California Integrated Waste
Management Board

March2008

Contract ol

To The Boardd

Produced Under Contract by:
Joshua Rapport

Ruihong Zhang

Bryan M. Jenkins

Robert B. Williams
Demrtmentf Biological and
Agricultural Engineering
University of Califoriavis
One Shields Avenue
Davis, CA 95616

Phone: (53@-9530

Fax: (530) 725640

CurratAnaerobic Digestion
Technologies UsedTia@atment of
Municipargani&Solid Waste

California Environmental Protection Agency



STATE OF CALIFORNIA

Arnold Schwarzenegger
Governor

Linda S. Adams
Secretary, California Environmental Protection Agency

T
INTEGRATED WASTE MANAGEMENT BOARD

Margo Reid Brown Wesley Chesbro Rosalie Mulé
Board Chair Board Member Board Member
Cheryl Peace Gary Petersen Vacant Position
Board Member Board Member Board Member
1
Mark Leary

Executive Director
For additional copies of this publication, contact:

Integrated Waste Management Board
Public Affairs Office, Publications Clearinghouse (MST 6)
1001 | Street
P.O. Box 4025
Sacramento, CA 95812-4025
www.ciwmb.ca.gov/Publications/
1-800-CA-WASTE (California only) or (916) 341-6306

Publication #IWMB-2008-011

@ Copies of this document originally provided by CIWMB were printed on recycled paper
containing 100 percent postconsumer fiber.

Copyright © 2008 by the California Integrated Waste Management Board. All rights reserved. This
publication, or parts thereof, may not be reproduced in any form without permission.

Prepared as part of contract number IWM-04070 totaling $125,000

The California Integrated Waste Management Board (CIWMB) does not discriminate on the basis of
disability in access to its programs. CIWMB publications are available in accessible formats upon request
by calling the Public Affairs Office at (916) 341-6300. Persons with hearing impairments can reach the
CIWMB through the California Relay Service, 1-800-735-2929.

Disclaimer: This report to the Board was produced under contract by the Department of
Biological and Agricultural Engineering, University of California at Davis. The statements and
conclusions contained in this report are those of the contractor and not necessarily those of
the California Integrated Waste Management Board, its employees, or the State of California
and should not be cited or quoted as official Board policy or direction.

The State makes no warranty, expressed or implied, and assumes no liability for the
information contained in the succeeding text. Any mention of commercial products or
processes shall not be construed as an endorsement of such products or processes.



http://www.ciwmb.ca.gov/Publications/

Table of Contents

INAEX OF TADIES. ..ottt et e e e e e s s s rmeee e s e bbbt e e e e e e e e s e mnnesanne iv
ACKNOWIEAGIMENTS. ... et e et e e mena et e e e e e e e s b enems e e e e e e e e e e e e e s nnnnnesennnsrne] v
EXECULIVE SUIMIMANY......eeiiiiiiie et eee et e e e s e eea s e et e e e e e e s e s s s s s mens s e et e e e e e e e e e annnrnenennnes Vi
Abbreviations and ACIONYIMS.........coooiiiiiiiii e e e e e e e et e e e e e e e e e e e e s saeeesaaseaaeaeaaaeeas ix
GlOSSAIY OF TOIMMIS. ...ttt ettt e et e e e e s s e et e e e e e s ammme e e e e e bbb n e e e e e e e e e e e s ammne s Xi
Background on Anaerobic Digesti@f Municipal Solid Waste.............ccccvvviiiiiiieeneeeeeee e 1
Digestion ProCeSS DESCIIPUON. .. .uuuuutiiieiiiimmr e e et e e e e e e e et e e e et e e e ees s s s e e s s e s s s e e e s e e e s e e e s s smmmreeeeeeeeees 1
State of MSW Disposal in the U.S. and BEUMOPE............cooiiiimmmnieeeeee e 3

(0 ST VoL @ 1] (o] 1 o1 = TP 3
1 o o1 6
Categories of ENgineered AD SYSTEIMIS.........oiiuuiiiiiiiiieeeee e e e e e et eeemmmr e e e e e s asinnneeeeeeaeeenn 7
Material Handling SYSTEIMS ..........uuiiiiiiiiii et rmmee et mnee s 10
Review of Commercial AD Technologi@s MSW Treatment..........cccceeeeieeiiiiiiiccceeeeeeeeeeeeeeeeeeeeeee 14
SINGIESIAgE WEEBYSIEMIS. ...coiiiiiiiiiiiee ettt ettt eeeer e e e e e e e r et e e s emmr e e e e e e e e annes 15
LT o - T PSP PPRTRRUUPPPPPN 15

B I A ettt e e e e e e s amn—e e e a bbb e e et e e e e e e e e annnnesaannes 16
SINGIESIAGE DIY SYSTEIMIS. .. .eiiiiiiiiiiiiiitit e ieeet ettt e e e e eneer e e e e e e e e s s bbb e e s emereeeeeeeeeaann 17
Organic Waste Systems (Dranco PrOCESS)........cccuuuririiiieeeiieeeeeeesssiiisie s eeemeee e e e e e e 18

Waste Recovery Systems, Inc. (Steinmuller Valorga proCeSS).......uuvverrvirriimenneeeeeeeeeeeeenn. 22
Kompogas AG (KOMPOGAS PIrOCESS)......eceiieiireeeeeeerimemieeiasaaaaesiaassaaessassasssssssssssssssssssssnnne 24
OS] ez Vo [ B0 =T (=] £ TP PP PP PP PPPPP 27
Biotechnische Abfallverwertung GmbH & C0o. KG (BTA)......coieiiieiiieieiie e 28
Linde-KCA-Dresden GMBDH............uuiiiiiiiiiiicee i reeee e e e e e e e e nenannes 29

Super Blue Box Recycling (SUBBOR)........ccuiiiiiiiiiiiieeeiiiie e eei e 30
WEHRLE Umwelt GnibH (BIiOpercolat).............ooovviiiiiiiiiieeeiec e 31

2 Fo 1 (o] g I o [=TS] (=Y PP PPPPPPUPP 32

2 o o = USRS 32
Sequential Batch AnaermbComposting (SEBAC).........ccoooi i e 34
Anaerobic Phased Solids (APS) DigesSter....cccooiiiiii it rrne e 35

2 1o T o 17T = 38
History of FUIEScale AD Of MSWNL.... ..o e e e e e e e e e e ennne e e e as 39
Demonstration Plants and Proposed Commercial Digesters in the.US.............cccccoeeeeeeeeeen. 39
International Commeral Developments in AD Of MSW...........uuuiiiiiiiiiiiiiee e 45
U] (o] o LT RTTPPPP 45

Contract@ Report to the Board i



(OF- 1= T - TSR ¥ 4

011 = 1= A8

B £ 6 1 o TR 48

(@1 1= £ PRSP RPN 48
DIgESIEr PeITOMMENCE. ... ...ttt rmee e e e e e e e e e s mn e s e e e e e e e e e e e annns 50
BIOGAS YICIA. ...t e e e 50
Life CYCIE ANAIYSIS......oiiiiiiiieeeeeee ettt eeee b ————— e e e e e e e e e e e e aaaaaas 54

T o0 0] o ][ 56
L0001 £ T TSP PTRRR 59
REVENUES. ...ttt eee s e e s e e e e e e e e e e e e s st ettt e eeeeeeeeesbaeebbnenbnnne e s 61
Conclusions and ReCOMMENAALIONS. ........coiiiiie ettt rrre e e e eeeeeeeaeeaaaeeaaeeeeanaaennnes 64
TECNNOIOGICAISSUES......ccoiiiiiiitie ittt eme et e e e e e s smmme e s e e e e eaaees 64
Material HaNAING.........uuuuuiiiiiiiiiiimmee e s s emmmr e e e e e e e e e e eaeeeaees 66
Operations and MaNAGEIMEIL..........cuiiiieiiiieemrittr e e e e e e e e e e e e e s s s ann s eenanrereeees 66
INtegration G MSW DIgESTION........ccciiiiiiiiiii it ceeei ettt eeer e e e e e e e e emmreeeeeeas 66
WaSTEWALET TrEAIMENL. ... ..utiiiiiiiiiiiiiittirre e e e e e et e e e eeeee s rmmmr e e e e e eeeeees 66
0= T | P 67
(0] 101 01615111 oo OO PP PP PPPPPPPP 68
SOUICE REFEIENCE NOLES........eeiiiiiiiiii et e st e e e e e e e s rmmne e s e s bbb e e e e e aeeeeas 69

—

Contract@ Report to the Board ii



Index of Figures

Figure 1. Anaerobic digestion biochemical conversion pathways..............ceevvvicceiieiiii e, 2.
Figure 2. California landfilled waste stream by material type.[.7]..........ooooiiiiiiieeeiie 4.
Figure 3. Trend in disposal and recovery of MSW in the U.S...........cooovviiiiiicc e 5
Figure 4. European trend in annual per capita MSW disposal by method.[24].............................. 6
Figure 5. Growth of MSW anaerobic digester technology by sobidtent (<5% TS = wet, >20% TS =
dry) and NUMDET OF STAGES......ueeeiiiiieiiiiitree e e e e e e e e e e e s s nenas e e e e e e e e e e e e aannes 9
Figure 6. Dry digester material handling eqQUIPMENL...........cccooiiiiiiiiiccce e eeer 11
Figure 7. Bassandtaly preproCessing Qialgram.........ccuuvirieiieeeeiieee et e e e e smmme e 12
Figure 8. Mass balance of the Treviso wastewater treatment digester sorting.line.................... 12
Figure 9. Aerbic composting treatment for the patiestion material............cccceeieeiiiiiiiccceeeeieeneen, 13
Figure 10. Schematics of the Waasa-stage digestion process [45]........ccvvveveiiiiiiimmmnniiniiieneeenn 16
Figure 11. The BIMA digester designed by Entec Biogas GmbH...............cccvieeeiiiiiiiien, 17
Figure 12. Highsolids singlestage digester desSigns............ooooviiiiiiiieeci e 18
FIQUIE 13, DIANCORACTON.......ceeiiiieeeesiiiitttieaesitete et e eeeeea s s s s s nenssss e e e e e e e e e s aasnnbs s s ennmssseseeeeeeeesaannnes 21
Figure 14. Valorga QIgESTELS ... ....cc.uiiiiiiiieee ettt rmme e e e e e e e e e e s ammme e e e e eeeees 22
Figure 15. Overview Of the KOMPOJAS PrOCESS.......uuuuriiiiiiiiiiimrnieeeeeeeeaeeaaaeaaaseaeesssssissennnennnnnnnna... 27
Figure 16. Schematic of a generalizedstage anaerobic digestion SyStem...........ccccccevvviiennnnnne 28
Figure 17. Diagram of the BTA multistage digestion ProCESS........cooviiiiriiimemiiriiiieie e e e e e siiieeeeeens 29
Figure 18. LINdeKCA two-stage dry digeSter...........oooiiiiiiiii e mmme e 30
Figure 19. Simplified flow diagram of the tvatage SUBBOR anaerobic digestion process........... 31
Figure 20. Schematic wasdfiew diagram of the twestage Biopercolat process.............ccccvvvveveenn. 32
Figure 21. Biocel leached batch digester facility in Lelystad, Netherlands............cccccovvveeeeeeeinn. 33
Figure 22. SEBAC ProCeSS TIAQIaIML. ... ..uuuuiiiiiiieeiiiicme e e ittt e e e e s s s simmee s e e e e e e e e e s s nmnes e 35
Figure 23. Schematic diagram of the APS Digester SYStem...........uuuuuiiiccneieeeiieeieeeeeeeeeee e eeeeans 36
Figure 24. APS Digester technology pilot demonstration plant (front VIiew)...........cceeevvvveeeeneenennn. 37
Figure 25. APS Digester technology pilot demonstration plant (rear VIEW)............cceoeeviaaceeernnns 37
Figure 26. Experimental twstage garbage digeSter.. ... 41
Figure 27. Solid waste anaerobic digester capacity in EUrOPE...........ooooviiiieeeiiieeee e 46
Figure 28. Anaerobic digester capacity Dy COUNTIY...........cvviiiiiiicciiiiiiiieieeeeeeeeeeee e AT
Figure 29. Biogas yield as a function of organic loading.tate..................oorieeeeiiiiiiiiiicee e 52

Contract@ Report to the Board iii



Figure 30. Greenhouse effect contribution and overall environmental impact of 10,000 MT/y (11,000

tons/y) DIOGENIC WASEE trEAMENT. .......coi ittt e e e e e emmr e e e e e e 56
Figure 31. Capital cost curves for European MSW digesIers...........cccovviieerieeiiiiiiie e 60
Figure 32. Operating cost curves for European MSW digesters...........cccoovvvieeeviiiiiiiiiiiicceeeceee e 61

Index of Tables

Table 1. Summary of commaal anaerobic digester technologies with large scale reference.plaritd

Table 2. Dranco drgligester reference Plants..........cc.ueeuiiiiiiiicee e 19
Table 3.Reference Valorga digester installations.............cooeveviiieeeiiii e 24
Table 4. Reference KOmMPOGas fACHIIES. ......uuiiiiiiiiiiieeeiie e eee e e e e eeeees 25
Table 5. Summary of 1936 University of lllinaiarbage digestion research [68]............................ 39

Table 6. Published biogas yields for fattale digesters treating a variety of wet OFMSW types....50
Table 7. Reactor conditions typical of singleage OFMSW digesters..........cccccoviviiiiiiieemiiiiiieeeeeennn 53

Table 8. Comparison of the energy use and emissions from anaerobic digestion (AD), open windrow
composting (WC), and lafitling without energy recovery (LE)........ccccvviiiiiiee e 54

Table 9. Purchasing power parity (PPP) adjustment to U.S. dollars for several European cauntsiés

Table 10. Summary of digester technology advantages and disadvaniages..........cccccccceeeeeeeennn. 65

Contract@ Report to the Board iv



Acknowledgments

The authors would like to thartke California Integrated Waste Management BgaitvVMB)

for supporting this researa@nd CIWMB staff Stephen Storelli and Ronald Lew for their
guidance and management of this project. Special thanks als@geryone who devoted their
time and effort into collecting, compiling, processing, and editing the information contained in
this report.

Also, Josh Rapport would like to thatfie following people:

1 Joerg Blischke and Gabriela Collado for providing contacts with plant managers in France
and Belgiumand lending their ideas

1 Peter Magielséor providing access tthe Brecht DRANCO facility ashdiscussinghe state
of anaerobic digestion in Belgium and Europe

1 Johan Del'haye for giving a tour of the digester in leper, Belgium.

1 Franc Serafor organizinga last minute visit to the SIVOM digesiarVarenneJarcy,
France

Contract@ Report to the Board v



Executive Summary

Anaeaaobic digestion (AD) is a bacterial fermentation process that operates without free oxygen
and results in a biogas containing mostly methane and carbon dioxide. It occurs naturally in
anaerobic niches such as marshes, sediments, wetianlde digestiveacts of ruminants and
certain species of insecD is also the principal decomposition process occurring in landfills.

AD systems are employed in mawgastewatetreatment facilities for sludge degradation and
stabilization, and are used in engineesaderobic digesters to treat higfinength industrial and

food processingvastewates prior to discharge. There aksomany instances of AD applied at
animal feeding operations and dairies to mitigate some of the impacts of manure and for energy
producton.

AD of municipal solid waste (MSW used in different regions worldwide to

1 Reducehe amount of material being landfilled

9 Stabilizeorganicmaterial before disposal order toredue future environmental impacts
from air and water emissions

1 Recoverenergy

Overthepast20 yearsAD of MSW technology has advanced in Eurdy@eause ofvaste
management policies enacted to reduce theterg health and environmental impacts of

landfill disposal. This has led to relatively high landfill tipping feasngpared with California or
the US.), which, in combinatiorwith generous prices paid for renewable energy, has created an
active commerciainarket forAD and other MSW treatmetegchnologiesn Europe.Installed AD
capacity in Europe is more than 4 nahitons per year.

In some parts of Europe, source separation of the organic fraction of municipal solid waste
(OFMSW) is common and even mandatampich contributes to the growth of biological
treatment industriefRegions outside dturopearealsoenacing more stringenivaste disposal
regulationsleading to the development afw AD and other MSW conversigiants.

Although the US. has dong historyof treating agricultural and municipal wastewater with
anaerobic digesters, no commerdaiable solidvaste digesterare operatinglespite several
favorable (though economically marginal) feasibility studies and laboratory findings.

Generally inthe US. and most of California, landfills continue to tie lowestcostoption for
managingMSW, since unke Europe and Japan, space for new landfills is not as searsie
management policies are less rigorausd full life-cycle costand impactsre not accounted for
Furthermore, the energy market and regulatory mechanisms for licdtSMHAD andother
conversiorfacilities in Californiahave not been developed to easily accommodate commercial
systems.

Composting of th©FMSW has increased significantly over the gesyears, particularly for
sourceseparated wastes, but by far the majority of the gacfood waste generated in th&SU
still goes to landfills. AD facilities are capablembducingenergyand reducing the
biodegradableontent of therganic waste prior to compostinghichreduces emissions of
pollutants and greenhouse gases. Howeliese environmentand public healtbbenefits have
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not been adequately internalizecbnomially, especially considering the lack of familiarity with
the technology. Investors and city planners will be more likely to adopt AD of MSW if additional
reverues are provided initiallyThese revenues can come freapports fothe energy produced

(i.e. tax credits and guaranteed marketeyeased tiping fees andpotentially,green or carbon
credits.

Many European countries have passed laws mandatingtilitsgtcompanies purchase green
energy, whereas in Californfaw of the farms or wastewater treatment facilities that produce
excess electricity from biogdmvesecured contracts with the utilities. Additionally, while
European Union directives have led for mandatory prreatment andecreased disposal of
biodegradable material landfills, no equivalent regulations exist in federal or state codes.
However waste diversiomequirements atargetsexistin California and many other statesthe
U.S., andreducingORMSW disposahas beemfocus of waste managers and municipalities
attempting to achievihe targets.

