DRAFT
PROJECT 1.1 – TECHNOLOGY ASSESSMENT FOR BIOMASS POWER
GENERATION – UC DAVIS

TASK 1.1.1 DRAFT FINAL REPORT

SMUD ReGEN PROGRAM, CONTRACT # 500-00-034
October, 2004

UC Davis Project Manager: Rob Williams (530) 752-6623
SMUD Project Manager: Bruce Vincent (916) 732-5397

1

Prepared by;
Robert B. Williams
Department of Biological and Agricultural Engineering
University of California
Davis, CA 95616

Acknowledgments:
The author wishes to acknowledge a contribution by Dara Salour on descriptions of
dairy anaerobic digester systems. The support of the Sacramento Municipal
Utilities District and the California Energy Commission is also gratefully
acknowledged.

i

5/3/2005

Table of Contents
Acknowledgments:............................................................................................................. i
List of Figures.................................................................................................................... v
List of Tables ................................................................................................................... vii
Executive Summary ....................................................................................................... viii
Background ....................................................................................................................... 1
Biomass Power in the US.................................................................................................. 1
California ........................................................................................................................... 1
Biomass Resource assessment for the Sacramento Region ........................................... 5
MSW ............................................................................................................................... 7
Agricultural ................................................................................................................... 14
Cultivation in Region................................................................................................ 14
Crop Residues ........................................................................................................... 14
Field and Seed Crops ............................................................................................ 14
Orchard and Vineyard........................................................................................... 16
Animal Residues (manure) ....................................................................................... 21
Biosolids-Water Treatment Plants ................................................................................ 26
Forest Biomass.............................................................................................................. 28
Resource Summary ....................................................................................................... 30
Conversion of Biomass ................................................................................................... 32
Thermochemical conversion processes include:........................................................... 32
Biochemical conversion processes include:.................................................................. 33
Physicochemical conversion......................................................................................... 34
Advanced Biomass Power Systems................................................................................ 34
Overall electrical efficiency.......................................................................................... 36
Biomass Cofiring with Fossil Fuels ........................................................................... 39
Solid Fuel Cofiring ................................................................................................... 39
Gasified Biomass Cofiring........................................................................................ 39
Natural Gas Cofiring with Biomass.......................................................................... 41
Biomass Integrated Gas turbine Combined Cycle Efforts...................................... 41
Paia, Hawaii .............................................................................................................. 42
Burlington, Vermont ................................................................................................. 42
Granite Falls, Minnesota (MnVAP).......................................................................... 43
Värnamo, Sweden ..................................................................................................... 44
Eggborough, UK (ARBRE) ...................................................................................... 45
Other attempts........................................................................................................... 46
Commercialization of Biomass IGCC .......................................................................... 47
Carbona IGCC .......................................................................................................... 47
FERCO Enterprises................................................................................................... 47
Small Scale and Modular Biomass ................................................................................ 50
DOE Small Modular Biomass – Phase II ..................................................................... 50
Community Power Corporation................................................................................ 50
FlexEnergy................................................................................................................ 52
Sun Power (External Energy) ................................................................................... 53
Stirling Energy Systems, Inc..................................................................................... 53

ii

Table of Contents (Continued)
Carbona ..................................................................................................................... 54
Other Small Biomass Power Systems (US) .................................................................. 54
Altex Technologies ................................................................................................... 55
Omnifuel ................................................................................................................... 56
Small-Medium Scale Gasification for CHP (India and Europe) .................................. 58
India .......................................................................................................................... 58
Ankur Scientific .................................................................................................... 58
Indian Institute of Science, Bangalore .................................................................. 59
Small Biomass CHP in Europe ................................................................................. 62
Güssing, Austria CHP Facility.............................................................................. 62
Fuel cell from biogas demonstration......................................................................... 64
Rice Straw Combustion Systems ................................................................................... 65
Rice Straw in the Sacramento Valley ........................................................................... 65
Straw Fuel Issues .......................................................................................................... 65
Straw Fueled Power Generation in Europe................................................................... 67
Haslev ....................................................................................................................... 67
Slagelse ..................................................................................................................... 68
Rudkøbing................................................................................................................. 68
Masnedø.................................................................................................................... 70
Aabenraa (Ensted EV 3) ........................................................................................... 72
Maabjerg ................................................................................................................... 73
Avedore, Denmark.................................................................................................... 75
Ely (Cambridge), UK and Sangüesa, Spain.............................................................. 76
Grenå and Studstrupværket, Denmark...................................................................... 77
Straw handling and preparation for boiler. ................................................................... 77
Systems for Conversion of MSW................................................................................... 80
MSW Conversion Technology Database...................................................................... 82
Thermochemical MSW conversion systems ............................................................. 86
Hitachi Metals Environmental Systems Company (Yoshii, Japan)..................... 86
Alstom/Ebara (France, Switzerland and Japan) ...................................................... 88
“TwinRec” and “EUP” processes. ........................................................................ 88
Brightstar Environmental (Queensland, Australia)............................................... 91
Eco Waste Solutions (Burlington Ontario) ............................................................. 91
Enerkem, Université de Sherbrooke, and KEMESTRIE INC. (Sherbrooke,
Quebec) ..................................................................................................................... 92
Environmental Waste International (Ajax, Ontario)............................................ 93
Foster Wheeler Energia Oy (Finland).................................................................... 94
Nippon Steel (Tokyo, Japan) ................................................................................... 97
PKA Umwelttecnik (Aalen, Germany) ................................................................... 98
SVZ (Sekundärrohstoff-Verwertungszentrum) Schwarze Pumpe, Germany....... 98
Thermoselect (Locarno, Switzerland) ................................................................... 100
Thide Environmental (Voisins Le Bretonneux, France) ...................................... 101
TPS Termiska Processer AB (Nyköping, Sweden) ............................................. 102
WasteGen UK........................................................................................................ 103

