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Svenskt Gastekniskt Center AB, SGC

SGC ar ett spjutspetsforetag inom hallbar utveckling med ett nationellt uppdrag. Vi arbetar
under devisen "Catalyzing energygas development for sustainable solutions”. Vi samord-
nar branschgemensam utveckling kring framstéllning, distribution och anvandning av
energigaser och sprider kunskap om energigaser. Fokus ligger pa férnybara gaser fran
rétning och férgasning. Tillsammans med foretag och med Energimyndigheten och dess
kollektivforskningsprogram Energigastekniskt utvecklingsprogram utvecklar vi nya mojlig-
heter for energigaserna att bidra till ett hallbart samhalle. Tillsammans med vara fokus-
grupper inom Ro6tning, Férgasning och branslesyntes, Distribution och lagring, Industri
och hushall och Gasformiga drivmedel identifierar vi fragestallningar av branschgemen-
samt intresse att genomfora forsknings-, utvecklings och/eller demonstrationsprojekt
kring. Som medlem i den europeiska gasforskningsorganisationen GERG fangar SGC
ocksda upp internationella perspektiv pa utvecklingen inom energigasomradet.

Resultaten fran projekt drivna av SGC publiceras i en séarskild rapportserie — SGC Rap-
port. Rapporterna kan laddas ned fran hemsidan — www.sgc.se. Det &r ocksa mojligt att
prenumerera pa de tryckta rapporterna. SGC svarar for utgivningen av rapporterna medan
rapportforfattarna svarar for rapporternas innehall.

SGC ger ocksa ut faktabroschyrer kring olika aspekter av energigasers framstallning, dis-
tribution och anvandning. Broschyrer kan kdpas via SGC:s kansli.

SGC har sedan starten 1990 sitt séate i Malmd. Vi &gs av Eon Gas Sverige AB, Energigas
Sverige, Swedegas AB, Goteborg Energi AB, Lunds Energikoncernen AB (publ) och
Oresundskraft AB.

Malmo 2013

Martin Ragnar
Verkstallande direktor
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Swedish Gas Technology Centre, SGC

SGC is a leading-edge company within the field of sustainable development having a na-
tional Swedish assignment. We work under the vision of “Catalyzing energygas develop-
ment for sustainable solutions”. We co-ordinate technical development including manufac-
ture, distribution and utilization of energy gases and spread knowledge on energy gases.
Focus is on renewable gases from anaerobic digestion and gasification. Together with
private companies and the Swedish Energy Agency and its frame program Development
program for energy gas technology we develop new solutions where the energygases
could provide benefits for a sustainable society. Together with our focus groups on
Anaerobic digestion, Gasification and fuel synthesis, Distribution and storage, Industry
and household and Gaseous fuels we identify issues of joint interest for the industry to
build common research, development and/or demonstrations projects around. As a mem-
ber of the European gas research organization GERG SGC provides an international per-
spective to the development within the energygas sector

Results from the SGC projects are published in a report series — SGC Rapport. The re-
ports could be downloaded from our website — www.sgc.se. It is also possible to subscribe
to the printed reports. SGC is responsible for the publishing of the reports, whereas the
authors of the report are responsible for the content of the reports.

SGC also publishes fact brochures and the results from our research projects in the report
series SGC Rapport. Brochures could be purchase from the webiste.

SGC is since the start in 1990 located to Malmd. We are owned by Eon Gas Sverige AB,
Energigas Sverige, Swedegas AB, Goteborg Energi AB, Lunds Energikoncernen AB
(publ) and Oresundskraft AB.

Malmd, Sweden 2013

Martin Ragnar
Chief Executive Officer
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Foreword

There is the need in incorporating straw as a substrate for biogas production pur-
poses. However, the degradation of lignocellulosic materials is somewhat restrict-
ed due to the high content of lignin that binds cellulose and hemicellulose and
makes them unavailable for microbial degradation. Also, the crystalline structure of
cellulose affects digestibility. Consequently, low methane yields are achieved. Dif-
ferent methods for pre-treatment of lignocellulosic material have been explored, for
example thermal, acid, alkaline and oxidative pretreatments. However, most of
them require expensive specialized instruments with substantial energy require-
ments.

This project was developed with the idea of testing biological pretreatment
methods, which can be more environmentally friendly, and can allow increasing
the methane potential from lignocellulosic materials.

The work was conducted at the Department of Microbiology, Swedish University
of Agricultural Sciences, Uppsala (SLU) by PhD Xinmei Feng, JTI and with the
collaboration of PhD Maria del Pilar Castillo, JTI and Prof. Anna Schnirer, SLU.
We had also the collaboration of Prof. Kegiang Zhang and Liang Junfeng from the
biogas research group at the Agro-Environmental Protection Institute, AEPI, Tian-
jin, China which participated in some of our discussions and provided us with
some edible fungal strains.

We thank the participation of financiers and the members of the reference group
Tobias Persson, SGC; Tisse Jarlsvik, Géteborg Energi AB; Hakan A Eriksson,
E.On Gas Sverige and Lars-Gunnar Johansson, LRF. Also, thanks to Geoffrey
Daniel and Katarina Ihrmark, SLU for providing us with several fungal strains.
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Summary

Among lignocellulosic materials from the agricultural sector, straw is considered to
have the biggest potential as a biofuel and therefore also represents a big poten-
tial for biogas production. However, the degradation of lignocellulosic materials is
somewhat restricted due to the high content of lignin that binds cellulose and hem-
icellulose and makes them unavailable for microbial degradation. Consequently,
low methane yields are achieved.