Nonethelessinterest in AD of MSW igrowing, and sever&aliforniajurisdictionsare
investigating landfill alternativethatincludeAD. The technologies have been used successfully
for over ten years in Europehere the industry continues to expaRdcilitieswerealsobuilt
recentlyin Canada, Japan, Austrahadseveral other countries.

The European market has shown a large peate for singlestage over twestage digesters and
a slight preference for dry digestion systems over wet systems. Howewenpibe ofAD
technology depends on the composition of the waste stiagmoduct marketsandothersite-
specific requiremest The design of any new digester facility should be basedtborough
feasibility study and special attention should be paidlitaspects of the#eatment process,
includingwaste collection and transportatjgetreatment processing (i.e. pulpirgginding,
and sieving), material handling, pastatment processing (i.e. aeration and wastewater
treatment), public education, and strategic siting of the system

Novel technologies are being developaddseverall.S. institutions hold patents on prising
high-rate AD technologies. Many L$. landfills are being built or modified to enhance biological
degradation of th©OFMSW and collect the resulting biogas, which may provide a stepping stone
to full i -of-g u s LAD @dfaMSW. Ramdfilt bioreactors may merit further
consideration in their own right, but special attention should be paid to their performance and
air/wateremissionsin addition to electricity, other valeedded product strearfrom AD
systemsgould provide revenue to help ingqwe the economic viability of organic waste treatment
technologies. For exampliechnologiegor upgrading biogas to naturghs qualitybiomethane
areavailable asaretechnologieghat utilizelignocellulosicmaterialswhich include residues

from digesers However, regulatorgind definitional barriers need to be minimizedrder to

fully capitalize on thestechnologies angroduct streams.

The public desire for change in waste management practices will lead to a reduction in landfill
availability. AD and other conversiaechnologies havihe potential taninimizethe

environmental impact of waste dispobglreducing the amount of biodegradable materials in
landfills. Public policies that encourage organic solid waste disposal reduction wilbhelp t
facilitate the adoption of such technologies. In additisrtha technologies advance,ithe
installationcostsshoulddecreaseHowever, a development of MSVAD facilitiesin the US.
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proceedsit would bewiseto use the wealth of past experienceilatde in order to reduce
potentialproblems an@xpeditethe developmentf organic waste treatmemAD technology
developers need to work closely with waste collection and management companies in order to
develop and implement appropriate digester systesigns and material handling strategies and
achieve successful enterprises.

—
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Abbreviations and Acronyms

AB939
AD
ADC
BOD
BOD-5
BTU
C&D
C/N
CHs
CO
COD
CSTR
d

EC
EPR

GDP
GHG
GWh
H2S
hr
HRT
ISO
kg
kW
kWwe
kWh

Ibs
LCA

California State Assembly Bill 939
anaerobic digestion/digester
alternative daily cover

biochemical oxygen demand

5-day bbchemical oxygen demand
British thermal unit (a standard unit measure of energy)
construction and demolition waste
carbon to nitrogen ratio

methane

carbon dioxide

chemical oxygen demand
continuously stirred tank reactor
day

European Community

extended producer responsibility
gram

gross domestic product
greenhouse gas

gigawatt hours (1 million megawatt hours)
hydrogen sulfide

hour

hydraulic retention time
international standards organization
kilogram

kilowatt

kilowatts of electricity

kilowatt hour

liter

pounds

life cycle assessment
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m
m3
mmBTU
MBT

MC

MRF
MS-OFMSW
MSW
MT

MW
MWe
MWh
N:P:K
NREL
OFMSW
OLR

PIA

ppm
PPP
rpm

scf
SMUD
SRT
SSOFMSW
tons

tpy

TS

UMP
UASB
VS
WAS

y

meter

cubic meter (gas volumes assume 0°C and 1.101 bar)

million BTU

mechanicabiological treatment

moisture content

material recovery facility

mechanically sorted municipal solid waste
municipal solid waste

metric ton

megawatt

megawatts of electricity

megawatt hour

nitrogen to phosphorus to potassium ratio
National Renewable Enerdyaboratory
organic fraction of municipal solid waste
organic loading rate

Prison Industry Authority

parts per million

purchasing power parity

revolutions per minute

standard cubic feet (for gas volumes asstB2&F and 15.9psi)

Sacramento Municipaltility District
solids retention time

source separated municipal solid waste
short ton

ton per year

total solids

ultimate methane potential

upflow anaerobic sludge blanket
volatile solids

waste activated sludge

year
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Glossary of Terms

Alternative daily cover

Anaerobic digester

Biomixer

Bioreactor-landfill

Biochemical oxygen demand

Compost

Continuously stirred tank reactor

Grey waste

Hydraulic retention time

Mechanical-biological treatment

Materials recovery facility

Mechanically separated OFMSW
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Material other than soil used to cover the surface of active landfills at
the end of each day to control diseases, fires, odors, etc.

A dedicated unit process for controlling the anaerobic decomposition
of organic material. Typically consists of one or more enclosed,
temperature controlled tanks with material handling equipment
designed to prevent the introduction of oxygen from the atmosphere.

A rotating drum often with a trommel screen used for size reduction
and pretreatment of the organic fraction in mixed MSW for sorting.
Can be aerated to encourage biological breakdown. Can be
operated at retention times from several hours to several days.

A landfill operated as a bioreactor using leachate recycling (or other
management schemes) to increase the rate of organic
decomposition and biogas production. Not to be confused with
anaerobic digester.

Biochemical oxygen demand is the amount of oxygen required for
complete (aerobic) biological decomposition of a material. The
standard laboratory method (BODs) tests the amount of dissolved
oxygen consumed in a closed aqueous system over a five-day
period. It is a fairly direct but time-consuming measure of
biodegradability of liquid streams.

Compost here refers to stabilized and screened organic material
ready for horticultural or agricultural use. If anaerobically digested
material is used as compost, it must be biologically stabilized,
typically through aeration and maturation.

A digester configuration in which the entire digester contents are
mixed to create a homogeneous slurry.

The material left over after separation of recyclables and putrescible
material from the mixed waste stream. Composed mostly of
inorganic material, grey waste usually contains a significant amount
of organic material. Depending on its composition, grey waste and
can be treated biologically or burned prior to final disposal.

The average length of time liquids and soluble compounds remain in
a reactor. Increasing the HRT allows more contact time between
substrate and bacteria but requires slower feeding and/or larger
reactor volume.

A waste processing system that combines a sorting facility for
materials recovery (the mechanical portion) with biological treatment,
either aerobic or anaerobic, for stabilizing the organic fraction before
landfilling.

A facility where mixed MSW is sorted in order to recover material for
reuse or recycling. I n Californi
landfilled.

Organic material separated from the mixed waste stream by
mechanical means (i.e., trommels, screens, shredders, magnets,

Xi



Municipal solid waste

Organic fraction of municipal solid
waste

Plug flow digester

Pre-treatment

Solids retention time

Source-separated OFMSW

Total solids

Ultimate methane potential
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density dependent mechanisms). Isolating the OFMSW from mixed
waste is less effective using mechanical separation as compared
with source separation.

MSW includes all of the solid wastes that are generated from
residential (homes and apartments) sources, commercial and
business establishments, institutional facilities, construction and
demolition activities, municipal services, and treatment plant sites.
Hazardous wastes are generally not considered MSW. Some
regions or countries consider only residential solid waste as MSW

The biogenic fraction of MSW. OFMSW can be removed from the
waste stream at the source (source-separation), or downstream by
mechanical separation, picking lines a combination of the two. The
wood and paper fraction is more recalcitrant to biological
degradation and is therefore not desired for biochemical conversion
feedstocks

A digester in which materials enter at one end and push older
materials toward the opposite end. Plug flow digesters do not usually
have internal mixers, and the breakdown of organic matter naturally
segregates itself along the length of the digester.

In reference to municipal solid waste, pre-treatment can refer to any
process used to treat the raw MSW stream before disposal. This
includes separation, drying, comminuting, hydrolysis, biological
treatment, heating, pyrolysis, and others

The average length of time solid material remains in a reactor. SRT
and HRT are equal for complete mix and plug flow reactors. Some
two-stage reactor concepts and UASB reactors decouple HRT from
the SRT allowing the solids to have longer contact time with
microbes while maintaining smaller reactor volume and higher
throughput.

Organic solid waste separated at the source (i.e., not mixed in with
the other solid wastes). Often comes from municipal curbside
recycling programs in which yard waste and sometimes kitchen
scraps are collected separately from the rest of the MSW stream.
The precise composition of SS-OFMSW can change significantly
depending on the collection scheme used.

The amount of solid material (or dry matter) remaining after
removing moisture from a sample. Usually expressed as a
percentage of the as-received or wet weight. Moisture content plus
TS (both expressed as percentage of wet weight) equals 100
percent.

This is a standard laboratory technique used to measure the
anaerobic biodegradability and associated methane yield from a
given substrate. The test is run until no further gas production is
detected and can last up to 100 days. The results can be influenced
by the substrate concentration and patrticle size, the inoculum
source, the food to microorganism ratio, and the presence or build-
up of inhibitory compounds among others. (Also known as ultimate
biomethane potential, BMP, and B,.)

Xii



Volatile solids The amount of combustible material in a sample (the remainder is
ash). The value is usually reported as a percentage of the TS, but
may occasionally be given as a fraction of the wet weight. VS is used
as an indicator or proxy for the biodegradability of a material, though
recalcitrant biomass (i.e., lignin) which is part of the VS is less
digestible. Because of the simplicity of the measurement procedure,
it is commonly reported in the AD literature.

—
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Background on Anaerobic Digestion of
Municipal Solid Waste

Anaerobic digestion (AD) is biological processypically employed in manwastewater

treatment facilities for sludge degradation and stabilizatind itis the principabiological

process occurring in landfilldany livegock farmsin the US. are turning to the use of AD as a
meansof mitigating the environmental impacts of manure lagoons with some capture of methane
for energy productiorinternationally, AD has been used for decageisnarily in rural areador

the pioduction of biogas for use as a cooking and lighting fuel. Many housetale digesters

are employed in rural China and India for waste treatment and gas production. Motlg,recen
Europe has developed largeale centralized systems for municipal selaktetreatmentwvith
electricity generation as a-@ooduct. Other industrialized countries have followed the European
model.

Biodegradation of organic material occurs in nature principally through the action of aerobic
microorganismsUItimately, completexidation of thecarbonaceousrganic materiaresults in

the producton of carbondioxide (CO,) andwater(H20). Anaerobicmicroorganismslegradehe
organic matter in the absence of oxygen with ultimate products beipgriéhethangCHy,),
although Ignin and ligninencased bionss degradeery slowly. Anaerobicmicroorganisms
occurnaturallyin low-oxygennichessuch as marshes, sediments, wetlands, and in the digestive
tract of ruminananimak and certain species of insects.

Digestion Process Description

The anaerobic digestion of organic material is accomplished by a consortium of microorganisms
working synergistically. Digestion occurs in a feaiep process: hydrolysis, acidogenesis,
acetogenesis, and methanogenesisKapeel):

1. Large proteiimacromolecules, fats and carbohydrate polymers (such as cellulose and starch)
are broken down through hydrolysis to amino acids,-dmjn fatty acids, and sugars

2. These products are then fermented during acidogenesis to famn fibur, and fivearbon
volatile fatty acids, such as lactic, butyric, propionic, and valeric acid.

3. In acetogenesis, bacteria consume these fermentation products and generate acetic acid,
carbon dioxide, and hydrogen.

4. Finally, methanogeniorganismsonsume the acetate, hydrogen, and some of the carbon
dioxide to produce methane. Three biochemical pathways are used by methanogens to
produce methane gas. The pathways along with the stoichiometries of the overall chemical
reactions are:

a. Acetotrophic mdianogenesis: 4CH;COOH - 4CQO + 4CH

b. Hydrogenotrophic methanogenesis: CO; + 4H - CHs + 2 HO

c. Methylotrophic methanogenesis: 4CHOH + 6 - 3CH: + 2HO
Methanol is shown as the substrate for the methylotrophic pattaltagudy other methylated
substrates can be convert&dgars and sugaontaining polymers such as starch and cellulose

yield one mole of acetate per mole of sugar degraded. Since acetotrophic methanogenesis is the
primary pathway used, theoretical yield caltiolas are often made using this pathway alone.
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From the stoichiometry aboyi can be seen that the biogas produced would theoretically contain

50 percentmethane and 50ercentcarbon dioxideHowever, acetogenesis typically produces

some hydrogen, arfdr every four moles of hydrogen consumed by hydrogenotrophic

methanogens a mole of carbon dioxide is converted to methane. Substrates other than sugar, such
as fats and proteins, can yield larger amounts of hydrogen leading to higher typical methane
content for these substrates. Furthermore, hydrogen and acetate can be biochemical substrates for
a number of other products as well. Therefore, the overall biogas yield and methane content will
vary for different substratgbiological consortiand digesteranditions Typically, the methane

content of biogasanges from 4070 percent(by volume).

Complexorganic matter
(carbohydratesproteins fats)

Hydrolysis

Solubleorganic molecules
(sugars amino acids, fattacids)

Acidogenesigfermentation)
Volatile

fatty
acids

Acetogenesis

Aceticacid CO, H,
Methanogenesis Methanogenesis
(acetotrophic) (hydrogenotrophic)

CH4 ’ CC)Z

Figure 1. Anaerobic digestion biochemical conversion pathways

Anaerobic conditions are required for healthy methanogenesis to ocaimédns that the
reactors used must be well sealdtch allows the biogas to be collected for enarggversion
andeliminates methaneemissionsluring the anaerobic digestion procdssaddition to methane
and carbon dioxidesemiharmful contaminantsuch asydrogen sulfide and ammonia are
producedalbeit in much smaller amounts (g&rcentby volume). The production of these trace
gasesn the biogas depends on the sulfur and nitrogen catétite feedstock. However, these
elements are also nurits required by the bacteria, so they cannot be eliminated completely.

In fact, anaerobic digestion requires attention to the nutritional needs of the bacteria degrading the
waste substrates. The most important nutrients for bacteria are carbon agehpited these two
elements must be provided in the proper rdditnerwise ammonia can build ufp levels that can

inhibit the microorganisms. The appropriate carbon/nitrogen (C/N) ratio depends on the
digestibility of the carbon and nitrogen sourcesyéifiore the appropriate C/N ratio for organic

MSW may be different from that for other feedstocks such as manure or wastewater sludge.

In general, the optimal conditions for anaerobic digestion of organic matter atecoda pH,
constant temperatufehermophilic or mesophilic), ararelatively consistent feeding rate.

Contract@ Report to the Board 2



Imbalances among the different microorganisms can develop if conditions are not maintained
near optimum. The most commaasult ofimbalance is the buildup of organic acids which
suppesses the methanogenic organisms addiegea moréouildup of acidity. Acid buildup is
usually controlled naturally by inherent chemical buffers and bynithanogens themselvas

they consume acids to produce methane. These natural controls caddwaaktoo much feed

is added andrganic acidsre produced faster than they aomsumedif inhibitory compounds
accumulate, or if the feed stream ladiguralpH bufferssuch as carbonate and ammonium

Solid concentrations higher than aboutpé®cen TS can also result in process inhibition, likely

due tothereduced contact ar@aailableto the AD microorganisms. The TS content of OFMSW
typically ranges from 30 percent thus some water may need to be ad&edcess water can be

used, but this maalso result in the buildup of inhibitory compoundbus, lowsolids digesters
requiretheaddition of fresh water. Higher temperatures result in faster reaction kinetics imhich
practice translates to smaller reactors needed to process a givensivaata. However, the
micro-organisms themselves are adapted to relatively narrow temperature ranges. Mesophilic and
thermophilic microbes are adapted to roughiy80°C (86104 °F) and 5@&0 °C (122140 °F)
respectively.

State of MSW Disposal in the U.S. and Europe

U.S. and California

Californians produce over 2.2 MT (2.5 tohsf municipal solid waste (MSW) per person per
year. Thishas grown from 1.4 MT (1.5 tons) per capita since 1293]. Roughly 4060 percent
of MSW generated is orgarif2-4]. Despite large gains in waste reduction and diverision
Californiasincethe enactment o€alifornia State Assembly Bill 938 939) in 1989,
Californiawas still landfilling38 million MT (42 million tons)of MSW in 2006 or 1 MT (1.1
tons) per capiteandusing3 million MT (3.3 million tons)of greenwaste aslternativedaily
cover(ADC) [1, 5].2

Of the combined MSW and green ADC landfilled in 2086me24.2 million MT 6.7 million
tons) wereof biological origin (biogenic)5.4 million MT (5.9 million tons)wereplastics and
textiles, and the remainirid2.8 million MT (14.1 milliontons) weraminerak and other inorganic
materiab (glass, metal, nemwood construction/demolition waste andiiganic ADC) (se&igure
2) [6].

1 Metric (or Systeéme International [SI]) units are used in this report in following the standard for scientific papers.
The equivalent LS. Customay units will be listed in parentheses immediately following the metric value. For
weights, 1 metric ton (MT) [or 1,000 kg] is typically equated to 1.102 short tons (tons), where a short ton is equal to
2,000 pounds in I$. Customary units. For electricabprer measurements watts will be used without conversion.

