Oversiktligt processchema for NMMO-behandling av GROT

Figure 3.1. Process flow diagram of NMMO pretreatment unit for the pretreatment of forest
residues
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I berikningarna forutsittas att den basta tillgingliga tekniken anvinds for att reducera
energiférlusterna. Denna del av arbetet utférdes av Grontmij AB i samrad med referens-
och projektgruppen. Mer detaljerad information om den prelimindra energibalansberik-
ningen aterfinns i Bilaga D.

Vidare gjordes en tekno-ekonomisk utvirdering av en samrétningsprocess dir GROT
(Forest Residues) behandlas med NMMO, sedan det behandlade och tvittade materialet
blandas med killsorterat hushallsavfall (OFMSTW) och utnyttjas f6r biogasproduktion (Figur
3.2). Utover forbehandlingsstegen och r6tning ingick dven uppgradering av den
producerade biogasen 1 utvirderingen. Rotresten som kommer ut frin processen har en
hég lignin halt och dirigenom ett hogt energivirde. Dirfor valdes for avsittning av rotrest,
att efter avvattning, skicka den till forbrinning for att producera el och virme.
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Figure 3.2. Processchema for NMMO-behandling av GROT med efterféljande rdétning inom en
samrotningsprocess med kallsorterat hushallsavfall, framtagen med hjalp av programmet
Intelligen SuperPro Designer®

Figure 3.2. Process flow diagram for NMMO treatment of forest residues together with a
following anaerobic co-digestion process where the treated forest residues are subjected to co-
digestion together with the organic fraction of source sorted municipal solid waste (OFMSW)
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Utvirderingen utférdes med hjilp av en avancerad process simulator program, Inzelligen
SuperPro Designer” (Intelligen, Inc., NJ, USA, www.intelligen.com/ superpro_overview).

Programmet ar ett virdefullt verktyg fOr ingenjorer och forskare inom processutveckling,
processteknik och tillverkning. Ingenjorshégskolan vid Hogskolan 1 Boras har licens och
anvinder programmet regelbundet vid olika utvirderingar. Bland annat utvarderades en
process dir NMMO behandlade triavfall anvindes f6r etanolproduktion med hjilp av
detta program tidigare [22]. Programmet underlittar modellering, utvirdering och
optimering av integrerade processer och kan anvindas inom ett brett spektrum av
industrier. Det har manga inbygeda funktioner och 16ser material- och energibalans
ekvationer.

Detaljerad beskrivning av arbetet kring processdesign och simulation finns 1 bifogade
manuskriptet 1 Bilaga C.
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4 Resultatredovisning och resultatanalys

Arbetet borjade med behandlingsférsok, dir effekten av olika behandlings férhallanden
(dvs partikelstorlek pa det behandlade materialet, behandlingstemperatur, behandlingstid
samt NMMO-koncentration) vid NMMO-behandlingen underséktes med avseende pa
metanutbytet under den efterféljande rotningen. Syftet med att undersoka NMMO
behandling vid liagre temperaturer (90°C) var att kunna utnyttja fjarrvirmesystemet for
behandlingen inom den framtida processen. Vidare underséktes dven forindringar i
materialet struktur och sammansittning efter behandlingen med malet att kunna koppla
dessa forandringar till det foérbattrade metanutbytet.

NMMO beskrevs vid tidigare studier som en miljovinlig kemikalie, som kan atervinnas
utan nagon kemisk forindring eller produktion av giftiga biprodukter [8, 9]. BMP tester pa
NMMO behandlade prover visade dock inhiberingseffekter 1 wvissa fall. Dessa
inhiberingseffekter undersoktes vidare med toxicitettester, for att sakerstilla den minsta
NMMO koncentrationen som kan férekomma vid rétning.

For ekonomisk och miljémissig hallbarhet var det viktigt att underséka hur NMMO kan
recirkuleras efter behandling och om den recirkulerade NMMO har samma effekter som
den firska. Rotrester efter dessa forsok samlades och undersoktes med avseende pa
kvarstiende NMMO 1 rotrestprover. Langtidseffekterna av behandlingen samt dess
paverkan pa rotrestkvalitén kan med fordel undersékas genom kontinuerliga
rotningsforsok. Pa grund av tids- och resursbegrinsningar kunde dock inte sidana f6rsok
utféras inom ramen foér detta projekt. Vi har dirfor inte kunnat utféra en mer detaljerad
karakterisering av rotresten dn den redovisas hir.

Lignocellulosarikt substrat dr kolrika material och kan inte brukas till r6tning som enbart
substrat, 1 och med att niringsbalansen for rétningen skulle inte fungera pa grund av
kvivebrist. Den tekno-ekonomiska utvirderingen gjordes dirfor pa en samrotningsprocess
dir en tredjedel av det rotade materialet kommit frain behandlade GROT som blandas med
killsorterat hushallsavfall. GROT utvarderades forst och frimst i den tekno-ekonomiska
studien eftersom skogslinens tillgdngar pa biomassa dr omfattande. Bara dd det giller
avverkning visar berdkningar att omkring 30 procent forblir outnyttjade resurser, vilka
bland annat utgérs av grenar och toppar (GROT). Potentialen 1 Sverige for
biogasproduktion av biprodukter fran skogsniringen ar beriknade till uppemot 59 TWh
per ar, vilket motsvarar omkring 40 % av Sveriges arliga férbrukning av fordonsdrivmedel

23].

4.1 Effekt av partikelstorlek, temperatur och behandlingstid vid
forbehandling med NMMO pa metanpotentialen

Den forsta preliminira forsokserien behandlades GROT med olika koncentrationer av
NMMO pa olika temperatur och tid. Behandlingsférhillanden visas i Tabell 3.1. och
resultaten pa Figur 4.1.
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Enligt dessa preliminira resultat beslutade vi om en ny behandlingsserie pa 120 °C med den
ligre NMMO-koncentrationen pa 75 % under en behandlingstid som varierades mellan 3,
7 och 15h, samt en partikelstorlek pa det behandlade materialet som varierades mellan 2, 4
och 8 mm. En kontroll behandling med 85 % NMMO under 15h ingick ocksa i serien
(Serie2 i Tabell 3.1.).

0.2 -

0.16

o
[y
N

Nm3CH,/kg VS
o
o
(¢%]

0 5 10 15 20 25 30 35 40 45 50 55
Days

--+- untreated —=—90.3h, 85 % ---@---120,15h. 85% —&— 120,3h, 85% —@— 120,15h,75%

Figur 4.1. Ackumulerad metanproduktion frdn GROT (partikelstorlek 2mm)
forbehandlade med NMMO, uttryckt i Nm®/kgVS. Forhallanden (temperatur
behandlingstid och NMMO-koncentration) som anvéands vid behandlingen visas i figuren.

Figure 4.1. Accumulated methane production from forest residues (particle size of 2 mm)
treated with NMMO in comparison with that from untreated samples. The different treatment
conditions are presented in the figure

Resultaten som sammanfattas 1 Figur 4.2., visar entydigt att behandlingen pia mindre
partikelstorlekar fungerar bittre. Den hégsta metanpotential av 0,2 Nm’ CH,/kg VS, som
motsvarar 0,13 Nm’ CH,/kg GROT kunde uppnis efter behandling med 85 % NMMO
under 15h och med 2 mm partikelstorlek pa GROT.
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Figur 4.2. Effekt av partikelstorlek och olika behandlingsforhallanden pa metanutbyten fran
NMMO-behandlade GROT jamfort med metanpotentialen fran de obahandlade provena.
Behandlingsforhallandena ar angivna pa figuren.

Figure 4.2. Accumulated methane yields obtained from NMMO-pretreated vs untreated forest
residues during thermophilic batch digestion assays. The pretreatment conditions are described
on the figure.

Det negativa virdet pa Figur 4.2. betyder att blanken (ympen sjilv) producerar mer gas dn
sjalva provet, som tyder pa nagon slags inhibering under rétning. Vi hade en hypotes om
att NMMO tringde sig in i de stora partiklarna, och inte kunde tvittas bort efter
behandling, utan frigjordes tydligen under den efterféljande rétningen. For att prova den
hypotesen utférdes dven inhiberingstester, dir metanpotential av cellulosa, som typsubstrat
testades vid tillsittning av olika koncentrationer av. NMMO. Resultat av dessa forsék
redovisas 1 kapitel 4.4.

Milet med den sista behandlingsserien (Serie3 1 Tabell 3.1) var att undersoka mojligheter att
anvinda ldgre temperaturer med syftet att kunna utnyttja fjarrvirmesystemet for
behandlingen. Partikelstorleken under dessa f6rsok var 2 mm eftersom den det visade sig
att mindre partiklar ger hogre metanutbyten (Figur 4.2). Minskning av partikelstorlek ger
Okade kontaktyta mellan materialet och mikroorganismerna som leder till en effektivare
nedbrytning av materialet med hogre metanutbyten som resultat. Eftersom temperaturen
var ligre, testades ocksa lingre behandlingstider (uppemot 30h). Vidare underséktes om
blétlaggning 1 vatten under 24h infoér behandling skulle kunna ge positiva effekter genom
att forbattra diffusion av NMMO in i materialet. Resultat for GROT och halm visas i
Tabell 4.1.
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Tabell 4.1. Sammanfattning av resultat efter behandling av GROT och halm med NMMO vid
90°C. Blétlaggning skedde under 24 timmar innan NMMO-behandling

Tabell 4.1. A summary of results obtained after NMMO pretreatment of forest residues (GROT)
and wheat straw. Pre-soaking was performed for 24h prior to NMMO treatment.

Behandlingsférhallanden Ackumulerade Metanpotential i
metanproduktion jimforelse med

S T | (Nm’CH ,/kg VS) | den av obehandlat

< 5/ ) §8 mzicﬂz]

AERERERE 0

Bz = b =

- - - 2 - 0,07+ 0,005 -

90 | 85 3 2 - 0,08+ 0,021 114,28

90 | 85 7 2 - 0,12+ 0,006 171,14

90 | 85 15 2 - 0,13+ 0,013 185,71
GROT | 90 | 85 30 2 - 0,15+ 0,015 214,28

- - - 2 + 0,07% 0,006 -

90 | 85 3 2 + 0,06% 0,004 85,71

90 85 7 2 + 0,08+ 0,131 114,28

90 | 85 15 2 + 0,12+ 0,190 171,42

- - - 2 - 0,32+ 0,011 -

90 | 85 3 2 - 0,34+ 0,031 106,28

90 | 85 7 2 - 0,47+ 0,041 146,875
Halm 90 | 85 15 2 - 0,43+ 0,010 134,375

90 | 85 30 2 - 0,41+ 0,061 128,125

- - - 2 + 0,31+ 0,051 -

90 | 85 3 2 + 0,38+ 0,032 118,75

90 | 85 7 2 + 0,37+ 0,007 115,62

90 | 85 15 2 + 0,42+ 0,023 131,25

Det bista resultatet f6r GROT under denna serie uppnaddes efter 30h behandlingstid som
térdubblade metanpotentialen jamfort med obehandlad GROT. Fér halm rickte det med
en behandling pa bara 7h, vilket gav en 6kning i metanutbytet med 50 %. Metanutbytet ar
nagot ligre 4n ndr behandlingen utférdes pa 120 °C. Att behandlingen fungerar nista lika
bra dven pa denna liaga temperatur ger a andra sidan valdig positiva indikationer for
ekonomin infoér en framtida process, eftersom det betyder att fjirrvirmesystemet kan
utnyttjas for behandlingen. Behandlade material under dessa férhéallanden valdes dérfér ut
tor vidare undersokningar med avseende pa sammansittning och struktur. Resultaten
redovisas och diskuteras vidare i kapitel 4.2.

Blotliggningen gav inte fOrbittrade effekter, snarare orsakade den att provets vattenhalt
Okades som 1 sin tur gav en utspidd NMMO koncentration under behandlingen. Vira
tidigare studier visade att ligre koncentrationen av NMMO ger simre effekter [13].
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Resultaten visade dock att behandlingen kan ge betydande effekter pd metanutbytet dven
da den utférs vid temperatur av 90°C. Enligt samrdd med referens- och projektgruppen
malet med den delen av projektet var att undersdka hur NMMO-behandling fungerar pa
ligre temperaturer, dar fjarrvirmesystemet kan utnyttjas for behandlingen. Detta ar vildigt
viktigt ur en framtida energikombinat-perspektiv. Hur mycket hogre metanutbytet kan 6kas
och hur stor metanproduktionen blir per ton ravara beror dock pa sammansittningen av
sjalva ravaran. Halm har en annorlunda struktur in GROT. Samtidigt har halm mindre
lignin och hégre kolhydrat halt ian GROT, och dirfor blir metanutbytet av obehandlad
halm mycket hogre 4n obehandlat GROT. A andra sidan kan NMMO-behandling
térdubbla metanutbytet f6r GROT, medan 6kning i metanutbytet f6r halm blir 50 %. Nar
man didremot tittar pa hur mycket metan man far per ton ravara blir metanutbytet betydligt
hégre for halm efter NMMO-behandling (0,47 Nm®/kg VS), den det blir f6r GROT (0,15
Nm’/kgVS). Metanutbytet f6r behandlade GROT motsvarar dock 87 % av det teoretiska
utbytet man kan fa ut nidr man riknar pa hur mycket kolhydrater som finns i GROT och
som kan omvandlas till metan.

Mer detaljer om resultat och utvirdering av forbehandlingsférséken finns 1 de bifogade
manuskripten i Bilaga A och Bilaga B.

4.2 Karakterisering av NMMO-behandlade material

Effekten av behandlingen utvirderades genom analyser pd materialets struktur och
sammansittning fore och efter behandlingen. Sammansittningsdata med avseende pa
kolhydrat och lignininnehall samt metanutbyten férre och efter behandling visas i Tabell
4.2 t6r bade GROT och halm.

Tabell 4.2. Analys av den totala halten lignin och kolhydrater i obehandlade och NMMO-
behandlade GROT och halm, samt metanutbyten férre och efter behandlingen

Table 4.2. Analyses of total lignin and total carbohydrates in NMMO treated vs untreated
forest residues and straw samples together with methane yields obtained from batch
anaerobic digestion assays.

Behandlingsforhéllanden Total Total Metanutbyte
. [ "NMMO | Temperatur | Tid | méngd | mingd | (Nm’CH,/
Material (%) (°C) (h) Kolhydrater | Lignin | kg VS)
(vikt% av | (vikt% av
torrt prov) | torrt prov)
- - - 41,59 43,44 0,07
S 85% 90 3 41,80 42,68 0,08
% 85% 90 15 44,38 39,36 0,13
85% 90 30 45,62 39,60 0,15
- - - 47,68 27,00 0,32
£ 85% 90 3 50,45 25,95 0,34
I 85% 90 7 48,46 28,61 0,47
= 85% 90 15 46,80 27,26 0,43
85% 90 30 51,10 23,34 0,41

17

Biogas fran lignocellulosa



WASTE REFINERY

Under anaerob nedbrytning av lignocellulosa material kan kolhydrater utnyttjas for
metanproduktion medan lignin inte kan brytas ner sa den stannar kvar i rétresten. Data i
Tabell 4.2 visar att behandlingen inte paverkar sammansittningen nimnvird. Kolhydrat
innehallet 6kar medan lignin innehéllet minskar med nagra procent. En av férdelarna med
den hir behandlingen dr att kolhydrater inte bryts ned om nedbrytning av lignin sker i
mindre utstrickning. Det dr positivt eftersom lignin annars skarmar av kolhydratfibrerna i
materialet frain enzymatisk nedbrytning i biogasprocessen. Enligt data som presenteras hir
minskar lignininnehall med Okade behandlingstid som 1 sin tur resulterar 1 hogre
metanutbyten. Trenden dr tydlig fér GROT, medan f6r halm ytterligare Okning av
behandlingstid efter 7 timmar gav inte hogre metanutbyten.

En annan fordel med behandlingen dr att NMMO, kapabel att 16sa upp cellulosa, som
sedan kan fallas ut igen nir behandlingen avslutas (dvs med tillsittning av en antisolvent
agent, namligen vatten). Under den hir processen férandras cellulosans kristallina struktur
till en mer porés amorf struktur, vilket i sin tur gor att materialet blir mer tillgangligt for
enzymerna och mikroorganismerna under den efterfoljande rétningsprocessen. Vidare ar
kol/kvive kvoten (C/N) en viktig parameter som paverkar processens stabilitet. I samband
med rotning av lignocellulosa rika material bor man beakta att dessa typer av substrat med
tordel ~ behéver  samrétas med  kviverika  substrat  for  att halla
niringsimnesammansittningen fér den biologiska rétningsprocessen pa optimal niva. I
framtiden kan nya undersékningar behovas som ger svar, inte bara pa hur mycket kol som
finns 1 materialet, utan som dven identifierar kolets tillganglighet f6r omvandling till metan.

Den strukturella férindringen undersoktes med hjilp av en ny metod, som kallas Szzon s
staining [17]. 1 metoden anvinds tva olika firgimnen med tva olika molekylarstorlekar.
Dessa dmnen kan sedan fastna i olika mingd pa materialet och i1 porerna. Férdelningen i
mellan hur mycket av dessa tvd dmnen som fastnar beror pa pordsiteten i materialets
struktur.
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Figur 4.3. Adsorption av de tva olika fargamnen pa ytan av obehandlad eller behandlad GROT
(A) och halm (B) uttryckt i mg fargamne/g material. De graa staplarna motsvarar adsorptionen
av det orange fargamnet medan de svarta visar adsorptionen av den bla fargen.