The biodegradability of the lignocellulosic material can be increased by a pre-
treatment. Optimally the pre-treatment should give an increase in the formation of
sugars while avoiding the degradation or loss of carbohydrates and the formation
of inhibitory by-products. The treatment should also be cost-effective.

Different methods for pre-treatment of lignocellulosic material have been ex-
plored, for example thermal, acid, alkaline and oxidative pretreatments. However,
they often have a high energy demand.

Biological treatment with fungi represents an alternative method for pretreat-
ment of lignocellulosic materials that could be comparably more environmentally
friendly, easier to operate and with low energy input. The fungal groups of interest
for lignocellulose degradation are the wood decaying fungi, such as the white-,
brown-rot and cellulose degraders.

The purpose with this work was to increase the biogas potential of straw by us-
ing a pretreatment with fungi. Straw was incubated with fungi at aerobic conditions
under certain periods of time. The growth and colonization of the straw by the fun-
gi was expected to increase the availability of the lignocellulosic structure of the
straw and thus positively affect the biogas potential. In addition also, the spent lig-
nocellulosic material from the cultivation of edible fungi was investigated. We hy-
pothesized that also growth of edible fungi could give a more accessible material
and thus give higher biogas potential compared to the substrate before fungal
growth.
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Figure i. Methane potential from fungal pre-treated straw. Pleurotus spp were used
in this part of the study and different pretreatment times were tested. Two controls
were included, one with untreated straw to calculate the effects before and after
pretreatment, and one with cellulose to evaluate the inoculum activity. Longer pre-
treatment times give lower methane potential.
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The results showed that all investigated fungi could grow well on the straw. How-
ever, all the results from the methane potential analysis showed that fungal pre-
treated straw, at the conditions tested, gave no significant higher biogas potential
than untreated straw. Moreover, some carbon from the straw was lost, during the
growth of the fungi under prolonged pretreating times, resulting in lower methane
yields compared to non-treated straw (Fig. i).

Spent compost material from growth of edible fungi as P.eryngii keeps 68 % of
the initial methane potential and can be an interesting biogas substrate (Fig. ii).
However, the methane potential in the A. bisporus spent compost was too low to
be of interest for the biogas industry.
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Figure ii. Methane potential from mushroom compost use for growth of edible fungi
(P. eryngii). Mushroom compost denotes the substrate before the fungal growth
and spent mushroom compost after harvest of the fungi.

In contrary to our results, some literature reports show that fungal treated straw
can result in increasing methane potentials. A possible explanation to the differ-
ence in result are different degradation efficiency of the inoculums used in the me-
thane potential tests or selection of manure as inoculums or as a material used
during co-digestion of straw material. To completely resolve the impact of fungi on
lignocellulosic materials and clarify the possibility of using them for pre-treatment,
further studies are recommended.
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Sammanfattning pa svenska

Bland lignocellulosamaterial fran jordbrukssektorn anses halm ha den stérsta po-
tentialen som biobransle, inklusive for biogasproduktion. Emellertid ar nedbrytning
av denna typ av material nagot begransad pa grund av hog halt av lignin, som
binder cellulosa och hemicellulosa och gor materialet otillgangliga fér mikrobiell
nedbrytning. Darfér uppnas laga metanpotentialer.

Den biologiska nedbrytbarheten av material rikt pa lignocellulosa kan 6kas ge-
nom en forbehandling. Optimalt ska férbehandlingen bryta sénder den komplexa
strukturen och ge en 6kad halt av enkla sockerarter och samtidigt inte leda till
nedbrytning eller forlust av kolhydrater eller bildning av inhiberande biprodukter.
Behandlingen bor ocksa vara kostnadseffektiv. Olika metoder for forbehandling
har undersdkts, t.ex. behandling med hog temperatur, syra, alkali och oxidativa
amnen. Manga av dessa metoder ar mycket energi kravande och kraver stora
mangder kemikalier.

Biologisk behandling med svampar representerar en alternativ metod for forbe-
handling av lignocellulosa material som har potentialen att ha en lag energifér-
brukning, vara mer miljovanlig och enklare att anvanda jamfort med kemiska och
termiska metoder. Svampar av intresse for biologisk behandling ar vit- och brun-
rotesvampar samt cellulosa nedbrytare, som alla har potentialen att paverka struk-
turen hos lignocellulosabaserade material.

Syftet med detta projekt var att 6ka biogaspotentialen av halm genom férbe-
handling med svampar. Olika svampar fick vaxa pa halm vid aeroba férhallanden
under olika tidsperioder. Tillvaxt och kolonisering av svamparna pa halmen férvan-
tades ge forandringar pa den komplexa strukturen hos lignocellulosa och darmed
ha en positiv paverkan pa biogas potentialen. | studien undersoktes ocksa kom-
post material som anvands for odling av matsvamp. Har var forvantningen att ett
forbrukat kompostmaterial, kvar efter tillvaxt av matsvampen, skulle ge hogre me-
tanpotential &n samma material fére svamptillvaxt.
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Figur iii. Metanpotentialen pa halm férbehandlad med olika svampar. Tva olika
Pleurotus arter med olika forbehandlingstider utvarderades tillsammans med obe-
handlad halm och cellulosa som kontroller.
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Resultaten visade att alla undersokta svampar vaxte bra pa halmen. Emellertid
gav forbehandlad halm, under de betingelser som testades har, inte nagon signifi-
kant hégre biogaspotential jamfért med en obehandlad halm. Resultaten visade
ocksa att forbehandlingen resulterade i en forlust av kol fran halmen, p g a tillvaxt
av svampen (Fig. i). Denna kolavgang avspeglades i en lagre metanpotential fran
den behandlade halmen, speciellt efter en lang behandlingstid.