2Techni cal lingludesthevasy majoiitycod compounds that contain carbon, which includes plastics and
textiles.However,h t hi's report, fAorganico ©Oefar $ hteowhiklsdbena s¢$ r @ a mf
not include plastics and textiles, but does include paper, yard, and food.wastes

5I'n AState of Garbage in Americaodo ( Apr iSlpereapitadispos8i oCycl e
at 1.0 MT (1.1 ton) per yeand the average.B. diversion or recycle rate at 3&rcent The CIWMB now

estimates that diversion for California54 percenteven though per capita disposal in California is about the same

as the US. average. This implies inconsistencies betwee® &hd the California gross waste generation estimates.
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Figure 2. California landfilled waste stream by material type [7]

The energy potential repreged by organic waste landfilled in California is more than15,000
GWhly of electricity[2]. This is equivalent to the annual output of 200 MW power plant or 8
percentof the total electricity consumption of the stgg For energy production from MSW,

dry materials (such as pap wood, and plastic) are most suited to thermal conversion
technologies which can quickly convert almost the entire organic fraction to energy. Several of
thes t a 31didnsass power facilities have access to urban wood fuel diverted from landfill and
there arghreededicated MSW mass burn facilities in state About 1.5 million MT (1.7

million tons) of urban wood wastes and 1.0 million MT (1.1 million tons) of mixed wastes are
burned for powef8]. However, the relatively large moisture content (MC) of-n@ody MSW
makes the material difficult to burn and reda the conversion efficiency. Therefore the

OFMSW is often better suited to biochemical conversion (i.e. AD or landfill bioreactors). Food
and green wassdandfilled in California represent about 2,300 GWh/y of electricity if converted
via AD ([2]).

Much of the organic fraction can also be composted foraseindmenand nutrient recovery.
Compostingof OFMSW has become an jrartant alternative to landfilling in California and the
U.S. In the US., composting increased fronp2rcentof the disposed MSW in 1990 tgp@rcent

in 2005 (sed-igure3) [9]. As of 1999 there were nine operating compostlagtp in the LS.
processing OFMSW along with other organic materials (such as yard and wood waste). At that
time the only plant in California was a proposed 100 MT/d (110 tons/d) facility in Mariposa
County[10, 11] By 2005, there were at least three operating facilities in California that edcept
OFMSW: the Mariposa facilitywith afinal capacity of 60 MT/d (66 tons/d)epson Prairieear
Dixon, which processed4® MT/d 264tons/d) and ZBest Composting in Gilrojl12]. A

CIWMB survey identified 101 operational composting facilitie€aidfornia in 2003, 80 percent

of which were acceptingreen wasteut only 10percentof which were accepting food wastes
[13]. No data were available on the amount of different waste types being com@ustdained,
these facilities treatedl 3 million MT (4.7 million tons) of wastdrom all sources

Contract@ Report to the Board 4



300 ~

250
250 - = Composting
= = Recycling
5200 = Combustion 200§
~ i m Landfill >
[0 —
a 150 @
2 150 - -
o =
s 100 §
c
S 100 - 2
= =
50 50
0 0
OMOWO AT OO TAdMWUWOVOOANTONODOAMI
O O O OMNMMNNMNMNMNMOOWOWMDODIOVOOOOOOOO O O OO OO
OO OO OO O OO OO OO
A A A A A A A A A A A A A NN NN

Figure 3. Trend in disposal and recovery of MSW in the U.S.

(does not include construction and demolition debris, non-hazardous industrial
waste, or wastewater treatment sludge). Adapted from U.S. Environmental
Protection Agency data [9].

AB 939, which established the California Integrated Waste Management Board (CIWMB),
mandated that waste jurisdictions divert@gscentof their waste streams from landfills by 1995,
increasing to 5@ercentoy 2000{14]*. AB 939 represented landmark legislation for California

and many politicians and waste management experts believe it solved the waste disposal crisis
that was facing Qdornia [15]. Although no recycling/reduction regulations specific to the

organic fraction of MSW exist in the state code, recycling and diveddithe organic fraction

has been a focus of many attempts to meet waste diversiorf gnal§]

Despite advances in organic waste diversmancommercial MSWAD facilities havebeen built
in California(although several California jurisdictions or waste handlers have or are considering
large scale MSW AD)Ten digesters have bebuilt at California dairies since 2001 as part of

the California Energy Commi s sAnmaddiieal Direiwerey Power
funded in 200617], and at least five California food processors have AD facilities for treating
wastewatef18].

Handling and treatment of OFMSW is more difficliaih treatingvastewateor manureAs
such,the AD of OFMSW requires larger amount of investment and technological experience.
Furthermore, capital and operating costs are highek@othan for composting or landfilling.

The low tipping fees charged kandfills in the US. and relatively low energy prices compared to
those in Europe make it difficult for AD and other conversion technologies to bearopetitive
[16, 19] However, lifecycle analyses (LCA) have shown tidd of MSW reduces the
environmental impact and is more ceéfiective (in Europe) on a whekystem basis than
landfilling or compaosting over the life of the project (&dfe Cycle Analy$s) [20-23].

“*For more information on the history of Californi .
http://lwww.ciwmb.ca.gov/Statutes/Legislation/CalHist/1985t01989.htm

—
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Europe

The European Community (EC) passed a regulation in 2002 to standardize reporting and timing
of data collection for waste disposal, and the first year of data was included in the most recent
Eurostat Yearbook (2008007)[24]. For comparison with past years, only average per capita
statistics were reported (s€#gured). As of 2004, Europeans disposed of an average of 0.6 MT
(0.7 tons) of MSW24]; however unlike U.S. statistics on MSW production, this waste did not
include construction and demolition debris which makes upeBfentof the reported MSW in

the US. [9]. Nonetheless, the Western European average per capita disposal was almost half of
the US. average and less than half of the California avej2igle

In Europe, the per capita MSW production increased over the past ten years, but landfill disposal
declined slightly. Per capita combustion with energy recoverydmained relatively constant

while composting, recycling, and other treatments almost doubled sinc§28996FMSW

typically comprises 5®&0 percenty weight of the solid waste stream collected by municipalities

in Europe that do not practice source separativB004, this totaledome 200 million MT (220

million tons)[26, 27]
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Figure 4. European trend in annual per capita MSW disposal by method [24].

In 1999, the EC adopted the Landfill Directive (Council Directive 99/31/EC) which became
enforceable in 2001t required the biodegradable portion of MS®\be reduced by 2percent
of that disposed in 199&ithin five years, 5Qercentwithin eightyears, and 6percentwithin 15
years[28].

Furthermore, Article 6(a) required that all waste that gets landfilled must be treated, with the
exception of inert materials Afor which treatm
EC is held to this standard as a minimum requirement, lpraitticeGermany Austria,

Denmark, Luxembourghe Netherlandsand Belgiumhad already imposed such restrictions and

now have even stricter requirements whitance Jtaly, Sweden, England and Finlaodnverted

—
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their facilities subsequent to adopting thw[27]. Greece, Ireland, Portugal aBgainwere in
the process of convertingdin facilities as of 200f27].

As a consequence, installed AD capacity in Eurageeihcreased sharply and now stands at more
than 4 million tons annual capacity (Figuredpst notably, Spain recently installed several
largescale AD facilities and now processes o¥enillion tons OFMSW per year which accounts
for over 50percentof the organic waste produced th§ze].

In Germany the Recycling and Waste Law, the Directive on Residential Waste Disposal, the
Federal Ordinance on Handling of Biowaste, and the Ordinance for Environmentally Sound
Landfilling set stringent limits for the compositiof treated MSW prior to disposal in landfills
[30-32]. For example, in Germartkie upper limits ootal organic carbon and energy conteint
material going to landfillvere set a8 percentand6,000 kJ/kg(2,580 BTU/Ib)[33].

Furthermore, energy prices in Europe are generally higher than inShand many European
countries provide financial incentives to renewable energy producers. For example, in Germany
the Renewable Energy Act guaranteed renewabbdradity producers a high percentage of the
retail electricity price (780 percen} with biomass earning 0.4&25 $/kWh (converted from

Eurosto PPPRadjusted US. dollars)[34]. Tariffs with prescribed annual reductions were
guaranteed for up to 20 years. The regulation also required utilities to connect renewable
producergo the grid. In addition many AD of MSW facilities in the EU also sell green

certificates and carbon credits. Direct subsidies and soft loans are also used to support new
renewable energy producers.

Categories of Engineered AD Systems
Vandevivere et a[35] categorized thenost commorMSW AD technologies as follows:

1 OnestageContinuousSystems
- Low-solidsor 6 Wet 0
- High-solidsor 6 Dr y 6
1 Two-stageContinuousSystems
- Dry-Wet
- WetWet
1 Batch Systems
- One Stage
- Two Stage

Singlestagedigesters are simple to design, build, and openadkeare generally less expensive.
Theorganicloading ratg OLR) of single-stagedigesterss limited by the ability of methanogenic
organisms to tolerate the sudden decline in pH that results from rapid acid production during
hydrolysis.Two-stagedigesters separatheinitial hydrolysisand acidproducing fermentation
from methanogenesighich allows for higher loading t@sbut requies additionateactorsand
handling systems. In Europahout 9Qpercenif the installed AD capacity fsom single-stage
systems and about p@rcentis from two-stagesystemgseeFigure5).

Another important design parametgthe total solids (TS) concentration in the reactor, expressed
as a fraction of the webass of the prepared feedstockeTenainder of the wet mass is water by
definition. The classification scheme for solids content is usually described as beimdnigithe
solidsor low-solids High-solidssystems are also called dry systemslamdsolidssystems may

Contract@ Report to the Board 7



be referred tas wetsystemsA prepared feedstock stream with less thapercentTS is
consideredvet andfeedstocks with TS greater than-2@perentare consideredry (although
there is no established standard for the cutoff pdia@dstock is typicallyititedwith process
water toachieve thalesirable solids conteduring thepreparation stages

BeforeAD became an accepted technology feating MSW singlestagewet digesters were

used for treating agricultural and municipal wastewater. However, MSW slurry behaves
differently than wastewater sludge. Because of the heterogeneous nature of MSW, the slurry
tends to separate and form a scuyefawvhich prevents the bacteria from degrading these
organicq35]. The scum layer tends to evade the pump outlets and can clog pumps and pipes
whenit is removedrom thereadors To prevent this, pretreatment to remove inert solids and
homogenize the waste is required. Solids can also short circuit to the effluent pipe before they
have broken down completely, therefore design modificatiremade to allow longer contact
time between bacteria and dense, recalcitrant matesigl

Furthermore, MSW tends to contain a higher percentage of toxic and inhibitory compounds than
wastewater. In dilutedlurry, these compounds diffuse quickly and evenly throughout the reactor.
In high enough concentrations, this can shock the microorganisms, whereas in a dry system the
lower diffusion rate protects the microt&s].

Because of these constraints, dry systems have become prevalent in(Eeebjmire5),

making up 6@ercentof thesinglestagedigester capacity installed to d§&9]. Dry digesters

treat waste streams with -20 percentotal solidswithout adding dilution wat€gB5]. However,

these systems may retain some pssogater or add some watdther as liquid om the form of

steam used to heat the incoming f&edk Furthermore, as organic matter breaks data

internal MC of the digester will increase. Based on personal communication with the plant
manager of oa industrial dry digestgdPeterMagielse Brecht, Belgium, July 12, 200#)e MC
increases from 6gercento 72percent Nonetheless, heavy duty pumps, conveyors, anersug
are required for handling the wemaobthis whi ch add
additional cost i®ffsetby the reduction in pretreatment equipment required. Most dry digesters
operate as plug flow digesters, but due to the viscosity of the feed, the incoming waste does not
mix with the contents of the diges{86]. This prevents inoculation of the incoming waste which
can lead to local overloading. Therefore, most of the digester designs include an inoculation loop
in which the incoming OMSW is mixed with some of the exiting digestate paste prior to

loading.
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Adapted from De Baere [29]

Multi-stage systems are designed to take advantage of the fact that different pottiens of
overallbiochemical process have different optimal conditions. By optimizing each stage
separately, the @rall rate can be increasfg6]. Typically, twostage processes attempt to

optimize the hydrolysis and fermentative acidification reactions in the first stage where the rate is
limited by hydrolysis of complegarbohydrates. The second stage is optimized for

—
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methanogenesis where the rate in this stage is limited by microbial growth kinetics. Since
methanogenic archaea prefer pH in the rangé 85Avhile acidogenic bacteria prefer lower pH,

the organic acids ardiluted into the second stage at a controlled rate. Often a closed recirculation
loop is provided to allow greater contact time for the unhydrolyzed organic matter.

Some multistage systems apply a microaerophilic process in an attempt to increasieldtioro

of lignin and make more cellulose available for hydroly8i& 38] Although adding oxygen to

an anaerobic environment seems counterintuitive, sludge graramsiield the obligate

anaerobes from oxygen poisoning and the practice has been shown to increase biogas yield in
some situationf37-40]. In two-stage systems, because methanogens are more sensitive to oxygen
exposure than fermentative bactetiee air may preferentially inhibit methanogens, which could

help maintain a low pH in the hydrolysis stagewe\er, if theoxygen is not completely

consumed and the biogas contains a mixture of oxygetatrdgen and/or methane, hazardous
conditions could be created

Process flexibility is one of the advantages of rmstiige systems. However, this flexibility also
increases cost and complexity by requiring additional reactors, material handling and process
control systems. On the opposite end of the spec¢tsatohor sequentiabatch systems aim to
reduce complexity and material handling requiremek¢opposedd continuous wet and dry
systems, the feedstock does not need to be carefully metered into a batch reactor, thereby
eliminating the need for complex material handling equipniérg primary disadvantage of

batch digesters is uneven gas production anddastability in the microbial population. To
surmount these issues, batch systems can also be combined witbtagdtconfigurations

Material Handling Systems

European technologies all use extensive anel posidigestion processing units, regardied

the waste source or digester type.-8uding is necessary to prevent clogging of the pumps and
to reduce the amount of reactor volume occupied by inert material. Even-sepesated waste
inevitably contains metal and plastic contaminants and bauptesorted. A typical sorting line
includes the following components;

1 Receiving

- Caninclude some visual (manuat robotig sorting and removal of bulky or
potentially harmful items

- Provides a buffer for inflow ratuctuations
1 Particle size reduction

- Can be mechanical and/or biological

- Relies on the relative ease of reducihgparticle size of the organic fraction
1 Separation

- Can be based on magnetism, density, and size
Figure6 shows some of the material processing uni¢slus the Dranco and Valorga dry digester
systems. The receiving area allows for unloading of raw MSW and isolation of MSW from
different sources. Some receiving areas use robotics to minimize human contact with the waste.
Others incorporate a sorting lif@ workers to manually remove the most obvious inorganic
materials. Once the MSW has been loaded into the mechanical separation system, human contact

is minimal as biological and mechanical processes prepare the MSW for density and/or size
separation.
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Density separation requires wetting tM8W; therefore it isnore commonly applied when using

low-solids digesters. Organic material breaks into smaller particles more easily than inorganic

material, therefore a mechanical macerator or agitator is ofteloydpprior to screening. In

addition, some aerobic treatment can help break down the organic matter. This may also be
accompanied by a loss of digestible organatter;therefore short retention times are used.

Between several hours andeortwodayss t ypi cal for rotating dr ums
combine agitation with aerobic treatment. Biomixers are currently used at about 20 MSW plants

in the US. for aerobic composting where retention times-&f @ays are used.

Recently the researcheasthe University of California, Davis studied the biogpsoduction

potential from therganic materials separated fréasW using rotating drumstaix MSW

composting facilitiesn the U.S Theyfound that thevrganic materials had high biogas and

methane yielseven when the MSW had spent only 24 hours in the dampublished data).

This indicates that AD systems could be incorporatedth@existing MSW composting

operations in the 1$. for energy recovery frol®@FMSW.In a rotating drum systera,sieve may

line the sides of the drum allowing undersized particles to pass to the dosing unit while expelling
oversized, primarily inorganj@articles. Alternatively, the waste may p#ds®ughone or more
trommel screenafter the drunfor sieving. Dosing unitstere mixed waste to even out

fluctuations in the content and volume of MSW going to the digester. They can also be used for
heating and inoculating the digester feed. Heat may be added as steam, which can be produced
using waste heat from engine generat8mme systems have a separate feed mixer which
combines the sorted MSW with digester paste in order to inoculate the new feed and bring it to
the appropriate MC.

Figure 6. Dry digester material handling equipment.

Clockwise from top left: staging area with robotic claw; rotating biomixer drum; overs from
trommel screen sieves; high-speed drum with integrated sieve and magnetic separator;
high-solids slurry pump; feed mixer with steam injection; and dosing unit with steam
injection and high-solids slurry pump.

—
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In Bassano, Italy a Valorga digester accepts sesgparated waste and grey wddtd. As can

be seen from the diagram below, even sosgggarated waste passes through a primary sieve and

a magnetic metals removal unit. The grey waste which is the inorganic fraction of the source
separated waste consists primarily of inorganic matefial$act, organics make up only-16

percentof this material, and paper makes up an addition&dBderceni) Thegrey wasteasses
through an additional drum screen and densimetric separator which suspends the waste in water,
removing the floating layeas well as the heavy particles that sink to the boftdh

SSOFMSW-> bags broker> mechanical separation (first pass) magnéic
separation--> size reduction to 10mm> digester

Grey MSW-> bags broker> mechanical separation (first pass) magnetic separatign
--> size reduction-> drum screen-> densimetric separation> digester

Figure 7. Bassano, ltaly pre-processing diagram.
Adapted from Bolzonella [41].

The Treviso wastewater treatment facility found itaerobic digesters to be too large for
processing waste activated sludge (WAS) only, so they built a separation unit to remove the
organic fraction of MSW for caligestion with the sludge?2]. As can be seen kigure8, the

waste passes through a shredder and magnetic septratoa second shredder and trommels,
and finally a density separator. The emerging wa€3é jercentorganicsand papeas compared
with 76 percenffor the incoming wasteand 24% of the incoming organic and paper materials are
lost during the sortingrocessMetals are reduced by 1@@rcent plastics are reduced by 93
percentand glass is reduced by p8rcent
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Figure 8. Mass balance of the Treviso wastewater treatment digester sorting line
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(Modified to accept MSW as well as WAS [42])

The digestat¢hat exits an anaerobic digester contains undigested organics that will continue to
break down if not treated furth&eeFigure9) [2, 20, 30] This can lead to methane emissions
typically not accounted for when analyzing the environmental impact of AD. In the EU and
particularlyin Gemany, where the composition of OFMSW entering a landfill is tightly

regulated, extensive pestatment processing is incorporated into the AD facility. This

eliminates transportation costs which could be quite high considering the relatively high MC (40
50 percen of the exiting digestate.