iii

Table of Contents (Continued)
Biochemical MSW Conversion Systems ................................................................. 104
Anaerobic Digestion Overview............................................................................... 104
Anaerobic Digestion Process Description .......................................................... 104
Single-Stage Systems (Low Solids)................................................................... 106
Single-Stage Systems (High Solids) ................................................................... 108
Multi-Stage Systems ........................................................................................... 110
Performance of Some Commercial and Practical Pilot Scale Facilities ............. 111
Status of MSW Anaerobic Digestion in Europe..................................................... 113
Biochemical MSW conversion Facilities and Companies ..................................... 116
Valorga (Montpellier, France) ............................................................................... 116
Wehrle Werk AG (Emmendingen,Germany) ...................................................... 117
Wright Environmental Management (Ontario, Canada) .................................... 117
CiTec (Finland/Sweden)......................................................................................... 118
Linde-KCA-Dresden GmbH (Dresden, Germany) ............................................. 120
Kompogas (Glattbrugg, Switzerland) .................................................................... 122
ISKA (U-plus Umweltservice AG, Ettlingen, Germany)...................................... 123
Eco Tec (Finland) ................................................................................................... 124
Organic Waste Systems (Gent, Belgium)............................................................. 125
BTA (Munich, Germany) ....................................................................................... 128
Arrow Ecology Ltd. (ArrowBio process) (Haifa, Israel)..................................... 129
Bioconverter (Santa Monica, CA) ......................................................................... 133
UC Davis anaerobic phased solids (APS) digester ............................................. 135
Summary........................................................................................................................ 138
Bibliography .................................................................................................................. 145

iv

List of Figures
Figure 1. Map of counties included in biomass resource assessment................................. 6
Figure 2 Sacramento County disposed solid waste by origin (2003). ................................ 7
Figure 3 Sacramento County solid waste disposal by destination (2003). ......................... 8
Figure 4. Sacramento County waste stream component disposal amounts and gross
potential power generation (2003). ........................................................................... 13
Figure 5. Acres under cultivation in the Sacramento Region by crop category. ............. 15
Figure 6. Annual Field Crop Residues in the Sacramento Region (dry tons)................... 18
Figure 7. Technical generation capacity from field crops in the region .......................... 18
Figure 8. Annual Orchard and Vineyard Prunings in the Sacramento Region (dry tons). 20
Figure 9.Technical generation capacity from orchard tree and vine prunings in the region
................................................................................................................................... 20
Figure 10 Schematic of digester subsystems ................................................................... 24
Figure 11 Efficiency versus net electrical power output for several prime movers ......... 38
Figure 12 Indirect Co-firing with steam side integration.................................................. 39
Figure 13 Direct cofiring with upstream thermal gasification.......................................... 40
Figure 14 Direct cofire with biogas .................................................................................. 41
Figure 15 Schematic of the FERCO gasifier ................................................................... 43
Figure 16 Schematic of the Värnamo, Sweden BIGCC facility ....................................... 45
Figure 17. Process diagram of the Carbona India IGCC project. ..................................... 48
Figure 18. Schematic of CPC small modular system in Phase I stage ............................. 52
Figure 19 Simplified schematic of the Carbona Skive project ......................................... 54
Figure 20 Schematic of Omnifuel proposed CHP facility ................................................ 57
Figure 21 Schematic of Ankur downdraft gasifier with dual-fuel power generation
configuration. ............................................................................................................ 58
Figure 22 Schematic of a Xylowatt SA biomass gasifier CHP facility ........................... 61
Figure 23. Schematic of the Fast Internal Circulating Fluidized Bed (FICFB) gasifier.. 63
Figure 24 Schematic of the Güssing gasifier and gas clean-up ........................................ 64
Figure 25. Schematic of facility at Rudkøbing, Denmark ................................................ 70
Figure 26. Masnedø Boiler .............................................................................................. 71
Figure 27. Schematic of Aabenraa Power Station ............................................................ 72
Figure 28. Schematic of Maabjerg facility ....................................................................... 74
Figure 29. Avedore facility schematic ............................................................................. 75
Figure 30. Bridge crane unloading trailers ....................................................................... 77
Figure 31. Crane moving bales to storage ........................................................................ 77
Figure 32. Bale crane with moisture sensing ................................................................... 78
Figure 33. Conveyance to boiler house............................................................................ 78
Figure 34. Twine cutter-remover ...................................................................................... 78
Figure 35. Twin vertical screw de-baler .......................................................................... 78
Figure 36. Drawing of Lahti gasifier and co-fueled boiler ............................................... 94
Figure 37. Schematic of Varkaus, Finland waste packaging gasifier and aluminum
recovery facility ........................................................................................................ 96
Figure 38 Anaerobic digestion pathways of presorted MSW......................................... 105
Figure 39. Schematic of a Typical Single-Stage LS Digester ........................................ 107
Figure 40. High Solids Single Stage Digester Designs .................................................. 109