| projektet undersoktes ocksa mojligheten att anvanda kompostmaterial, kvar ef-
ter produktion av matsvamp, P.eryngii (typ av ostronskivling) och A. bisporus
(champinjon). Analys av metanpotentialen visade att komposten kvar efter tillvéxt
av P eryngi motsvarade 68% av den ursprungliga metanpotentialen av materialet
och darfér kan vara ett intressant biogassubstrat (Fig iv). Kompostmaterial kvar
efter produktion av A. bisporus hade daremot for lag potential for att vara av in-
tresse.
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Figur iv. Metanpotential p& kompost, fore och efter produktion av matsvamp (P.
eryngii, en typ av ostronskivling).

| motsats till vara resultat redovisar flera studier i litteraturen att halm férbehandlad
med svamp ger hogre metanpotentialer &n obehandlad halm. En mdjlig forklaring
till skillnaden i resultat ar att de tidigare publicerade studierna ar skillnad i nedbryt-
ningseffektivitet i ympmaterialen som anvants i metanpotentialanalysen. En annan
mojlig forklaring ar att de tidigare studierna samtliga anvant gédsel som ymp eller
som samrotningsmaterial under kontinuerlig biogasproduktion fran halm. For att
vidare utreda effekten av svampar pa halm och méjligheten att anvanda dessa
som en forbehandlingsmetod rekommenderas ytterligare studier.
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1. Background

There is an increasing concern about the detrimental effects of human activities on
the environment. In 1999 and 2005 the Swedish Parliament established 16 envi-
ronmental quality objectives. The first objective, Reduced Climate Impact (Be-
gransad klimatpaverkan) states that, according to the UN Framework Convention
on Climate Change, the concentrations of greenhouse gases in the atmosphere
must be stabilized at levels which ensure that human activities do not have a
harmful impact on the climate system. This goal must be achieved in such a way
that biological diversity is preserved, food production is assured and other goals of
sustainable development are not jeopardized (www.miljomal.nu).

One strategy to decrease gas emissions is the replacement of fossil fuels by
biofuels. Bioenergy from renewable sources is a viable alternative and among dif-
ferent possible alternatives the biogas technology (anaerobic digestion) is in focus
in Sweden, Europe and worldwide due to its potential to be an important tool for
sustainable development of society. Theoretically, biogas can be produced from
almost any organic material. Traditionally, sewage sludge, manure and food waste
have been the major sources for biogas production but lately lignocellulose mate-
rials have gained increased attention. Today the biogas production is about 1.5
TWhlyear but if lignocellulose materials, except forest residues, were to be includ-
ed the potential can increase to ~15TWhl/year (1).

Among lignocellulosic materials from the agricultural sector, straw is considered
to have the biggest potential as a biofuel (1). Today, in Sweden about 100 000
tons of straw are used for energy production through incineration, but the potential
has been calculated to be 1 million ton of straw/year
(http://www.bioenergiportalen.se/ (2). Straw also represents a big potential for bio-
gas production. However, the degradation of lignocellulosic materials is somewhat
restricted due to the high content of lignin that binds cellulose and hemicellulose,
making them unavailable for microbial degradation. Also, the crystalline structure
of cellulose affects digestibility. Consequently, low methane yields are achieved.

The biodegradability of the lignocellulosic material can be increased by a pre-
treatment, with the purpose of removing lignin, hydrolyze hemicellulose, decrease
cellulose crystallinity, increase the porosity of materials and make the material
more accessible for microbial and enzymatic attack (3). Optimally the pre-
treatment should give an increase in the formation of sugars while avoiding the
degradation or loss of carbohydrates and the formation of inhibitory by-products.
The treatment should also be cost-effective (4).

Different methods for pre-treatment of lignocellulosic material have been ex-
plored, for example thermal, acid, alkaline and oxidative pretreatments (3, 5).
However, most of them require expensive specialized instruments with substantial
energy requirements (6). Also, toxic products as furfurals, 5-hydroxymethylfurfural
(HMF), organic acids, and phenols may be formed.

Biological treatment with fungi represents an alternative method for pretreat-
ment of lignocellulosic materials that could be more environmentally friendly, easi-
er to operate and with low energy input. The fungal groups of interest in lignocellu-
lose degradation are the wood decaying fungi as the white-, brown-rot and cellu-
lose degraders. Some of these fungi produce lignin and cellulose degrading en-
zymes (6-8) and have been proved to disrupt the lignin-cellulose bindings in straw

Svenskt Gastekniskt Center AB, Malmé — www.sgc.se
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(9, 10). At present, little information about fungal treatment of straw for increasing
biogas potential is available in literature. Mackulak et al (11) reported an increase
of 15% in biogas production when hay and leaves were pretreated with the wood-
decaying fungus Auricularia auricular-judae. Furthermore, Bisaria et al (12, 13),
Mehta et al (14) and Wati et al (15, 16) reported that the use of spent lignocellulo-
sic material from the cultivation of the edible fungi Pleurotus spp. produced higher
biogas yields compared to untreated substrates.