It should be noted, however, thheinorganic materiaseparated from the incoming MSW

stream still haeto be transported to a processing facility, typicalipaterial recovery facility or
landfill. Dewatering uris allow for the recapture of process water which can provide inoculant

and reduce the cost of adding water to the digester. A novel digester in Canada subjects digester
paste to a steam treatment step followed by a second digester in order to pradhapialty

peat for use as a planting medi{41].

Figure 9. Aerobic composting treatment for the post-digestion material.
From left to right: digester press cake from screw press, aerobic aeration bins for digester press cake,
and a digester facility with enclosed aeration beds in foreground and maturation beds in background.

—
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Review of Commercial AD Technologies for
MSW Treatment

A number of commercial vendors have designed a variety of digesters for the global market (see
Tablel). These commeial systems span the full range of categories of engineered AD systems.
The following review attempts to summarize the research reported in the literature for many of
the existing and emerging systems, with special attention paid to the most commercially
successful and innovative systems.

Table 1. Summary of commercial anaerobic digester technologies with large scale
reference plants
Data from the company websites as of February 2008 and adapted from Nichols [44].

No. of Total Solids Operating
Stages Content Temperatures
Process System No. of Capacity Range 35°C 55°C
Name Plants? (tonsly)? 1 2 <20% >20% (95°F) (130°F)

AAT 8 3,000 to 55,000 X X X
ArrowBio 4 90,000 to 180,000 X | x X
BTA 234 1,000 to 150,000 X | X |X X X
Biocel 1 35,000 X X X
Biopercolat 1 100,000 X X X
Biostab 13 10,000 to 90,000 X X X
DBA-Wabio 4 6,000 to 60,000 X X X
DRANCO 17 3,000 to 120,000 X X X
Entec 2 40,000 to 150,000 | x X X
Haase 50,000 to 200,000 X | X X X
Kompogas 38 1,000 to 110,000 X X X
Linde-KCA/BRV 8 15,000 to 150,000 | x |[x |X X X X
Preseco 2 24,000 to 30,000
Schwarting-Uhde 25,000 to 87,600 X | X X
Valorga 22 10,000 to 270,000 | x X X X
Waasa 10+ 3,000 to 230,000 X X X X
1 Includes operational or planned plants that accept any of the following: MSW, kitchen waste, food
waste, yard waste, or green waste. Does not include food processing waste or wastewater. May
include co-digestion with other organics such as biowaste or sewage sludge. Pilots and
demonstrations were excluded.
2Because metric tons are only slightly larger than short tons and the capacity range is approximate,
no conversion was included.
SPl ants instal |l edervigesand/orzompogents.he f i r mds
NOTE: The above list is not exhaustive and system names may change as companies acquire and
develop new technologies.
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Single-stage Wet Systems

Single-stagewet systems have been built by a number of different companies throughout Europe.
Since this was the most familiarrdiguration from wastewater treatment, it was one of the first
systems tested on OFMSW. Belaive Waasa system is described in detail, but other companies
have also provided components and full scale systems to many wet OFMSW digesters, most
notably Biotehnische Abfallverwertung GmbH & Co. KG (BTA) and LinrHE€A (seeTablel).

Waasa

The Waasaystembuilt in 1989 and named after the city in Finland in which it was deve)oped
was one of the original MSW digesters. Today theraaleast ten operational Waasa plants in
Europe (sedablel)®.

The Waasa system consists of a vertical pulper that homogenizes the incoming MSW and
removes floating debris from the surface and sunken grit fnenbottom of theulper. Density
fractionated MSW is then pumped to the-pheamber of a continuously stirred tank reactor (see
Figure10). The prechamber helps alleviate short circuiting and an inoculation lospres that
incoming waste is exposed to microorganisms in order to minimize acid buildup.

The largest Waasa plant is located in Groningen, Netherlatése four 2,740 (725,000 gal)
tanks treat 92,000 MT/y (101,000 tons/y) of OFMSW out of an ir26&l,000 MT/y (275,000
tons/y) of raw MSW44]. This system produs®.10-0.15 n¥/kg (3.2-4.8 scfib) biogas from wet
sourceseparated waste, with a weight reduction e68@ercen{44]. This is a relatively high
biogas yieldindicating high digestibility of the feedstock and good conversion efficiency in the
digester.

Although Nichols did not report TS or VS data, the typical OLR for a sisigige wet system is
4-8 kg VS/ni/d (0.0330.066 Ibs VS/gal/dy5]. Assuming 15ercentof the reactor volume is
gas head space, the working volume would bB@8 (2,470,000 gal), thus the wet loading rate
would be 27 kg/d (59 Ibs/d) and the resulting VS content would £ peércent Assuming 30
percentVS content and a biogas yield per wet ton of 1284n410 scf), the average specific
biogas yield would b8.417 ni/kg VS (134 scfilb).

® The original constructionompany, Citec, Finland, no longer appears to operate the digesters, as
indicated by removal of all AD information from the Citec website.
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Figure 10. Schematics of the Waasa one-stage digestion process [45].
BIMA

Entec Biogas GmbH of Austria builds digesters that treat primarily agricultural, industrial, and
municipal wastewater. One system designedbtiraalsee Biogas & Ragding GmbH in Kogel
Germany treats food and restaurant waste tdamburg and Mecklenbuhorpommernin two
2,600 ni (690,000 gal) constanthtirred tank reactors. The operation of the system mirrors that
of the Waasa digester.

The company also desigha selfimixing system known as the BIMA digester which eliminates
mechanical mixing by utilizing the pressure differential between two chambers within the reactor
(seeFigurell). The company reported that a 150,000 MT/y (1651666/y) version of the

system was being built in Lucknow, India, but as of the time of publication the system had not
begun operatirfg Details on the operational parameters and performance of the digester and the
status of the Lucknow project were noadable.

® The authors found no publications specific to this system. All data werenftprtiwww.entee
biogas.ataccessed on Feb. 13, 2008.
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1. Gas dome with automatic mixing valve

2. Max water level 9. Upper chamber

3. Intermediate ceiling  10. Effluent pipe

4. Min water level 11. Mixing shaft

5. Inout substrate 12. Feed pipe

6 Main chamber 13. Central tube

7. Mixing wings 14. Ground sludge pipe

8. Effluent channel

Figure 11. The BIMA digester designed by Entec Biogas GmbH
(adapted from a presentation by V. V. N. Kishore for the Department for Environment,
Food, and Rural Affairs, New Delhi, India, November 2006).

Single-stage Dry Systems
In dry, orhigh-solids systems, the digester contents are kept at a solids contert@p2écent
TS (equivalent to 6@0 percentMC). Handling material at high solids concentration requires
different pretreatment and transfer equipment (iaanveyor belts, screws, and special pumps for
the highly viscous streams). Research in the 1980s indicated that biogasuyikfmroduction
rates for singlestagedry systems were as high as or greater than that of wet syd@jnshe
challenge of dry systems is handling, mixing, and pumpingititesolidsstreams rather than
maintaining the biochemical reactions.

Although some of the handlireguipment (such as pumps capable of handling$adjids

slurries)may be more expensive than those for wet systems, the dry systems are more robust and
flexible regarding acceptance of rocks, glass, metals, plastics, and woesl ipigtte reactor.

These materials are not biodegradablewifichot contribute to bigas production but they

generally can pass through the reactor without affecting conversion of the biomass components.
The only pretreatment required is removal of trgér pieces (greater tharcm R in]), and

minimal dilution with water to keefnesolids content in the desired range. This allows for
reducedsorting equipment costs which can offset some of the additional material handling
expense.

Because of theirigh viscosity, loading rate, and rapid hydrolysis, mateffatry reactors move
via plug flow(materials added on one end of the digester push older materials toward the
opposite end)and the incoming feedstock needs to be inoculated or mixed to avaltéd acid

—
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buildup. Two of the most commonly used commerstle designs inoculate the feedstock by
mixing it with a portion of the digested materiaiile another incorporates mixing via high
pressure biogas injection (see

Dranco Kompogas Valorga

Biogas Biogas

() Feed
: L
I
Digdlaster
Y e
V Innoculum
Mixer Loop
Digested
Paste

Figurel2). All three systems operate as plilgw digesters.

Dranco Kompogas
Biogas

Biogas
Digester N SRl
AN

Innoculum
Mixer Loop

Digested
Digested Eaon

Paste Paste
Figure 12. High-solids single-stage digester designs
Adapted from Vandevivere [35].

-

Organic Waste Systems (Dranco Process)

Organic Waste Systems (OWS) was established in 1988 and maintains labs in Belgium and Ohio
(the company has no known projects in th8.)JJOWS also has an exclusive partner in Japan for
proposed facilities there. Theropany designs, builds, and operates AD plants for MSW as well

as integrated solid waste management systems and consults on biodegradation and waste
management. OWS markets the Draridpy(Anaerobic Composting) process as well as the
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Soridsep (Sortinigdigedion-Separation) integrated wadteatmensystem. The technology is
patented under international patent number WO 02102966.

The Dranco processas developeth the late 198Q4dt is ahigh-solids singlestageanaerobic
digestionsystem that operatestatrmophilic temperaturdd7]. Feed is introduced into the top

of the reactor and moves downward to the conical bottom where anraogves digestate. A
fraction of the digestate is transferred to the mixing pump where it is blenttefitesh feed to
inoculate the material and steam to bring the feed to the working temperature. The rest of the
digestate is dewatered to produce process water and press cake. There is no mixing within the
reactor, other than that brought about by therdeard, plugflow movement of the waste and

some biogenic gas that bubbles upwards. The press cake contains active bacteria, some ammonia,
and undigested solids and must be aerobically stabilized for use as agricultural c8oyast
separated householddiindustrial wastes are preferred in order to maintain the quality of the
compost

Existing commercial Dranco systense€Table?2) are reported to have bioggeldsin the range
of 0.1037 0.147m%kg (1.651 2.35 scf/lb)wet weight[48]. The Dranco micess produces a
compost product and heat or electricity from the biogas. The company rdaoetectricity
production can range from 0.17 to 0.35 MWh/MT (0i.1&32 MWh/ton) feedstock

Table 2. Dranco dry-digester reference plants.
From Organic Waste Systems Inc. website accessed February 2008.

Dranco Process Locations Capacity Substrate Year Operation
Began
(thousand (thousand
MTly) tonsly)

Tenneville Belgium 39 42.9 Biowaste Planned for 2008
Alicante Spain 30 33 Mixed waste Planned for 2008
Hotaka Japan 3 3.3 Biowaste Planned for 2007
Vitoria Spain 120 132 Mixed waste 2006
Terrassa Spain 25 275 Biowaste 2006
Munster Germany 24 26.4 Residual waste | 2005
Hille Germany 38 41.8 Residual waste | 2005
Pusan Korea 70 77 Biowaste 2005
Leonberg Germany 30 33 Biowaste 2004
Rome Italy 40 44 Biowaste 2003
Brecht I Belgium 50 55 Biowaste 2000
Villeneuve Switzerland | 10 11 Biowaste 1999
Kaiserslautern Germany 20 22 Residual waste | 1999
Aarberg Switzerland | 11 12.1 Biowaste 1998
Bassum Germany 135 14.9 Residual waste | 1997
Bergheim- Austria 20 22 Biowaste 1993

" For more information see the OWS company webbktte://www.ows.be/dranco.htm
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Dranco Process Locations Capacity Substrate Year Operation
Began
(thousand (thousand
MT/y) tonsly)
Siggerwiesen
Brecht | Belgium 20 22 Biowaste 1992
Total 18 plants 564 620
Average 33 36

The Dranco system has garnered irgeie the academic literature due to the performance of the
system. Ahigh average loading rate of 15 kg W&/d (0.13 Ibs/gal/d) was maintained in the

Dranco digester in Brecht, Belgium over a one year period. The conditions inside the reactor were
35percentTS and 14day hydraulic retention time (HRTB5]. The performance of the Brecht

plant was reported as @&rcentVS destruction with 8.103(1.65scf/Ib) wet weight bgas

yield. The TScontentin the feedstock was reported atpircentand the VSontent(as a

percentage of TS) was percen{48]. By inference, the specific biogas yield for the system was
0.468 nt/kg VS (7.50scf/lb VS). This relatively low yield along with the relatively low VS

destrucibn may indicate that a large portion of the VS loaded was recalcitrant which explains

how such a high loading rate was achieved. To support this theory, it was reported that the waste
composition was 1percenkitchen waste, 7percentgarden waste, artD percentpaper,

whereas a Dranco system in Salzburg, Austria treatimp8@ntkitchen waste and 2fercent

garden waste achieved a biogas yi@fl0.622 ni/kg VS (9.96 scf/Ib) [48]. The VS destruction

and OLR were not reported, but elsewhere it has been stated that the typical Dramadssyst
designed for 12 kg VS/ud (0.1 Ibs/gal/d]35].
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Figure 13. Dranco reactor
Sketch and flow diagram (top left). Dranco reactor (top right) and conical botom with digestate
augur (bottom). Note: gas collection tubes are omitted from the sketch for clarity.

Theauthor of this report visitethe Brecht Dranco digester in July 2007. The site consists of two
singlestage vertical digesters batperated at&C (122°F). The first digester (Dranco I) was

built at the beginning of the 1990s with a designed capacity of 7,500 MT/y (8250 tons/y). As one
of the first Dranco systems, improvements made in the subsequent 15 years allowed the digester
opeators to increase the loading rate to its current level of 20,000 MT/y (22,000 tonsly).

In 2000 a second digester was added to the Brecht site (Drarithdlpew digester is 3,100°m
(830,000 galandaccommodates 50,000 wet MT/yr (55,000 tons/y) ar M3/d (150 tons/d)
assuminga 100 percentcapacity factor. In fact, according to the Brecht plant manager, operation
is only halted for regular maintenangightdays per year.

—
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Feeding occurs continuously for 16 hrs/d during the week and 12 hrs/dwedkends. This

staggered feeding schedule helps proaidindication of the health of the microorganisms based

on how quickly they respond to the changing amount of feed. Incoming ssepasated

OFMSW (SSOFMSW) is mixed with digestate in the ratio 06 {OFMSW:digestate) thereby
recycling some of the microorganisms as well as some of the water. As digestate and fresh
feedstock are mixed, steam is added to heat the feed to 50°C (122°F). The optimal temperature
range for thermophilic methanogens is@BC (131140°F). However, the plant manager

contended that keeping the temperature slightly lower than optimal reduced inhibition due to
ammonia production. This would also reduce the energy required to heat the feed. The total liquid
volume of water addeals steam is on the order ¢f2m%d (5001 1,000 gal/d)Mixing is

accomplished by recycling digestate during feeding, which requires cement pumps capable of
handling the thick slurry.

Fe

Figure 14. Valorga digesters
SIVOM plant in Varennes-Jarcy, France (left); Mons, Belgium (right).

Waste Recovery Systems, Inc. (Steinmiiller Valorga process®)

TheValorga proceswas developed in 1981 to treat organic solid waste and accepts MSW after
appropriate separation of the recalcitraatfion[44]. A high-solidsdigesteiis fed withORMSW

that ha25-30 percenfl S contentadjustedusing steam for heating and process water for diluting
the incoming feed as needgdl]. Mesophilic or thermophilic systems are used depending o
feedstock and economics.

The reactois a continuous singlstage modified pluglow reactor.Typical plugflow reactors

involve only natural mixing, but the Valorga digester uses pressurized biogas for mixing. This
eliminates the need for an inoculatioop. The reactor consists of a vertical out@dmder with

an inner wall extending to about | of the diam

8 For more information, see the Valorga International webisitp://www.valorgainternational.fr/en/

—
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Figure12). Material enters at the bottom on one side of the inner wall and must flow around the
wall before it can exif49]. The retention time is on the ordertbfeeweeks. Biogas is injected in

the base of the reactor ane thubbles serve as a means for mixing and keeping solids suspended.
The digestate is dewatered and typically compodteble3 lists existing Valorga facilities.

With 21 operating facilities as of 2@8Qassuming the plants undswnstruction in 20Dare
currently operational s€kable3), theValorgasystemis a robust and popular ors¢age dry
system. According to Nichols (20Q3¢edstock with less than 2@ercenfTS do not perform

well in the Valorgasystem because dense grit partiseile out too quickly and clog the gas
recirculation vents. Biogas yields have been reported in the rafge2o0.27 n¥/kg VS (7.05

8.65 scflb VS) which corresponds ©@080i 0.16 n/wetkg (1.3- 2.56scf/wetlb), indicating a

VS content in the OFMSW of 380 percen{44]. The solid retention time is 183 days and post
digestion solids composting takes about two wéé4k Valorga plants are currently operating in
Spain, Germany, ltaly, Switzerd, andthe Netherlandfs0].

Theauthor of this report visited théarenneslarcyValorgafacility in July 2007. The plant treats

a total of 100 MT/y (110 tons/y) of MSW: 70 MT/y (77 tons/y) mechanically s@@dSW
(MS-OFMSW)and 30 MT/y (33 tons/y) source sort®@&EMSW (SSOFMSW). A remotely

operated mechanical claw loads the waste into a 50 m {)L&@dting drum with a-3 day

retention time. Although the drum is not aerated, the temperature of the MSW increases
indicating the possibility of biological activity to help break down the organic fraction into

smaller particles which are screenedduh e se Afi nesd are sent to a
steam heating prior to being pumped into one of the three 4,9@million gal) reactors.