Figure 4.3. Adsorbed dye, expressed as mg/g barely straw, from Simons’ stain analysis on
untreated and NMMO - pretreated forest residues (A) and straw (B) Gray bars show the
adsorption of orange dye and the black bars show the adsorption of blue dye

Mingden pid de totala adsorberade firgimnen i mg/g material ger indikationer om
porositeten. De Okade staplarna pa Figur 4.3 visar att pordsiteten Okar ju lingre tid
behandlingen pagar. Mingd firgimnen som adsorberades pa obehandlad GROT och halm
var 40,6 respektive 86,7 mg/g. Dessa virden okades till 89,7 mg/g f6r GROT och dll 133,0
mg/g for halm. Den orange firgen har en storre molekylir storlek 4n den bla. Molekylir
storleken  (dvs 5 — 36nm) av detta firgimne dr ocksa storre dn det
typiska bakteriella enzymkomplexet, cellulosome (dvs 4 — 16 nm). Cellulosome kallas det
enzymkomplexet, som dr aktivt vid nedbrytning av cellulosa. Enzymet kan tringa in i
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alla de platser som orange fargen kan. Dirfér ger adsorptionsvardet
av orange firg indikationer pa hur tillgingligt materialet ir for enzymet. Okningen av
tordelning av orange firgimne (ljusgrda delen av staplarna i Figur 4.3) visar 6kning av porer
som idr i storleksordning som motsvarar den cellulosa nedbrytande enzymkomplexets
storlek. Det betyder att den biologiska nedbrytbarheten férvintas 6ka efter behandling,
vilket 1 sin tur forvintas resultera i ett 6kat metanutbyte.

Sammanfattningsvis kan vi sdga att karakteriseringsdata fran Tabell 4.2 och Figur 4.3 vil
kan relateras till metanutbyten som uppmaittes under satsvisa utrétningsférsok av de
substrat som behandlades med NMMO (Tabell 4.1). En 6kat porositet ger i sin tur 6kad yta
for enzymerna att fista sig pa materialet fOr att kunna bryta ner det battre och snabbare.

Mer utforlig information om behandlingsférsok vid 90°C samt efterfoljande karakterisering
och rétning finns i manuskriptet i Bilaga B.
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4.3 NMMO atervinning och ateranvindning

Med utgangspunkt fran resultat fran férbehandlingsstudier ovan utférdes dven en studie
om dtervinning och recirkulering av NMMO. Behandling av halm (Zmm partikelstorlek)
utférdes pa 90 °C, med 85 % NMMO koncentration under 7 timmar. Direfter gjordes
atervinning och recirkulering av NMMO, samt en ny behandling som utférdes under
liknande férhallanden fast med det atervunna kemikaliet. Denna procedur upprepades 3
ganger. Effekten utvirderades med efterféljande satsvisa rotningsforsék och resultaten
visas pa Figur 4.4.
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Figur 4.4. Metanutbytes data for halm behandlade med frasch vs recirkulerade NMMO.

Figure 4.4. Methane yields obtained from straw samples treated with fresh vs recycled NMMO.

Resultaten visar att inom den felmarginal (som 4r vanliga for sddana biologiska
utrétningsforsok tester) har recirkulerade NMMO samma effekter som den frischa.

4.4 NMMO-test i behandlade prover samt i rGtresten

NMMO beskrevs vid tidigare studier som en miljévanlig kemikalie, vilken kan dtervinnas
utan att nagon kemisk férandring eller produktion av giftiga biprodukter rapporterats [8, 9].
BMP tester pi NMMO behandlade prover visade dock 1 vissa fall pa inhiberingseffekter
(Figur 4.2, samt bilaga A). For att verifiera effekten av eventuella NMMO rester 1 prover
utfordes ett kontrollexperiment med satsvis rétning av cellulosa som substrat och i ndrvaro
av olika koncentrationer av. NMMO. Malet var att sikerstilla den minsta NMMO
koncentrationen som kan férekomma vid rétning,.
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Resultaten angivna i Figur 4.5 A och B bekriftade att det dr viktig att tvitta bort all
NMMO-rester efter behandlingen, eftersom nirvaron av bara sparadiska mingder av
NMMO kan stora rotningen. Kinslighet mot NMMO beror ocksa pa ympens
sammansittning och kvalité. Gasproduktion med ymp som himtades frin Sobackens
biogasanliggning (Boris Energi & Miljo AB, Boris) minskades redan vid forekomst av si
liten méingd av NMMO som 0,0016 % (Figur 4.5A), medan ympen som himtades frin en
anldggning i Uppsala inte visade tecken pa inhibering upptill nirvaro av 0,2 % NMMO
(Figur 4.5B).
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~%i[].z —— Cell+0.2%NMMO
S
m —&— Cell+0.04% NMMO
2 0
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o
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Figur 4.5. Inhibition test for NMMO med cellulosa som modell substrat. Till testet anvandes tva
olika ymp; frin BEMAB biogasanlaggning i Boras (A) och fran Uppsala biogasanlaggning (B)

Figure 4.5. Inhibition test for NMMO using cellulose as model substrate with two different
inoculums; one from BEMAB's large scale biogas plant in Boras (A) and the other from Uppsala
biogas plant (B)
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Det mest kinsliga steget for NMMO-behandling dr tvittning och filtrering efter
behandlingen. Processen blir ekonomiskt giangbar bara om dtervinning av. NMMO
fungerar. Tvittning och filtrering dr viktig for att kunna separera bort NMMO infor
rétningen, som sedan kan dtervinnas och dteranvindas till att behandla nya ravaror igen.
Nir behandlingen gjordes 1 laboratorieskala anvandes forst 15 delar tvitt och skoljvatten till
en del material och NMMO-blandning. Energiatgangen for att koka bort sa mycket vatten
blev alltfor stor, darfér beslutades att vattenatgangen behdver minskas. Det bekriftades
med nya laboratorieférsék att det var mojligt. Rotningsteget fungerade dven efter att
vattenatgangen for tvatt och filtrering minskades med 90 %.

NMMO koncentrationen mittes dven i rétrestprover efter avslutad rétning. Vid ett
vilfungerande tvittningssteg kunde inte NMMO rester pavisas i rétresten. Bevis pa detta ar
ocksa den ackumulerade metanproduktionen som uppmiitts under satsvisa rétningsforsok
(se kapitel 4.1.), och som inte visar nagra inhibitioner under rétningsprocessen.

4.5 Tekno-ekonomisk utvirdering av biogasproduktion frain NMMO-
behandlade lignocellulosa material

Med utgangspunkt frin laboratoriedata om NMMO-behandling gjordes forst ett
prelimindrt processchema fér behandlingssteget (Figur 3.1). Vi beriknade sedan
energibalansen 6ver energiatgang for behandling av GROT, tvitt samt édtervinning av
NMMO mot energivirdet av den producerade gasen fran det behandlade GROT-en. Sedan
gjordes en omfattande tekno-ckonomisk utvirdering Over en samrétningsprocess dar
GROT rotades efter behandling med killsorterat hushallsavfall. Lignocellulosarikt material
kan inte tillimpas for rotning som enbart substrat pa grund av kvivebrist i det biologiska
rotningssteget. Processdesign och utvirdering genomférdes med hjilp av ett avancerat
process simulator program Intelligen SuperPro Designer”.

4.5.1  Preliminira energibalansberikningar

For att bedoma potentialen hos NMMO-behandlingen har en energibalans pa det hir
processteget utforts. Det forutsattes att genom en forfinad teknik med virmevixlare och
mekanisk angkompression skulle energiatervinningen kunna optimeras.

En summering av de energier som gar at i behandlingssteget samt for tvitt och atervinning
av NMMO och den energi som finns i biogasen som produceras frain det behandlade
materialet visade att det blir svart att fa thop det hir processteget energimissigt. Genom att
installera ett virmevixlarsystem med mekaniska angkompressorer skulle energibalansen
torindras ndgot och med bista mojliga teknik skulle energiatgaingen kunna reduceras med
3-4 ganger. Det innebir fortfarande att endast en brakdel (ca 10 %) av den tillférda energin
erhalls via gasutbytet.

Genom att tillimpa en kombination av tekniker, bland annat Multiple effect destillation
(MED), virmevixlare och eventuellt mekanisk angkompression (MVR) kan energibalansen
i teorin forbittras drastiskt.
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Processchema f6r NMMO behandlingssteget visas pa Figur 3.2.
Relevanta leverantérer f6r en sidan process listas upp nedan:

» Tryckkitl, kopplingar, kretsar (offerter, teknisk support)
=  Cambi

» Virmevixlarsystem
* Malmbergs water (offerter, mm)

» Mekanisk dngkompression (offerter, teknisk support, mm)
* Proceco; http://www.proceco.com/products/wastewater-
treatment/Wastewater-Treatment-Eco-Smart.php
* Jiangsu Madebao Energy-saving
Equipment; http://www.chinamvr.com/english /about us.htm
» MED-teknologi (Teknisk support)
" Veolia; http://www.veolia.se/
»  Sasakura; http://www.sasakura.co.jp/e/products/water/106.html

HB har lyckats reducera tvittvattenvolymen efter behandling med 90 % vilket forbéttrar
balansen ytterligare. Det dr dock oklart om MED-tekniken kan tillimpas pa detta material.
Tabell 4.3 visar energibehovet for att framstilla 1 kg VS NMMO-behandlad triflis infor
rotning.

Tabell 4.3. Energibehov for att framstélla NMMO-behandlad traflis

Table 4.3. Energy need for NMMO treatment of woodchips

Energibehov

Delprocess k] Energislag
Malning av trd 60 | El
Koncentrering av 4 000 | Virme (VX red.
NMMO Tryck, MEB )*
Uppvirmning 1000 | Virme (VX)
Temperaturhéllning 1000 | Virme (VX)
av bad
Destillering av 2200 | El (med MEB +
tvittvatten red tryck +

VX )* + 90 %

mindre

tvittvatten
Sonderdelning av triflis, Ej inklnderat | ELf 1 dirme
energi for processen,
pumpar

Summa 8 300
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Utbytet via gasen uppgar till 4 814 kJ. Det innebdr ett EROI-index pa cirka 0,5, vilket
betyder att den producerade biogasen frin GROT innehaller ungefar halften si mycket
energi som vi stoppar in f6r NMMO-behandling, samt for atervinning av NMMO till nista
behandling.

Berikningen ovan visar att det i dagslidget dr svart att fa thop det hir delstromssteget
energimassigt. Vid en fullskalig process blir energibalansen an mer negativ eftersom andra
delar i processen som exempelvis efterbehandling av rétrest eller energiinsatser 1 form av
drift (transportérer, pumpar mm) inte dr medtagna i ovanstiende beskrivning. Rent
ekonomiskt eller ur ett I6nsamhetsperspektiv kan det se annorlunda ut eftersom dir ér
priset pa produkten, i detta fall gasen (metan) som ar styrande. Preliminért ar dock priset pa
gasen i dagsliget for lagt f6r att NMMO-processen i sig ska vara 16nsam.

Ytterligare detaljer om de preliminira energibalansberidkningarna finns i Bilaga D.

4.5.2 Process design och simulering

Lignocellulosarika material kan inte tillimpas till r6tning som enbart substrat, i och med att
niringsbalansen for rétningen skulle inte fungera pa grund av kvavebrist. 1 praktiken kan
behandlad GROT anvindas som en delstrom 1 en samrotningsprocess dar andra kviverika
substrat ocksa ingar. Ett processschema har tagits fram darfor Gver en samrétningsprocess,
med hjilp av ett avancerat processimulator- program, SuperPro Designer® (Figur 3.3).
Blandningsférhallandena f6r samrétningen dr valda for att kunna uppna en optimal C/N
balans inom processen, dvs en tredjedel av det rétade materialet (33%) kommer fran
lignocellulosa och resten (67%) fran kallsorterat hushallsavfall. Den bildade gasen
uppgraderas till 98 % metan med hjilp av vatten skrubber-teknik och siljs som fordonsgas.
Rotresten som kommer ut frin processen har en hog lignin halt och dérigenom ett hogt
energivirde, sa att den efter avvattning kan skickas till f6rbrinning for att producera el och
virme.

Programmet 16ser material- och energibalansekvationer och kan berikna investerings-
utrustnings- och driftkostnader, samt lénsamhet med mera utifran process design,
driftférhallanden och sammansittning av material som ingar. Priset for utrustningsdelarna
beriknades enligt Turton et al, 2003 [24]. De fasta investeringskostnader sisom inkép,
installationer, rérsystem och andra instrumentkostnader osv beriknades med hjilp av
programmets inbyggda funktioner. Alla kostnader dr indexerade till ar 2012.
Entreprendrsavgift samt oférutsigbara kostnader riknades som 5 respektive 10 % av de
totala investeringskostnaderna [22]. For basfallet antas en kapacitet for behandling och
totning av 100 000 ton GROT/4r. Anlageningen har en total kapacitet pa 300 000 ton
substrat/ar och beriknas att producera 470 GWh/ar energi.

Rorelsekapitalet riknades som 5 % av investeringsbeloppet. De arliga driftkostnaderna
utgér summan av material- och energikostnader, underhallsavgifter samt férsakrings- och
lonekostnader.

Det detaljerade process schemat visas i Figur 4.6 och beteckningen for de viktigaste stegen
inom processen ar sammanfattade 1 Tabell 4.4.
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Den prelimindra energibalansberikning visade att vattenatgangen for tvitt efter behandling
behover minskas med 90 %, som i sin tur skulle minska energibehovet for atervinning av
NMMO avsevirt. Nya laboratorieforsék gjordes for att testa minskning av tvittvattnet
efter behandling. Metanutbytet blev oférindrat dven niar mingd tvittvatten minskades fran
5L till 500mL f6r samma mingd behandlat material.

Inom processdesign anvinde vi dirfér roterande vakuumfiltrering for tvitt- och
separationssteget. Med en sadan tvitt- och filtreringsprocess kan man minska
vattenbehovet avsevirt och dirigenom spara energi 1 det efterféljande avdunstningssteget.
For avdunstning 1 sin tur anvinde vi mekanisk angkompressor med tva effekter och tva
kompressorer som har 70-90 % mindre energibehov dn en traditionell enstegs evaporator

22].

Tabell 4.4. Fortackning over olika process steg och utrustning for NMMO behandling samt
efterféljande rbtnin% av lignocellulosa material framtagen med process simulator programmet
SuperPro Designer-. Processchemat visas pa Figur 4.6.

Table 4.4. List over different process steps as well as equipments involved in NMMO
pretreatment and anaerobic digestion of lignocellulosic biomass. The process flow diagram was
constructed by a computer program called SuperPro Des;igner® and is shown on Figure 4.6.

Beteckning | Namn

P-1 NMMO forbehandling
P-2 Malning

P-3 Forvaringskarl

P-4 Forvaringskarl

P-5 Forvaringskarl

P-6 Transportband

P-10 Roterande vakuumfiltrering
P-12 Skruvtransport

P-15 Evaporator

P-18 Skruvpress

P-21 Rétkammare

p-22 Absorptionstorn

P-23 Desorptionstorn

P-25 Gaskompressor

P-26 Avvattnande centrifug

En l6nsamhetsanalys for en process som behandlar och rétar 100 000 ton GROT eller
halm per ar inom en samrotningsprocess tillsammans med kallsorterat hushallsavfall
sammanfattas 1 Tabell 4.5. Den visar att en sidan anliggning skulle kosta omkring 145
miljoner € att bygga.
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Tabell 4.5. Lonsamhetanalys for en anlaggning som behandlar och rotar arligen 100 000 ton
GROT eller halm

Table 4.5. Economic evaluation report for a plant with a capacity of treatment and anaerobic
digestion of 100 000 tons forest residues or straw per year

GROT Halm
Kapitalkostnad 145 031 000 € 146 141 000 €
(Investeringskostnad)
Arliga driftskostnader 103 812 000 €/ar 102 333 000 €/4r
Produktionskostnad for metan | 1,55 €/ kg CH, 1,21 €/ kg CH,

0,1 €/kWh 0,08 €/kWh
Arliga intikter 142 216 000 €/4ar 171 909 000 €/4r
Bruttoresultat 38 404 000 € 69 576 000 €
Bolagsskatt (22 %) 8 449 000 € 15307 000 €
Nettoresultat' 42 434 000 € 66 862 000 €
Internrinta fore skatt 27,11% 40,39 %
Internrinta efter skatt 22,89% 34,30 %

'beriknades som bruttoresultat minus skatt och plus avskrivning

Tabellen visar bittre I6nsamhet nir halm anvinds som ravara. Det beror i forsta hand pa
hogre biogasutbyte fran halm (Tabell 4.1).

Berikningarna visade att vid investering (dvs byggandet och installationer mm) dr det
rétkammaren, samt utrustningen for filtrerings- och avdunstningssteget (som beh6vs efter
NMMO-behandling), som kostar mest (Figur 3 i Bilaga C). Om man tittar pa
driftkostnaderna, dr det ravarupriset som utgor den storsta delen (Figur 4 i Bilaga C) med
NMMO som svarar f6r 80 % av ravarukostnaderna.
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Figur 4.6. Detaljerat processchema for behandling och rotning av GROT inom en samrétningsprocess tillsammans med kallsorterat hushallsavfall.
Processdesignen ar framtagen med hjalp av datorprogrammet SuperPro Designer®

Figure 4.6. Detailed process flow diagram design by SuperPro Designer® software for the pretreatment and anaerobic digestion of forest residues
within a co-digestion process together with source sorted municipal solid waste
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Fler detaljer om processdesign och tekno-ekonomisk analys finns i det bifogade
manuskriptet 1 Bilaga C.