To our knowledge, the biogas potential from fungal pretreated straw or from
spent lignocellulosic material from edible fungi growth has not been evaluated in
Sweden.

1.1 Aim of the project

The aim of this project was:

a) To evaluate the biogas potential of fungal pretreated straw

b) To analyze the biogas potential of the spent lignocellulosic material from the
cultivation of edible fungi

c) To evaluate the importance of the inoculum on the results of the biogas po-
tential measurement, i.e. its effect on the degradation rate of treated and
untreated straw as well as cellulose.

In order to achieve these goals the following studies were performed:

e Screening of fungi: several fungal strains with capabilities of affecting the
lignocellulosic structure were used for pretreatment of straw. The effect of
the treatment was evaluated by measuring the biogas potential.

e Strains from the edible fungi Pleurotus spp. were used in the pretreatment
of straw, using different pretreatment times. The effect of the treatment was
evaluated by measuring methane potential.

e The methane potential of spent mushroom compost collected in Sweden
and China was measured.

¢ The influence of the anaerobic inoculum on the methane potential of treated
and untreated straw was evaluated in methane potential tests.

14 Svenskt Gastekniskt Center AB, Malmé — www.sgc.se
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2. Materials and Methods

2.1 Fungal strains

Twelve fungal strains from Swedish collections (Appendix, Table A.1) were studied
in this work. Commercial available edible Pleurotus ostreatus (ostronskivling) and
Pleurotus eryngii (kungsmussling) (Figure 1) were also studied.

2.2 Anaerobic inocula

The biogas inocula (A and B), used in the measurement of biogas potential, were
collected from two large-scale mesophilic biogas plants. The composition of the
main feedstock to the biogas plants was: inoculum A, silage and source-separated
organic household waste and B sludge from wastewater treatment plant.

b)

Figure 1. Pleurotus spp studied in this work, a) Pleurotus ostreatus (os-
tronskivling), b) Pleurotus eryngii (kungsmussling) and c) cultures in beakers and
plastic bags.

2.3 Straw

Wheat straw was kindly supplied by Maria Erikson’s farm at Harkeberga, Enko-
ping. The straw was chopped (scissors) and sieved. The fraction between 2 and 4
mm was used in the experiments.

Svenskt Gastekniskt Center AB, Malmd — www.sgc.se
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2.4 Spent mushroom compost

The methane potential from spent mushroom compost produced in Sweden and
China was determined. Three Swedish mushroom farms (SV1, SV2 and SV3) pro-
vided spent mushroom compost from the cultivation of Agaricus bisporus
(champinjoner). Our Chinese colleagues provided spent material from P. eryngii
cultivation. As a control, the substrates used prior to the fungal cultivation were
also analysed in the methane potential measurements. The substrate for Agaricus
bisporus cultivation consisted of a mixture of wheat straw, peat, lime, chicken- and
horse manure. The substrate used in P. eryngii cultivation consisted of a mixture
of sawdust, maize flour and wheat bran.

2.5 Pretreatment - Culture conditions

The pretreatment was performed by incubating the straw with fungi at aerobic
conditions under different periods of time. The growth and colonization of the straw
by the fungi was expected to give structural changes on the lignocellulosic struc-
ture and affect the biogas potential.

The chopped straw was wetted with water (30 % TS final). Depending on the
trial, the wet straw, 1.8g, 30g or 160 g was weighed into 250 mL bottles, 250 mL
beakers or plastic bags, respectively, and autoclaved for 30 min at 120°C. After
cooling, the straw was inoculated by adding agar-mycelium plugs.

For agar plugs inoculation, fungi were grown on MEA (OXOID) plates at 25°C
for around 4 to 8 days and thereafter 4 agar plugs (8 mm diameter) were removed
and placed on the top of the autoclaved straw.

After inoculation the straw samples were incubated aerobically at 25°C for sev-
eral days depending on the trial.

The total solids (TS) and volatile solids (VS) of the straw material (Standard
Method SS 028113) were measured before and after the aerobic incubation peri-
od.

2.6 Biochemical methane potential - BMP

The biogas potential (18, 19) was measured in 250 mL bottles with the inoculum A
in all trials except for the one in which the importance of the inoculum on biogas
yield was tested. In that particular trial inoculum B was also used. The bottles were
filled with a liquid volume of 175 ml (inoculum + substrate + water). The organic
loading was 3.5 g VS/ L of the respective substrate (treated straw including fungal
mycelia or untreated straw) and 7.0 g VS/L of inoculum. The bottles were placed
on a rotary table (130 rpm) in a thermostatic room at 37 °C. The experiments were
performed with three replicates. In each experiment, three replicates with only in-
oculum to deduct its contribution to the formation of biogas were included. Several
additional controls were included in each trial and they are explained in the re-
spective section.

Gas production was calculated by measuring the pressure in the bottles using a
digital pressure gauge (GMH 3110) equipped with a pressure sensor (GMSD 2BR,
-1000 to 2000 mbar). The pressure was then converted to the normal volume of
gas (1 atm, 0 ° C). Gas samples were taken and analyzed on a gas chromato-
graph (PerkinElmer Arnel, Clarus 500; column: 7 " HayeSep N 60/80, 1/8 "SF; FID
Detector 250 ° C, carrier gas: helium, flow rate 31 mL/min, injector temperature: 60
°C; injection using Headspace sampler Turbo Matrix 110). The incubation period
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varied depending on the trial. Methane production was determined as the Normal-
mL CH4/g VS. The maximum methane production rate (N-mL CH,4/g VS/d) was
determined by calculating the slope of the curves between days 1 to 10 except for
sample Cellulose-A that was calculated between days 7 and 14 after the accelera-
tion phase.