Under typical operating conditions the-86MSW and MSOFMSW are loaded into separate

tanks and the digeste is treated separately, allowing plant operators to control the quality of the
compost produced. Dewatering occurs in three steps resulting in process water containing less
than 3percentTS (according to the plant manager). The solids are transfersedenclosed

aeration bed where air heated by waste generator heat is blown through the curing piles and
sucked through vents in the roof to a scrubber and biofilter. Large automated mechanisms turn the
compost and transfer it to a maturation bed af@mzeks (se€igure6, center).
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Table 3. Reference Valorga digester installations

(As of February 2008)

Location Capacity Start-up
Date
(thousand | (thousand
tonsly) MT/y)
Fos sur Mer France 88 97 2008~
Zaragoza Spain 95 105 2007*
Las Dehesas Spain 195 215 2007*
Beauregard Barret France 30 33 2007*
Saint Barthelemy de Vais France 40 44 2007*
Etoile sur Rhone France 80 88 2007*
Shanghai China 268 295 2007*
Beijing China 105 115 2007*
Tondela Portugal 35 39 2007*
Calais France 28 31 2007*
Barcelona (Ecopark II) Spain 120 132 2004
Bassano Italy 55 61 2003
Hanover Germany 125 138 2002
Cadiz Spain 115 127 2002
Varennes-Jarcy France 100 110 2002
Mons Belgium 59 65 2002
La Coruna Spain 142 156 2001
Geneva Switzerland | 10 11 2000
Freiburg Germany 36 40 1999
Engelskirchen Germany 35 39 1998
Tilburg Netherlands | 52 57 1994
Amiens France 85 94 1988
Total 22 plants 1898 2088
Average 86 95

* New plants planned, but operation had not begun as of February 2008.

Kompogas AG (Kompogas process)

Unlike the other two popular singiage drydigesters above, the Kompogas system utilizes a
horizontal plug flow digester with internal rotors to assist in degassing and honiogéméz

waste[44, 45] The system is prefabricated in two sizes: 15,000 or 25,000 MT/y (16,500 or
27,600 tonsly). Larger capacities can be acquired by combining the units in parallel. The internal
MC has to be caraefly maintained a?2i 77 percentin order for the system to flow properly;
therefore some of the process water and/or digestate is mixed with incoming OF4ISWhis
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also ensures that incoming feed is inoculated in order to prevent excessive acid buildup near the
front end of the digester.

Table 4. Reference Kompogas facilities
Data from the company website as of February 2008.

Capacity
(thousand (thousand | Installation
Location Country MTly) tonsly) Year
Sierre Switzerland | 70 77 2009
Florsheim-Wicker Germany 45 50 2008
Rostock Germany 40 44 2008
Montpellier France 100 110 2008
Botarell Spain 54 59 2008
Ilbenstadt Germany 18.5 20 2007
Regen Germany 18 20 2007
Amtzell Germany 18.5 20 2007
Utzenstorf Switzerland | 12 13 2007
Langenthal Switzerland | 4 4 2006
Ottenbach Switzerland | 16 18 2006
Aarberg Switzerland | 12 13 2006
Pratteln Switzerland | 15.5 17 2006
Martinique Caribbean | 20 22 2005
Rioja Spain 75 83 2005
Lenzburg Switzerland | 5 6 2005
Passau Germany 39 43 2004
Kyoto Japan 20 22 2004
Weissenfells Germany 125 14 2003
Bachenbdilach Switzerland | 12.5 14 2003
Oetwil am See Switzerland | 10 11 2001
Roppen Austria 10 11 2001
Volketswil Switzerland | 5 6 2000
Jona/Rapperswil  Switzerland | 5 6 2000
Frankfurt Germany 15 17 1999
Alzey-Worms Germany 24 26 1999
Kyoto Japan 1 1 1999
Niederuzwil Switzerland | 13 14 1998
Hunsrick Germany 10 11 1997
Lustenau Austria 10 11 1997
Munchen-Erding  Germany 24 26 1997
Braunschweig Germany 2 2 1997
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Capacity
(thousand (thousand | Installation
Location Country MTly) tonsly) Year

Otelfingen Switzerland | 12 13 1996
Kempten Germany 10 11 1996
Samstagern Switzerland | 10 11 1995
Bachenbiilach Switzerland | 10 11 1994
Rumlang Switzerland | 8.5 9 1992
Rumlang Switzerland | 0.5 1 1989
Total 38 plants 788 867
Average 21 23

The system operates with a retention time eRQ%lays under thermophilic conditions. Biogas
yield was reported #&.111 0.13 nv¥/kg (1.767 2.08scflb) wet weight. Solids content and
reductiondatawere not found in the literature. Currently at |€2&systems are operating in
Europe[44]. The corporate website claims 50 digesters operating throughout thevigorld
licensing agreements withpartners in Europ&, in the US,, 1 in Africa, 2 in Russia,l1in Asia,
andlin Australid®. Thirty-eight systems are listed on the Kompolgasie page (seEable4).

% From the Kompogas websitettp://www.kompogas.ch/en/index.html

9 bid.
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Figure 15. Overview of the Kompogas process
From the company website, accessed September 2007.

Multi-Stage Digesters

When evaluating mukstage digesters, care must be taken in understanding the goal of using
more than one reactor. In some cases multiplestbge are operated in parallel, such as at the
Valorga plant in Varennedarcy and the Biocel plant in Lelystade Netherlands. These are, in
fact, not multistage digesters. Each reactor is a separate stagle digester. This may be done
because ofank size limitations, to simplify management, or to expand capafcaty existing
plant. A true multistage digester applies different conditions to the reactors in each stage. The
difference can be ithe OLRof each stage, the presence or absence gfemxythe introduction

of an intermediate treatmeiat; the overall reactor configuratioMany different combinations of
factors are possible.

Figurel6 depicts a generic twstage AD system with hydrolysis ocdag in a highsolids first
stage and methanogenesis occurring in thedohds second stage (dwet configuration)In
other systems, such as the Schartifigle process, both stages are-nlids (wetwet
configuration)[35].

—
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Figure 16. Schematic of a generalized two-stage anaerobic digestion system

As mentioned earlier, there are relatively few commercial, operationatstadie AD units. It
wasexpected that more of the muitiage systems would be in operation by how due to their
higher loading rates, improved process stability, and flexibility, but the added complexity and
presumed expense of building and operating commercial-stafie systas have so far negated
the yield and rate enhancemef85]. Nonetheless, the potential of medtage digesters to
improve performance has prompted much researaha few ntable commercial mukstage
digesters have been successful. Some of these use multiple stages for reasons other than
separating acidogenesis from methanogenesis.

Biotechnische Abfallverwertung GmbH & Co. KG (BTA)!*

Developed in Germany and applied (viaesgV licensing companies) throughout Western Europe
and in select locations in Canada and Japan, the BTA system is one of the oldest and most
successful in terms of the number of existing operational diggdtdrsAlthough small units are
single-stage the majority of the BTA digesters are large (>100,000 M[IZ¢0,000 tons/y
multi-stage, wetvet units[51, 52]

The multistage BTA digester utilizes a pulper and bggiclone much like those employed by the
Waasasinglestagedigester. Pulped and densftactionated MSW passes through a solid/liquid
separation unit and leachate is passed directly to a methanogenesis reaEigu(eé). Solid
extract is mixed with process water to bring the MC t@&&sentand then pumped into a
hydrolysis reactor with a residence time of 4 d&&. Hydrolysis lechate is then transferred
into the methanogenesis reactor which has a 2d. BReWatered digestate is then either treated
aerobically or disposed. Installations with a designed capacity of less than 100,000 MT/y
(110,000 tonsly) often utilize the pulperthe hydrolysis tank, eliminating one step in the
process.

1 For detailed description of the BTA process, Istg://www.btatechnologie.de/files/process
general.htm
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Figure 17. Diagram of the BTA multistage digestion process
Adapted from a BTA short information brochure [52].

Data from a Canadian installation indicate biogas yields1&0.15 m*kg (1.9- 2.4 scflb).12
Although the report did not indicate specifically whether the yield was in terms of wet tons or
tons of VS, this range is typical for yield per wet ton. No data for TS or VS composition was
given, but the compost composition wasp&dcenflTS, 7075 percentVS (most likely

recalcitrant, indigestible cellulose and lignin) and the N:P:K ratio was 78:Wikth is nitrogen
rich for a land additive.

Linde-KCA-Dresden GmbH

Linde-KCA has built wet and dry digesters since 1985 and currentlgighsdigesters operating

in Germany, Portugal, Spain, and Luxembourg, both wet and dry, mesophilic and thermophilic
[50]. The typical dry digester is operated in two stages. The first stage is aerobic and the
hydrdysis product is transported via conveyor to a horizontal-fiwg digester with internal

rotors for mixing and transpang solids to the dewatering urt4]. Although this is a twestage
system, the first stage could also be considered abiagiretreatment stage apart from the
anaerobic digester since it is not anaerobic. Nevertheless, the digester is capable of handling 15
45percenfTS and generates roughiyl 0 n¥/wetkg (3.2 scf/wetlb) of biogas

2Data taken from Cawleslea Composting |l ncods
http://www.canadacomposting.com/performance data 2.htm
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Figure 18. Linde-KCA two-stage dry digester
From the Linde-KCA website, accessed September 2007.

Super Blue Box Recycling (SUBBOR)

In 1999 the Canadian Minister of IndusemdTechnology Partnership Canada sponsored Super
Blue Box Recycling Corp., a subsidiary adidfern Power Limitedshich owns and operates two
large landfillgas fueled power plants, to develop the Super Blue Box Recycling ptddess.
technology was reported to have progressed from the lab to a 25,000 MT/y (27,500 tonsly) pilot
plant[43], butthe project was reported to be stalled due to leiffidudties [53]. Most AD

processes use aerobic post treatment to stabilize undigestad ongderial, but the SUBBOR
process uses an interim steam treatment between two digestion stages in an attempt to more
completely degradthe MSW (seeFigure19). Nortdigestible material is manually removed from
the incoming MSW stream and the resulting stream is milled prior to loading into the first
digestef43].

In lab studies, the first digester was operated in batch configuration at thermophilic conditions for
35-60 days with landfill leachate added to bring the solids content pe2&nt(w/w) [54]. The
digestate was then placed in a steam explosion unit for 5 minute$aba% (800900 psi), 220

270 °C (436520 °F) and then replaced into the batch digester for an additio24l d2ys under

the same conditions as the initial digestion. This enhanced the biogas yielgdncddand

resulted imf i n e | ifkpeeda tesidumlsolidg43, 54] The available literature does not
specify how the pilot and fuicale process is configured. Vogt et al. (2002) recommended that
the intial AD treatment last 25 days but suggested that the retention times could be adjusted as
needed to lend flexibility to the process.

One of the primary advantages of the technology is the high quality of the treated solids when
used as a planting mediuifhe extended length of digestion and additional financial and energy
costs of the pressurized steam treatment unit are potential disadvantages, but some of these costs
could be offset by the additional biogas production and higher price earned forttlikepead

product. The company website claimfar-year payback on investment with operating and

capital costs in the range $60-100/MT ($45-90/tons)*

13 Information fromhttp://pages.interlog.com/~estrngaubbor/index.htmaccessed on Sed 7, 2007.

14 Fromhttp://pages.interlog.com/~estrnpwr/subbor/advantageshtin
http://pages.interlog.com/~estrnpwr/subbor/Brochure3.atoessed on Sept. 17, 2007.

—
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Figure 19. Simplified flow diagram of the two-stage SUBBOR anaerobic digestion
process.
From the SUBBOR Corporation website, accessed February 2008.

WEHRLE Umwelt GmbH (Biopercolat)

The Biopercolat process igday-wet, twostageprocesg35, 47] The first hydroysis stage is

carried out under partial aerobic conditiavith high solids content (seleigure20). Process

water iscontinually percolated through the hydrolysescto a horizontal tunnel that slowly

rotates in order to sligly aerate the mixture and prevent clogging and channgbig The

leachate passes ontte secongtage fermentation reacérnanaerobic plug flow filter filled

with suppat materialoperatingat mesophilic temperature. After two to three days in the
percolator, the solids are separated and transferred to an enclosed tunnel composter. The liquid
fraction is transferred to the fermentation reactor, and displaced liquidlisneairculated back
through the percolator and partly aerated for disposal as wastéwater.

15 From http://www.wehrleumwelt.com accessed on Feb. 14, 2008.

—
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Figure 20. Schematic waste-flow diagram of the two-stage Biopercolat process
From the WEHRLE Umwelt GmbH website accessed February 2008.

Batch Digesters

Some of the first dry digesters were envisioned as modified lar{8®#]sThis resulted in the

creation of batch systems that recycled leachate in a manner similar to landfill bioreactors.
However, unlike landfill bioreactors the batch digester conditions were aacgéully controlled

and as a result biogas production rates were higher and retention times we{83¢wére

primary disadvantage of batch digesters is uneven gas pimuaacd lack of stability in the

microbial population. Sequential and phased batch digesters attempt to surmount these
disadvantages, and preliminary lab experiments have revealed complex population dynamics in
these systems resulting in the ability toa@pe useful fermentation products such as hydrogen
and organic acids.

Biocel

The Biocel system was developed in the 1980s and 1990s in Holland/éadfamingen

Universityas a part of the early researchhigh-solidsdigestion of MSW55-57]. The initial

goal of the gstem was to reduce cost by simplifying material handling and eliminating the need
for mixing while simultaneously achieving relatively high loading and conversion rates. Success
with the labscale system led to construction of a pilot X000 gal) reator by the early 1990s
which was used for more extensive testing of atprtheating, and leachate recycl{b6]. By

—
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1997 a fultscale 50,000 MT/¥55,000 tons/y) plant consisting afligester and enclosed post
digestion aeration beds had been built in Holland to tre®dE8SW[57].

Currently the Dutch company Orgaworld owns and operates the Biocel plant along with several
tunnel composting facilities and oA® facility also inthe Netherlandé. The company plans to
increase electricity production td.0 million kwWh/y by treating up to their permitted 85,000

MT/y (94,000 tonsl/y).

Figure 21. Biocel leach-bed batch digester facility in Lelystad, Netherlands
From the Orgaworld website, accessed September 2007.

While batch systems may simplify material handling, they sacrifice control over the biological
processes. Because a batch is loaded all at once, the internal conditions chaingebid
populations shift in response to the consumption of waste and production of intermediate
metabolites. A lag phase occurs as organic polymers break down followed by a sudden drop in
pH as organic acids are produced from the hydroly58&ates8] If this pH drop is too severe,
methanogenesis cannot occur. In a lab stedgn after 100 daysnly hydrogen and CQwere
produced58]*’.

Theinitial lab and pilot studies attempted to mitigate this effect by mixing the incoming feed with
digestate from a previous batch, using aerobigng@ment, adding buffers, changing the
inoculation rate, and altering the leachate recycling[E&&e58, 59] At the pilot scale the

maximum achievable OLR was 7 kg VS/ch(0.058 Ibs/gal/d)56] which is similar to
continuoushigh-solidsdigesters (se€able6. Published biogas yields for fedicale digesters

treating a variety of wet OFMSW typgser wet weight of feedstock

Average Biogas Yield

Reference Plant Location (m3/kg) (scf/lb)
[114] Valorga France 0.144 231
Netherlands | 0.093 1.49

16 Orgaworld websitehttp://www.orgaworld.com/indexgb.htimaccessed Sept. 17, 2007.

7 Incidentally, hydrogen content reached 30 percent after 10 days and remained at that level for over 20
days. Transient bibydrogen production could potentially be an advantddmtch digestion systems
that some companies are developing (gge//www.onsitepowersystems.com/biohydrogen.html

—
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Germany 0.127 2.04

[41] Valorga Italy 0.180 2.89
Italy 0.06 0.96

France 0.145 2.32

Netherlands | 0.092 1.48

Germany 0.126 2.02

Dranco Germany 0.147 2.36

Belgium 0.103 1.65

Austria 0.135 2.16

[31] BTA (wet process) | Germany 0.092 1.48
[104] Kompogas Switzerland | 0.09 1.40
ISKA Germany 0.04 0.64

Overall Average 0.112 1.80

), but at fultscale the average OLR was 3.6 kg M3d (0.030 Ibs/gal/d) which is closer to the
OLR of low-solidssystems.

Another advantage of batch systems is the low water input requirement. However, during lab and
pilot-scale studies it was found that no leachate drained from the waste when théehEwas

higher than 3%ercent and methanogenesis was inhibited by lack of contact between bacteria and
substratg56]. In comparison, continuousgh-solidssystems achieve stabile digestion a{385
percenfTS. However, the relatively low moisture content of the feedstock makes it more difficult
to heat. It was found that loading cold feed and allowing it to slowly reach the target temperature
resuted in doubling the digestion time required at the pilot §&&lk Therefore cold feed has to

be preheated

The full-scale Biocel system is comprisef fourteen 720 #Y190,000 gal) leach bed reactors,
each loaded in 480%(130,000 gal) batchdsepingthe pile 4 m (13 ft) high to avoid excessive
compactiorf57]. Reactor temperature is kept at85°C (95-104 °F) by heating leachate which
is sprayed over thdlp. The digester retention time is 21 days and the-ppeatment aeration bed
retention time is B weeks. At fullscale, a complex system of vacuums and pumps from the
generator exhaust system flesloxygen out of the headspace and cagtad®rs wheropening
digesterdoors for loading and unloadif§7]. Fresh MSW is sorted manually and loaded by
shovel without any pretreatment for size reduction or screening. For each MT (1.1 tons) of MSW
loaded, the system produces 70 kg (150 Ibs) of biogas, 120 kg (265 Ikseofapor, 500 kg
(1100 Ibs) of compost, and 230 kg (510 Ibs) of wastewWa®@r At the pilot scale, the biogas
yield was0.07 m¥kg wet waste 1.12 scflb) which is lower than typical (séleable6) but no
comparison has beenade with continuous systems using the same feed&6Lk

Even though the Biocel system requirepé@centess capital investment than continatyufed
digesterg35], no further Biocel plants have beeuilt since 1997 and batch digesters hold only a
very small share of the European AD market. This could be due vdllingness of the

European marketplace to invest in higher rate and yield digestion, perhaps because of financial
support for renewable energy production and space limitat8oeel units require ten times as

much space as continuous dry digestes$. The cost savings may be more important for the

U.S. market where capital and operating costs have been shown to have a much larger influence
than biogas yield on financialriability [50]. Also, space limitations are not generally seen as a
significant factor in the L&.
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Sequential Batch Anaerobic Composting (SEBAC)

The SEBAC system was developed in the early 188€se Uniersity of Florida with the goal
of eliminating mixing and minimizing handling while maintaining high conversion rates and
system stability60-63]. Similar to the Biocel process, the SEBAC system consists efawo
threebatch, leactbed reactors with leachate recirculation by sprayer, but unlike the Biocel
systemthe SEBAC digesters are loaded in sequence suctetigtdte can be transferred
between reactors.