v

List of Figures (continued)
Figure 41 Simple Schematic of Two-Stage Anaerobic Digestion System ..................... 111
Figure 42. Growth of Solid Waste Anaerobic Digester Capacity in Europe .................. 114
Figure 43. Installed AD Capacity by Stage in Europe................................................... 115
Figure 44. Simple Schematic of Biopercolat Process.................................................... 117
Figure 45. Schematic of Single-Stage Low Solids Anaerobic Digestion System ......... 119
Figure 46. Linde-KCA two stage wet digestion system ................................................ 120
Figure 47. Linde-KCA dry digestion plug flow system ................................................ 120
Figure 48. Schematic and mass balance of the DRANCO process ............................... 127
Figure 49. Drawing of the DRANCO reactor................................................................ 127
Figure 50. Schematic of the ArrowBio Process............................................................. 130
Figure 51. Schematic of a UASB Bioreactor.................................................................. 131
Figure 52. Schematic of APS Digester System Showing four Hydrolysis Vessels....... 136
Figure 53. Simulated Biogas Production Rate for Lab-Scale APS Digester System .... 137

vi

List of Tables
Table ES.1 Generation potential from biomass resources in the Sacramento region....... ix
Table ES.2 Generation potential from forest biomass resources in four additional
mountain counties ...................................................................................................... ix
Table 2 Current California LFGTE activity by technology type........................................ 4
Table 3. List of counties used for resource assessment for some biomass types............... 5
Table 4. Solid Waste Facilities in Sacramento County....................................................... 9
Table 5. MSW disposed in Sacramento County; amount, characterization, energy and
gross potential electrical generation capacity. .......................................................... 11
Table 6. Cultivated Acres by crop category in the Sacramento region13 ......................... 15
Table 7. Annual Field Crop Residues (tons dry weight per year) in Sacramento Region
and generation potential............................................................................................ 17
Table 8. Annual Orchard and Vineyard prunings (tons dry weight per year) in the
Sacramento Region and electrical generation potential............................................ 19
Table 9 Dairy cows, annual manure and gross power production (by digestion) for the
Sacramento Region ................................................................................................... 22
Table 10. Dairy digester for power systems, under construction or proposed in California
................................................................................................................................... 23
Table 11. Regional waste water treatment biosolids (not currently landfilled) and
electrical generating potential ................................................................................... 27
Table 12. Forest and mill operations gross potential residues (tons dry weight per year) in
the Sacramento Region and generation potential...................................................... 29
Table 13 Forest biomass in four mountain counties completing the Central Sierras ...... 30
Table 14 Summary of regional generation potential from biomass................................. 31
Table 15. DOE Small Modular Biomass Phase I Awards. .............................................. 51
Table 16. Emissions from the Altex combustor............................................................... 56
Table 17 Approximate producer gas quality requirements............................................... 59
Table 19 Selected small scale gasifiers operating in Europe........................................... 62
Table 20 Contaminants in Güssing producer gas before and after cleaning..................... 64
Table 21. Large straw-fired power facilities developed in Denmark ............................... 69
Table 22. Companies using thermochemical conversion methods to process MSW ....... 84
Table 23. Companies using biochemical conversion methods to process MSW. ............ 85
Table 24. Process energy and net electrical energy production per ton of MSW (wet
basis) from a plasma arc gasification facility ........................................................... 87
Table 25. Ebara TwinRec gasification facilitie................................................................. 90
Table 26 Ebara UEP pressurized gasification for chemical recycling facilities............... 90
Table 27. Composition of refused derived fuel at Laht .................................................... 95
Table 28. Annual feedstock consumption by type at Lahti gasifier ................................. 95
Table 29 Performance Data of Some Commercial and Pilot Anaerobic Digestion Facilities . 112
Table 30. Valorga Process Installations.......................................................................... 116
Table 31. List of Waasa Process AD sites ...................................................................... 119
Table 32. Organic Waste Systems’ Dranco References ................................................. 126
Table 33 Feedstock and Gas Production for Three DRANCO Facilities ....................... 126
Table 34. BTA Process References ............................................................................... 128
Table 35. Mass Balance and Power Production for ArrowBio Process ........................ 133
Table 36. Basic Bioconverter project input and output capacities................................. 135
vii