2.7 Biogas potential from fungal pretreated straw - Screening of fungi

Straw was pretreated with 12 fungal strains (Appendix, Table A.1) to test their abil-
ity to affect the lignocellulose structure and increase the biogas potential. The
straw (1.8 g) was weighed (in 250 mL bottles), wetted, sterilized, inoculated with
fungi by adding agar-mycelium plugs (see section 2.5) and incubated at 25°C for 9
days according to previous results from our Chinese partners.

At the end of the incubation period, inoculum from a biogas plant (A) was added
directly to the bottles and the biogas potential measured during approximately 50
days. Controls with untreated straw and untreated straw with agar plugs without
fungi were also run.

2.8 Methane potential from straw pretreated with Pleurotus spp. — effect of fungal
strain and pretreatment time

Straw was pretreated with Pleurotus ostreatus and P. eryngii. The straw was
weighed in 250 mL beakers (30 g) or plastic bags (160 g) size 28,5x8,0x6,5 cm,
wetted, sterilized (120 °C, 20 min), inoculated with fungi by adding agar-mycelium
plugs (see section 2.5) and incubated at 25 °C. Straw inoculated with P. ostreatus
was incubated for 15, 20, 30, 35 and 88 days and straw inoculated with P. eryngii
for 34 and 78 days. Thereafter, portions (3.5 g VS) of the pretreated straw (straw
with fungal mycelia) were taken for further measurement of methane potential (see
section 2.6). A control with untreated straw was also run. To evaluate the inoculum
activity a control with cellulose was also included. The methane potential was
measured during 53 days.

2.9 Methane potential from spent mushroom compost

The spent mushroom compost from Sweden and China was weighed in 250 mL
bottles together with inoculum from the biogas plant A and water (see section 2.6).
The organic loading of the respective compost was 3.5 g VS/L per bottle. The me-
thane potential was measured during 27 days. Controls consisting on mushroom
compost before fungal inoculation/growth were also run. To evaluate the inoculum
activity a control with cellulose (C6663 Sigma cellulose fibers, long) was included.

2.10 Methane potential from fungal pretreated straw — effect of the anaerobic in-
oculum

The biogas potential of straw pretreated for 40 days with P. ostreatus was meas-
ured with two inocula, A and B. The methane potential (see section 2.6) was
measured during 65 days. To evaluate the inoculum activity a control with cellu-
lose was included.
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3. Results

3.1 Biogas potential from fungal pretreated straw - Screening of fungi

A summary of the results from the biogas potential measurements of the fungal
pretreated straw, as well as the percentage of the difference in respect to the con-
trol (sterile straw with no addition of agar plugs = Control 2) are shown in Table 1.
In addition results are also given for a second control (Control 1) i.e. sterile straw
with added agar plugs in the same amount as used for inoculation of the fungi.

The results showed significant differences between the two controls, i.e. higher
biogas production was observed in Control 1 compared to Control 2. This sug-
gests that the nutrient in the agar plugs contributed to production of biogas. Fur-
thermore, the biogas potential of some of the fungal pretreated straw samples
showed significant differences compared to sterile straw (Control 2) but no differ-
ence with Control 1 (sterile straw plus agar plugs). These results suggest that a)
the extra biogas produced compared to sterile straw alone may be coming from
the agar plugs solely and not due to an increased availability caused by fungal
pretreatment, b) the biogas potential in the pretreated straw had a tendency to
produce less biogas than Control 1 (untreated straw plus agar plugs) suggesting
that part of the carbon is lost during fungal growth.

Table 1. Biogas potential (N-mL biogas/g VS) at 9, 15 and 25 days of fungal pre-
treated straw

N-mL biogas/g VS % of difference with
respect to Control 2
9d 15d 25d a9d 15d 25d

A A. niger 241 £ 2 358+ 4 476 + 12 4.2 -1.6 -2.5
B T. viride 289+ 7 409 + 6 533+ 14 24.7 12.6 9.1
C A. discolor 211 +24 | 326 +17 454 + 17 -9.2 -10.5 -7.2
D T. reesei 245+13 | 389+18 490 + 13 5.6 7.0 0.3
E P. chrysosporium 245+ 6 412 +11 5337 55 13.2 9.0
F T. versicolor 211 +8 357+ 14 465+ 8 -9.0 -1.9 -4.8
G C. subvermispora 216+ 4 347+8 456 £ 19 -6.6 -4.6 -6.8
H G. trabeum 254+ 6 411 +11 546 + 18 9.4 12.9 11.6
I T. koningii 245+20 | 38929 490 + 38 5.6 7.0 0.3
K P. chrysosporium 245+ 13 | 412+ 16 533+14 5.5 13.2 9.0
K T. versicolor 211+19 | 35716 4655 -9.0 -1.9 -4.8
L P. betulinus 216+ 14 | 347 + 27 456 + 26 -6.6 -4.6 -6.8

Control | Sterile straw+agar | 282 + 32 414+ 9 535+ 12 21.8 13.9 9.4
1 plug

Control | Sterile straw 232+24 | 364+12 489 + 23 0 0 0
2
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3.2 Methane potential from straw pretreated with Pleurotus spp. — effect of fungal
strain and pretreatment time

Good colonization of the straw by the Pleurotus spp was observed. The fungal
mycelium covered all straw from top to bottom after approximately two weeks
(Figure 1). The fungal pretreated straw was harvested (after 15, 20, 30, 35 and 88
days for P. ostreatus and after 34 and 78 days for P. eryngii) and the methane po-
tential was measured (Table 2). The TS and VS of the straw before and after the
fungal pretreatment were measured (Appendix, Table A.2).