Internrintan eller Internal Return Rate (IRR) dr en parameter som ger indikationer angiende
processens lonsamhet. Processen anses vara Ionsam om IRR ar 15 % eller hégre [25]. Figur
4.7. visar hur 16nsamheten kan férindras med dndrade processparametrar, dvs 50 % mer
eller mindre vattenatging i tvittningsteget, samt dndrade priser pa GROT eller den
producerade gasen.
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Figur 4.7. Lénsamhetsanalys; en jamforelse med basfallet, ndr méngd tvattvatten 6kas eller
minskas med 50 %, samt nar priser fér metan och for GROT oOkas eller minskas med 20%.
Processen anses vara [dnsam om IRR ar hégre &n 15 %

Figure 4.7. Results of cash flow analysis; the change in Internal Return Rate (IRR) when 50 %
increased or decreased water consumption during washing is applied, and with 20 % increase
or decrease in the price of methane or forest residues, respectively, compared with those in the
base case. The process is assumed to be economically feasible when IRR is higher than 15 %

Enligt Figur 4.7 har dndringar i vattenmingden som anvinds for tvittningssteget samt
priset pa metan stort inflytande for 16nsamheten, medan priset f6r GROT inte har sa stor
betydelse.

GROT ir ett kolrikt substrat som med férdel kan anvindas i samrotningsprocesser. Hur
mycket gas som produceras i en sidan samrotningsprocess beror pa sammansittning av de
olika substratstrommar som ingar, samt blandningsférhallanden, dirfér utvirderades
processekonomin dven med avseende pa olika andra substrat som GROT kan samrétas
med. Tabell 4.6 nedan sammanfattar resultaten. Vid blandning av substrat for
samrotningsprocessen efterstrivade vi att uppna en optimal C/N kvot pa omkring 20.
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Tabell

hushallsavfall eller avloppsslam

Table 4.6. Economical calculations for
sludge with forest residues

4.6. Porcessdesign och ekonomisk berdkning fér samrdtning av GROT med

different co-digestion scenarios: OFMSW or sewage

Substrat i C/N | GROT Produktions- | Avkastning | Ramaterial | IRR
samrotningen | kvot | (% isam- | kostnad (€/kgCH,) | som rotas | (%)
rétningen) | (€/kg CH,) totalt
(ton/4ar)
Hushallsavfall | 29,5 | 33 1,58 2,12 300 000 20,70
Avloppsslam | 20,5 | 67 2,78 2,75 300 000 3,52

Berikningarna visar att rotning av GROT med férdel kan genomféras i samrotning med
hushallsavfall, medan r6tning av GROT med avloppsslam inte blir 16nsam. Skillnaden
beror pa att avloppsslam i sig har en ligre gaspotential dn hushéllsavfall, som 1 sin tur leder
till ligre gasutbyte inom samrétningsprocessen.

Den genomforda uppskattningen av energibehov for processteget, NMMO-behandling,
gentemot energiinnehallet i den producerade biogasen visar att det i dagsldget ar svart att fa
ihop det hir delstromssteget energimissigt. A andra sidan visar processimulering av en
process, dir den lignocellulosarika fraktionen efter malning och NMMO behandling ingar 1
en samrotningsprocess tillsammans med kallsorterat hushallsavfall, kan bli ekonomisk
l6nsamt. Den producerade gasen efter uppgradering siljs som fordonsgas.

Det vore intressant att aven experimentellt undersoka hur en sidan samrotningsprocess
skulle fungera. Hur fungerar det behandlade materialet med andra substrat? Hur ser den
optimala substratblandingen ut f6r en stabil och robust rétningsprocess nir cellulosa- och
lignocellulosarika avfallsfraktioner anvinds inom en samrétningsprocess? Tidigare studier
dir obehandlat samt dngexplosionsbehandlat papersavfall rotades med en kvaverik
substratsblandning visade stabiliserings- och synergieffekter, nir pappersavfallet var med
bland de olika substratsstrommar 1 samrotningsprocessen [2, 26]. En stabil process som
genom synergieffekter kan ge hogre metanutbyte an de beriknade utifrin de enskilda
substratens metanutbyte, blir ekonomiskt mer l6nsamt.
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5 Slutsatser

Forskning har visat att det ar mojligt att avsevirt 6ka metanutbytet fran lignocellulosarika
material efter férbehandling. Utmaningen ligger i att utveckla tekniker och processer for att
kunna uppnid kosteffektiv biogasproduktion frin dessa ravaror i kommersiell/industriell
skala. Det hir projektet fokuserade pa att tekno-ekonomiskt utvirdera en
torbehandlingsteknik, som anvinder ett organiskt 16sningsmedel, NMMO. NMMO har
visat sig vara effektivt vid upplésning av cellulosa och minskning av kristallinitet och
dirigenom 6ka metanutbytet under den efterféljande rétningen under vara tidigare studier.

Nedan féljer en sammanfattning av studiens viktigaste resultat och hur dessa kan kopplas
till projektets syfte och mal:

1. Behandlingen fungerar bra vid ligre temperaturer och leder till f6rdubblat
metanutbyte frin skogsavfall (GROT) samt 6kar metanutbytet frain halm med 50%.

Malet var att utvirdera och optimera férbehandlingseffekterna med avseende pa NMMO
koncentration, temperatur, férbehandlingstid, samt partikelstorlek av det behandlade
materialet  (Bilagor A och B). Under projektets ging har vi format
behandlingsforhallandena i samrad med referensgruppen sa att effekten av behandlingen
undersoktes dven i ldgre temperaturer, i syfte att kunna utnyttja fjarrvirme. Med den
avsikten lade vi sirskild tyngd pA NMMO-behandling vid 90 °C (Bilaga B). For ett framtida
energikombinatsperspektiv var det viktigt att titta narmare pa dessa forhallanden.

2. Det kritiska steget 1 processen ar tvitt och filtrering av ravaran efter behandling,
samt dtervinning av NMMO. Energibalansberakningarna visar att det i dagsliget ar
svart att fa thop det hir processteget energimassigt.

En biogasprocess dir NMMO behandlingen ingar blir ekonomiskt gangbar bara om
behandlingskemikaliet kan recirkuleras och ateranvindas. Tvittning av det behandlade
materialet och filtrering efter behandling visade sig vara det kansliga steget. Det ar viktigt
att kunna separera bort NMMO inf6r rétningen, dels f6r att NMMO sedan kan atervinnas
och dteranvindas till att dter behandla nya riavaror, dels for att kvarvarande rester inte ska
stora rotningsprocessen. Energiatgangen for att koka bort vatten och fa fram en
koncentrerad NMMO-l6sning ir stor jamfort med motsvarande energivinsten i form av ett
okat metanutbyte under den efterféljande rétningen (Bilaga D). Dirfoér dr det viktigt att
optimera vattenatgangen for det hir steget. Vid dessa f6rsok minskades vattenitgang med
90 % jamfort med det ursprungliga protokollet, dir 15 delar vatten anvints for en del
material. I en  storskalig  process rekommenderas dirfér en  roterande
vakuumfiltreringsanliggning, for tvitt och filtrering, samt en mekanisk angkompressor for
det efterfoljande avdunstningssteget. Dessa utrustningsalternativ anvindes darfor dven vid
processimulering och vidare i de ekonomiska berikningarna (Bilaga C). Kontakt med
leverantOrer har visat att det finns mycket fa alternativ nér det giller sidana utrustningar pa
marknaden idag. Detta innebir att det finns mycket kvar att géra for att kunna lyfta ut
torbehandlingssteget fran laboratoriet och etablera det som en integrerad del i en
biogasanliggning.
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3. Behandling med atervunnen NMMO har testats pa halm, som gav lika stort
metanutbyte som behandling med farsk NMMO. Efter en vilfungerande tvitt- och
filtreringsteg kunde inte NMMO pavisas i rotresten som samlades under dessa
torsok.

En av projektets malsittningar var att studera rotrestkvalitén. Langtidseffekter av
behandlingen, samt dess effekter pa rotrestkvalitén kan med fordel sikerstillas genom
kontinuerliga rotningsférsék. Denna studie antog att férbehandlingssteget ska kopplas till
en befintlig anliggning, dir det behandlade materialet ingar 1 samrétningen. Inom detta
projekt fanns dock inte tid och resurser kvar for att utféra kontinuerlig rétning med sadana
olika sammansittningar som utvirderadas i processimuleringen. Dirfér kunde inte heller
mer utforliga undersokningar av rotrestkvalité genomforas. Vidare, nir lignocellulosa rika
material, med hogt lignininnehdll anvinds for r6tning, har rotresten ocksa hogt
lignininnehall, da ligninet inte bryts ner under anaeroba forhillanden, som rider i
rétkammaren. Lignin har ett hogt energivirde, det antogs ddrfér i den tekno-ekonomiska
utviarderingen att rOtresten efter avvattning ska gd for energiatervinning genom
forbrinning, istallet f6r avsattning som biogodsel.

4. GROT och halm ir lignocellulosarika material som med fordel kan inga i en
samrétningsprocess tillsammans med andra substrat (helst kviverika) for att kunna
uppna en tillfredstallande naringsbalans for rétningen.

Den tekno-ekonomiska utvirderingen skedde genom processdesign och simulering av en
storskalig process dir det antogs att det behandlade materialet skulle rétas tillsammans med
kallsorterat hushéllsavfall inom en samrotningsprocess och att den producerade gasen efter
uppgradering skulle siljas som fordonsgas. Resultaten visade att en sidan process kan
fungera ekonomisk lénsamt. Pa andra sidan, simuleringsstudier dir GROT r6tades med
avloppsslam istillet for hushallsavfall visade att det inte blir lénsamt (Bilaga C).
Metanpotentialen av avloppsslam dr mycket ligre dn den av killsorterat hushallsavfall.
Aven om substratblandningen motsvarar optimala niringsforhillanden beror metanutbytet
av en samrotningsprocess pa metanpotential av ravaror som ingar.
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6 Rekommendationer och anvindning

En av de storsta utmaningarna nir man forsOker utnyttja lignocellulosa rika
avfallsfraktioner 1 en anaerob rétningsprocess ar att hitta ett kostnadseffektivt sitt att gora
denna typ av substrat tillgingligt f6r den bilogiska nedbrytningen. For att na malet dr det
nédvindigt att samordna insatser 6ver flera discipliner och filt; till ex teknik maste
harmonisera med ekonomi, konstruktion med tillstand och regelverk, samt logistik med
substrat tillganglighet for att nimna nagra.

Det dr wvanligt 1 Sverige att lignocellulosans rika avfallsfraktioner utnyttjas till
energidtervinning genom forbrinning for att producera el och virme istillet, sa konkurrens
om ravaran dr darfér relativt hog. Detta paverkar kostnaden for substratet som ingar i
processen.

Fordelen med att kunna utnyttja lignocellulosa rika avfallsfraktioner dven till
biogasproduktion dr att kunna producera mer foérnybar brinsle till transportsektorn. Ett
overgripande miljomal f6r Boras Stad och det kommunaligda energibolaget Boras Energi
och Milj6 (BEMAB) ir en fossilbranslefri stad. Ett viktigt fokusomrade 1 arbetet med att
skapa en fossilbrinslefri stad dr transportsektorn. Inom den sektorn maste anvindandet av
fossilfria branslen oka kraftigt. For att uppna detta skall BEMAB arbeta med att 6ka
biogasproduktionen och forse invanarna med fordonsgas producerad av organiskt avfall.
Foretaget planerar att 6ka sin produktion av fordonsgas frin dagens 2 miljoner Nm’ till 4,7
miljoner Nm’ till ar 2016.

For att kunna 6ka biogasproduktionen behéver flera substrat goras tillgangliga f6r rétning.
En viktig faktor att beakta nir man O&verviger anvindning av lignocellulosa i en
rotningsprocess ar flodet av energi och material genom hela anliggningen. NMMO
anvinds redan idag i kommersiellt skala inom textilindustrin. Dess férmaga att 16sa upp
cellulosa, som sedan fills ut efter behandling i amorf form goér kemikaliet intressant att
anvinda som foérbehandling infér biogasproduktion. I och med att materialet forlorar
kristallinitet, blir den mer tillgangligt f6r mikrobiologisk nedbrytning.

Studien inom detta projekt var begrinsade till att utvirdera behandlingseffekterna i
laboratorieskala genom att mita biometanpotentialen under efterféljande satsvisa
rotningsforsok. Energibalans beradkningen baserade péd data fran laboratorieforsok visar att
det 1 dagsliget dr svart att fa thop behandlingssteget energimissigt. EROI vardet av 0,5
betyder att den producerade biogasen frain GROT innehaller ungefir hilften sa mycket
energi som vi stoppar in f6r NMMO-behandling, samt for atervinning av NMMO till nista
behandling.

Vid tekno-ekonomisk utvirdering dr det viktigt att vi vid processdesign beaktar mojligheter
for att utnyttja energi- och materialstrommar pa bista sitt, att 6verskottsvairme blir till nytta
for andra delar av processen, att vattnet atercirkuleras sa mycket som moijligt och att
kemikaliet som anvinds i forbehandlingssteget dteranvinds i1 ndsta sats. Detta kriver
samordning med ingenjorer, entreprendrer och leverantorer redan vid planeringsstadiet.

Inom det hir projektet gjorde vi en processdesign och ekonomisk utvirdering av en
samrotningsprocess dir den lignocellulosarika fraktionen ar en av delstrdmmarna som
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kommer till rotkammaren efter NMMO behandlingssteget (Bilaga C). Samr6tning valdes i
och med GROT och halm ir kolrika material och kan inte tillimpas till rétning som enbart
substrat. Nidringsbalansen for rétningen skulle annars inte fungera pa grund av kvivebrist.
Vid blandningsférhéllanden fér samrotningen bestimdes sd att kunna uppna en optimal
C/N kvot av 20. Utvirderingen utférdes med hjilp av en avancerad process simulator
program, Intelligen SuperPro Designer”. Programmet ir ett virdefullt verktyg for ingenjérer
och forskare inom processutveckling, processteknik och tillverkning. Det l6ser material-
och energibalans ekvationer och kan berikna investerings- utrustnings- och driftkostnader,
samt 16nsamhet med mera utifran processdesign, driftférhallanden och sammansittning av
material som ingar.

Vid utvirderingen anvindes karakteriseringsdata (TS, VS, sammansittning, metanpotential
osv) for substratet enligt experimentella resultat. Utifran dessa beriknades
blandningsférhillanden och metanutbyten for olika samrotningsmojligheter. Priset for
utrustningsdelarna beriknades enligt referenser [24]. De fasta investeringskostnader sisom
ink6p, installationer, rorsystem och andra instrumentkostnader osv, berdknades med hjilp
av programmets inbygeda funktioner. En anliggning som behandlar 100 000 ton GROT
per ar utvirderades som ett basfall och processen visade sig vara ekonomisk l6nsam om
den behandlade GROT-en blandas med 200 000 ton hushallsavfall fér att uppna en
optimal ndringsbalans 1 samr6tningsprocessen. Investeringskostnader for  bara
térbehandlingssteget blir omkring 7 miljoner €. Den storsta kostnaden f6r férbehandlingen
utgors av kostnaden for NMMO som svarar for 80 % av de drliga materialkostnaderna
(Figur 3 i Bilaga C).

Beriknat utifran att ca 72 kg matavfall samlas in per person per ar, skulle en sidan
anldgening behova tillgang till det insamlade matavfallet frin en stad i storleksordning
Stockholm eller storre. A andra sidan visade kinslighetsanalysen att anliggningar med en
kapacitet fran 50 000 ton GROT per ar kan vara ekonomiskt l6nsamma (Figur 6 i Bilaga
C). Till en sadan process beh6vs endast 100 000 ton matavfall tillsittas. BEMAB behandlar
43 000 ton organiskt avfall per ar 1 nulidget och planerar att f6rdubbla sin kapacitet genom
nya investeringar. Det betyder att dven en stad som Boras med omgivningar skulle kunna
ha méjlighet att samla in den mangd organiskt avfall som behovs f6r samrotningen.

I framtiden vore det dven intressant att experimentellt underséka hur
samrotningsprocessen fungerar. Hur fungerar det behandlade materialet med andra
substrat? Hur ser den optimala substratblandingen ut f6r en stabil och robust
rotningsprocess nir cellulosa- och lignocellulosarika avfallsfraktioner anvinds inom en
samrotningsprocess?  Tidigare studier dar obehandlat samt angexplosionsbehandlat
papersavfall rotades med en kviverik substratsblandning visade stabiliserings- och
synergieffekter, ndr pappersavfallet var med bland de olika substratsstrOmmar i
samrotningsprocessen [2, 26]. En stabil process som genom synergieffekter kan ge hogre
metanutbyte 4n den beriknade utifran de enskilda substratens metanutbyte, blir
ekonomiskt mer l6nsamt.

Ett sadant kontinuerligt rotningsforsok dair NMMO behandlade material rotas med andra
substrat skulle ge ytterligare mojligheter att undersoka langtidseffekter, samt att kunna
sikerstilla rotrestkvalitén. Laboratorieresultat av rotrester fran satsvisa rotningsserier visade
att efter ett vilfungerade tvitt- och filtreringssteg kunde dock NMMO-rester inte pavisas i
rotresten.
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Eftersom rotrestkvalitén inte kunde sakerstillas inom det har projektet har vi inte riknat
med att rétresten kan aterforas till dkermark som biogddsel, utan vid processdesign valdes
en annan avsittningsmojlighet for rotresten. Materialet som rotats har ett hogt
lignininnehall och dirmed ett hoégt energivirde. Processen designades darfér sa att
rotresten efter avvattning skulle kunna utnyttjas for el- och viarmeproduktion genom
torbrinning istillet.