Executive Summary
This report comprises the first part of a biomass technology assessment under Task 1.1 of
a larger renewable generation assessment project being conducted by the Sacramento
Municipal Utility District with support from the California Energy Commission. The
objective of this task is to identify and evaluate novel and advanced technologies to
improve power generation from biomass, solid waste and landfill gas. This report
identifies and evaluates biomass power generation systems identified through a global
search of current and emerging technologies. It includes a brief discussion of much of
the current US and California biomass-fueled installed capacity along with a preliminary
assessment of biomass resources in the Sacramento region. The report also includes
descriptions of biomass conversion pathways and discussions and analyses of advanced
and developmental biomass systems. Not all of the identified systems have been
completely analyzed or evaluated and there are likely more systems and technologies that
will be identified as work proceeds. A database of technology and supplier information
will be released in the future.
Biomass Resource in the Sacramento Region
A biomass resource assessment for the Sacramento region was conducted. The biomass
types and sources considered are;






The biogenic fraction of municipal solid waste (MSW)
Residues from agriculture
o Field and seed crops
o Orchard and vine crops
o Vegetable crops
o Animal manure
Biosolids from waste water treatment
Forest operations residues and potential thinnings

Generally, the area covered in the regional assessment includes Sacramento and adjacent
counties, as well as those in the Sacramento Valley north to Tehama and the San Joaquin
Valley south to Stanislaus. Central Sierra Nevada counties are included for regional
forest biomass inventory.
Table ES.1 below summarizes the gross and technical generation potential of the biomass
in the Sacramento region inventory (gross generation potential is capacity that could be
supported if all the biomass from each category were converted to electricity based on
known energy contents and current technology conversion efficiencies; technical
generation assumes resource availability factors between 0.34 to 0.70 depending on the
biomass). The resource inventory includes forest biomass from potential or current
thinning operations and mill wastes. Table ES 2 lists forest biomass resources for
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additional Central Sierra Nevada counties). Forest biomass is likely to also be substantial
resource if forest thinning activities become more frequent
A more detailed investigation of the Sacramento region’s biomass resource should be
undertaken in order to determine practical accessible biomass amounts.
Table ES.1 Generation potential from biomass resources in the Sacramento region.
Gross
Generation
Potential (MW)
43

Technical
Generation
Potential (MW)
22

Field Crop
Residues

253

127

Orchard and
Vineyard Residues

74

52

Dairy manure

44

22

Waste Water
Treatment Plant
Biosolids

7

6

Forest Residues

451

213

Total

872

442

Biomass Source
MSW

Table ES.2 Generation potential from forest biomass resources in four additional
mountain counties. 1
Biomass Source

Gross
Generation
Potential (MW)

Technical
Generation
Potential (MW)

178

84

‘Other’ Sierra Nevada
Counties Forest Residues

Biomass Power in the US and California
The type and scale of biomass conversion facilities depend to a large extent on the
biomass resource type and amount that is technically and economically available for the
expected life of the facility. Characteristics of the fuel are important in determining
suitable conversion technology. In general, dryer biomass feedstocks are more suited for
thermochemical conversion (combustion, pyrolysis, gasification) and the more wet
feedstocks (e.g., waste water, food wastes, some MSW green waste, some animal
manures) are more suitable for biochemical conversion methods (anaerobic digestion).

1

Plumas, Sierra, Tuolumne, Alpine. These counties are included in order to complete the Central Sierra
Nevada forest biomass amounts.
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For the US, installed biomass power capacity is substantial, currently at about 11 GWe.
About 6.2 GWe is fueled by forest products and agricultural residues and about 3.5 GWe
is MSW-based including landfill gas. The US capacity primarily consists of direct
combustion steam Rankine systems with an average size of 20 MW. Efficiency is
typically about 20% due mostly to the small plant size but also to fuel quality (moisture).
The growth of biomass power generating capacity in California mirrored the US trend
and traceable to favorable state and federal tax policies and energy pricing incentives.
Installed solid biomass direct combustion steam-cycle power capacity in California
peaked at about 770 MW in 1990. Today, there are approximately 28 solid-fueled
biomass facilities currently operating in the state comprising a total of 570 MW capacity
not including three MSW combustion facilities that combined generate another 70 MW.
Another 31 facilities with combined capacity of 340 MW are idle, dismantled or have
been converted to natural gas fuel.
Generation capacity from the conversion of biogas in California is approximately 250
MWe. Biogas to power facilities include some 50 landfill gas to energy facilities (210
MWe), 10 grid-connected waste water treatment plants, and several dairy or food
processing waste digesters.
Advanced Systems
Systems that improve upon cost, conversion efficiency, installed capacity, environmental
performance, public acceptance, or that can increase the range of available feedstocks and
products compared with existing commercial technologies are considered advanced.
Overall efficiency of biomass conversion to electricity is typically lower than large
central station fossil power plants due to smaller facility size and lower fuel quality.
Efficiency of conversion for existing biomass based power systems ranges from less than
10% to about 25%. At the lower end of the range are combustion boiler - steam engine
systems, small gasifier-engine systems, and anaerobic digestion – reciprocating engine
systems. The upper range of efficiency is achieved by larger combustion boiler-steam
turbine systems (>40 MWe).
The California solid fueled biomass industry consists of facilities with net power capacity
as low as 4 MW to 3 facilities with capacities between 47 and 50 MW. The net
efficiencies range from about 15% to 25%. Maximum capacity has so far been
constrained by additional regulatory and permitting requirements for facilities of 50
MWe and above, and not by specific technical or fuel supply limitations. Delivered costs
of biomass influence the optimal size of facilities, but economic and technical risk
limitations to facility size have not so far been tested in California.
Solid Fuel Cofiring
Probably the least expensive means for increasing use of biomass in power generation is
to cofire with coal in existing boilers by direct substitution of 10 to 15% of the total
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energy input with a suitable biomass fuel. Biomass cofiring directly substitutes
renewable carbon for fossil carbon. Cofired biomass receives the benefit of the generally
higher overall conversion to electricity efficiencies in large coal power plants (typically
33-37%). Cofiring biomass can also reduce NOx and SO2 emissions from coal-fired
power plants depending on type of biomass fired. Opportunities for co-firing in coal
facilities are limited in California.
Gasified Biomass Cofiring
With a fuel gas derived from biomass (whether producer gas from thermochemical
gasification or biogas from biogasification), there is the opportunity to cofire with natural
gas in boilers or gas turbine combined cycle (GTCC) facilities (assuming quality of the
mixed gas meets the turbine requirements for energy content, hydrogen gas concentration
and cleanliness.
There are at least three basic arrangements for biomass cofiring with a natural gas fueled
GTCC;