The results showed no significant differences in methane potential for straw pre-
treated (35 and 34 days, respectively) with P. ostreatus (279 £ 9 N -mL CH,/g VS)
with straw pretreated with P. eryngii (284 + 12 N-mL CH,/g VS) (Table 2). Fur-
thermore, no significant differences in methane potential were obtained for treated
straw compared to untreated straw, when the pretreatment times were lower than
35 days. However, when the straw was pretreated for more than 78 days the me-
thane potential decreased and become significant lower than the potential for the
untreated straw. Also, straw treated with P. ostreatus showed lower methane po-
tential than the P. eryngii treated straw. The control with cellulose produced 332 N-
mL CH4/g which shows good activity of the inoculum.

Table 2. Methane potential (at 8, 15, 24 and >60 days) of fungal pretreated straw.
The straw was pretreated for 15, 20, 30, 35 and 88 days with P. ostreatus and 34
and 88 days with P. eryngii.

N-mL CH,/g VS

Straw and pre- 8d 15d 24d > 60d
treatment time

P.ostreatus-15d 22+6 93+ 24 184 + 22 260 + 16
P.ostreatus-20d 24 +3 98 + 15 200 + 16 265+ 18
P.ostreatus-30d 22+5 86 + 14 186+ 9 255+ 16
P.ostreatus-35d 387 121 +19 2139 2799
P.eryngii-34d 42 +6 116 +19 216 + 17 284 +12
P.ostreatus-88d 24 16 52+ 12 104 +£ 19 2377
P.eryngii-78d 29+1 50+6 120 = 29 27412
Untreated straw 345 103+ 14 206 £ 16 287 £ 16
Cellulose control 35+3 109 + 15 228 + 40 332+15

3.3 Methane potential from spent mushroom compost

Mushroom compost before and after the cultivation/harvesting of the fruit bodies

was tested for their methane potential. Compost from the cultivation of P. eryngii
showed 3 to 4-fold higher methane potential than the respective A. bisporus sub-
strate (Table 3) and this was likely due to the higher content of organic matter in

the P. eryngii compost. Table A.2 in the Appendix shows that the VS/TS ratio for
P. eryngii compost was 91% compared to 66% for A. bisporus compost.
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Table 3. Methane potential (N-mL CH,/g VS) at different days of compost material
before and after cultivation with P. eryngii (CH1) or A. bisporus (SV).

N-mL CH,/g VS

10d 16d 26d 47d

CH1-before P.eryngii 67 +15 147 £ 22 194 + 37 287 £ 16
CH1-after P eryngii 50+2 105+4 145 + 23 194 + 13
SV1-before A. bisporus 674

SV1-after A. bisporus 53+8

SV2-before A. bisporus 52+18

SV2-after A. bisporus 52+ 4

SV3-before A. bisporus 62+3

SV3-after A. bisporus 387

Untreated straw 15+2 158 + 12 220 £33

Cellulose control 98 + 14 176 + 33 276 + 14 347 +11

The methane potential (at 47 days) of the P. eryngii spent compost material was
194 + 13 N-mL CH4/g VS and the potential in the original substrate (before fungal
growth) was 287 £ 16 N-mL CH4/g VS (Table 3).

The methane potential in the A. bisporus compost before and after the fungal
growth showed no significant differences and the levels were low (< 70 N-mL
CH./g VS).

3.4 Methane potential from fungal pretreated straw — importance of the anaerobic
inoculum

From a previous work, significant differences in biogas production were found
when a lignocellulosic substrate was digested with inocula from two different bio-
gas plants. Thus, to investigate if the low effect of the fungal pre-treatment was
due to choice of inoculum, an additional inoculum was used in one test series.

400
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= = 329
300 R ’I -‘If 313
g P =@ Pretreated straw-A
&0 250 = <= Pretreated straw-B
<
5 200 == Untreated straw-A
= 150
€ = {J= Untreated straw-B
< 100 +—JiegE—— Cellulose-A
50
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O = T T T 1
0 20 40 60 80
Time (d)

Figure 2. Accumulated methane production from fungal pretreated-, untreated
straw and cellulose measured with two different inocula, A and B.
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The methane potential from pretreated-, untreated-straw and cellulose was meas-
ured using inocula from biogas plants A and B (Fig. 2). The results showed no sig-
nificant differences between the two inocula (after 65 days of incubation). Pre-
treated straw had a potential of 220 +11 N-mL CH,/g VS with inoculum A and 242
+ 21 N-mL CH4/g VS with inoculum B. The methane potential of the untreated
straw was 272 N-mL CH,/g VS with inoculum A and 273 N-mL CH4/g VS with in-
oculum B. Cellulose had a methane potential of 313 and 329 N-mL CH4/g VS with
inoculum A and B, respectively (Fig. 2).