Viidr medvetna om att aterforing av rotrest till akermark ar valdigt viktigt for att sikerstilla
kvivekretsloppet. Dirfor blir det viktigt att gora ytterligare undersokningar i framtiden med
malet att separera ligninet efter férbehandlingssteget och innan rétningen. Pa det viset kan
sockerdelen av lignocellulosan foras vidare till rétning utan att paverkan av rotrestkvalitén
sker. Lignin fraktionen kan da anvindas for forbrinning eller utnyttjas for framstillning av
virdefulla produkter som exempelvis vanillin.
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A Enhanced biogas production from forest residues by
NMMO pretreatment; effect of particle size, NMMO
concentration and treatment time

Maryam Mohseni Kabir®, Maria del Pilar Castillo”, Mohammad J. Taherzadeh®, Ilona
Sarvari Horvath®

A.1. Abstract

Pretreatment of forest residues using N-methylmorpholine-N-oxide (NMMO or NMO)
ptior to anaerobic digestion was investigated. The pretreatments were carried out at 120 °C
for 3, 7, and 15 h in two different modes of NMMO treatment; dissolution by 85%
NMMO and swelling without dissolution using 75% NMMO solution. The pretreatment
process led to minor changes in composition of forest residues. The best improvement in
methane yield was achieved by a dissolution mode pretreatment of forest residues, using
conditions of 85% NMMO, 15 h, and 120 °C. It resulted in 0.19 Nm’/kg VS methane yield
which corresponds to 95% of the expected theoretical yield on carbohydrates present in
the material. Additionally, the accumulated methane yield and the rate of the methane
production are highly affected by the amounts of remaining NMMO if it is not well
separated during washing and filtration step after the treatment. Presence of as low
concentration as 0.008 % NMMO resulted in a decrease in the final methane yield by 45%,
while the presence of 1% of this solvent in the digester, completely terminated the
anaerobic digestion process.

Keywords: Forest residues; NMMO; anaerobic digestion; inhibition; degradation; biogas

Contact information: # School of Engineering, University of Boras, P. O. Box SE 50190, Boras, Sweden
®Swedish Institute of Agricultural and Environmental Engineering (JTI) *Corresponding
author: Maryam.kabir@hb.se

A.2. Introduction

Increased concern for the security of oil supply and the negative impact of fossil fuels on
the environment, particularly greenhouse gas emissions, has put pressure on societies to
find renewable alternatives (Midilli et al. 2006). Bioenergy from renewable resources is a
viable alternative to fossil fuels.

Among renewable energies, biogas has a great potential as an alternative to fossil fuels. It
can be utilized in generation of power and heat and it can also be upgraded to gaseous
vehicle fuel (Borjesson and Mattiasson 2008; Klass 1998; Louwrier 1998; Saddler 1993).
There are several studies have been carried out on the conversion of wastes (animal,
industrial, household, municipal etc) to biofuels by anaerobic biodegradation (Brown
2003; Cheng and Hu 2010; Elango et al. 2007; Klass 1998; McKendry 2002; Mussatto and
Teixeira 2010). Large scale biogas technologies utilizing a variety of wastes have already
been developed in some countries in Europe, especially in Germany and Sweden, however,
to meet the increasing need for bioenergy production, new raw materials have to be
considered (Petersson et al. 2007). One of the most abundant wastes available for biofuel
production is lignocellulosic biomass. Lignocellulosic biomass refers to plant biomass,

39

Biogas from lignocellulose


mailto:Maryam.kabir@hb.se

WASTE REFINERY - Rapportbilagor

which is composed mainly of cellulose, hemicellulose, and lignin (Hendriks and Zeeman
2009; Malherbe and Cloete 2002; Percival Zhang et al. 2009) and represents the major
renewable source of potentially fermentable carbohydrates on earth (Nakamura and Mtui
2003).

However, the anaerobic digestion of lignocellulosic materials is limited by the rate of their
hydrolysis (Boone 1984; Noike et al. 1985). The main biodegradable polymers in these
kinds of biomass, the cellulose and hemicellulose, are protected by lignin, a relatively inert,
polyphenylpropane three-dimensional polymer (Grohmann et al. 1986; Sarkanen and
Ludwig 1971). This complex structure of lignocellulosic materials causes therefore physical
and chemical barriers for biofuel production, unless, the structure is subjected a suitable
pretreatment prior to anaerobic digestion.

N-methylmorpholine-N-oxide (NMMO) is one of the cellulose solvents which is used
industrially for the spinning of cellulosic fibers (Lyocell process) and recently has been
shown to improve the biofuel production from lignocellulosic materials when used for the
pretreatment. NMMO is known to change the highly crystalline structure of cellulose after
it has been dissolved (Cuissinat and Navard 2006). One of the advantages with this
treatment is that the dissolution is a physical process without derivatization (Rosenau et al.
2001). Moreover, NMMO is fully biodegradable with moderate working conditions, i.e.
atmospheric pressure and 80 — 130 °C.

Several studies have been carried out on optimization of NMMO pretreatment conditions
prior to bioethanol or biogas production (Goshadrou et al. 2013; Shafiei et al. 2010;
Teghammar et al. 2011). Goshadrou et al. (2013) carried out NMMO pretreatment on
conversion of birch into biogas using batch mode. The pretreatment was performed with
85% NMMO at 130°C for 3h. The biodegradability of the birch was improved, resulting
0.23 Nm’ CH,/kg VS which is almost 1.5-fold increase in the methane production
compared to that of the untreated sample, and counts up to 80% of the theoretical biogas
yield.

In another study, Teghammar et al. (2012) investigated biogas production from rice straw,
triticale straw and spruce by NMMO pretreatment. The results of this study revealed that
NMMO pretreatments have improved the methane yields by 400 - 1200%, and the best
result achieved was corresponding to 87% of the theoretical yield of 415 Nml CH,/g
carbohydrates.

Pretreatment of OPEFB (oil palm empty fruit bunch) by NMMO (N-methylmorpholine-
N-oxide) and its subsequent digestion was investigated by Purwandari et al. (2013). The
pretreatments were carried out at 90 and 120 °C for 1, 3, and 5 h in three different NMMO
concentration 85%, 79% and 73%. The best improvement in biogas production was
achieved, using conditions of 85% NMMO, 3 h, and 120 °C. It resulted in 0.408 Nm’/ kg
VS methane improving the methane yield by 48% compared to untreated OPEFB.

NMMO pretreatment was also investigated on spruce and oak prior to bioethanol
production. The pretreatment of oak and spruce at 130 °C with 85% NMMO, resulted in
almost total conversion of cellulose to ethanol and improved ethanol yield up to 85.4% and
89%, respectively (Shafiei et al. 2010).
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The present paper is a further development of some ideas presented in previous works
(Goshadrou et al. 2013; Purwandari et al. 2013; Teghammar et al. 2011). It deals with the
optimization of NMMO treatment on forest residues. In 2008, the tree branches and tops
that received from Swedish forests were about 1.6 Mtons Total solids /yeat, and this
amount is expected to increase to 3.5 Mtons total solid /year by 2018 (Thuresson 2010).
Forest residues have been selected as substrate due to their abundance in Sweden.
However, forest residues consist of branches, tops, bark and needles, are a very
inhomogeneous substrate with high lignin content, considered as a very challenging
substrate for anaerobic digestion. Two different modes of NMMO treatments; dissolution
by 85% NMMO and swelling without dissolution using 75% NMMO solution, were
considered. The effects of various treatment times Ze., 3, 7, 15 hours and different particle
sizes e, 2, 4 and 8 mm of the substrate were investigated. Aditionally, this study explores
the inhibitory effects of different concentrations of the remaining NMMO after treatment
followed by anaerobic digestion process. The purpose of this investigation was to verify
that the presence of the solvent after insufficient washing might inhibit the anaerobic
digestion process. According to the author’s knowledge, no previous work on pretreatment
of forest residues prior to methane production has previously been carried out.

A.3. Materials and methods

Materials

Native forest residues were obtained from the forest outside Bords in
Sweden. They were dried at room temperature for a couple of days before cut, milled and
screened to achieve three different fractions with particle sizes of 2 mm, 4 mm and 8 mm.

Pretreatment

Industrial grade 50% (w/w) NMMO solution (BASF, Ludwigshafen,
Germany) was used in all pretreatment experiments. The concentration of NMMO was
first increased to 75% and 85% (w/w) using a rotary evaporator (Laborata 20 eco,
Heidolph, Germany), operating at a total pressure of 100 mbar and a maximum
temperatute of 130°C. The NMMO solution was supplemented with 0.625 g/kg
propylgallate to prevent oxidation of the NMMO during pretreatment (Bang et al. 1999;
Kim et al. 2000).

For the pretreatment 94 g 85% or 75 % NMMO solution was mixed with 6 g dry weight of
forest residues with particle size of 2, 4 or 8§ mm in 250 mL bluecap bottles. The bottles
were then placed in an oil bath at 120°C for 3, 7 and 15 h, respectively. The mixtures were
stirred in every 15 min with a glass rod (Shafiei et al. 2010) except for the 15-hour
treatment where the mixtures were left overnight without mixing. The pretreatment was
stopped and the cellulose was recovered by addition of 150 mL of boiled distilled water,
followed by vacuum filtration and washing with hot distilled water until a clear filtrate was
achieved (Shafiei et al. 2010). The pretreated samples were stored in 4 degrees until further
investigations in anaerobic digestion assays. In addition, a part of the materials was freeze-
dried to prepare samples for further analyses.

Batch anaerobic digestion assays
The batch digestion assays were carried out using thermophilic inoculum
obtained from a large scale digester treating municipal solid waste at 55°C (Bords Energi
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och Milj6 AB, Boris, Sweden) and according to the method described by Hansen et al.
(2004). The digesters used in the assays were serum glass bottles with 118 ml total volume,
closed with butyl rubber seals and aluminum caps. Each flask contained 30 ml inoculum,
and 0.25 g VS of substrate to achieve a VS ratio of inoculums: substrate to 2:1.
Furthermore, deionized water and inoculum was used as blank to be able to determine the
gas production of the inoculum itself. In addition, pure cellulose was also used as a control
substrate to check the quality of the inoculum. Moreover, the inhibition effect of NMMO
was also investigated by digestion of pure cellulose fibers in the presence of different
concentrations (between 6.4X10° and 1%) of NMMO.

All experimental setups were performed in triplicate. Finally, the headspace of each bottle
was flushed with 80% nitrogen and 20% carbon dioxide gas mixture to obtain anaerobic
conditions. Gas samples were withdrawn regularly from the headspace of each bottle and
analyzed by gas chromatography in order to measure the accumulated methane production
during the digestion period of 50 days.

Analytical methods

The percentage value of the Total solids (TS) and Volatile solids (VS) in the
different samples were determined by first oven drying them to a constant weight at 105°C
and then continue the ignition at 575°C in a furnace, respectively (Sluiter et al. 2008a).
Cellulose, hemicellulose and lignin contents of the pretreated or untreated samples were
determined according to NREL procedures (Sluiter et al. 2008b). In these methods, a two-
step acid hydrolysis with concentrated and diluted sulfuric acid was performed to liberate
the sugars from the cellulose and the hemicellulose. The formed sugars were then
quantified by HPLC. The acid-soluble and acid-insoluble lignin contents were determined
using UV spectroscopy at 205 nm and after drying the samples at 575 °C, respectively. All
lignin and carbohydrate analyses were performed in duplicate.

The sugars were analyzed on HPLC (Waters 2695, Millipore, Milford, USA) equipped with
a refractive index (RI) detector (Waters 2414, Millipore, Milford, USA) and an ion-
exchange column (Aminex HPX-87P, Bio-Rad, USA) at 85 °C using ultra-pure water as
eluent with a flow rate of 0.6 ml/min.

The methane produced in anaerobic digestion was measured using a gas chromatograph
(Auto System Perkin Elmer, Waltham, MA) equipped with a packed column (Perkin Elmer,
60x1, 8000D, 80/100, Mesh) and a thermal conductivity detector (Perkin Elmer) with
injection temperature of 150 °C. The carrier gas used was nitrogen-operated with a flow
rate of 23 ml/min at 60 °C. A 250 ul pressute-tight gas syringe (VICI, Precision Sampling
Inc., LA) was used for the gas sampling. Excess gas was released through a needle after the
time of gas analyses, to avoid overpressure higher than 2 bar in the head space of the flasks.
All the results of methane volumes are presented at standard conditions.

Kinetic model

A first order kinetic model described previously by Jimenéz et al. (Jiménez et al. 2004) was
used to determine the inhibition effects of the presence of different concentrations of
NMMO on the anaerobic digestion process:

G =G,[l-exp(-K,7)] (1)
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Where G is the accumulated methane volume (ml) after a time # (days), G, is the maximum
accumulated methane volume (ml) after an infinite digestion time, and K|, is the observed
specific rate constant of the overall process (days'). To calculate the value of the specific
rate constant, Eq. (1) is transformed as follows:

In [G,/ (G,-G)] = K,¢# (2)

indicating that the plot of In [G,,/ (G,,-G)] versus # should give a straight line with a slope
equal to K, with intercept zero.

A.4. Results and discussion

Pretreatment of forest residues with particle sizes of 2, 4 and 8 mm, respectively, was
petformed using 75 and 85 % w/w NMMO solution at 120 °C for 3, 7 and 15 h, and the
effects of the pretreatment on the composition, crystallinity and methane yield and
methane production rate were investigated.

Carbohydrate composition of untreated and NMMO treated forest residues

The results of the compositional analyses regarding to contents of total
carbohydrates and total lignin were carried out only on the smallest particle size (2mm) of
forest residues (Tablel). The other components, such as extractives and acetyl content,
were not analyzed. The content of total carbohydrates in untreated forest residues was
41.59%. As shown in Table 1, the content of total carbohydrates slightly increased as
results of the NMMO treatment, achieving values between 44.12 — 49.27%. The highest
total carbohydrate content was obtained when the longest treatment time (15h) and 85%
NMMO was applied.

While the content of total carbohydrates was increasing the total lignin content was
decreasing with increased treatment times. The total lignin content (acid soluble lignin and
acid insoluble lignin) of untreated forest residues was 43.44% and this value has been
reduced after the treatment to between 37.39 — 39.24% (Table 1).

In general, the results of the compositional analyses show that the treatment does not
seriously affected the composition of the substrate. These results are in accordance with
previous findings after NMMO pretreatment of spruce, birch and rice straw (Goshadrou et
al. 2013; Poornejad et al. 2013; Teghammar et al. 2012).
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Table 1. Lignin and carbohydrates content, initial methane production rates as well as
accumulated methane yields of untreated and treated forest residues

Pretreatment
conditions
NMMO Conc. Particle Temperature Time Total Total Initial methane Accumulated
(%) Size °C) (h) Carbohydrates  Lignin production rates methane yield
(mm) (%) (wt %) (NmMPCH./kg (NmM*CH./kg VS)
VS/day)

Untreated 2 - - 41.59 43.44 0.005 0.07+ 0.007
85% 2 120 15 49.27 38.11 0.012 0.19+ 0.020
85% 2 120 7 45.31 39.56 0.009 0.17+0.018
75% 2 120 15 46.17 37.39 0.004 0.11+ 0.014
75% 2 120 7 46.00 38.45 0.003 0.11+ 0.012
75% 2 120 3 44.12 39.24 0.000 0.16+ 0.051

Effects of NMMO pretreatment on the performance of anaerobic digestion

The results of accumulated methane yields obtained after 50 days of
digestion period are shown on Figure 1. The methane potential of untreated assays with
particle sizes of 2 mm, 4 mm and 8 mm of forest residues were 0.07, 0.03 and 0
Nm’CH,/kg VS, respectively. However, after the treatment methane yields increased up to
10, 15 and 50 times for 2, 4 and 8 mm particle sizes, respectively. The best result of
anaerobic digestion was obtained, when forest residues with 2 mm particle size was treated
with 85% NMMO for 15 h resulting in a methane yield of 0.19 + 0.020 Nm’ CH, /kg VS.
This is an improvement by 152% compared to the yield of 0.07 £ 0.007 Nm’ CH, /kg VS
measured from untreated forest residues (Figure 1A). The decrease in NMMO
concentration to 75% contributed to lower methane yield of 0.16 + 0.051 Nm’ CH,/kg VS
after 3 h treatment. In contrast, as it is shown on Figure 1A, longer pretreatment time did
not necessarily led to higher biogas yield. Treatment of forest residues with larger particle
sizes of 4 mm and 8 mm resulted in methane yields up to 0.10 and up to 0.05 Nm® CH, /kg
VS, respectively. This was to be expected since decreasing particle size will increase the
surface area which will in turn lead to better performance of enzymatic degradation
(Taherzadeh and Karimi 2008; Teghammar et al. 2012).
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Fig.1A. Accumulated methane yield during 50 days of anaerobic digestion of untreated and
NMMO- pretreated forest residues expressed as Nm® CHy/kg VS

Fig. 1B. Initial digestion rate determined as the mean of the methane production per day during
the first 12 days of the digestion period expressed as Nm® CH,/kg VS/day.
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Generally, the highest methane yields were obtained when forest residues with 2mm
particle size were treated with 85% NMMO in dissolution modes of action (0.19 £ 0.020
and 0.17% 0.018). However, pretreatment in swelling without dissolution mode using 75%
NMMO solution w/w NMMO, considerable improved the methane production after all
duration times (Figure 1A).

The initial reaction rates were determined as the mean of the methane production per day
during the first twelve days of the incubation period, and are presented in Figure 1B. Again,
the highest digestion rate of 0.012 Nm’ CH,/kgVS/day was achieved, when forest residue
with 2 mm particle size was treated with higher concentration of NMMO (85% w/w) for
15 h.

For larger particle sizes (i.e. 4 and 8mm) nevertheless a long lag phase was observed (data
not shown). This might be due to the low efficiency of the NMMO pretreatment on larger
particle size to reduce the highly crystalline cellulose. Weimer et al. ( 1990) reported that the
presence of high crystalline cellulose in digestion may lead to much longer lag time
comparing to the amorphous cellulose. Their explanation for this phenomenon was that
the cellulolytic microorganism may more rapidly attach and/or recognize the amorphous
cellulose than the crystalline cellulose (Weimer et al. 1991; Weimer et al. 1990).