OFMSW is roughly chopped to 10cm and placed in a batch reactor. Leachate from a mature
reactor is sprayed onto the fresh material and recycled to the top of the pile until methanogenesis
stabilizes. The reactas then switched over to internal recirculation until methane production

slows as the batch matures (5égure22). In theory this allows organic acids to be applied to
mature reactors with active methanogenic populations taidis the microbes from mature
reactors to be sprayed on fresh waste as an additional inoculant. In practice, the dynamics of
leaching are not well understood, thus the system appears to be difficult to control.

Staée 1 oo Stage 3 PR Stage 2
(New Batch) (Mature Batch) (Methanogenic Batch)

_ _ Perforated
Plate

// _z_ Leachate
/ / / - Level
——————————————————— —// ——————————/’; ‘@' Pump

> >

) .
o —

Figure 22. SEBAC process diagram
Adapted from Chynoweth [61].

At the lab scale, the SEBAC process had difficulty starting when loaded with pure food waste
[63]. Bulking agents were required to prevent compaction and allow leachate to drain through the
pile. However, even with the most sessful startup scheme, the highest biogas production rate
was not achieved until 580 days after loading. It was not clear from this study what the overall
methane yield was, but an earlier pilot scale study reported yields of 0.16 and® CHYkg VS
(2.6 and 3.0 scf/lb) with retention times of 21 and 42 days resped®dglyT his is much lower
than published thermophilic methane yields for continuous digesters treating OFMSW (see
Figure29). The waste stream contain@@d percentpaper and cardboard, p@rcentplastic, and 6
percentyard waste, and the authors reported that the yields represengép@dcentof the

ultimate methane potential. However, it appears that large quantities of paper andavplastic
requiredto allow proper leaching. No known ftdtale SEBAC systems have been Huult
research on the systezaontinues. Anew desigr{SEABAC II) tailored for the low gravity
environment of manned space missiceduced the volume requirement by 60 percent by
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eliminating the headspace and intentionally wetting and compactirfgeétdstockwhich also
allowed for forced leachate pumpif@st]. The prototype SEABAC Il digest@perating at 35°C
(95 °F) was able to ultimately achieve a methane yie@3m® CHs/kg VS (4.8 scf/lb VS) in
aboutl4 days from a mix of rice, paper, and dog food.

Anaerobic Phased Solids (APS) Digester

Like the SEBAC system, the APSdaster uses belt loading to stimulate rapid organic acid
production in a twestage digester system. However, the ARGestersystem avoids the
problems caused by using leach bed reactors by combiiighgolidsreactors for the first stage
with alow-solidsmixed bioflm reactorin the second stadé5, 66] Thehigh-solidsreactors are
loaded in phased batches, and the leachate from the batch reactatsigosly circulated
through a singléow-solidsdigester. In theory, batch loading simplifies material handling, and
because the hydrolysis reactors are tsglids digesters, they can handle relatively large
inorganic contaminants. Leachate recirculafioevents solids from fouling the wet
methanogenesis react®ecause the batches are phased, the leachate contains a relatively
constant concentration of organic acids.
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Figure 23. Schematic diagram of the APS Digester system.

A pilot demonstration plarior the APS Digester systemith a capacity of about-2 tons (dry)
per day of organic wasteas been undefevelopnentat the University of CalifornigDavis
(Figure24 andFigure 25). It was undergoindull capacitycommissioningat the time ofthis
publication.

The pilot plant consists of five 380,000 gal) vertical steel cylindrical tanks. The four
hydrolysis tanks possess hot water jaskaet heating the reactor comis. The methanogenesis

tank is heated via thermal heat exchange with a natural gas/biogas powered boiler. The system
was designed to operate at both mesophilic and thermophilic temperatures. Frasickeed

loaded viaa chopper pumpnd hydraulic ramystem and mixing is accomplished using kigh
velocity liquid jets. The gas collection system was designed to separately collect hydchgen
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biogas from the hydrolysis reactors. System operators can monitor and control thesdigester
remote computer styam. The overall design objective was to build a low maintengete
flexible, two-stage system with no internal moving or customit parts.

Figure 24. APS Digester technology pilot demonstration plant (front view)
UC Davis
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Figure 25APS Digester technology pilot demonstration plant (rear view)
UC Davis

In laboratory studies, th&ystem was able to digest rice straw with a lingulosic content
(lignin, cellulose and hemicellulose) of Brcentandachieve 480 percensolids reduction
with a biogas yield of 0-0.5 n¥/kg VS (6.48.0 scf/lb VS) which is on par with yields seen for
much more highly degradable substrd6. Laboratory studies have beemdacted with other
substrates as well such as food waste, OFMSW, food processing, &@adtasimal manure
(personal communication, Ruihong Zhang, UC Davis, E#9.15, 2008). The biogas yields
from the food waste collected from restaurants and greem \igrsiss clippings) were 0.60 and
0.44 ni/kg VS (9.6 and 7.0 scf/lb VS), respectively with 12 dalidsretention in the digesters
[67].

BioConverter

TheBioConverterdigesteris a singlestage, sequentially batched system. However, in its full

scale application, an equalizatitank was used for pulping and metering feed into the batch

reactors and it has been reported that the pH of this tank dropped, indicating that it may serve as a
first-stage hydrolysis reactf88]. The original pilot system consisted of eight 380(h®0,000

gal) biofilm reacbrs with simultaneous gas and liquid recycljég]. Performance and

operational details were unavailable for the systent it was one of the first full scale digesters
treating municipal food waste in theS. It was shut down in March 1999 due to odour control
problemg68].
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History of Full-Scale AD of MSW

The anaerobic digestion of solid waste has evolved into an international industry with significant

investment in research and development. Although tBeddesnot currently havean

operationafull-scale plant for AD of MSW, manyilot projeds have beermonductedand lessons

have accumulated.

The global experience with commercial AD of MSMdsalso reviewed. The industry continues
to evolve rapidlyThe followingdiscussiorattempts to objectively and thoroughly desctite
progression andurrent state of commercial AD of MS\8everal previous discussions with the

same goalvere consulted during the review process.

Demonstration Plants and Proposed Commerdiagesters in the LS.

In the 1930s, Harold Babbitt and his team of researchéhng atniversity of lllinois investigated
AD of garbage and sewage sludge. Babbitt postulated that garbage may one day be dumped

directly into the sewer system, i.eia in-sink garbage disposal un[89], and in a forward

looking study ran numerowsnall and large scatests on batch and continuous digesters at the
lllinois Engineering Experiment Statigi0]. Table5s u mmar i zes

Table 5. Summary of 1936 University of lllinois garbage digestion research [70].

Babbittods

Experimental Design

Purpose

Findings

Bench scale batch

Determine optimal ratio of
garbage to sewage sludge

At least 10% sludge required for
seed

Batch quickly acidifies

Standard Imhoff
digester

Evaluate material handling and
gas production of typical sewage
sludge digester

Compare solid and ground
garbage

Material handling problems with
solid garbage

Biological problems with ground
garbage

Medium scale two-
stage anaerobic
digester

Evaluate anaerobic digestion of
garbage/sludge mixtures

Can digest garbage
High biogas yields
Requires temperature control

Small continuous
stirred-tank digester

Measure BOD load of effluent

Evaluate effect of garbage
elutriation during sewer transport

Calculate scale up digester size

Digester effluent will not overly
stress treatment plant

Elutriation increases specific
BOD and reduces gas
production, but does not affect
overall digestion or methane
content

Large continuous
stirred-tank digesters

Study effect of adding chemicals
to control pH

Lime works better than sodium
hydroxide for correcting pH

Bench scale batch

Study
garbage

digestion

Lumps of garbage cause sudden
pH drops upon disintegration

Batch digesters can over time
recover from acidification
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Experimental Design Purpose Findings

Bench scale batch Study AD of pure food Cellulose exhibited a longer lag
substances phase than other substances

Compare AD of sugar, starch, oil, | Sugar and starch are similar and
cellulose, and protein easily inhibited by acidification

Oil causes scum buildup that
slows digestion

Protein is inhibited independent
of pH (probably by ammonia)

Testing began with 1.5 L (0.4 gal) batches to determine the optimal ratio of ground garbage to
sewage sludge. They then loaded an 8.2 m (27 ft)diiglte stage digester with solid and ground
garbage. The solid garbage caused clogging problems, formed a scum layer, and bypassed the
chamber completely. Ground garbage caused rapid pH drops, and it was decided that fresh
garbage should be pmixed withdigester liquid in a dosing tank. Subsequently they built a two
stage digester in which the 418 (1,290 galfirst stage was integrated into the 18.3(%770

gal) second stage (sEegyure26). Temperature was held at-3B3 °C(88-92 °F). With an OLR of
0.2-1.0 kg VS/n¥/d (0.0020.008lbs VS/gal/d) and HRT of 30 days they were able to sustain
digestion with gas yields of 0&75 ni/kg VS (812 scf/lb VS) Theyfound that gas production
changed as solids moved from the firstite second stage by gravity ahdtoil and grease

floated.

They then ran experiments that determined that adding 0.68 {@rtons/million gal) garbage

to the sewers would at most double the BOD load after the garbage had been eluted during
transporation in the sewer mains. Based on these results, it was calculated that 80.6 L/person
(21.3 gal/person) of digester would be required, assuming a disposal rate of 0.10 kg VS/person/d
(0.23 Ib VS/person/day). Because their early attempts to digest gaesadfed in souring and

material handling difficulties, they also studied pH control and looked more carefully at how
lumped garbage breaks down. They found that garbage had to be ground in order to be digested.
They also studied digestion of sugar, stapbtein, and oil separately at a range of OLR, thereby
demonstrating how these different foodwaste components are inhibited differently.
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Figure 26. Experimental two-stage garbage digester
Developed at the University of lllinois in 1936 [70].

In the ©70s a pilot MSW digestion facility was built in Pompano Be&td, which became
known as th&kefuseConverted taMethane (RefCoM) projecf71]. The National Science
Foundaion andDepartment of Energfunded the projecfThe Gas Research Institutenducted
the projectand Waste Managnent, Inc. was contracted to build tligestionsysten([71-74].

The digester was single-stage low-solids completemix reactor with mechanical mixing and no
heating. An auger was used to feed the mechanically separated MSW into the tank. The 30,000
MT/y (33,000 tons/y) plant included a material procesfaedity for milling and screening the
waste, followed by density separation in a hydrocyclone. Noedigestion processing was
incorporated.

This pilot project operated for ten years before being shut down and discontinued due to poor
performancd75]. Themost significanproblems acountered involved the material handling
equipment. The shredders and screw presses frequently became clogged. Large textiles and
plastic material caused the formation of heavy balls that either clogged the feeding and sorting
mechanisms or placed heawatls on the mechanical mixers in the digester. These difficulties led

to inconsistent feeding, incomplete degradation of larger particles, solids accumulation and low
biogas production (about 0.16 Rikg VS)[75]. The resulting evaluation of the technology was
unfavorable, but many of the problems described above have been addressed to some degree by
systems that evolved in Europe. Nonetheless, there will likely be material handling and
processing difficulties with any system that processes MSW.
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In the 1980s th Gas Technology Institute, University of Floridad Walt Disney World
experimented with a nov-mikedandemlsyedepassiesedtinggn t hat
and flotation (t[76]. cCaklkadr 80k &®kicfethar afitsionlgiod)s, t
system achieved a solids retention time (SRT)waes abouthreetimes longer than theRT

which increased overall solids conversion compared to that of a completBgeste76-78].

The SOLCON work at Walt Disney Worldd to the development afproprietay system for

converting MSW to high purity methane as a natural gas substitute. Thestag#idigester

consisted of a leaching bed followed bina-stageacidogenesis/methanogenesis system in

which air was used to strip G@nd HS from the biogas anti¢ oxygerrich effluent was

recycled back through the digesfé®, 80} The det ails of the systemds
performance data were not published.

In the1980s and early 1990s, researcher David Chynoweth and collaborators at the University of
Florida developed a multitage leachbed anaerobic composting process for anaerobic digestion

of high-solids organic feedstocks. Called Sequential Batch Anaerobip@xiimg (SEBAC),

batches ohigh-solidswastes are digested in sequence using leachate recycled from a batch in a

later stage of decompositip0-63]. Based on experience gained from the SOLCON project, the

SEBAC design was intended to eliminate mixing and minimize handling while maintaining high
conversion rates and system stability. The SEBAC system was similali¢o leigh-solids and

multi-stage design81-85]. Currently, the SEBAC system is being adapted to serve as the
Aprincipal compementatiinvea swilo d wastteen manage men
manned spaceigsions (i.e. manned missions to Mdg&, 87]

In the1990s a pilot twestage digester was tested at the lllinois Institute of Technologgwage
sludge mixed withhe MSW processed by a material recovery facility in Madison, Wisconsin
which consisted of 7percentpaper, foodand garden was{&5]. The digester consisted of an
inclined 76 L (20 gal) first stage followed by a vertical 230 L (60 gal) pabkeldreactor for the
second stagé.he pilot system was operated in various modes at a range of OLR from 2.4 t0 7.5
kg/m?/d (0.020.06 Ibs/gal/d) and HRT from 7 to 13 d, resultingriathane yields 0.1380.222

m3kg VS (2.213.56 scf/lb VS).

According to the McElvaney Associates Corporation weB%ae3,785 (1 million gal)

digester built in Waimanalo, Hawaireating 60,000 MT/y (66,000 tons/y) of cow and chicken
manure begartreating 12,000 MT/y (13,000 tons/y) of food waste and fat in the 1990s. The
systemcalled BioConvertemwas redesigned in the mik®90s and a 660 MT/y (700 ton/y) pilot
system was built in Kihei, Hawaii. The system was continuously fed a mix of foeeh,cand
paper waste from 1998997. The pilot plant ceased operations when the original financing
organization, Sustainable Technologies Inc., changed owners and the new owner refused to
continue financing the plaf®8].

In 2004, the cities of Los Angeles and Lancastatif., approved contracts with BioConverter
LLC to build a 900,000 MT/y (990,000 tons/y) and 66,000 MT/y (73,000 tons/yipnes§the
system, respectivel8]. Construction was slated to be completed by this year (2008)

The original Waimanalo system consisted @b6& n¥ (70,000 gal) equalization tank which

served as a combined sorting/hydrolysis stage from which slurry was pumped into eighit 380 m
(100,000 gal) suspendepiowth reactor$68]. The pumping action helped mix the reactor
contents. Solids were separated and combined withtgramehings and enough liquid effluent to

18 hitp://www.bioconverter.am, accessed on Feb. 12, 2008.
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maintain the proper moisture content in open windrows for composting. The remaining liquid
effluent was held in an open lagoon and used as a liquid fertilizer. Initially, the operators faced
hurdles hauling wet foodaste and educating clients to separate foodwaste from contaminants.

Once the foodwaste collection system was streamlined, legal and regulatory problems began
plaguing the system. Odors from the open lagoon and windrows drew complaints and legal action
from neighbors. New regulations were drafted specific to anaerobic digestion, and several new
permits were required at great cdatconjunction with rising property taxes and a change of
ownership thisultimately resulted in the permanent closure of tlaatpin 199968]. The

redesigned system uses vertical tanks with combined slurry and gas mixing and will incorporate a
membrane filter for recycling the G@hrough the digester and using the methane as a natural gas
substitutg88].

A 30 MTly (33 tonsly) pilot digester was bugit UC Davis in 199By Microgen Corporation of
Ithaca, NY. It was designetb be operated on a synthetic mix of food waste and yard y&ste

89]. The digestewas a corpletemixed, thermophilic, higisolids reactor, consisting of a 2.25

m? (594 gal) tank with mechanical mixing, loaded with4Bkg/n¥/d (0.280.38 Ibs/gal/d) wet
weight or 1014 kg VS/n¥/d (0.080.12 Ibs VS/gal/d). This plant was primarily a researcHifaci
funded by the California Energy Commission and the Prison Industry Authority (PIA) of the
State of California. The authors were able to demonstrate successful continuous operation in a
high-solidssystem producing 0.75%kg VS (12 scf/lb VS) of biogawhen adding manure and
dewatered wastewater sludge. They also found that the MSW they tested lacked key nutrients
needed for sustained biogas production, and these nutrients could be provided by adding both
manure and sludda, 90].

In 1993Folsom Prison installed and began operation of a 33,200 MT/y (36,500 tons/y) MSW
sorting facility with the intention of anaerobically digesting and composting the organic fraction
along with wastewater biosolidi@1]. According to a 1994 BioCycle article, construction of a
3,000 n? (790,000 gal) thermophilic dégter began in June of that year and completion was
scheduled for 199 1]. The biogas was intended to power a fuel cell operated by the
Sacramento Municipdltility District (SMUD).