Indirect Co-firing with steam side integration,
This mode is practical and has lower specific investment costs than stand-alone
combustion. Steam addition from the biomass boiler is probably limited to
about 10%. Energy efficiency of the biomass component is similar to that of
conventional biomass fueled steam cycles.



Direct cofiring with upstream thermal gasification,
This method of cofiring allows the biomass contribution of fuel input to enjoy
essentially the same conversion efficiency as the natural gas. In a GTCC plant,
the efficiency can approach 55%. Fuel quality requirements of the gas turbine
(calorific value and hydrogen concentration) limit the contribution of the
biomass fuel to 2%-8% (thermal basis).



Direct cofire with biogas
The biogas and natural gas fuel mixture in this cofire mode has the same
requirements as above in order to avoid major gas turbine modifications.
However, biogas is generally easier to clean than producer gas. Co-locating a
biogas source with a GTCC facility or upgrading biogas to pipeline quality are
simple ways to boost the conversion efficiency of the biogas from the 25%40% level obtained in reciprocating engines or microturbines (simple cycle) to
the higher GTCC efficiency of about 50%. Upgraded biogas could be cofired
in any proportion with natural gas.
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Thermal Gasification
BIGCC (Biomass Integrated Gasifier Combined Cycle)
US BIGCC demonstrations have not so far progressed to full system operation. US
federal development of bioenergy shifted away from biopower to bioproducts and
biofuels with the change in administration in Washington DC with the goal of addressing
the nation’s reliance on imported petroleum. Federal research and development support
for biomass power generation has therefore diminished.
BIGCC is technically viable as demonstrated at Värnamo, Sweden. The reasons that the
BIGCC demonstration projects in the US never came to fruition are ultimately financial.
The MnVAP project in Minnesota was not constructed due to loss of financing under
perceived high risk. A project in Paia, Hawaii, was not continued to full system testing
largely as a result of inadequate development of a fuel feeding system for the pressurized
reactor. A dual-fluidized bed (Battelle-FERCO) project in Burlington, Vermont , by most
reports, successfully demonstrated the Battelle gasifier at a commercial scale. Federal
funding in support of full IGCC implementation did not occur and testing beyond gas cofiring to the solid fuel boiler was not conducted.
Commercial BIGCC projects have been recently announced (two overseas, and one in the
US). These projects target homogeneous fuel sources (mostly clean wood chips).
Continued investigation which includes suitability of other fuels that comprise the diverse
California biomass resource is necessary if these technologies are to be considered for a
range of feedstocks. Increased availability of clean wood fuels from forest thinning and
related operations is uncertain in the near term because permitting forest fuels reduction
efforts on public lands may be subject to litigation. There are large amounts of non-forest
biomass currently available in California, including agricultural residues and MSW
biomass.
There remains a need to fully demonstrate biomass IGCC in the US in order to provide
financiers a ‘homegrown’ case study. There are generally few options available to
developers when faced with repowering a facility that has reached its useful life, or when
siting a new one. There are opportunities for advanced system development including
increased diversity in the power generation fuel supply, load and voltage support to the
grid from distributed generation opportunities, improvements to rural economies,
reductions in greenhouse gas emissions and other environmental improvements.
Small Scale and Modular Biomass
Most recent development work in small scale and/or modular biomass power systems has
been directed at atmospheric air blown gasifiers coupled with reciprocating engine
generators. The US DOE small modular biomass program (Phase I, 1998) selected four
projects for a Phase II in 1999. The solicitation considered systems with electrical
generation capacities in the range of 5 kW to 5 MW. Two of the four Phase II projects
are based on thermal gasifier systems. A small scale system of 15 kW was awarded
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development funding and several units are or have been tested in the western US. The
larger gasifier system to be awarded Phase II funding is, unfortunately for many US and
California interests, being constructed in Denmark. It is a combined heat and power
design with 5 MWe electrical and 11 MWth thermal capacity.
Europe and India have developed several independent gasifier based power systems
under 8 MW. There has been progress addressing the gas quality and water effluent
(depending on use of gas) issues that have impeded safe and reliable systems in the past.
The Ministry of Non-conventional Energy Sources in India reports that over 1800 gasifier
power systems are deployed in the country for a combined capacity of 58 MWe. Systems
developed for deployment in Europe tend to be configured for CHP and many are
designed for low cost of labor in the operation (e.g., automatic with safety shutdowns).
Systems developed in India generally are for rural and developing areas. Cheaper labor
and the higher need for employment in these regions has led to systems that are not as
automated as those in Europe. The Swiss Federal Office of Energy has evaluated an
Indian gasifier design both in India and at a research facility in Switzerland. The São
Paulo University in Brazil is currently evaluating an Indian gasifier for rural
electrification in the Amazon region.
With large amounts of forest biomass potentially available in the next few years from