Additionally, comparison between the initial reaction rates of the pretreated assays with
particle size of 4 and 8mm and untreated assays with similar particle size showed noticeable
slower reaction rates (Figure 1B). This might be due to the inhibitory effect of the
remaining NMMO on the anaerobic digestion process. This finding is in accordance to
previous work on oil palm empty fruit bunch (OPEFB), reporting that the presence of
commercial NMMO can significantly inhibit the digestion process (Purwandari et al. 2013).
In another study, the inhibitory effect of NMMO on Zjgomycetes fungi was also observed
during bioethanol production (Lennartsson et al. 2011). However, as it is shown in Figure
1A the accumulated methane production of the pretreated samples with larger particle size
was higher compared with that of the untreated samples which shows that the
methanogens bacteria may be adapted to the presence of small amounts of NMMO
eventually presented in the broth during the longer period of the digestion tests.

In general, pretreatment with NMMO is a beneficial method comparing to many other
pretreatments since the composition of the treated wood remains unchanged including the
hemicelluloses (Purwandari et al. 2013; Shafiei et al. 2010) and it provides high flexibility in
the choice of lignocellulosic feedstocks (Rosenau et al. 2001). However, the main
drawbacks of NMMO pretreatment are probably longer pretreatment times, which are
measured in hours, and the need of a very efficient recovery and recycling of the treatment
chemical after the treatment (Hall et al. 1999).

NMMO as an organic solvent possesses a highly polar nature which provides an excellent
solvent for disruption of the extensive hydrogen-bonded network formed by carbohydrate
polymers (Kuo and Lee 2009; Rosenau et al. 2001). The water added in the end of the
treatment to stop the reaction acts as anti-solvent agent leading to regeneration of cellulose.
During this dissolution regeneration process the crystalline structure of cellulose will
change to amorphous cellulose, making it more accessible to the degrading cellulolytic
enzymes during the anaerobic digestion. Jeihanipour et al (Jeihanipour et al. 2010) reported
an efficient conversion of cellulose I to cellulose II by treating cellulose fibers in 85%
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NMMO, which resulted in an increase of biodegradability by both the bacterial cellulosome
and cellulase enzymes.

The interaction between the solvent and the treated material is shown to be more effective
when decreasing the particle size, increasing the NMMO concentration and the treatment
time (Figure 1).

Inhibition effects of NMMO on the following anaerobic digestion process

Despite of the positive effects of NMMO treatment one of the drawbacks
might be the presence of the solvent after insufficient washing which might inhibit the
following anaerobic digestion process. Purwandari et al, ( 2013) examined the inhibitory
effect of the NMMO in batch mode of anaerobic digestion. For this purpose 2.5 g/l
commercial NMMO solution was added to the inoculum and digested at 55 °C. The result
of their study showed that only 15% of the expected gas production from inoculum was
achieved in the presence of the NMMO at this concentration.

For that reason, in this work, a more detailed analysis on the inhibitory effects has been
carried out. Anaerobic digestion assays on pure cellulose with NMMO added at different
concentrations (between 0 - 1%) were performed. All the reactors contained 8 g VS /L
cellulose and the results on accumulated methane production during the 50 day long
incubation period are shown in Figure 2 A. It has been found that NMMO even at as low
concentration as 0.0016% can reduce the accumulated methane yield by 34 % (Figure 2A
and Table 2). No inhibition has been observed at concentrations below 0.000064%,
however, the methane yield has been decreased by almost 50% in reactors containing
NMMO at concentration of between 0.0016- 0.02%. Moreover, the highest concentration
of NMMO, ze. 1%, resulted in negligible methane yield indicating that the microorganisms
involved in digestion process were completely inhibited.

Degradation pathway of NMMO revealed that the degradation begins with the reduction
of NMMO to N-methylmorpholine (NMM) which is subsequently demethylated and
transformed into morpholine and formaldehyde (Rosenau et al. 2001).

NMMO was considered to be persistent until Meister and Wechsler ( 1998) showed that it
could be metabolize by certain microbial species/environments as activated sludge,
anaerobic degradation processes and two yeast cultures.

Conventional aerated sludge plants showed to be able to completely degrade NMMO and
its metabolites NMM and formaldehyde after previous adaptation of the sludge to these
chemicals (Meister and Wechsler 1998). The results showed that the most critical step was
the demethylation of NMM and that the sludge age had to be high enough to enable the
activity of microorganisms with the right catabolic abilities. Co-metabolic degradation of
NMMO was also observed in the presence of glucose and in such cases the NMMO may
be used as nitrogen source instead of carbon source (Knapp et al. 1996; Meister and
Wechsler 1998).
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Fig. 2A. Methane production obtained from cellulose with addition of different concentrations
(0.000064- 1%) of NMMO. Accumulated produced volume CH, (ml) during the incubation

period of 50 days

Fig. 2B. Kinetic evaluation of the digestion process: values of In[Gm/(Gm-G)] in function of time
(days) for pure cellulose and cellulose together with different concentrations (0.000064- 1%) of

NMMO

Fig. 2C. Correlation between accumulated methane yield (NmL) and NMMO concentrations
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The adaptation of the mircoorganisms to NMMO and its metabolites is a sequential
process. First the microorganims must be adapted to NMMO to form NMM. The
adaptation to NMM can take certain days until a certain threshold concentration is
obtained. Therefore the NMM degradation could not start until NMMO had been reduced
to NMM. In the same way, morpholine degradation was only possible until the sludge was
adapted to NMM. Morpholine then is known as much better biodegradable than NMMO
or NMM (Schrider et al. 2000).

The reduction of NMMO to NMM was also observed at anaerobic conditions, but the
reaction stopped at NMM and no further biodegradation was obtained even though in the
presence of a co-substrate as glucose at the conditions tested (Knapp et al. 1996).

In order to characterize the inhibition effects further a first-order kinetic model was used
(Jiménez et al. 2004). Figure 2B provides information about the kinetics of the degradation
within the first 10 days of digestion. The results show that not only accumulated methane
production (Figure 2A), but also the degradation rate was declined with the presence of
increasing NMMO concentrations in the reactors (Figure 2B and Table 2).

Table 2. Accumulated methane production, specific rate constant K, obtained during 50 days of
incubation, of cellulose with different concentrations of NMMO. The inhibition effects are
expressed as percentage of methane yield of that obtained for the control, i.e. pure cellulose
fibers.

Sample sets Specific rate Accumulated Final methane yield
constant Ky methane comparing to that of
(day™® production(Nml) pure cellulose (%)

Cellulose +1% NMMO 0.0003 242 1.30
Cellulose +0.2%NMMO 0.0142 91.30 48.71
Cellulose +0.04% NMMO 0.0077 109.15 58.23
Cellulose +0.008%NMMO 0.03 103.95 55.46
Cellulose +0.0016% NMMO 0.0319 123.63 66.00
Cellulose +0.00032% NMMO 0.0331 162.85 86.88
Cellulose +0.000064% NMMO 0.0399 194.99 104.05
Cellulose 0.0428 187.43

Methane production rate and NMMO concentration in the digester are correlated
(R?=0.973 in Fig 2C). Besides, results presented in Table 2 show a direct correspondence
between the NMMO concentrations and final methane yield in the systems.

The K, obtained for cellulose with no addition of NMMO and in the presence of very low
concentrations of NMMO (0.000064% and 0.00032%) was 0.04, 0.04 and 0.03 d,
respectively, which was considerably decreased in the presence of higher concentrations of
NMMO (Table 2).
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Finally, the results of this study showed that NMMO can have significant effect on
anaerobic digestion, however, because no NMMO levels were measured throughout the
digestion process, it is not possible to establish if NMMO was reduce to NMM and
whether it was the NMM accumulation or NMMO itself the factor resulting in the
inhibition of the process. Further investigations are therefore recommended to study the
degradability of NMMO and its metabolites in anaerobic systems.

CONCLUSIONS

1. The digestibility of the forest residues enhanced significantly, using an industrial solvent
for cellulosic fibers, NMMO, for the pretreatments. The dissolution mode of NMMO
treatment using 85% NMMO resulted in 95% of the theoretical yield which almost
three-fold higher methane production compared to that observed from untreated forest
residues.

2. The advantage of NMMO treatment is that it does not cause destruction of cellulose
and hemicellulose, while the lignin content could be decreased by approximately 7%
when the longest pretreatment time (15h) has been applied.

3. The washing and filtering step seems to be critical for the performance of the following
anaerobic digestion process, since NMMO remaining in concentrations higher than
0.002% can considerable decrease the methane yield.
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B.1 Abstract

Forest residues and barley straw were pretreated with N-methylmorpholine-N-oxide (NMMO)
prior to anaerobic digestion to produce biogas. The pretreatments were performed with 85 %
NMMO at 90 °C for 3-30 h on particles (approximately 2 mm diameter) and the following batch
digestion assays were carried out at thermophilic conditions for 50 days. The digestions of
untreated milled (2 mm) barley straw and forest residues resulted in 0.32 and 0.07 Nm’CH,/kg
VS, respectively. However, the pretreatments improved these methane yields by 14 — 114 %. The
best digestion results of the pretreated (90 °C and 30h) barely straw and forest residues were 0.47
and 0.15 Nm’CH, /kg VS, correspondingly.

Simon’s stain analysis to measure the pore size of the substrate showed considerable increase in
accessible surface area of both straw and forest residues which can be correlated to
improvements in methane production.

B.2. Introduction

Biogas is one of the most important renewable biofuels, which can be produced by anaerobic
digestion from various types of organic waste materials, including lignocellulosic resources.

Straw and forest residues are among the most abundant lignocellulosic waste materials in Sweden,
and their potential for energy production is estimated to 60 TWh/year [1]. Therefore, biogas
production from these lignocellulosic substrates can be more advantageous compared to other
alternatives, such as landfilling or living them on farmland. However, the compact recalcitrant
structure of lignocelluloses makes them difficult to degrade biologically. Therefore a key step in
producing biogas from lignocelluloses is to introduce a suitable pretreatment prior to anaerobic
digestion. The highly crystalline cellulose is well protected by a matrix of lignin and hemicellulose
in macrofibrils that slow down the conversion of native cellulose. Moreover, the pretreatment
should also moditfy the structure of cellulose to enhance its enzymatic conversion |2, 3].

There are several pretreatment methods, which have been investigated on lignocellulosic biomass
prior to anaerobic digestions. Pretreatments based on cellulose dissolution have several
advantages. These can be applied using milder conditions than for instance thermal
pretreatments, and these are also among the most effective methods for the reduction of
cellulose crystallinity [4-6]. N-methylmorpholine-N-oxide (NMMO) is an effective “green”
solvent which is already in use today on industrial scale for the dissolution and regeneration of
cellulose fibers. It can be used to efficiently decrease the cellulose crystallinity due to the high
polarity of its N-O bonds, which break the hydrogen bonds and van der Waals forces stabilizing
the cellulose structure leading to formation of new bonds with the solute. An additional
advantage of NMMO is that it can be recovered to more than 98%, with no chemical
derivatization, and no production of toxic waste pollutants |7, 8].

Depending on the water content in NMMO during the pretreatment, three different modes of
acting on cellulose fibers, i.e. dissolution, ballooning, and swelling can appear [9]. Previous
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investigations have shown the dissolution mode, when using an NMMO concentration of 85%,
to be the best one for treatment of high crystalline cellulose [10].

In many of the previous studies, NMMO was used for pretreatment of lignocelluloses at
moderate conditions, e.g. atmospheric pressure and a temperature between 90 °C and 130 °C.
The pretreatment of oak, spruce and birch with 85% NMMO in 120 — 130 °C seemed to be
successful in order to enhance the enzymatic hydrolysis and the yield of ethanol or biogas [7, 10,
11].

The aim of the current study is to optimize the pretreatment of the barely straw and forest
residues at 90 °C. Using this relatively low temperature would be beneficial, since the excess heat
produced today in a combined heat and power plant and utilized for district heating in many
places in Sweden, could also be used for the pretreatment. Moreover, because of the low severity
of the pretreatment conditions, longer duration times were also investigated (3, 7, 15, and 30 h).
The effects of the treatment conditions were evaluated by composition and structural analyses
and by running anaerobic batch digestion assays.

B.3. Material and methods
Materials

The lignocellulosic materials of interest were forest residues and barley straw obtained from
forest areas around Boras, Sweden, and from a farmland outside Uppsala, Sweden (2010),
respectively. Prior to the treatment, both raw materials were milled to approximately 2 mm
particle size using a sieve shaker (Octagon 200, UK).

Pretreatment

An industrial grade 50% (w/w) NMMO solution (BASF, Ludwigshafen, Germany) was used in
all experiments. The concentration of NMMO was increased to 85% (w/w) using a rotary
evaporator (Laborata 20 eco, Heidolph, Germany), operating at a total pressure of 100 mbar and
a maximum temperature of 130 °C. The NMMO solution was supplemented with 0.625 g/kg
propylgallate to prevent oxidation of the solvent during the pretreatment [12, 13].

The pretreatment was carried out by mixing 94 g 85% NMMO solution with 6 g dry weight of
substrates (forest residues and straw) in 500 ml bottles. These bottles were then placed in an oil
bath at 90 °C for 7 and 15 and 30h, respectively.

Another series of pretreatments was carried out for 3 hours, 7 hours and 15 hours, with samples
which were previously soaked in water for 72 hours. This was done in order to find out if soaking
would improve the effect of the treatment by increasing the diffusion of the solvent into the
particles.

In order to avoid the formation of clusters and to enhance proper mixing, the samples were
stirred every 15 min during the first 7 hours, then every 2 hours during the following 15 hours. In
the case of 30-hour treatment the samples were left overnight without stirring.

The pretreatment was stopped and the cellulose was recovered by the addition of boiled distilled
water, followed by vacuum filtration and washing with hot distilled water until a clear filtrate was
achieved [10]. This washing/filtration step was repeated at least 3 times to ensure that all NMMO
was separated. The pretreated substrates were stored at 4 °C until the anaerobic digestion
experiments. In addition, some of the materials were freeze-dried to prepare samples for further
structural and compositional analyses.

54

Biogas frin lignocellulosa



WASTE REFINERY - Rapportbilagor

Anaerobic batch digestion assays

The anaerobic batch digestion assays were performed for triplicate samples at 55°C using
thermophilic bacteria. The digesters were serum glass bottles with 118 ml total volume, closed
with butyl rubber seals and aluminum caps [14]. The inoculum was obtained from a 3000-m’
large municipal solid waste digester operating at thermophilic (55°C) conditions (Bords Energi
och Milj6é AB, Boris, Sweden).

Each flask contained 26 ml inoculum and 0.25 g VS (Volatile Solids) of untreated or treated
substrate, and the final working volume was adjusted to 30 ml by the addition of deionized water.
Furthermore, a mixture of deionized water and inoculum was used as a reference in order to
determine the gas production of the inoculum. In addition, cellulose was used as control
substrate to determine the quality of the inoculum.

Finally, the headspace of each bottle was flushed with a mixture of 80% nitrogen and 20%
carbon dioxide to obtain anaerobic conditions. Gas samples were withdrawn regularly from the
headspace of each bottle and the accumulated methane production was determined using gas
chromatography.

Analytical methods

Total solids (TS) and Volatile solids (VS) were determined first by oven drying the samples at
105°C  until the weight was constant and then by ignition at 575°C in a furnace [15]. The
compositional analyses to determine the cellulose, hemicellulose and lignin contents of the
untreated and pretreated materials were performed according to NREL procedures [16]. In these
methods, a two-step acid hydrolysis with concentrated and dilute sulfuric acid is used to liberate
the sugars and the formed sugars are then quantified by HPLC. The acid-soluble and acid-
insoluble lignin contents were determined using UV spectroscopy at 205 nm and after drying the
samples at 575 °C, respectively. All lignin and carbohydrate analyses were performed in duplicate.

The sugars were analyzed on HPLC (Waters 2695, Millipore, Milford, USA) equipped with a
refractive index (RI) detector (Waters 2414) and an ion-exchange column (Aminex HPX-87P,
Bio-Rad, USA) at 85 °C using ultra-pure water as eluent with a flow rate of 0.6 ml/min.

The methane produced in anaerobic digestion was measured using a gas chromatograph (Auto
System Perkin Elmer, Waltham, MA) equipped with a packed column (Perkin Elmer, 60x1,
8000D, 80/100, Mesh) and a thermal conductivity detector (Perkin Elmer) with an injection
temperature of 150 °C. The carrier gas used was nitrogen, operated with a flow rate of 23 ml/min
at 60 °C. A 250 pl pressure-tight gas syringe (VICI, Precision Sampling Inc., LA) was used for the
gas sampling. Excess gas was released through a needle after the time of gas analyses to avoid
overpressure higher than 2 bar in the head space of the flasks. Then a new sample was taken
from the headspace and analyzed by GC [17]. All the results of methane volumes are presented at
standard conditions.

In order to determine structural changes caused by the treatment, a method called Simons’ Stain
(SS) was used. SS measures the pore size of the substrate by applying two different dyes; direct
orange and direct blue. The two different dyes have different particle sizes. The blue dye has a
well-defined chemical formula and a diameter of 1 nm, while the orange dye is filtered to obtain a
high molecular weight fraction with molecules with diametets of 5 to 36 nm [18]. Moteovert, the
orange dye has a higher affinity for the cellulosic hydroxyl groups than the blue dye [19].
Depending on the pore sizes, different amounts of the two dyes can be adsorbed onto the
substrate, so an indication of the increased surface area can hereby be measured [18].
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In this study a modified version of the Simons’ staining (SS) procedure, developed previously by
Chandra et al. (2008) [19], was used and the two dyes, Direct Blue (DB) (Pontamine Fast Sky
Blue 6BX) and Direct Orange (DO) (Pontamine Fast Orange 6RN) were obtained from Pylam
Products Co., ( Garden City, NY, USA). The measurements were performed as described in
detail by Teghammar et al. (2012) [20].