Even though there was no significant difference in methane potential, the deg-
radation rates obtained with the two inocula showed interesting differences (Table
4).

Table 4. Methane production rate (N-mL CH4/g VS/d) from pretreated-, untreated-
straw and cellulose incubated with inocula A and B.

Rate
N-mL CH,/g vS/d

Pretreated straw-A 7.3
Pretreated straw-B 8.0
Untreated straw-A 6.8
Untreated straw-B 13.1
Cellulose-A 7.6
Cellulose-B 29.7

With inoculum B (29.7 N-mL CH4/g VS/d) an obvious higher degradation rate for
cellulose was obtained compared to the results using inoculum A (7.6 N-mL CH,/g
VS/d). The same trend, but not as dramatic as in cellulose, was observed with un-
treated straw, i.e. inoculum B (13.1 N-mL CH4/g VS/d) gave a higher degradation
rate of straw than inoculum A (6.8 N-mL CH,/g VS/d). The degradation rate of the
treated straw in inoculum A (7.3 N-mL CH4/g VS/d) was similar to the rate obtained
with inoculum B (8.0 N-mL CH,/g VS/d).
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4. Discussion

Many filamentous fungi have been shown to effectively degrade various types of
lignocellulosic substrates by production of lignin, cellulose or hemicellulose de-
grading enzymes. (11). Therefore, the purpose with this work was to increase the
biogas potential of straw by a pretreatment with fungi. The pretreatment was per-
formed by incubating the straw with fungi at aerobic conditions under a certain pe-
riod of time. The growth and colonization of the straw by the fungi was expected to
give structural changes on the lignocellulosic structure and affect positively the
biogas potential.

In the first part of the studies several ascomycetes and basidiomycetes (white-
rot and brown-rot fungi) were used for the pretreatment (Table 1 and Appendix,
Table A.1). These two groups of fungi were studied because of their ability to de-
grade the polymers of lignocellulose material. Some ascomycetes are known to
degrade cellulose and hemicellulose but have no ability to degrade lignin. Brown-
rot fungi are known to degrade cellulose, hemicellulose and extensively attack and
repolymerize lignin. White rot fungi can simultaneous degrade cellulose, hemicel-
lulose and lignin at equal rates (17-19). Our results showed that despite the differ-
ent enzyme pools of the studied fungal groups, none of the fungi increased the
biogas potential of straw at the conditions tested in this work. The only clear pat-
tern that was observed was related to the colonization of the straw. The ascomy-
cetes and the white-rot showed a better and faster straw colonization than the
brown-rot fungi. The results also showed that, even if not significant, a tendency of
a lower biogas potential of straw in the presence of the fungi, suggesting that
some carbon can be lost.

Further studies were performed with two Pleurotus species which are known to
be highly specific lignin degraders and therefore may give less carbon (cellulose)
loses during fungal growth (17). The pretreatment with Pleurotus spp showed no
significant differences in methane potential between treated and untreated straw,
when the straw was pretreated for up to 35 days. Longer pretreatment periods re-
sulted in significantly lower methane potential compared to the untreated straw.
Also, the losses were higher when P. ostreatus was used compared to P. eryngii.
An explanation for these results is that part of the carbon may have been lost as
carbon dioxide during fungal growth and that P. ostreatus grows with higher effi-
ciency. These results imply that Pleurotus spp may not be as lignin selective as
they were traditionally thought and that they may attack also cellulose (18).

An interesting observation was that the methane potential of the P. eryngii spent
compost material was 194 + 13 N-mL CH4/g VS while the potential in the original
substrate was 287 + 16 N-mL CH4/g VS, before fungal growth. This means that 32
% of the carbon available for methane production is lost during fungal growth and
that 68 % of the methane potential still remains in the spent mushroom compost.
The methane potential in the A. bisporus compost before and after the fungal
growth showed no significant differences and the levels were too low (< 70 N-mL
CH4/g VS) to be of interest for the biogas industry.

Significant differences in the methane production rate were observed when us-
ing two different inocula. Inoculum B had a 3.9-fold higher cellulose degradation
rate than inoculum A (Table 4) suggesting higher levels cellulose degrading bio-
mass and/or presence of high rate enzymes in inoculum B compared to A. The
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degradation rate of untreated straw was 1.9-fold higher with inoculum B compared
to A while no differences in the degradation rate were observed in the treated
straw between inoculum A and B. The results suggest that lower levels of cellulose
may have been available in the treated straw compared to the untreated one. That
together with the fact that a tendency of lower methane potential (aprox 15%) was
observed in the treated straw compared to the untreated suggests that carbon was
lost during the fungal pretreatment.

Our results are not in agreement with previous reports in the literature.
Mackulak et al (11) reported an increase of 15% of the biogas production when
hay and leaves were pretreated with the wood-decaying fungus Auricularia auricu-
la-judae. Bisaria et al (12), Mehta et al (14) and Wati et al (15, 16) reported that
the use of spent lignocellulosic material from the cultivation of the edible fungi
Pleurotus spp. produced higher biogas yields compared to untreated substrates.
Also, pre-treatment with Pleurotus spp. have been shown to increase biogas pro-
duction from paddy or wheat straw by 30% (13, 20), from rice straw and Cymopsis
tetragonoloba by 50% (12).