In 1997, a short BioCycle update claimed that the sorting station was receiving more than 90

MT/d (100 tons/d) mixed solid wastéed composting the yard trimmings and orgaf#2j. The

article reported thahey expectedompletion of the anaerobic digester in 1998, but it did not

elaborate on the reason for the delay. The program faced saneidinand security difficulties,

the former related to the stateds failure to h
manual labor on the sorting lifi@3, 94] No further mention of the digester could be found in the
literature, and in 2004 the MSW sorting program was suspgB8gdrhe digester project was

stalled due to administrative problems rather than any shortcoming in the digestearitbétife

Sacramento Municipal Utility District has begun looking for partners to contiriEolson

Prison AD projec{personal communication, Marco Lemes)

UC Davis researchers continued testing newer and larger digester designs throughout the 1990s
until building the 5,000 MT/y (55,000 tonsly) pilahaerobicPhasedsolids (APS) digester
systembeginning in 2004 witliunding provided by th€alifornia Energy Commission and
privateindustry[65, 66, 96, 97]The APS system was officially launched in October 2006 when
testing began. A feasibility study for the construction of a full scale 11,000 MT/y (12,000 tonsly)
APS digester for the treatment of OFMSW at Califoi@tiate UniversityChannel Islands was

also conducted, but the authors of the feasibility study concluded that the project should be
postponed until the technology had been proven at the pilot[SCle
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The National Renewable Energy Laboratory (NREL) also tested asblgls, thermophilic
digester design in the late 1980s and 1998s102]. NREL designed a tubular pld#tpw digester
similar to thehigh-solidssystems currently popular in Europe but with mechanical mixing via
slowly rotating blades (1 rpm). A screw augur was deetbading the feed which consisted of a
mixture of OFMSW, industrial food processing wasted sewage sludge.

In 1996 construction began on a pilot 1,000 MT/y (1,100 tons/y) plant in St&#bin[102].

The system was initially designed to traahfwaste and MSW in American Samoa, but was
ultimately sited near a fish processor in Southern California after reviewing the cost of
transporting the system. Several organizations and private contractors coordinated on various
phases of the project, ingling a thorough safety review, permitting, construction, testing, and
startup. Operation was delayed due to mechanical and biological difficulties. After refining the
initial design, adding an automated control system, and waiting for the thermopbildial

culture to acclimate and stabilize, the plant began operating at the beginning of 1998. Within
three months, however, operations ceased due to funding issues.

A number of problems delayed operation of the system at Stanton, primarily relateghtp mi

and temperature contrfl02]. The mechanical mixers which worked well at the lab scale needed
substantial relesign at the pilot scale. The solids content also had to be reduced by diluting with
water. This led to leakage problems, difficulties ngang the increased amount of effluent, and
diminishedOLR due to the need to maintain an HRT of at least 14, @dlysf which reduced the
conversion efficiency. In their laboratory studil&REL found that feed TS content needed to be
maintained at >5percent The effect of the mechanical problems was exacerbated by
administrative difficulties in coordinating between vendors, contractors, and sponsor
organizations. Involving too many institutions inhibited management of the project.

There were a number bfological problems as well. The initial seed bacteria lost viability while

the mechanical problems were being fixed. This slowed the shift from mesophilic to thermophilic
temperature. The low OLR and HRT caused by dilution of the feed also reducedithefabe

bacteria to metabolize organic matter. Another unanticipated problem at the pilot scale was
ammonia buileup. In lab tests, the system handled ammonia concentrations as high as 5000 parts
per million (ppm), but the pilot system maxed out 000 ppm which inhibited the bacterial
consortium. To solve the problem, the carbon to nitrogen ratio (C/N) of the feedstock was
increased by adding waste paper and cardboard. This reduced ammonia levels to 1000 ppm and
biological activity resumed.

Despie thesgroblems the system was successfully operated for several months during which
OLR was raised from 5 to 14 kg VSt (0.04 to 0.12 Ibs VS/gal/d). During this period methane
yield ranged fron®.249-0.348 n¥/kg VS (399-5.57 scf/lb VS). The VS reduoin was above 80
percentat most OLR. Methane content averageg&itentand the system proved to be resilient
at a wide range of OLR. Odors were also kept low and the automated control system worked
well.

In 2001, city planners in Nashvill&enresseerejected a proposal from Waste Recovery

Systems, owners of the Valorga procésduild an integrated garbage disposal system with AD

for electricity production. The size of the system was not mentioned, but developers ¢hgitned

it would provide twethirds of the energy produced by the solid waste combustion plant operating

at the time. The plant would have cost $50 million and was prepared to charge the city $30 per

MT ($27 per ton) of garbage treatedand The propo
di sposal 0 plan which would {l@3ansport the garba
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A 2004 feasibility study by the consulting agency RW Beck concluded that the installation of an
amaerobic digester to treat solid waste in Linn County, lameald be financially viabl§€104]. In

a report to the lowa Department of Natural Resources, thestion Solid Waste Agency (with

RW Beck) reviewed solid waste AD technologies in Europe, collecting survey data on the
performance of the systems in order to model the financial performance of a 60,000 MT/y
(66,000 tons/y) and a 30,000 MT/y (33,000 tonplgnt. They found that the larger plant would
be the most financially viable and would produce 1 MW of electricity. Siting and permitting
issues were seen as the primary inhibiting factbine report noted that federal progranese
notlikely to fund theproject and the project managers would need to arrange financing before
pursuing the project. This maydicatea common roadblock facing new waste treatment
technologieswhich must be approved by planning commissions charged with mitigating public
financial risk.

In 2005, the Sacramento Municigdlility District investigated the feasibility of converting

garden waste from Sacramento and the surrounding areas to energy u$irfitpADhe

feasibility study found that potentially 236,000 MT (260,000 tons) of garden waste were available
for conversion. The study screentglcommercially available digesters, including two American
systems, and chose tkempogas, Dranco, Valorga and Linde KCA digesbarsed on the track
record of the technologies and manufacturers. Cost estimates for #65[00®1,000 MT/y, and
180,000 MT/y (50,000 ton/y, 100,000 ton/y, and 200,000 ton/y) wet and dry digesters were
comparedand theyconcluded that the digester should bdamated with a landfill, composter, or
material recovery facility (MRF) to reduceste and simplify permitting. The study also noted

that including foodwaste with the garden waste would increadsdpas production.

International Commercial Developments in AD of MSW
Europe

Anaerobic digestion and aerobic composting of kitchen, foodgssor, and garden wastes is

well established in Europe. This result is largely due to waste and energy policies in Europe (e.g.,
The Landfill Directive). By the end of 2006, there were some 124 anaerobic digester plants with
capacity greater than 3,000M¥ (3,300 tonsl/y) treating feedstock composed of at least 10
percentMSW. The combined capacity was 3.9 million MT/y (4.3 million ton§2g). ° This is

twice the number of plants and four times the capacity that existed ifZ®08] The recent

trend has been toward larger digesters (see Average Plant Cap&aifyrin27. Average

digester size declined between 1990 and 1995 as developers were faced with problems in scaling
up what wee previously only laband pilotscale systems. As technologies advanced and
experience accumulated in managing larger systémmsaverage digester size increased from

1995 to 2004. The average size of the 52 plants installed petiea from2001-2005was

43,000 MT/y[29].

19 This excludes thousaaaf manure and sludge digerst that cadigest snaller amounts of food and
household wastes or energy crops (there are about 330®#med biogas production plants in
Germany).
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Figure 27. Solid waste anaerobic digester capacity in Europe
Figures are provided in Sl (top) and English (bottom) units. Annual installed capacity for 1990
includes all years prior to 1990; all other years include only new installations. Average plant
capacity provides an indication of the number of plants in operation [29].

Despite the increased use of Adbout 3percentof biodegradable solid waste in Europe is

treated anaerobically. Aerobic composting remains the primary means of OFMSW biological
treatment in Europe (treating aboup&rcentof household organic wastd2p, 48] Spain,

Belgium, Holland, Switzerland and Germany had the largest per capita AD capacities as of 2006.
It was estimated that Spain treated aboupdi@entof its organic waste using anaerobic digesters
(seeFigure28) [29]. A number of companies design and build anaerobic digesters for the
European market (sdablel). The International Energy Agency arfieCalifornia Integrated
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Waste Management Board maintain databases of firms active in processing MSW with anaerobic
digestion technologs?
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Figure 28. Anaerobic digester capacity by country
Amounts are based on an assumed organic waste production of 300 kg/person/y
(331 Ibs/personly) [29].

Canada

There has been interest in recent years in biological treatment of MSW in Canada due primarily
to new waste management plans in Montreal and TofdB8t 106109]. Montreal has put into

place a plan to recyclégpercentof the current 5.8 million MT/y (6.4 million tons/y) MSW

going to landfill[109]. This will mean composting 167,000 MT/y (184,000 tons/y) of OFMSW
and 270,000 MT/y (297,000 MT/y) of yévaste. As a result, the literature reptintt several

new digestersverebuilt in thepast10 years.

Near Toronto, Ontaria full-scale demonstration of a novel 25,000 MT/y (27,500 tons/y two
stage plant known as the SUBBOR proéedssignedo prodice a highquality pead wasbuilt

in 2000[43]. In 2002, the city of Guelph withdrew funding from the project and bedavadved

in a legal battle with the SUBBOR Corporation that had not been settled as of the time of this
publication[53].

Two plants based on the BTA modal 25,000 MT/y (27,500 tons/y) plant in Toronto and a
150,000 MT/y (165,000 tonsl/y) plant in Newmarket, Ontaniere opeating in Canada as of
2004[110]. That year the larger of thevd was acquired by Halton Recycling Ltd., ansite
composting operation was built, and throughput was reduced to 300000 MT/y (33,000
44,000 tons/y)111, 112] Wright Environmental Management is a company based in Ontario
that has built irvesseltunnel composting systems in Scotland, England and fRediounting
to over 70,000 MT/y (77,000 tons/y) of MSW treatment cap4tiQ].

20 Databases of AD valors were found dittp://www.ieabiogas.net/plantlistlist.htm
http://www.ciwmb.ca.gov/organics/conversion/Vendors/

—
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Australia

In Australia, the New South Wales government and Sydney city planners established landfill
reduction policies in 2000 that led to the installation of a 170,000 MT/y,@@87ons/y) ISKA
Percolation AD facility in 2003 with 2.2 MW of electrical generating capdtitp, 113]

According to the company website, the plaaganoperations in 2004 and was expanded in 2006
to accept 225,000 MT/y (248,000 tons/y) of unsorted ¥agie35,000 MT/y (38,500 tons/y) et
digestion facility built with BTA components also began digesting commercial waste and
wastewater treatment sludge in Parramatta/Sydney in 2668rding to the BTArechnologies
websité? ArrowBio also recently buila 90,000 MT/y (99,000 tonsly) twstage wet digester in
Sydney as part of the South West Sydney Council Resource Recovery?Project

Japan

CiTec has built four Waasa anaerobic digester systems in Tokyo, Ikoma, Shimoina, and Jouetsu
which together treat over 20,000 MT/y (22,000 tons/y) of @M¥land dewatered wastewater
sludge[110]. Kompogas also built 20,000 MT/y (22,000 tons/y) plant in Kyoto in 20(&e

Table4).

Others

Valorga installed a 90,000 MT/y (99,000 tons/y) facility in Tahiti and was reported to be planning
installation of a 55,000 MT/y (60,500 tons/y) plant idiln but the latter project has not been
confirmed[110].

An Israelienvironmental services firm called Arrow Ecology has patented a novel MSW
separation process coupled with a 4stage digester called ArrowBiahich Santa Barbara and
Coachella Valley in California were considering adopting in the early 1396% Arrow

Ecology installed an 80,000 MT/y (88,000 tons/y) version of the facility in Tel Aviv in 2002 that
produces B MW of electricity[110]. ArrowBio systems have also been scheduled to be built in
Australia, Mexico, and Scotland.

Kompogas installed a 20,000 MT/y (2@@tons/y) facility in Martinique in 206%

EcoTecof Finland was reported to be planning installation of a 55,000 MT/y plant in India based
on the WABIO design, but the project has not been confifii&a.

Entec Biogas GmbH of Austria reported that they were planning to build a 150,000 MT/y
(165,000 tons/y) BIMA wyester with 5 MW electrical capacity to treat MSW from Lucknow,
India?®.

211SKA Percdation company websitéduttp://www.iskagmbh.de/en/index.ph@ccessed on Feb. 12,

22 BTA-Technologies websitétttp://btainternational.de/accessed on Feh3, 2008.

23 ArrowBio website:http://arrowbio.com/accessed on Feb. 13, 2008.

24 Kompogas website: httpaivw.kompogas.comaccessed on Feb. 13, 2008.

25 Entec Biogas GmbH websitettp://www.enteebiogas.at/en/index.htmaccessed on Feb. 13, 2008.

Contract@ Report to the Board 48


http://www.iska-gmbh.de/en/index.php
http://bta-international.de/
http://arrowbio.com/
http://www.kompogas.com/
http://www.entec-biogas.at/en/index.html

Two new Valorga digesters are being built in China, a 200MD'y (290,000 tons/y) plant in
Shanghai and a 105,000 MT/y (115,000 tons/y) plant in Béfjinglia and China have an
extensive history of digesting rural farm and household wessitgy low tech AD systems. It
would not be surprising to sesore AD of MSW facilities appearing there in the future as the
countries develop their infrastructures.

26 Valorga International websitéttp://www.valorgainternational.fr/erdge8.xm| accessed on Feb. 13,
2008.

—
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Digester Performance

Biogas Yield

Digester performance depends greatly on reactor configuration and OFMSW/[4ddic&lany
reports in the literature indicate performance of MSésdtiers in terms of biogas yield per wet
weight of MSW treated (g€lable6). Full scale plants typically achieve biogas yield® .40
0.15 n¥/wetkg (1.6 to 2.4scf/wetlb). However, comparisons of systems basedield per wet
weight MSW assume consistency of MSW and biogas compaditiogas can contain from 50
70 percentmethane by volume, too wide a range for accurately estimating energy potential.
Methane yield is more useful than biogas yield but reqaicesrate C@or CH, detectors or
expensive lab tests (i.e. gas chromatography). Also MSW can vary widely in MC and
digestibility, based largely on the amount of paper, grass, wood, and other lignocellulosic
material contained.

Therefore the scientific Brature typically reports yield in terms of methane yield per dry weight
of volatile solids. This assumes that volatility is a proxy for biodegradability, but lignocellulosic
material tends to be less biodegradable than other volatile compounds. A tostyeop
biodegradability is théive-day biological oxygen demand (BG&), but the standard method for
measuring the BOB content of a feedstock takes too long to be used for measuring the ongoing
biogas yield of a digester, thus it is rarely reportetthénliterature. Therefore, when comparing
systems treating different MSW stregrose must be careful to take note of compositional
differencesThe published biogas yields of some full scale digesters are shown in Table 6.

Table 6. Published biogas yields for full-scale digesters treating a variety of wet OFMSW
types (per wet weight of feedstock)

Average Biogas Yield
Reference Plant Location (m3/kg) (scf/lb)

[114] Valorga France 0.144 2.31
Netherlands | 0.093 1.49

Germany 0.127 2.04

[41] Valorga Italy 0.180 2.89
Italy 0.06 0.96

France 0.145 2.32

Netherlands | 0.092 1.48

Germany 0.126 2.02

Dranco Germany 0.147 2.36

Belgium 0.103 1.65

Austria 0.135 2.16

[31] BTA (wet process) | Germany 0.092 1.48
[104] Kompogas Switzerland | 0.09 1.40
ISKA Germany 0.04 0.64

Overall Average 0.112 1.80
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In addition, biogas yieldags nothing about the rate of methane production. Reactor efficiency is
more important than overall yield for determining financial performance of a system. The overall
biogas production ratend the MSW throughput rate, or organic loading r&te jmporant
determinants o systend sefficiency. For comparing system efficiencies, compositional

feedstock differences are important.

The maximum achievable OLR, however, is highly dependent on reactor configuration. High
temperature reactors are commonly nefé to as highrate reactors because of the increased

reaction rateTwo-stagereactor configurations were developed in order to increase the achievable
OLR. Increasing the OLR often leads to disproportionate increases in organic acid production due
to biological growth rate and pH tolerance differences between acid producing and acid
consuming microbes. An upper limit on OLR seems to exist at around 15 kg {0SI&6 Ibs

VS/gal), but the achievable OLR can be greatly affected by the overall digestibtliy waste.

The biogas or methane production rate in itself is not very useful because it depends on the
loading rate, but by combining the OLR and biogas yield the reactor efficiency can be determined
in terms of biogas productioateper unit of reator volume.

Comparing the performance of industrial scale OFMSW digesters treating different waste streams
is difficult, especiallysince companies terd protect performance data. Generalizations have

been attempted in the literature, such as those shokigure29 which shows the average

biogas yield at a given OLR for a large number of lab, pilot, and full scale sfligs

The efficiencyof a digester in terms of gas production per unit digester volume can be calculated
by multiplying the OLR by the biogas yield. Hence it can be seen that even though wet digestion
of SSOFMSW at 55°C (130°F) achieved a biogas yield of about &&vsS (12.8 scf/lb VS),

the OLR was only 2 kg VS/d (0.02 Ibs VS/gal/d) and th®ogas production rateas only 1.6
m3m?3/d (0.21 scf/gal/d). For comparison, the mesophilic digestion of food waste resulted in
much lower biogas yields of 0.45 and 0.3kg VS (72 and 4.8 scf/lb VS), but at OLR of 6 and

9 kg VS/ni/d (0.05 and 0.075 Ibs VS/gal/d) the biogasduction ratevas 2.7 rfm®d (0.36

scf/gal/d) which is 7@ercenthigher. Based on this analysis, dry digestiofikitthen waste +

paped had the highest bgas yield per unit reactor volume closely followed by dry thermophilic
digestion of OFMSW from a pilot scale study using simulated OFMSW composed of paper, yard
and food waste. Most of the reactors studied exhibited bjorgasiction rates the range ol.5

3.5 m¥/m¥/d (0.2060.47 scf/gal/d). All of the digesters studied thadduced mor¢han 3.0

m3/m®/d (0.4 scf/gal/d) biogas were thermophilic. Although many of the data used for the
Hartmann and Ahring revieyit 15] came from laboratory experiments, it gives an indication of

the range of performances to be expected frorrstidle systems.
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Figure 29. Biogas yield as a function of organic loading rate

Amounts are for lab, pilot, and full scale OFMSW digesters in metric and standard units [115].