B.4. Results and discussion

Barley straw and forest residues were subjected to NMMO pretreatment at 90 °C prior to
anaerobic digestion. A schematic description of the different process steps is shown on Figure 1.
Furthermore, compositional and structural analyses on the untreated »s pretreated substrates were
also performed to investigate the effects of the different pretreatment conditions.

Compositional and structural analysis before and after NMMO pretreatment

The results of the compositional analyses regarding to contents of total carbohydrates and total
lignin are presented in Tablel. The other components, such as extractives and acetyl content,
were not analyzed. The content of total carbohydrates in untreated barely straw and forest
residues were 47.7 % and 41.6 %, respectively. The content of total carbohydrates slightly
increased as results of the treatment for both treated materials, obtaining values from 48.5 to 51.1
% and from 41.8 to 45.6 % for barley straw and for forest residues, respectively. A higher
amount of carbohydrates was obtained with increasing treatment times in both cases (Tablel).
The highest total carbohydrate content for both substrates was obtained when the longest
treatment time (30h) was applied.

The total lignin content (acid soluble lignin and acid insoluble lignin) of untreated straw was 27.0
% and this value changed after the treatment to between 23.3 and 28.6 %. In the case of forest
residues, the total lignin content for the untreated sample was 43.4% which was reduced to
between 39.4 and 42.7 % after NMMO treatment (Table 1). While the content of total
carbohydrates was increasing the total lignin content was decreasing with increased treatment
times. However, increasing the treatment time from 15 to 30h did not result in additional
removal of lignin (Table 1).

In general, the results of the compositional analyses show that the treatment does not seriously
affect the composition of these materials. These results are in accordance with previous findings
after NMMO pretreatment of spruce, birch and rice straw [7, 11, 19].

Furthermore, this composition analysis gives a comprehensive overview of comparing these two
lignocellulosic substrates. The lignin content of the forest residues is almost twice high as it is in
the barley straw; on the other hand the total carbohydrate content of the straw is higher. Since
the lignin is particularly difficult to degrade biologically, and reduces the bioavailability of the
other cell wall constituents, it is expected that the subsequent anaerobic digestion of the straw
would result in relatively high biogas yield and production rate.

The structural changes by the mean of determining the inner and outer surface area of the
untreated ss treated substrates were investigated by using Simons Staining (SS) technique and the
results are summarized in Figure 2 and Table 2. By studying the porosity it is possible to
determine if the surface area of the lignocellulosic material has increased as a result of the
NMMO pretreatment, allowing enzymes to have an improved access to the fibers.

It has previously been suggested that enzyme accessibility is a major limiting factor affecting the
enzymatic hydrolysis of lignocellulosic materials [22]. Therefore, determining the porosity of the
sample after the pretreatment can provide very valuable information on the effectiveness of the
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pretreatment. Since the orange dye (OD) has a bigger molecular size of 5 to 36 nm [18], this
compared to the size of a typical bacterial cellulosome of approximately 4 to 16 nm [23] the
enzyme can penetrate into a pore at all the places where the orange dye can. Accordingly, the
orange dye adsorption gives an indication of how accessible the substrate is for the degrading
enzyme.

The total adsorbed dye (mg/g), representing the number of overall pores, increases with
increasing pretreatment times (Figure 2). The overall dye adsorbed by native barley straw and
forest residues was 86.7 and 40.6 mg/g, respectively, which was increased as highest to 133.0
mg/g for the treated straw and to 89.7 for the treated forest residues (Figure 2 and Table 2).
Furthermore, the increase in the amount of adsorbed orange dye after the pretreatment indicates
an increase in biodegradability, which in turn is expected to result in increased biogas production
(Figure 2 and Table 2).

Biogas production

The anaerobic batch digestion assays on untreated and pretreated materials were performed
during 45 days. Additionally, another series of batch assays containing barley straw and forest
residues previously soaked in water and then treated with NMMO was also run to study the
effect of soaking on the diffusion of the solvent into the material during the treatment. The
results of accumulated methane production during the incubation period of 45 days are presented
in Figures 3 and 4. Batch assays are suitable to detect the biomethane potential of the substrate
and additionally they can provide information about the kinetics of the degradation process. The
results show that the NMMO pretreatment could significantly increase the produced methane
yield for both substrates (Figure 3 and 4). Furthermore, in the case of straw, the degradation rate
was also increased (Figure 3).

The highest methane production obtained was 0.47 and 0.15 Nm® CH,/kgVS for the unsoaked
sample of straw pretreated for 7 hours and unsoaked sample of forest residues pretreated for
30h, respectively. This corresponds to about 50 % and 100 % increase in methane yield,
respectively, since the methane yield of native barely straw and forest residues was 0.32 and 0.07
Nm’CH,/kg VS. Additionally, the results also show that the 3h-long pretreatment at 90 °C is not
long enough to enhance the methane production, neither from straw nor from forest residues
(Figure 3A and 4A, Table 1).

Interestingly, the presoaking did not improve the effects of NMMO pretreatment, resulting in
lower production of methane (Figure 3B and 4B). The accumulated methane production for
presoaked and treated barely straw ranged between 0.38 and 0.42 Nm’ CH, /kgVS and the results
for the presoaked and treated forest residues were between 0.07 and 0.12 Nm® CH,/kgVS. The
best methane production for both presoaked substrates could be achieved after a 15h-long
NMMO treatment. Moreover, especially the presoaked forest residue samples showed a longer
lag phase during the digestion assays (Figure 4B). The lower methane yield obtained for the
presoaked samples can be explained by the fact that the higher water content present in the
presoaked samples caused dilution of the solvent during the treatment. Treatment with lower
concentrations of NMMO than 85% (w/w) has previously shown to be less effective, since the
degree of solubilization of cellulose in NMMO-water mixture depends on the NMMO
concentration |24, 25].

The theoretical methane production from cellulose would be 0.415 Nm’ CH,/kgVS [26].
However, the biodegradability of the substrate is the key factor when determining how much of
this theoretical yield can be achieved. Lignocellulosic materials are known to be very resistant to
anaerobic digestion [27-29]. The lignin present in these materials cannot be degraded and utilized
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by anaerobic bacteria and since the lignin physically shields the cellulose and hemicellulose parts,
most of these fractions of the material would probably be left unutilized after a 1 to 2 months
long digestion process [29].

Calculating the methane yield on the basis of total carbohydrate content it can be concluded that
87 % of the theoretical yield was achieved after an NMMO treatment of 30 h for forest residues.
This is a very promising result, taking into consuderation the high lignin content of this kind of
materials.

B.5. Conclusions

Pretreatment with the organic solvent NMMO resulted in an enhanced methane production from
both investigated substrates - barley straw and forest residues. Depending on the applied
pretreatment time the methane yields were increased by between 18 and 47 % for straw and
between 14 and 114% for forest residues.

It was shown that the treatment even the low temperature of 90°C results in a significant
achievement in the methane production, corresponding to 87% of the theoretical yield for forest
residues. Therefore, excess heat which today is utilized in district heating system can be utilized in
this treatment, making a future industrial application economically feasible.
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Figure legends

Figure 1: Schematic presentation of biogas production from straw and forest residues using
NMMO pretreatment

Figure 2: Adsorbed dye, expressed as mg/g (bately straw, forest residues), from Simons’ stain
analysis on untreated and NMMO — pretreated barely straw (A) and forest residues (B) after
treatment for 7, 15, and 30h. Gray bars show the adsorption of orange dye and black bars show
the adsorption of blue dye

Figure 3: Yield of methane (Nm’ CH,/kg VS) from anaerobic digestion of barely straw (A) and
soaked barely straw (B), obtained during 45 days of digestion. The pretreatment conditions are
described in the figure.

Figure 4: Yield of methane (Nm’ CH,/kg VS) from anaerobic digestion of forest residues (A)
and soaked forest residues (B), obtained during 45 days of digestion. The pretreatment conditions
are described in the figure.

Table legends

Table 1: Total carbohydrate and lignin contents as well as accumulated methane production
together with applied pretreatment conditions for untreated and NMMO- pretreated barely straw
and forest residues

Table 2: The results of Simon Stain analysis together with applied pretreatment conditions, for
untreated and NMMO- pretreated barely straw and forest residues
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Figure 2.
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Figure 3.
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Table 1.
Pretreatment conditions
NMMO Temperature (°C)  Time  Total Carbohydrates Total Accumulated methane
Conc. (h) (w/w %) Lignin yield
(%) (w/w %) (Nm?CH4/kg VS)
Untreated St! - - 47.68 27.00 0.32%+ 0.011
85% 90 30 51.10 23.34 0.41%£ 0.060
85% 90 15 46.80 27.26 0.43% 0.010
85% 90 7 48.46 28.61 0.47% 0.040
85% 90 3 50.45 25.95 0.34% 0.031
Untreated Fr? - - 41.59 43.44 0.07%£ 0.005
85% 90 30 45.62 39.60 0.15£ 0.159
85% 90 15 44.38 39.36 0.13£ 0.013
85% 90 3 41.80 42.68 0.08% 0.021
18t stands for Straw
2FR stands for forest residues
Table 2.
Pretreatment Absorbed dye
conditions (mg/g)
NMMO Conc. (%) Temperature Time (h) Total Orange dye Blue dye
&) dye
Untreated St! - - 86.7 66.4 20.2
85% 90 7 97.2 73.0 24.1
85% 90 15 123.5 91.1 324
85% 90 30 133.0 98.6 34.4
Untreated FR2 - - 40.6 23.0 17.6
85% 90 7 80.5 61.2 19.3
85% 90 15 89.7 65.2 24.5
85% 90 30 85.9 64.5 214
18 stands for Straw

2FR stands for forest residues
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C.1 ABSTRACT

The process of biogas production from N-methylmorpholine oxide (NMMO) pretreated forest
residues used in a co-digestion process was economically evaluated. The co-digestion occurs
together with the organic fraction of municipal solid waste (OFMSW). The process simulated the
milling of the lignocelluloses, NMMO pretreatment unit, washing and filtration of the feedstock,
followed by an anaerobic co-digestion, upgrading of the biogas and de-watering of the digestate.
The process also took into consideration the utilization of 100,000 tons of forest residues and
200,000 tons of OFMSW per year. It resulted in an internal rate of return (IRR) of 24.14% prior
to taxes, which might be attractive economically. The cost of the chemical NMMO treatment was
regarded as the most challenging operating cost, followed by the evaporation of the washing
water. Sensitivity analysis was performed on different plant size capacities, treating and digesting
between 25,000 and 400,000 tons forest residues per year. It shows that the minimum plant
capacity of 50,000 tons forest residues per year is financially viable. Moreover, different co-
digestion scenarios were evaluated. The co-digestion of forest residues together with sewage
sludge instead of OFMSW, and the digestion of forest residues only were shown to be non-
feasible solutions with too low IRR. Furthermore, biogas production from forest residues was

compared with the energy produced during combustion.

KEYWORDS: anaerobic digestion, NMMO pretreatment, lignocellulose, forest residues, economic analysis
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C.2 HIGHLIGHTS
e Biogas from co-digestion with pretreated forest residues was simulated and evaluated
e Plant capacity of 50,000 tons per year forest residues and above is financially feasible
e The cost of the NMMO was regarded as the largest operating expenditure

e Biogas production was compared with the energy produced during incineration

C.3. INTRODUCTION

The global market and demand for biogas as a vehicle fuel, electricity production, and even as a
heating energy source has had a positive trend. Today, the traditional substrates, such as
municipal solid waste, organic wastes from industrial and agricultural activities, as well as high
strength wastewater, utilized for biogas production, however, are limited. Accordingly, there is a
demand for the development of new technologies utilizing new materials. Lignocellulosic-rich
materials have a great potential as an alternative feedstock for anaerobic digestion, since they are
found in high abundance globally.

The degradation of lignocelluloses into biogas, however, is complicated, since the lignocelluloses
are naturally designed to promote enzymatic degradation. Lignocelluloses are formed in a
compact and crystalline structure and often contain a high amount of lignin. In order to permit
degradation of these materials in an anaerobic digester, the structure has to open up and/or the
lignin has to be degraded or removed. This can be performed by using different pretreatment
methods [1], such as mechanically, e.g., by milling; physically by steam explosion or radiation;
chemically by acids, bases or solvents; and biologically by enzymes or fungi [1-3].

Solvent pretreatment on lignocelluloses was shown to be an effective method due to the low
degradation of the carbohydrates in the material under the applied, relatively mild conditions.
Furthermore, pretreatment with a solvent does not require neutralization, and almost a complete
recirculation of the treating chemical is possible [4]. The pretreatment using the solvent N-
methylmorpholine oxide (NMMO) has previously been studied on bagasse [5] and on spruce [0]
for ethanol production, and on spruce, rice, and triticale straws [7] as well as pure cellulose [8] for
biogas production. NMMO is an organic solvent that interrupts inter- and intra-molecular bonds
[9] in the lignocelluloses, making the carbohydrates of the material more accessible and thereby
facilitating the enzymatic degradation. NMMO is used in industrial scale in the lyocell process
[10, 11], where cellulose fibers are treated to produce textile. Since no toxic compounds are
produced within the NMMO pretreatment and the recirculation of the solvent is possible [10,
12], this process can be regarded as environmentally friendly.

The focus of this study was to develop a feasible industrial process for the utilization and

NMMO pretreatment of forest residues (branches, tops, barks, and needles) in anaerobic
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digestion. Forest residues were selected because they are the most abundant lignocellulosic waste
stream in Sweden, and several other countries. In 2008, 1.6 Mtons total solids (TS) /year of the
tree tops and branches were delivered from the forests in Sweden, and this is expected to increase
to 3.5 Mtons total solids /year by 2018 [13]. Moreovert, the total energy potential of bioenergy
production from the forest is calculated as being 49 TWh [13]. Based on the unpublished
biomethane potential test (BMP) experimental data [14], an industrial scale process was designed
by SuperPro Designer® simulation program. The process was then analyzed to determine
economic feasibility and profitability, such as capital costs for the total plant, annual operating
costs, and unit costs. Finally, sensitivity analyses were performed on different scenarios, where
plant size, different co-digestion scenarios as well as methane price and water consumption were

evaluated.

C.4. PROCESS DEVELOPMENT AND FINANCIAL ANALYSIS

Process description

A novel process of the NMMO pretreatment of forest residues prior to anaerobic digestion was
developed. The process includes the feedstock handling, pretreatment by NMMO, anaerobic
digestion, and upgrading of the biogas as well as the dewatering of the digestate. It is assumed
that the plant is located close to a power plant, so that steam and electrical power are readily
available. It is further assumed that the plant is situated in Sweden with a high availability of
forest residues. The type of forest residues investigated in this study includes the rejected tops
and branches.

The base case is constructed for 100,000 tons DW (dry weight) forest residues per year.
However, capacities ranging from 25,000 to 400,000 tons DW forest residues/year were also
studied. The plant is in operation for 7,920 h/yeat, and the construction material was chosen to

be stainless steel 304. The cost index was set at 2012.

Pretreatment unit

The forest residues arrive at the plant in truck trailers, where the price of the feedstock includes
the handling all the way to the plant. The feedstock contains 42% carbohydrates, 44% lignin,
75% total solids (TS), and 64% volatile solids (VS) [14]. The forest residues have a C/N ratio of
325 [15]. The raw material is then placed into a grinder, which reduces the size of the biomass to
2 mm. After grinding, the biomass is conveyed to the pretreatment unit. The pretreatment is
performed using 85% NMMO solution in water for 12 h at 90°C. During the pretreatment, the

lignocellulosic structure is opened up, resulting in less intra-molecular linkages and less cellulosic
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crystallinity [9]. The pretreated biomass is then washed with water and filtered using a rotary
vacuum filtration unit (Figures 1 and 2). The NMMO-solution is then evaporated back to 85%
for reuse in the pretreatment unit. The recovery in the washing step is expected to be 99.5%. The
use of the rotary vacuum filtration allows for a minimum usage of water during the washing, in
order to save energy in the following evaporation unit. Previous experimental studies were
performed with 500 mL washing water for 200 ¢ NMMO/biomass mixture [14], where these
conditions were applied in the base case of the simulation study. The evaporation unit was
designed with a mechanical vapor design (MVR). The MVR design with two effects and two
compressors was found to be the most energy efficient and an economically beneficial alternative
for the evaporation of NMMO water solution in a previous investigation, focusing on NMMO
pretreatment of spruce prior to ethanol production [6]. The same design for the evaporation step

was applied in this study.

Biogas and digestate production

The washed and pretreated forest residues are mixed with the organic fraction of municipal waste
(OFMSW, Figures 1 and 2), in order to a achieve a C/N ratio of between 20-30 which is regarded
as the optimum ratio [16]. Two-thirds of the OFMSW and one-third of the forest residues are
used in the base case, which results in 2 C/N ratio of 30. The OFMSW in the simulation consist
of 53% carbohydrates, 15% fats, 7% proteins, and 25% water [17]. The cost of OFMSW is set to
zero. The methane yield of the same substrate mix was 0.470 Nm’/kg VS [17], which
corresponds to a conversion rate of 86.7%. The methane production from forest residues is
based on experimental results from lab scale BMP tests showing a yield of 0.137 Nm’ CH, per kg
total solids of forest residues [14], which corresponds to a conversion rate of 73.4%. The two
fractions are together passed through a screw press prior to the anaerobic digester, together with
extra water in order to reach a TS of 12% in the incoming stream. The digester is run at
thermophilic conditions (55°C), and with a hydraulic retention time of 20 days. It is a fixed roof
storage tank, which allows for mixing, constructed of stainless steel. The gas produced is a
mixture of the main components methane and carbon dioxide, and trace amounts of some other
components, such as hydrogen sulfide, nitrogen, and hydrogen, which are neglected in the study.
The gas produced in the anaerobic digester is upgraded to 98% methane content, using the water
scrubber technique. The water scrubber technique is regarded as a low cost technique [18], and is
globally the most widespread upgrading technique [19]. This upgrading step consists of a gas
compressor, an absorption tower where the carbon dioxide is absorbed in water, and a

degasification tower, where the carbon dioxide and water are separated. The upgraded methane is
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then injected into the biogas/natural gas grid. The solid residuals remaining from the process, so
called digestate residues, are dewatered in a centrifugal separator to 45% TS, together with 10 kg
flocculating agent polyacrylamide per ton TS, in order to improve the dewatering process [20].
The solid fraction after the dewatering step is lignin rich, which has a high heating value, and can
be used as fuel for combustion in combined heat and power (CHP) plants [21]. In this study, the
dewatered digestate is sold to CHP plants. However, due to the high nutrient value, the digestate
residue can also be used as a fertilizer in agriculture or on forestland. Consequently, the

dewatering process would then be unnecessary.