forest fuel reduction measures (permit litigation notwithstanding), California and federal
agencies are interested in technologies that create some product or value from the
resource. The alternative is prescription or pile burning or some other form of disposal.
The gasifier selected by the USDOE small modular biomass program is being
investigated as a possible technology for the resource but the prototype systems are small
(15-50 kWe). Unclear is how thoroughly overseas developments have been investigated
for application in the US.
Rice straw as a fuel
More than 95% of California’s 500,000 acres of rice crop is grown in the Sacramento
Valley. There are some 1.5 million dry tons of residue rice straw after harvesting rice in
the fall. Legislation enacted in the 1990s restricted open field burning of rice straw to a
maximum of 25% of planted acres and only if burning is required for disease control.
Plowing the straw back into the ground is expensive and promotes germination and
spread of weeds. Markets for straw are limited and only about 30,000 tons are used
annually mostly for animal feeding and erosion control products (bales, plastic netwrapped wattles). Currently, less than 15% of the acreage is burned.
Straw fuels have proved to be extremely difficult to burn in most combustion furnaces,
especially those designed for power generation. The primary issue concerning the use of
rice straw and other herbaceous biomass for power generation is fouling, slagging, and
corrosion of the boiler due to alkaline and chlorine components in the ash. None of the
biomass power plants built to date in California can economically fire straw, even though
some were built with air permits requiring them to do so.
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Europe, and in particular, Denmark, currently has the greatest experience with straw fired
power and CHP plants. In 1990, Denmark embarked on a new energy policy with a goal
to double the use of renewable energy by the year 2005. Because of the large amount of
cereal grains (wheat and oats) grown in Denmark, the surplus straw plays a large role in
the country’s renewable energy strategy. In 2001, 750,000 metric tons per year was being
consumed in Danish power plants (in addition to straw consumed in more than 60 district
heating plants). Recently completed facilities in England and Spain were designed and
built by the companies that developed the systems in Denmark. The facilities each have
the capacity to consume more than 100,000 tons y-1 of straw fuel.
Technology developed includes combustion furnaces, boilers, and superheat concepts
purportedly capable of operating with high alkali fuels and having handling systems
which minimize fuel preparation. Much of this development has occurred with support
of government policies on CO2 emissions reductions to help meet Kyoto agreements.
Opportunities afforded by achievements in Europe to develop power systems capable of
using straw, including joint California-European projects, should be investigated.
Systems for Conversion of MSW
The amount of municipal solid waste from Sacramento County jurisdictions disposed in
landfills was 1.5 million tons in 2003. Biomass comprises an estimated 70% of the
disposed mixed waste stream (weight basis). If all the biomass material in the waste
stream was converted to electricity, about 40 MWe power would result. For all of
California, about 40 million wet tons of MSW are landfilled annually. Some 27 million
wet tons are biomass. Conversion of all California landfilled MSW biomass to electricity
would generate approximately 2000 MWe.
Some advantages of this source of biomass are that it currently is delivered to central
locations and is subject to disposal or tipping fees that add economic support. MSW is
not without disadvantages. It is typically very heterogeneous coming in a large range of
particle sizes, moisture, and component characteristics.
The California Integrated Waste Management Board is currently investigating conversion
technologies as alternatives to landfill. Several jurisdictions in the State are interested as
well. Combustion based systems (incineration) are likely to face strong opposition from
some members of the public. Proposed regulations disadvantage thermal conversion of
MSW by not allowing the material processed to receive full diversion credit. Under the
proposed regulations, only anaerobic digestion conversion systems will receive such
credit. This is already influencing the selection of systems for waste jurisdictions in the
State that are contemplating MSW conversion systems.
Due to the heterogeneous nature of mixed waste, extensive preparation and sorting would
likely be required before introducing the feedstock to a conversion process. Gasifier
designs and gas cleaning systems suitable for clean wood chips, for example, will need to
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be modified if fueled with MSW components (unless source separated wood or paper is
available).
Thermochemical Systems
Europe and Japan have developed several ‘non-combustion’ conversion technologies for
the purpose of treating or reducing waste. Thermochemical and biochemical MSW
conversion systems are both operating overseas. Policies and energy prices in Europe
and Japan help create market conditions that make some of these systems economically
feasible. Higher tipping fees, waste management policies, and/or internalizing
environmental benefits for avoiding landfills in California are probably needed before
significant numbers of MSW conversion technologies are built in the state.
Non-combustion conversion technologies for MSW components are emerging
technologies in the US. Greater in-state experience is needed with integrated waste
management systems that include conversion technologies for energy and other products.
Fundamental understanding of fuels derived from MSW and their behavior in variety of