Possibly the difference in results could be explained by differences in the the
experimental set-up. Bisaria et al (12, 13) performed the studies in batch reactors
using treated and untreated straw mixed with digested cattle manure as inoculum.
Mehta et al (14) and Wati et al (15, 16) performed batch tests with treated and un-
treated straw in co-digestion with fresh cattle manure and with an unspecified in-
oculum. The studies by Mackulak et al (11) were performed with digested sludge
from a waste water treatment plant in continuous reactors. As shown in the exper-
iment including different inocula different results can be obtained. We did not see
any difference in potential but clearly a difference in rate. Thus, both the inoculum
and the incubation time of the batch test will have an impact on the results. Possi-
bly the use of cow manure as an inoculum or co-digestion material may explain
the contradictory results. Co-digestion with manure, use of digested manure as
inoculum or continuous digestion processes were not part of our study. We used
inoculum A from a plant treating silage and source-separated organic household
waste and inoculum B from a wastewater treatment plant. The question that arises
is: are there some special properties, composition, microbial communities in di-
gested manure which make it more optimal for digestion of straw?

Furthermore, in continuous processes the continuous addition of the substrate
will promote changes in the catabolic characteristics of the microflora in a more
pronounced way than in a batch cultivation system. The microflora will adapt to the
substrate and the biomass of the microorganisms using added material will in-
crease and this could have a positive effect on the degradation rate of the sub-
strate. This may explain the positive results obtained by Mackulak et al where
treated hay and leaves produced 15% more biogas than the untreated substrates.
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5. Conclusions

Different fungi and incubation conditions were tested in this study. All the results
showed that straw pretreated with fungi, at the conditions tested here, gave no
significant higher biogas potential than untreated straw. Moreover, some carbon
from the straw may be lost as carbon dioxide during the growth of the fungi under
prolonged pretreating times.

The literature reports that fungal treated straw can give higher methane poten-
tials. However, the conditions reported in the literature were not the same as the
ones used in our study. A possible reason could be the use of cow manure, either
as inoculum or as a co-substrate during continuous digestion, conditions not stud-
ied in this project.

Compost material from growth of edible fungi as P.eryngii loses 32 % of the
carbon available for methane production during fungal growth and that 68 % of the
methane potential still remains in the spent mushroom compost. The methane po-
tential in the A. bisporus compost before and after was too low to be of interest for
the biogas industry.

Further studies are recommended. Use of digested manure and continuous di-
gestion systems might be more suitable for observing the effects of the fungal pre-
treatment.
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Table A.1. Isolates used during the screening study

7. Appendix
Code

A | J175

B | J644

C

D | QM9414

E | ATCC
34541

F | CTB
863A

G | 90031-
5P

H | M617

| | CBS
457.96

J | M71

K | M89

L | M169
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Name

Aspergillus niger

Trichoderma viride

Anthracophyllum
discolor

Trichoderma
reesei/Hypocrea
jecorina

Phanerochaete
chrysosporium

Trametes versicolor

Ceriporiopsis sub-
vermispora

Gloeophyllum tra-
beum

Trichoderma koningii
Phanerochaete
chrysosporium

Trametes versicolor

Piptoporus betulinus

Sup-
plier
SLU
SLU
UFRO,
Chile
SLU
SLU
SLU
SLU
SLU
Com-
mercial
SLU

SLU

SLU

Ascomycota

Ascomycota

Basidiomycota
white-rot

Ascomycota

Basidiomycota
white-rot

Basidiomycota
white-rot

Basidiomycota
white-rot

Basidiomycota
brown-rot

Ascomycota

Basidiomycota
white-rot

Basidiomycota
white-rot

Basidiomycota
brown-rot

Degrades

Cellulose, hemicellu-
lose

Cellulose, hemicellu-
lose

Cellulose, hemicellu-
lose, lignin

Cellulose, hemicellu-
lose

Cellulose, hemicellu-
lose, lignin
Cellulose, hemicellu-
lose, lignin
Cellulose, hemicellu-
lose, lignin
Cellulose, hemicellu-
lose, maodifies lignin
Cellulose, hemicellu-
lose

Cellulose, hemicellu-
lose, lignin
Cellulose, hemicellu-
lose, lignin

Cellulose, hemicellu-
lose and modifies
lignin
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Table A.2. Total (TS) and volatile solids (VS) of all samples used in the BMP
measurements

Sample TS VS VSITS pH
% % %

Straw/Pretreatment/Pretreatment time

Straw/P.ostreatus/15d 36 34 94
Straw/P.ostreatus/20d 37 35 95
Straw/P.ostreatus/30d 38 36 95
Straw/P.ostreatus/35d 37 34 92
Straw/P.eryngii/35d 32 30 94
Straw/P.ostreatus-88d 54 51 94
Straw/P.eryngii/78d 38 36 95

Mushroom compost/sampling occa-
sion/fungus

Mushroom compost/before/P eryngii 35 32 91
Mushroom compost/after/P eryngii 50 43 86
SV1/before/A. bisporus 28 18 64 8.4
SV1/after/A. bisporus 37 23 62 6.9
SV2/before/A. bisporus 24 16 67 8.0
SV2/after/A. bisporus 30 20 67 8.1
SV3/before/A. bisporus 29 19 66 8.2
SV3/after/A. bisporus 31 20 65 7.9
Untreated straw 94 91 97
Inocula
Inoculum A 34 2.3 68

2.9 2.0 69

3.9 2.7 69
Inoculum B 3.6 2.2 61
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