Process simulation and economic calculations

SuperPro Designer® 8.0 (Intelligen, Inc., NJ, USA, licensed to the University of Bords) was used
for the simulation of the main steps of the process. The software performs the rigorous material
and energy balance calculations. The purchase costs of the equipment were calculated with the
built-in software calculations, except for the purchase cost of the tanks, which was calculated
according to Turton et al [22]. Other than the purchase costs, SuperPro Designer estimates the
cost for the installation, the process piping, instrumentation, insulation, electrical utilities,
buildings, yard improvements, and auxiliary facilities. The total direct plant cost (DC) is a sum of
these costs and was 329% of the equipment purchase cost at base conditions. The total indirect
plant costs, such as engineering (25% of DC) and construction fee (35% of DC) was based on
the equipment purchase cost, and was obtained by the above- mentioned software. The fixed
capital investment (FCI) was calculated as a sum of the direct costs, the indirect costs, the
contractor’s fee, and the contingency. The contractor’s fee and contingency were estimated to be
5% and 10%, respectively, of the sum of the direct cost and the indirect cost together [23]. The
project is regarded as 100% equity financed. The project life is set to 20 years and the
depreciation period to 10 years. The construction period is set to 30 months and a startup period
of 4 months is used. The working capital was assumed to be 5% of the fixed capital investment
[24], and the cost index for all calculations was set at 2012.

The annual operating cost was calculated as the sum of the expenses for raw materials, utilities,
labor, waste management, and facility dependent cost and can together with the product prices be
found in Table 1. The maintenance and insurance costs are regarded as facility dependent
operating costs, and are together 1 and 2%, respectively, of the total plant capital costs [25, 26].
The methane price used in the present study was the price of methane sold in the market in
Sweden, minus the cost for the connection and distribution into the gas grid, including

compression and cost for tank stations. The methane price used in this study was 1.895 euro/kg
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[27]. A value of 22% taxation rate is assumed, which is the current corporation tax in Sweden
since 2013 [28].
Furthermore, the plant was divided into sections in order to determine the cost distribution for

the different parts of the plant. These calculations were performed using the base case.

Sensitivity analysis

Different plant sizes were investigated in a sensitivity analysis in order to study the effect of the
capacity on the construction and production costs. Plant sizes with the feed capacity of 25, 50,
100, 200, and 400% of the base case were studied. The cost prediction of the total investment
costs, annual operating costs, and production cost per unit methane produced, as a function of
the plant capacity was studied and simulated. Cash flow analysis was performed where the net
present value (NPV) was set to zero and the process time was equal to 20 years. The internal rate
of return (IRR) was calculated, and was regarded as being financially feasible at 15% rate of
return (IRR) or higher, in order to cover the firms costs of raising funds and making a sufficient

profit [29]. The IRR is the discount rate, when the NPV is set to zero and was calculated as [29]:

va—zn: At =0
_t_0(1+r)t_

Where:

NPV net present value

t project year

n total project lifetime
. the cashflow in year t

r the discount rate

The cash flow analysis was performed in order to study the effect of the methane price, the water
consumption in the washing step following the NMMO pretreatment, and the price of the
feedstock on the economic feasibility of the process under different scenarios. A co-digestion
study where the forest residues were co-digested with sewage sludge instead of OFMSW was also

performed, as well as a scenario where only forest residues were digested.

C.5. RESULTS

Process development and economic calculations

The plant was divided into five different sections: (1) the NMMO pretreatment, (2) the filtration
and evaporation following the NMMO pretreatment, which also includes the recirculation of

water and NMMO, (3) the anaerobic digestion of both forest residues and OFMSW, (4) the
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upgrading of the biogas, and (5) the dewatering of the lignin rich digestate. The fixed capital
investment (FCI) for the different sections can be found in Figure 3. The most capital-intensive
sections are the anaerobic digestion, followed by the filtration and evaporation, and the
upgrading. Auxiliary capital investments, buildings, and yard improvements are excluded from the
calculation.

A block flow diagram of the process is presented in Figure 1, which gives an overview of the
process. The material composition of the streams in the block flow diagram is presented in Table
2. The developed process flow sheet, showing the equipment used in all processes, is presented in
Figure 2. All process steps were run continuously, except the NMMO-pretreatment reactor,
which was operated in batch mode. The base case was considered to pretreat and utilize 100,000
tons forest residues/year (dry weight), together with 200,000 tons OFMSW/year (dry weight),
and the plant was calculated to produce about 900 GWh (93 MNm3) biegas-methane per year.
The produced amount of dewatered digestate and carbon dioxide are 290 kt/year and 130
kt/yeat, respectively. The consumption of electricity was 48 MWh per yeat, steam 625 kt, and
water 5,043 kt per year. In order to pretreat 100,000 tons forest residues per year, six batches of
NMMO treatment per 24 h were performed. The fixed capital investment (FCI), is a sum of
direct fixed capital, working capital, and startup cost, and was calculated for the base case as
being 145,053,000 €. The annual operating cost is a sum of raw materials, labor costs, energy and
power, waste management, as well as facility dependent costs. For the base case this was
calculated as being 103,810,000 €/year. The total revenue per year is a sum of the revenues of
produced methane, carbon dioxide, and the dewatered lignin rich digestate. The annual revenue
for the base case is 136,179,000 €/year. This gives a net profit value (taxes and depreciation are
included) of 181,333,000 €, at 7.0% interest rate over 20 years project lifetime. A cash flow
analysis, with the net profit value set at zero resulted in an internal rate of return of 24.14% prior
to taxes, and 20.39% after taxes, at a process time of 20 years.

The costs for the distribution of the upgraded methane into the Swedish distribution gas grid,
were calculated according to as described by Benjaminsson and Linné [27]. The authors
performed a techno-economic study of 300 GWh biogas plant in Sweden. For this size of plant,
the cost of a gas pipeline for 40 km connected to the distribution gas grid was 0.001 €/kWh, the
distribution cost 0.007 €/kWh, and the compression and tank station cost was 0.012 €/kWh, a
total of 0.020 €/kWh. Calculating with an 8% price increase in Sweden between 2007 and 2012
[30], the price for gas grid distribution, compression, and tank stations ate set to 0.285 €/kg

methane.
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The total annual operating costs divided into different cost items are presented in Figure 4. The
costs of the raw materials have the highest share of operating costs, followed by facility
dependent costs, which include maintenance, depreciation, insurance, and other factory expenses.
The cost for the NMMO corresponds to 80% of the material cost for the base case with 99.5%
recirculation, and the cost for the forest residues corresponds to 15%. The annual operating cost
divided into the different sections is presented in Figure 5, where the price of the materials is
excluded. Filtration and evaporation represent the biggest part of the annual operating costs,

followed by the anaerobic digestion, where the costs for materials are excluded.

Sensitivity analysis

Different plant sizes were investigated in a sensitivity analysis in order to study the effect of the
plant capacity on the construction and production costs. Plants treating 25, 50, 100, 200, and 400
thousand tons forest residues per year were studied in co-digestion with 50, 100, 200, 400, and
800 thousand tons OFMSW per year, respectively. All the estimations of total investment costs,
annual operating costs and production cost per unit methane produced, as a function of the plant
capacity is presented in Figure 6. The revenue per unit was calculated as being 2.12 euro/kg
produced methane, which is higher than the production cost for all plant sizes. However, a cash
flow analysis of the five different plant size scenarios show that only plant capacities of 50,000
tons per year and above are financially viable with an IRR over 15%. This is in contrast to the
IRR of the plant size of 25,000 tons per year, which was 5.08% prior to taxes.

The economic feasibility of the process was further analyzed through different scenarios. The
effect of water consumption in the washing process following the NMMO pretreatment was
evaluated with 50% more and 50% less water consumption. The effect of 20% increase and 20%
decrease on the methane price and the cost of feedstock was also calculated. Cash flow analysis
was performed and the resulting IRR’s were compared with the base case and are presented in
Figure 7. The water volume during the washing step following the NMMO pretreatment has a
large effect on the IRR. The use of more water during the washing step requires a larger and
more expensive evaporation unit, which in turn results in a lower IRR. Furthermore, the price of
the produced methane has a large impact on the IRR, while the cost of forest residues has a

minor effect.

Co-digestion scenarios
In order to achieve a proper C/N ratio, forest residues can be co-digested with other nitrogen

rich substrates. Sludge from wastewater treatment (sewage sludge) has been studied as an
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alternative co-digestion source. Due to the high nitrogen content, one part of sewage sludge
together with two parts of forest residues result in an optimum C/N ratio of about 20, compared
with two parts of OFMSW and one part of forest residues in the base case (Table 3). In Sweden,
biogas plants get paid for the digestion of sewage sludge (Table 1), which will increase the unit
revenue. However, our calculations showed that the co-digestion with sludge results in a unit
production cost of 2.78 €/kg and a unit revenue of 2.75 €/kg. The IRR of the process was
calculated as being 3.52% (Table 3), which is lower than the financially feasible limit of 15% and
is therefore considered to be a non-feasible solution.

The process can furthermore be designed to digest forest residues exclusively, which is not a real
scenario, since it is unfavorable to digest forest residues by itself due to the low nitrogen content.
However, the simulation of the pretreatment and anaerobic digestion of forest residues only can
give us a better insight in the contribution of forest residues in the co-digestion process. With the
exclusive digestion of forest residues, the IRR is negative (Table 3). The unit production cost has
increased to 9.35 €/kg CH,, while a higher unit revenue comes from the higher fraction of lignin
in the digestate residue which was sold to a combustion plant.

Moreover, a sensitivity analysis has been performed in order to study the effect of different
scenarios when only the forest residues are digested (Table 4). The effect of the circulation of
NMMO was evaluated, as well as the effect of the methane price. An increase in the recirculation
of NMMO from 99.5% to 99.99% will decrease the unit production cost by a factor of three,
while an increase in methane price increases the unit revenue. The unit revenue was the same as
the unit production cost, after an increase of the NMMO recirculation to 99.99%, together with a

methane price increase of 25%. However, none of the present scenarios reached the targeted IRR

of 15% (Table 4).

Anaerobic digestion versus combustion

The energy produced from anaerobic digestion of NMMO pretreated forest residues can be
compared with the energy production of the same amount of forest residues when incinerated.
Combustion of the feedstock in a combined heat and power plant (CHP) will produce 17 M]/kg
TS, with the assumption of 90% efficiency in the CHP [31]. On the other hand, when biogas
produced from the anaerobic digestion of only forest residues is utilized in a CHP with 90%
efficiency [32], the energy generated can be calculated as being 12 MJ/kg TS. This is with the
assumption that the lignin-rich residue from the anaerobic digestion is incinerated separately, and
the energy produced by this process is included in the above-mentioned calculation. Both

processes are assumed to yield similar fractions of electricity and heat. It can, therefore, be
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concluded that the utilization of forest residues in CHP will yield about 1.5 times more energy

compared with that in the anaerobic digestion.

C.6. DISCUSSION

The anaerobic digestion of NMMO pretreated forest residues, co-digested with household
organic wastes in the base case is an economically viable process, with an IRR over 15%. The
analysis of different sections of the process shows that the price of the raw material, i.e., NMMO,
used for the pretreatment has the largest share of the costs. A challenge for the future is to
increase the recirculation of the NMMO, in order to limit the consumption of the raw material,
and thereby the costs. Furthermore, evaporation of the washing water is a costly process, and
solving the technical challenge of using less washing water should further improve the economy
of the process.

In order to reach a financially viable process for the digestion of pretreated forest residues, the
methane price needs to be increased substantially. This could perhaps partly be reached by
incentives in order to increase the fraction of renewable vehicle fuels production, together with
increasing oil price. The European Commission has set the goal that by 2020, 20% of the energy
consumed and 10% of the vehicle fuels should be renewable [33]. Furthermore, the cost of gas
injection into the gas grid and the cost of the tank stations are probably reduced with larger plant
sizes as is the case in the present study.

The use of the biogas produced from the anaerobic digestion of the NMMO pretreated forest
residues in a CHP plant was shown to be a less attractive alternative compared with the
combustion of the same amount of forest residues. These two processes, however, produce
electricity and heat, while the anaerobic digestion process produces high-valued vehicle fuel.
Another advantage of producing biogas from the forest residues, compared with combustion, is
that the digestion of the feedstock results in a rich solid residue. In this study, this residue is
calculated as being sold to incineration plants. As an alternative, it could also be used as a nutrient
rich fertilizer. The use of the solid residue as a fertilizer is a sustainable way of recycling the
nutrients back into the soil, and also structural material being placed back into the soil.

Compared with co-digestion of forest residues with OFMSW, the digestion of only pretreated
forest residues has a negative IRR. The scenario of digesting only forest residues however, is a
fictive scenario, since an optimal C/N ratio of 20-30 should be reached for a sufficient nutritional
balance in the digester. Therefore, a co-digestion of nitrogen-rich substrates together with forest
residues is required. Many digesters in Sweden have problems with a too low C/N ratio, which
means a lack of carbohydrate-rich substrates. Addition of carbon-rich materials, such as

lignocelluloses, was previously shown to both stabilize sensitive processes as well as result in
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good synergetic effects [34]. These synergetic effects have implied higher methane yields when a
lignocellulosic rich material (i.e., paper tube residuals) has been digested with nitrogen-rich
substrate mixture compared to the expected methane production calculated from the methane
potentials of the single substrate streams alone. The co-digestion of NMMO pretreated forest
residues with OFMSW has not yet been experimentally studied, but similar synergetic effects can
be assumed, which can lead to higher methane yields and a more economically feasible process.
The anaerobic co-digestion of pretreated lignocelluloses is not yet practiced in commercialized

plants but could emerge in the future.

C.7. CONCLUSIONS

The possible co-digestion of NMMO pretreated forest residues together with the organic fraction
of municipal solid waste is an economically feasible process with an IRR over 15%. In order to
avoid nitrogen deficiency, one-third of forest residues were co-digested with two- thirds of
OFMSW. Technical improvements such as increased recycling rate of the NMMO solvent, as
well as decreased water consumption in the washing step can further increase the economic
viability of the process. The co-digestion with sewage sludge instead of OFMSW resulted in
lower methane yields, which had a negative effect on the process economy. In general, the co-
digestion circumstances, such as the type of feedstock used in the co-digestion and the
relationships between the different feedstocks have large consequences on the methane yields

and thereby the process economy.
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TABLE LEGENDS

Table 1. Prices for raw materials, products, and utilities.

Table 2. Stream components expressed as ton/batch.

Table 3. Co-digestion scenarios with forest residues, OFMSW, and sewage sludge.

Table 4. Sensitivity analysis for the digestion of forest residues only.
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FIGURE LEGENDS

Figure 1. Block flow diagram of the NMMO pretreatment and biogas production from forest

residues within a co-digestion with OFMSW.
Figure 2. Process flow diagram of the entire process.

Figure 3. FCI, Fixed capital investment per section, including equipment prices, installation,
instrumentation, electricity, piping, insulation, engineering and construction, contractor’s fee, and

contingency. Auxiliary facilities, yard improvements, and buildings are excluded.
Figure 4. Annual operating costs for the base case divided into cost items.
Figure 5. Annual operating cost per section. Cost of materials is excluded.

Figure 6. Sensitivity analysis of total investment and annual operating costs, as well as methane

production costs, as a function of plant capacity of digested forest residues per year.

Figure 7. Result of cash flow analysis. Internal rate of return before taxes (IRR) of 50% increased
or decreased water consumption during washing, and of 20% increased or decreased price of

methane and forest residues, compared to base case, after taxes.
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Table 1.

Raw materials €/kg Reference

Forest residues 0.071 Market price'
NMMO 4.0 [6]

OFMSW - -

Fresh water 6.7%10” [6]

Polyacrylamide 2,171 Market price”
Sewage sludge -3.28 ’

Products

Methane 1.895 Market price’
Carbon dioxide 0.003 [6]

Lignin rich digestate 0.030 Market price’
Utilities

Electricity 0.0346 €/kWh [25]

Steam 0.0084 SuperPro Designer”
Chilled water 2.28%10™* SuperPro Designer”
Others

Waste water treatment 9.79%10™* [35]

Labor wage 70.000 €/employee/year [25]

"Based on prices from the third gquarter of 2012 [36], and the energy content of 1 kg branches and tops
37], “www.alibaba.com, j}bemom/ communication with Moshe Habagil, VIV AB, Vatten och milji i 1/ dst,

2013, *methane price sold on the market (www.fordonsgas.se) minus the cost for injection and distribution into the

gas grid, together with the cost for tank stations [27] and’www.bioenergiportalen.se [36).
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Table 2.