conversion processes is necessary in order to optimize performance including meeting
environmental requirements.
Bioconversion Systems
Anaerobic digestion (AD) is a fermentation technique typically employed in many
wastewater treatment facilities for sludge degradation and stabilization but also the
principal process occurring in landfills. Large dairies and swine farms in the U.S. are
turning to the use of AD primarily as a means to mitigate the environmental impacts of
manure lagoons with some capture of methane for energy production. The US has
approximately a dozen digester systems operating on animal wastes and producing
power. Projects recently commissioned and under construction in California will add
about a dozen more to the number. Many household scale digesters are employed in rural
China and India and elsewhere around the developing world for waste treatment and gas
production. Approximately 5 million households in China use anaerobic digesters. The
digesters produce biogas that is used as an energy source by the households, and produce
fertilizer that is used in agricultural production. Europe, especially Denmark, has
developed large-scale centralized systems for solid waste stabilization and energy
generation as a by-product.
To improve the quality of feedstocks used in AD and composting operations, source
separation of household and commercial food and garden wastes is utilized extensively in
Europe. At least 11 EU countries have implemented or are about to implement source
separation for food and green wastes. In Switzerland for example, approximately 220 lb
per person per year of source separated food and green waste is collected. About 12% of
the material is stabilized by AD facilities, and the balance is composted.
There are some 86 AD facilities in Europe either operating or under construction with
capacity greater than 3000 tons per year and with at least 10% of the treated feedstock
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from municipal or commercial organic waste. Many of these facilities will co-digest
animal wastes and municipal waste water sludges. Total MSW and other organic waste
AD capacity in Europe is about 2.8 million tons per year. In Spain, the 13 large capacity
plants, which average 70,000 TPY, will be anaerobically treating nearly 7% of the
biodegradable MSW by the end of 2004.
The primary drivers for these technologies have been environmental protection and waste
management with energy recovery secondary. More recent valuing of the renewable and
distributed energy attributes of AD increases project desirability. Co-digesting multiple
feedstocks can increase methane production and reduce capital costs compared to
separately treating waste streams. Opportunities for applications of AD should continue
to be investigated for certain portions of biomass resource in the SMUD region as well as
the rest of the State.
Improvements in biogas conversion to electricity should continue to be addressed as well.
This includes gas cleaning and upgrading to pipeline standards in order to mix with and
fire in natural gas power plants and improvements to reciprocating engine and
microturbine performance when fuelled by biogas. For example, co-production of
hydrogen gas either in AD systems or by reforming a portion of the methane in the biogas
can lower NOx emissions from reciprocating engine generators which would improve the
environmental performance of electricity production.
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Background
Biomass Power in the US
According to the Energy Information Agency (EIA)2, electricity generated from biomass
sources was 11% of all renewable electricity in the US in 2001 and 59% of non-hydro
renewable electricity. US installed biomass power capacity is substantial, currently at
about 11 GWe. About 6.2 GWe is fueled by forest products and agricultural residues and
about 3.5 GWe is MSW-based including landfill gas3.
The biopower industry grew quite substantially after enactment of the Public Utilities
Regulatory Policy Act (PURPA) in 1978. PURPA required utilities to offer to purchase
electricity from small (less than 80 MW) independent generators. The Federal Energy
Regulatory Commission (FERC) established rules defining qualifying requirements.
Many contracts were initially written for a price of energy equal to the utilities’ short-run
avoided cost (SRAC) based on natural gas although in California Standard Offer 4 was
developed with a more favorable ten year firm pricing structure based on the forecasted
price of electricity and additional payments for dispatchable capacity. Between 1980 and
1995, grid-connected biopower capacity tripled (from 3.5 to 10.5 GW)4 because of
PURPA, favorable federal tax policies for investments in renewable energy, and state
incentives.5 Standard Offer 4 (SO4) was suspended by the California Public Utilities
Commission in 1986 due to excess proposed capacity additions and the collapse in world
oil price. In the mid 1990’s, the lack of new capacity with Standard Offer 4 contracts
resulted in declining biomass energy capacity growth due to unfavorable pricing as utility
SRAC dropped below biomass power generation costs. Any growth was largely
associated with those projects already having SO4 contracts and landfill and digester gas
projects that had other incentives, including tipping fees for resources.
The installed biomass capacity in the US primarily consists of direct combustion steam
Rankine systems with an average size of 20 MW (the largest is near 75 MW)6. Typical
efficiencies are around 20% due mostly to the small plant size but also to fuel quality
(moisture).
California
In California, total operating grid-connected electrical capacity from biomass resources is
approximately 900 MW. This includes some 640 MW from solid fuel combustion in
steam Rankine facilities7, 210 MW from landfill gas conversion facilities8 and 39 MW