It can be seefrom Table %that for singlestage digesters, HRT ranges frorB®@days, with the

Biogas Production Rate =
1.5 m3/m3/d
Biogas Production Rate =
3.5 m3/m3/d

average for thermophilic reactors beingp@scenthat of mesophilic digesters (& vs. 1525

days)[26]. No clear difference exists between wet and dry digesters in terms of HRfig but

obtainable OLR is about three times higher for dry digesters and two times higher for
thermophilic digesters. The achievable OLR$&OFMSW is about 6percenthat ofMS-
OFMSW, which is to be expected since the higher digestibility eDEBISW lead to greater

acidification of the digester.

—
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Table 7. Reactor conditions typical of single-stage OFMSW digesters.

Temp
Mesophilic

Substrate

TS

Thermophilic

MS
Dry 17.0
Semi-Dry 15.0
Wet 14.0
SC 14.5
Dry 17.0
Semi-Dry 12.0
SS
Dry 17.0
Wet 14.0

24.9
26.7
30.0
20.0
30.0

19.5
25.0
14.0

25.0
30.0

Min HRT Max HRT| Min OLR Max OLR

4.0
3.0

15.5 27.5 2.5 5.0
4.0

1.0

6.0
4.0

6.0
4.0

MS . .
Dry 12.0 20.0 9.0 15.0
Semi-Dry 6.0 15.0 6.0 20.0
SC 12.0 16.0 6.0 9.0
iDry 12.0 16.0 6.0 9.0
SS 12.0 15.0 6.0 9.0
iDry 12.0 16.0 4.0 6.0
iSemi-Dry 12.0 14.0 8.0 12.0
Grand Total 13.3 21.3 5.0 8.6

MS = mechanically sorted

SC = food service industry source separated
SS =residential source separated
HRT = hydraulic retention time (d)
OLR = organic loading rate (kg VS L-1 d-1).
Adapted from Cecchi et al [26]

One fulkscale wetligestelin the literature was reported to reach QGld@mparable to those
typical of high-solidsdry systems[B1]). Thedigestemwasdesignedo accomodat8,000 MT/y
(8,800tonsk) but was initially accepting,200 MT/y (8,00Qonsk). After a studydemonstrated
that a labscale digester could sust&.R as high as 15 kg CODA (0.125 Ibs COD/gal/d)

d i g erata veas iGceeaseéddcald, 000 MT/y (13,000 tondle lab study
initiatedthe digester an HRT of 20 dayandreducedhe HRTto 5.7 days in 5 steps (AB-10-
8-7-5.7) of roughly 1820 days each. Whenever HRT was reduced, OLR was increased by
adjustingthe amount of extra water added to the féechaximum OLR of1l5 kgCOD/m/d

(0.125 Ibs/galwas sustained in the lab for 45 days with consistent biogas productior66f 50
L/d (1.8-2.1 scf/d) In addition to biogas production, VFA, VS reduction, and pHeamonitored
to ensure that digestion was stal@#€@D reduction and biogas yield both increased linearly with
OLR at the lab scale

the fulls ¢ a |

Upon successful completion of the lab study, loadingabtiee operatingfull scale digester was
increased from 8 to 15gkCOD/n¥/d (0.0670.125 Ibs COD/gal/d$tepwise over two months.
The digestewasrun forfive months at 15 k€ OD/m¥/d (0.125 lbs COD/gal/dyvith an average

—
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biogasproduction ratef 4.5 n¥/md (0.6 scf/gal/d) The studydemonstratethata low-solids
system could be loaded at higher Otlan typical for such systems, although these results may
not necessarily generalize to other systems. More importarglgtuty showed that if the same
feedstock and reactor conditions are used in the lab and atdld| ghe lab results can be used to
reliably predict the fullscale system performance.

Life Cycle Analysis

Anaerobic digesterareenvironmentally friendlyout often cost more than alternative treatment
technologiesHowever, wise management decisioketavholesystem evaluations of technology
options into account. The standard method for performing such analyses is ¢heldife
assessmerft CA) methodology outlined in ISO 14040 of the International Standards
Organization.

The LCA methodology begins thi defining the scope and boundaries of the system under
consideration followed by an inventory analysis and impact assessment. The outcome of an LCA
is specific to the system under consideration, but if many analyses have similar outcomes
generalizationsan be made with caution. Decision models have been developed based on LCA
results for making solid waste management decigibi®]. A thorough analysis of these

modeling efforts is beyahthe scope of this report but should be taken into consideration by

policy makers and solid waste management developers. Here, a brief review of some of the LCA
findings for AD and other OFMSW treatment technologggsrovided.

Several authors have invgmted the overall environmental and economic impacts of anaerobic
digestion using the LCA methodolof®0, 30, 117, 118JAll of the studies found tha&D
produced less air and water pollution tharohgr compostingr landfilling of OFMSW.

A Canadian LCA compared AD, open windrow composting, and landfilling of MSW where
landfills with and without energy production were inclug&t8]. The report found thakD
produced less air and water pollution than any of the other techno(sg&dsable8). The study
also found that over the life of the proje&D had a positive net energy batanwhile the other
technologied including landfilling with gas collectiod consumednet energy.

However, the study did not seem to account for the embodied energy of construction or
transportation. For example, additional transportation would be rédoiran AD facility

located at a centralized site some distance from the landfill. A deattdigester, however,

would serve multiple landfills. The costs and benefits of centralized OFMSW treatment would
have to be evaluated for the entire region.

The model also assumed that excess electricity could be sold to the local power grid. The study
did include emissions from pedigestiontreatmenbf residualsand the reductions in emissions
due to AD were high (s€kable8). Interestigly, open windrow compostingdgo an increase in

air and water pollution for most pollutants as compared with landfilling. This would most likely
change if invessel composting were considered.

Table 8. Comparison of the energy use and emissions from anaerobic digestion (AD),
open windrow composting (WC), and landfilling without energy recovery (LF)

(All emissions are air emissions with the exception of lead, which is a water pollutant.) Adapted from
Haight [118].

Metric Units Standard Units
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AD vs. AD vs. WC vs. ADvs. LF AD vs. WC vs.
LF wcC LF wcC LF

Energy Consumption (GJ/y -400,000 | -430,370 | +32,228 | -380,000 -407,910 | +30,546
and mmBTUly)
GHG Emissions -121,908 | -84,795 +38,170 -134,379 -93,470 42,075
(MT/y and tons/y CO: eq.)
NOx (MT/y and tonsly) -48.8 -50.3 +1.5 -53.8 -55.4 +1.7
SOx (MT/y and tonsl/y) -68.4 -74.6 +6.21 -75.4 -82.2 +6.83
PM-10 (MT/y and tonsly) -58.4 -50.8 -7.6 -64.4 -56.0 -84
VOC (MT/y and tonsly) -8.6 -3.8 -4.7 -9.5 -4.2 -5.2
Lead (kg/y and Ibs/y) -88.3 -93 +4.72 -194.7 -205.0 +10.4

Conversely, a Swiss LCéomparing AD with aerobic composting and incineratiewealed that
greenhouse gas (GHG) essions were similar fahe biological processes, includitigee
differentAD configurations and enclosed and open aerobic compd&dpgrhe geenhouse
gasegonsideredncluded methane, carbon dioxide, ammonia, nitrous oxide, and hydrogen
sulfide. The authors noted that methane emissions were higher than expected for all of the
technologies. This was attributed to pdiajestion processinfor AD and insufficient aeration for
aerobiccomposing (open windrow composting was found to produce less methane than enclosed
composters)which points to the need for careful handling of pdigiestion solids in order to

avoid emissionsTheoverallenvironmental impadnalysis includegmissiongue tothe

treatment procesand land application of the resulting comipas well as energy consumption

The anaerobic technologiesvaluategperformed better overall than incineration and composting
on a vhole-system basis, but open composting performed better than incineration and enclosed
composting (se€igure30). The enhanced performance of KEmpogassystem was most likely
due to the filtration of the posteatment gas

Contract@ Report to the Board 55



= Enclosed Composting
= Open Windrow Composting

= Dry Digestion + Enclosed
Composting
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Composting
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Composting & Biofilter

H Incineration + Gas Scrubbin

Contribution to Greenhouse Effec  Overal Environmental Impac

Figure 30. Greenhouse effect contribution and overall environmental impact of 10,000
MT/y (11,000 tons/y) biogenic waste treatment.
Lower bars indicate less impact. Scores scaled to percent of maximum. Adapted from Edelmann [20].

In Germanywhere air and water emissions are strictly controlled, biofilters are widely used to
scrub the exhaust from ttocompost and AD with posteatment aeratiof80]. Air emissions

from composting were found to be higher than they are from AD of MSW, butatstewater
produced was seen as problematic in the study by Frickg3£]. A Swedish study also found

that AD was preferable to composting (the authors did not specify the mode of composting or the
basis of their calculations) based on environmental impact and energy consytription

A Turkish study compared five waste treatment scenarios applicable to the mgof which
incorporated A[J119]. The remaining scenarios involved a variety of material recovery facilities
and source separation of organics for home compotihigh was considered outside the system
boundaries for the analy$idn this studythe need for transporting waste from collection sites to

the appropriate treatment facility greatly influenced the energy consumption and emissions of the
scenario. Thisalong with the additional sorting required for Ad to increased energy

consumption for the AD scenario. Howeue global warming potential of the AD scenario was
almost half that of the other scenarios.

AD performs very favorably on a systeside lewvel when environmental burden and reduction in
energy consumption are the primary considerations. A thorough environmental impact
assessment of a MSW treatment configuration that incorpok&tesust take into account the
emissions during postigestion tratment, the need for additional transportatioaterial

handling and processing equipment, and the need for further treatment of any wastewater

produced.
Economics
When considering AD of MSW as a waste treatment option, one of the primary concerns of
innest ors, waste treatment managers, and the pukt

—
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Although any individual anaerobic digester must be considered based on its owmvimehit
may be quite different from other AD projects, a literature review waduwsted to provide a
starting point for discussing AD and what has made it feasible where projects have been

undertaken.

Several difficulties severely constrain the discussion of the cost of AD:

1. Lack of real cost information

The capital, operating costmnd revenues for mo8D projects have not been made public.

Furthermorebecause of the relatively young age of the technology, many AD systems have been

built in stages and rdesigned along the way so that the overall cost may not reflect the cost of
installing a tried and tested syste@usts may be expected to decline as technologies mature.
Also, many of theanalyzedsystems were built and operated in foreign countries. Labor, land,
transportation, taxes, and administrative expenses could affectittestsntly than in the |5.

This leads to large uncertainties in the real costs for American OFMSW treatment projects

2. Dynamic market fluctuations across time and geography

When AD costs are availablepnverting between currenciesi®recomplicatedhan simply
adjusting prices using the market exchange Mfleen comparing gross national products (GDP)
of different countries, economists prefer to use purchasing power parity (PPP) over currency
exchange rates due to differences in labor, infrastruaacecommodity prices. The PPP

adjust ment met hodol

0gy

depends

on

comparing

represent a broad range of sectors. Usingd&iplsted dollars instead of exchange rates to report
prices of goods and services is a engalistic representation of what the same goods and
services would cost in the.8. While this works well for GDP, it can be problematic for

comparing costs of specific industries which may be insulated from certain price differences and

more sensitivea others. Furthermore, the PPP adjustment can change over time at a rate different

from inflation. Furthermore, different European countries may have different PPP adjustments
even if they use a common currency such as the Eurd@ &xe9). Also, regional differences
within countiescanobscure the reliability of cost estimat@€aution must be taken when
compaing systems without accounting foegional and tempor&PP differencewithin and

between nations.

Table 9. Purchasing power parity (PPP) adjustment to U.S. dollars for several European

countries

Data from the University of Pennsylvania, September 2006.
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Country 1995 2000 2003
Austria* 13.48 0.96 0.94
Finland* 6.37 1.11 1.11
France* 6.53 0.97 0.96
Germany* 2.03 1.00 0.97
Greece* 225.81 270.24 0.82
Italy* 1614.43 0.90 0.91
Netherlands* 2.12 1.00 1.04
Spain* 122.00 0.79 0.82
Sweden 9.76 9.90 9.98
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Country 1995 2000 2003

Switzerland 2.07 2.01 1.92
United Kingdom 0.64 0.66 0.66
United States 1.00 1.00 1.00
Average Euro NA 0.96 0.95

* Adopted the Euro as currency by 2003.

3. Inconsistency in system boundary definition

When @omparing AD systes) costs only maksense if the same process steps are included.
When interpreting economic studies of AD one must consitiahnof the following cost items
are included in the analysis:
1 Predevelopment costs

- Sitingand permitting

- Landacquisition

- Environmental impact assessment

- Engineering planning and design

- Hydrogeological investigation
1 Construction costs

- Infrastructure (acas roads, piping, utifitconnectiors)

- Cleaning and excavation

- Buildings and construction

- Equipment (tanks, machinery, electronics)

- Labor
9 Operating costs

- Maintenance fees

- Labor

- Materials

- Water and energy

- Supervision and training

- Insurance

- Overheads

- Wastewder disposal

- Solid residuals disposal

- Regulatory fees
Digesters can be incorporated into existing waste treatment facilities or they may be operated as

standalone units. This can affect ongoing expenses as well as the need for capital. For example,
materal handling equipmenland, and transportation equipmaeatta landfill could be shared
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with the digester. A composting operation that installs a digester would not need to build
additional aeration beds.

The problems that arise in defining which costs mvenues to include in a financial analysis

become especially apparent when comparing AD with other waste treatment technologies.
Digesters are commonly compared with landfills, but AD is a wast&gament process,

whereas landfilling is a waste digab option. Only a portion of the typical MSW stream is

suitable for AD, and the remaining portion must be disposed of in some other way, such as at a
landfill or an incineration facility. A proper economic evaluation of an AD system would assign
economicvalues to the landfill space reduction, energy and other revenues, and environmental
protections provided by the system and then compare this against the cost of building and running
the system.

In one such studfrom Australia the environmental benefgsaciated with AD was given a value
of $4.3/dry MT §3.9/dryton) in 2007 dollarg120]. With the price of electricity at 0.034 $/kWh,
the overall benefits provided by the system only amount&ad3airy MT ($21/drytonsg for a
91,250 wet MT/y (100,600 weonsk) AD facility. The amortized capital cost for the system was
estimated a$60/dry MT $54/drytong while the operating and maintenance costs were
estimated a$69/dry MT $63/drytons.

Cleaty, under these assumptions the costs heavily outweighed the benefits. However, the current
price of electricity is about twice what it was in 1997 (aftdjusting forinflation) and the value

of environmental protection is likely to be much higher as. Wwéle study also analyzedandfill
bioreactor installation using the same methodology and found that the costs and benefits were
close to equal.

Costs

Despite the difficulties with estimating the cost of operating a digester for conversion of MSW to
enggy, several studies have attempted to do so and these can provide a starting point for
predicting the economic feasibility of an AD of MSW project in th&.[R3, 107, 126123]. One
comprehensive cost agals extracted cost data on 16 differBt8 W AD facilities from the

literature and adjusted the d&ba consisteny [121]. The capital costs considered included all
predevelopment @ahconstruction costs. Operating costs included labor, maintenance, materials,
testing, insurance, overheads, and training costs, but not the costs of transporting residuals to
disposal sitesr anyrevenuesA second study also published capital and opegatosts for a

handful of European MSW digesters, but did not adjust the cost data for congj$g2dicyhe

capital and operating costs, originally reported in 280®s were converted to 2007 dis

using the averagePPconversion rate for the European countries included in the report (see
Table9). Then the data were multiplied by the consumer price index for 2003 to convert to 2007
dollarg” and the cost curves wereoied (sed-igure31andFigure32).

Although separated by 10 years, the capital cost curves from the two studies were very similar.
Differences could be due in part to differences in the cost itemgligtlin the different studies.
There was an economy of scale of about 0.5 for both studies. The operating cost curves were
different for the two studies; howeyéhe earlier data did not fit the curve watidicating that

27 A consumer price index inflation calculator can be found online through the U.S. Bureau of Labor
Statistics ahttp://data.bls.gov/cégbin/cpicalc.p) accessed Felary 2008.
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they may not include the samestitems.The data that fit the cost curtiadan economy of scale
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Figure 31. Capital cost curves for European MSW digesters
PPP and inflation-adjusted to 2007 dollars [120, 121].
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Figure 32. Operating cost curves for European MSW digesters
Inflation-adjusted to 2007 dollars [120, 121].

In a feaibility report for the scaleip of the APS digester system designed by UC Davis
researchers, the estimated capital cost for a 70,000 MT/y (7&,06) digester proposed for

the CSU Channel Islands campus was $17 mi[B®h. According to the above cost curve, the
predicted cost for such a plant is about $19 millvfeasibility study for asimilarly sized

63,000 MT/y (69,00 tonsly) digester in lowa estimated the capital and operating costs t@be $14.
million and$11.14 per MT ($10.11 per tQnrespectivelyj104]. The study found the project to

be economically marginal and highly dependent on the amdinetad sold.

AlthoughMSW digesters armore expensive than farm and dairy digestmgsicultural waste
doesnot require any sorting equipment or post treatment processing. Most farm digitsegrs
discharge effluento on-farm manure lagoons or diregtand-apply thewastewaterFarm
digesters also do not typically receive tipping fees for treating their waste.

Revenues
Revenues for anaerobic digesters can come from any combination of the following sources:

1 Energy (gas, heat, electricity)
1 Tipping feeqlandfill disposal offset)
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