Stream 1 2 |3 4 5 6 7 8 9 10 |11
component

Cellulose 10.7 10.7 1.1 1.1
Hemicellulose | 5.7 5.7 0.6 0.6
Lignin 19.4 19.4 19.4 19.4

Ash 5.0 5.0 5.0 5.0

Water 13.6 | 2.7 | 13.6 | 109.5 | 1773.5 | 1680.3 | 95.9 | 621.6 | 587.5 | 3.1
NMMO 2.7 511.4 | 508.8 511.4 | 2.7 2.7
Carbohydrates 28.8 2.9 2.9
Proteins 3.8 0.4 0.4

Fats 8.2 0.8 0.8
Polyacrylamide 0.7
Methane 18.0
Carbon 38.5
dioxide

Total 544 | 54| 54.4 | 661.7 | 2282.4 | 1680.3 | 607.3 | 654.3 | 587.5 | 36.5 | 56.5
(ton/batch)
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Table 3.
Co-digestion C/N Forest Unit prod. Unit Total raw | IRR %"
substrates ratio | residues | cost (€/kg revenue material

CHy) (€/kg CH4) | (tons/year)
Forest residues + | 29.5"* | 33% 1.58 2.12 300,000 20.70
OFMSW
Forest residues + | 20.5™° | 67% 2.78 2.75 300,000 3.52
Sewage sludge
Forest residues 325" | 100% 9.35 3.12 300,000 -100

1 CIN ratio for forest residues is set as the middle value of a range between 150-500
according to [15]?,C/N ratio for OFMSW is set as the middle value of a range between 15-32
according to [38]° and C/N ratio for sewage sludge is set as 5.98 according to [39], “IRR is

the internal rate of return.
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Table 4.
Methane price NMMO Unit production | Unit  revenue | IRR" %

recirculation cost (€/kg CH4) | (E/kg CHy)
+0% 99.5% 9.35 3.12 -100
+0% 99.99% 3.21 3.12 -100
+25% 99.99% 3.21 3.21 4.30
+50% 99.99% 3.21 3.69 11.0
'IRR is the internal rate of return.
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D Preliminir processteknisk utvirdering av NMMO-tekniken,
samt energibalansberikningar

Peter Berglund Ohdner, Grontmij AB
Mikael Jonsson, Grontmij AB

D.1. Syfte och metod

Syftet med Grontmijs del av projektet var att teknisk och energimissigt utvirdera NMMO-
tekniken som foérbehandlingsmetod pa lignocelluloshaltiga material f6r biogasproduktion.
En processkiss pia NMMO behandling, samt separation och dtervinning av
behandlingskemikaliet har utvecklats tillsammans med Hogskolan i Boras (HB) med
utgangspunkt 1 HB:s laboratorieférsok pa behandling och efterfoljande satsvisa
rétningstester inklusive tvitt- och destilleringssteg.

Fragan dr om den Okade biogasproduktionen (energivirdet) frin GROT motsvarar de
energirelaterade kostnaderna i form av virmehallning under behandling, uppkoncentrering
av NMMO, eftertvittning och NMMO atervinning genom destillering av tvittvatten. Det
finns en term for detta; EROI (Energy return on investment) som anvinds i manga siadana
hir sammanhang. Exempelvis har ett vil fungerande vindkraftverk en ratio pa 15:1. Det ar
alltsa forhallandet mellan levererad energi och energikostnaderna.)

D.2. Genomforande

1) Processchema: Grontmij tillsammans med HB utvecklat ett preliminir 6versiktligt
processchema f6r NMMO-behandling av GROT inklusive tvittning och
destillering for separation och édtervinning av NMMO. Processchemat utvecklades
utifrin de krav som stills pa processen och materialens forutsittningar.

2) Teknik: Processteget utvirderades teknisk utifrin en eventuell uppskalning och
med bista tillgingliga teknik f6r att optimera energiflédena. Detta genomférdes av
Grontmij baserade pa tidigare erfarenheter fran energi- och processfléden och
energioptimering.

3) Energibalans: Efter att processteget for behandling med NMMO samt separation
och dtervinning av behandlingskemikaliet utvecklades gjordes en energibalans med
och utan bista méjliga teknik och utifrin gasutbyte (som bestimdes med satsvisa
rotningsforsok) och de energiinsatser som krivs i form av exempelvis
koncentrering av NMMO, virmehillning under behandling, destillering, mm for att
na ett nollresultat. Energiberdkningarna baseras i huvudsak pa den utvunna gasens
energiinnehall i férhallande till det tvittvatten som maste destilleras, enligt
laboratoriefors6k. Om energibalansen visar att det kriavs betydligt mer energi for att
destillera fram NMMO:n ur tvittvattnet an den energi som erhalls via den 6kade
gasproduktionen, sa kommer inte det héir processteget att fungera energimassigt,
trots att adekvat teknik anvinds.

4) Slutsatserna redovisas.

Den maximala mingden tvittvatten som far destilleras for att nd en balans kommer att
uppskattas.
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D.3. Process

Figur 1 visar ett processchema f6r NMMO-behandling, tvitt separation samt atervinning
av NMMO f{6r recirkulering. GROT (wood) sénderdelas och behandlas i ett bad med 85 %
NMMO i 90 °C under 30 timmar. Materialet tvittas for att na en renhet som inte himmar
rétningsprocessen. Den inképta NMMO-l6sningen har en koncentration pa 50 %.
Tvittvattnet och flédena virmevixlas.

c-101
and
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T~
- J-101 5
> A400
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§ and
> v-A104 w-101
—H Pretreated Wood
& | | » A-200>
\______/
E-101 3
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P-102

&)
P-101 JOE'"""
S
) $402

R s-103
Make up Water P-103

> A300 & Utility )

Figur 1. Oversiktlig processchema féor NMMO-behandling av GROT

]

Figure 1. Process flow diagram on NMMO pretreatment unit for pretreatment of forest residues

Genom en forfinad teknik med virmevixlare, mekanisk dngkompression och eventuellt
MED (Multiple effect Distillation) skulle energiutnyttjandet kunna optimeras. I
berikningarna nedan beskrivs energibalansen med och utan energioptimerande atgirder.

D.4. Teknik

Det finns en uppsjo tekniker for att minska energitillférseln i en process. Nedan beskrivs
ett par av de relevanta f6r NMMO-behandling, inklusive destillering och tvittning.

MED

Multiple Effect Distillation (MED) eller Multiple effect boiling dr en process for att avsalta
havsvatten. Denna princip for att destillera (koka bort) vatten anvinds dven 1 andra
sammanhang och med andra dmnen. Det finns dock inte praktiska fors6k med olika
koncentrationer av organiska l6sningsmedel, diribland NMMO.

MED ir en férangare som bestar av flera pa varandra foljande celler som haller ett specifikt
tryck och temperatur. Temperaturen och trycket sjunker for varje niva, fran den forsta
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(varma) cellen till den sista (kalla). Angan virmevixlas for varje cell. Varje cell bestr
huvudsakligen av en horisontell rorbunt och den 6vre delen av bunten sprutas med
havsvatten som sedan strémmar ner fran roret till ett 16r med hjilp av tyngdkraften. Figur
2 visar en processlayout.

SEA WATER |
DISCHARGE

SEA WATER
FEED

ERINE

Figur 2. Processlayout av en MED for avsaltning av havsvatten.
(www.entropie.com/en/services/desalination/)

Figure 2. Processlayout of MED used for desalination of seawater

Med denna teknik gar att reducera energikostnaderna méinga ginger om jimfért med
konventionell kokning for att reducera vattenmingderna i ett kirl eller en cell. Tekniken
tillimpas dock framfoér allt f6r avsaltning av havsvatten, med en salthalt pa 3-4 % och har
inte tillimpats pa olika koncentrationer av det organiska 16sningsmedlet NMMO.
Tvittvattnet frin NMMO-processen leds in cellerna via ”Sea Water Feed” enligt figur 2. 1
cellerna faller ett rent” kondensat (vatten). Den varma angan mellan cellerna virmevaxlas
kontinuerligt. Det som aterstar efter ett antal behandlingssteg 4r NMMO med en bestimd
koncentration som ér beroende av hur processen konstrueras.

Mekanisk angkompression

For att minimera energiforlusterna kan mekanisk angkompression (Mechanical vapour
recompression, MVR) ocksa anvindas. Allmint anvinds MVR inom industrin eftersom
man dir har behov av virme vid hoga temperaturer, vilket medger méjligheter till sma
temperaturlyft, till exempel 1 indunstningsprocesser. Processmediet, oftast vattenanga
komprimeras i ett halvéppet system, alltsa att anga komprimeras 1 en kompressor for att
sedan kondensera mot den virmesinka dir virmen skall avges. Den kan dven konstrueras
med den omvinda konfigurationen med det dr en ovanligare konstruktion. Kondensorn
byts da mot en férangare (Berntsson 1992).
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Vatten ér ett limpligt medium eftersom det har stort latent virme samt varken ar giftigt
eller brinnbart. Ytterliggare en fordel dr att den om férutsittningarna dr de ritta kan
utformas med det vatten som skall virmas dven dr medium i processen. Nackdelarna ir de
stora volymsfléden som blir féljden om férangningstemperaturerna ar liga och dirigenom
kriver stora dimensioner pd rér och kompressor. Det kriver turbokompressorer for vilka
vattnets liga molekylvikt kriver att manga kompressorsteg anvinds. Av denna anledning dr
vatten limpligt endast om hoga féringningstemperaturer och/eller liga temperaturlyft
krivs. Tekniken dr vil utvecklad vid hoégre temperaturer och finns dven 1 vissa
tillimpningar f6r kylproduktion. Den kan dven vara intressant i kaskad med annat medium.
Ett medium som klarar temperaturer upp till ca 80 grader som ammoniak kan da anvindas
1 den lagre cykeln.

Virmevixlare

Det finns olika typer av virmevixlare for att tillvarata energin vid destillering, uppvirmning
av NMMO, med mera. De mest energieffektiva dr vaxelflodesvarmevixlare (Figur 3) .

% N

[ 4 L

Figur 3. Principskiss for vaxelflodesvarmevaxlare.
Virmevixlarna anvinds framfér allt i MED-processen (se ovan), men dven for att

ateranvinda virmeenergin i den mekaniska angkompressionen, en férenklad skiss beskrivs 1
Figur 4.
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Figur 4. Dar angan komprimeras i en kompressor for att sedan kondensera mot den
varmesanka dar varmen skall avges varmevaxlas den tva flodena.

D.5. Berikningar

For att bedoma potentialen f6r NMMO-behandlingen har en energibalans pa processteget
utforts. Bedomningen ér en grov uppskattning och bygger pa féljande antaganden:

e Mingden tri i foérhéllande till mingden NMMO (85 % l6sning) ar i 1 del tra och 12
delar NMMO.

e  NMMO l6sningen kops 1 50 % koncentration och skall koncentreras till 85 %
koncentration.

e NMMO och tripulvret antas ha samma specifika virme som vatten (Cp).
e NMMO behandlingen kriver en uppehallstid pa 30h vid 90°C.

e Tvittvattnet maste atervinnas. Det vill siga det vatten som anvinds for att avligsna
NMMO fran triet efter NMMO-processen.

e Mingden tvittvatten 1 forhéllande till mingd processlosning ar 1 del trd med
NMMO pa till 15 delar skéljvatten.

e ‘Tvittvattnet delas upp i tre lika stora skoljningar med féljande koncentration av
NMMO i skoljvattnet:
1 skéljningen 60% NMMO (5 liter)
2 skoljningen 20% NMMO (5 liter)
3 skoljningen atervinns inte (5 liter)

e Biogasen antas vara ren metan

e 1kg VS trd producerar 0,146 m> gas vid r6tning

e Avdunstning av vatten sker med vanlig kokning
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Runt dessa forutsittningar sa stalls en energibalans upp enligt foljande:
Producerad energi i form av biogas = Tillaten energiatgang i processteget

Ingen hinsyn tas till att energi skall produceras 1 processen utan all tillganglig energi fran
biogasen tillats att anvindas. For berdkningen anvands 1kg VS tra.

A. Energiitgiang i processen

a) Malning av tri

b) Koncentrering av NMMO
c¢) Uppviarmning

d) Temperaturhéllning av bad
e) Destillering av tvittvatten

a) Antagen energi for att mala 1kg VS tri till tripulver blir 1TkW 1 60 sek = 60k]
b) Koncentreringen av NMMO-l6sningen fran 50 % till 85 % (8,4 kg vatten dngas bort,
20,4 kg NMMO 50 % kops). Koncentreringen bestar av tva delar avkokning av vatten av

NMMO-I6sningen samt uppvirmning av processvitskan till kokning.

Energiatgang for att virma upp 16sningen till kokpunkten blir 4003 kJ, samt avkokning av
vatten for att 6ka halten NMMO blir 20344 k]

¢) Uppvirmning av tripulvret samt processvatskan fran 20°C till 90°C behéver 3809 kJ.

d) For att varmhalla processvitskan vid 90°C i 30h sa antas att det motsvarar att virma upp
vitskan ytterligare en gang enligt punkt 3 dvs ytterligare 3809 kJ energi skulle behovas.

e)Destillering av tvittvattnet i olika steg:

1:a skéljningen (60 % NMMO, 5 liter skoljvatten) = 42559 k]
2:a skoljningen (20 % NMMO, 5 liter skoljvatten) = 106437 k]
Summa energiatgang beriknas till 181 021 kJ.

Utan en optimering av energiflédena uppgir energiatgangen till Gver 180 000 kJ.

B. Mingd energi ut ur biogasen

Rétning av 1kg VS trd ger 0,146 m? metan
Virmevirde pa metan= 50 MJ/kg

Densitet pa metan= 0,6594 kg/m?

Energi 1 gasen = 0,146*50000%0,6594 = 4814 k]

Energiutfall: 4814 KJ
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D.6. Energibalans

Enligt denna 6versiktliga energibalans utan effektiv energioptimering dr energidtgangen
betydligt storre dn energiutfallet. Endast cirka 3 % av den tillférda energin erhélls via
gasutbytet.

Preliminir och forbittrad process

Genom att tillimpa en kombination av tekniker, bland annat MED/MEB, virmevixlare
och eventuellt MVR kan energibalansen i teorin forbittras drastiskt. HB har dven lyckats
reducera tvittvattenvolymen med 90 % och det forbattrar balansen ytterligare. NMMO
koncentration 6kar i tvittvattnet efter filtrering, sa det blir mindre vatten att destillera bort..

Tabellen nedan visar energibehovet for att framstilla 1 kg VS NMMO-behandlad triflis
infor rétning, med och utan forbattrad process med olika tekniska 16sningar och principer.

Tabell 1. Energibehov for att framstalla NMMO-behandlad traflis, med och utan tekniker for att
reducera energibehovet samt med reduktion av tvattvatten (90 %)

Biogas fran lignocellulosa

Energibehov Energibehov
Preliminar Forbattrad
Delprocess process, kJ  Energislag process, kJ  Energislag
Malning av tré 60 | El 60 | El
Koncentrering av 24 000 | Varme 4 000 | Varme (VX red.
NMMO Tryck, MEB )*
Uppvéarmning 3800 |Vvarme 1000 | Varme (VX)
Temperaturhallning 3800 | varme 1000 | Varme (VX)
av bad
Destillering av 149 000 | Varme 2 200 | El (med MEB +
tvattvatten red tryck +
VX)* +90 %
mindre
tvattvatten
Sonderdelning av Ej inkluderat | EI/Varme Ej inkluderat | EI/Varme
traflis, energi for
processen, pumpar
Summa 181 000 8 300
* Referens: S.A.
Kalogirou, 2005
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Utbytet via gasen uppgar till 4814 kJ. Med energioptimering blir EROI-index cirka 0,5
(4800/8300).

Sedan tillkommer “energitjuvar” i form av sonderdelning av triflis, energi for att driva
processen, med mera. Det innebir att det behovs ett stort Overskott i energibalansen till
forman for NMMO:n

D.7. Slutsatser

Den genomforda uppskattningen av energibehov i processensteget f6r NMMO-behandling
av GROT samt energiinnehallet i den producerade biogasen fran enbart GROT visar att
det 1 dagsliget dr svart att fa thop den delstromsprocessen energimassigt, detta trots att vi
under projektets gang lyckades fa ned vattenbehovet med 90 %. Huvuddelen av energin gar
at till att destillera vattnet 1 syfte att koncentrera upp NMMO {61 ateranvindning.

Det EROI vi uppnadde efter minskad vattenanviandning blev 0,5, vilket betyder att den
producerade biogasen innehaller ungefir hilften sa mycket energi som vi stoppar in for
NMMO-behandling samt dtervinning av NMMO f{6r nista behandling. Dessutom har inte
alla energikostnader vid en sadan fullskalig processteg tagits med 1 berikningen, och dven
kostnader for drift, underhall och kapital tillkommer. Hade energibalansen gjorts baserat pa
primirenergi (paverkar framfor allt siffrorna f6r elenergi) hade det uppskattade EROI blivit
annu ldgre. I princip beh&vs det darfor ett stort Gverskott i processen, alltsa ett EROI langt
over 1, for att metoden ska fungera kommersiellt vid en anliggning dir enbart GROT
behandlas och rétas enligt var bedomning. En ytterligare kommentar ar att vi har baserat
vara energiberikningar pa att den bdsta mojliga tekniken anvinds. Denna teknik ér i
dagsliget kostsam och kanske inte ens tillimpbar pa detta material.

Lignocellulosarika material kan dock inte tillimpas till r6tning som enbart substrat, i o med
att naringsbalansen fér rétningen skulle inte fungera pa grund av kvivebrist. I praktiken
kan behandlad GROT anvindas som en delstrém i en samrétningsprocess dir andra
kviverika substrat ocksa ingar. Hur mycket gas produceras i en sidan samroétningsprocess
beror pa sammansittning av de olika substratstrommar som ingar, samt
blandningsférhallanden. Den detaljerade tekno-ekonomiska utvirderingen utférdes darfor
pa en samrotningsprocess dir GROT rotades tillsammans med hushallsavfall.
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