2

DOE EIA Annual Energy Outlook 2003. (http://www.eia.doe.gov/oiaf/aeo/pdf/appa.pdf)
Ibid..
4
EIA; Annual Energy Review 1997, Renewable Energy Annual (1995, 2000).
5
Morris 2000, Biomass Energy Production in California: the case for a biomass policy initiative.
6
Bain, R. L., W. P. Amos, et al. (2003). Biopower Technical Assessment: State of the Industry and the
Technology. Golden, CO, NREL/TP-510-33123.
7
Morris, G. (2002). Biomass Energy Production in California, NREL Progress Report, Task Order No.
KCL-0-30040-02.
3
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from digester gas produced from anaerobic digestion of sludge at waste water treatment
plants (including 24 MW from two Los Angeles treatment plants)9.
The development of the solid fuel combustion biomass power industry in California
followed a trend similar to that of the rest of the nation. Prior to 1978, biomass use for
energy (other than home heating) in the state existed primarily at wood processing
facilities which utilized wood residues to fuel steam boilers for process heat and in some
cases combined with power generation when economically advantageous. Between 1980
and through 1984, 13 biopower facilities began operation. Twenty-three more came on
line in the period 1985 through 1989. The year 1990 saw the start-up of 11 facilities. By
the end of 1990, the operating biopower capacity in the state from non-MSW biomass
sources was at its peak of approximately 770 MW (Morris 2000). The facility average
capacity was about 18 MW with two at 50 MW.
The mid 1990’s saw a decline in operating capacity of about 25% partly due to shutting
down of some older less economical plants, fuel supply and pricing issues because of the
decline in wood product activity in the state, as well as policies enacted by the California
Public Utilities Commission (CPUC) in light of the coming electricity deregulation which
created incentives for electric utilities to buy out the power purchase agreements (PPA)
of biomass facilities that were being paid based on the utility’s SRAC or would soon
become subject to SRAC following completion of the higher priced ten-year firm
contract period (“year 11 price cliff”). Some facilities that were nearing the end of the
their SO410 contracts opted to sell the contracts and shut down because the SRAC then in
place was much lower than the fixed price portion of the contract.
The substantial increase in wholesale electricity prices that occurred with the California
electricity crisis of 2000-2001 spurred at least 10 shuttered facilities to investigate
restarting (Morris 2002). Five facilities re-started in 2001 and 2002, the other five
abandoned the effort. There are approximately 28 solid-fueled biomass facilities
currently operating in the state comprising a total of 570 MW capacity not including three
MSW combustion facilities that combined generate another 70 MW. Another 31
facilities with combined capacity of 340 MW are idle, dismantled or have been converted
to natural gas fuel (See Table 1).

8

Simons, G., Z. Zhang, et al. (2002). Landfill Gas-To-Energy Potential In California, California Energy
Commission Staff Report 500-02-041V1
9
Zhang, Z. (2003) Personal communication.
10
The Interim Standard Offer No. 4 (SO#4) were favorable contracts made available to independent
biomass power developers by PG&E and SCE. Available for signing in 1984 and 1985 with a 5 year
window to bring projects on-line, the SO#4 guaranteed firm energy prices for 10 years based on the
relatively high SRAC rates in effect at that time ($0.05-0.06/kWh) and escalating to above $0.12/kWh. At
the end of the 10-year fixed rate portion, generators would receive the current market SRAC which had
significantly declined by the late 1990’s.
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Table 1 Disposition of solid fuel biomass power facilities in California
Number of Net Capacity
Facilities
(MW)

Fuel

Disposition

Solid Biomass

Currently Operating

28

570

MSW

Currently Operating

3

70

31
15

640
159

11

73

Solid Biomass Converted to Natural Gas

5

112

Not Operating or Converted Total

31

343

Solid Biomass
Solid Biomass

Operating Total
Idle
Dismantled

Another significant component of existing biomass power in California is the conversion
of organic matter to methane (CH4) through anaerobic microbial action with subsequent
conversion of the methane to electricity. Many waste water treatment plants (WWTP)
utilize anaerobic digestion as part of the stabilization process. The organic fraction of inplace MSW in landfills degrades anaerobically as well.
There are some 278 active landfills accepting MSW in California (hazardous waste and
used tires are disposed in facilities separate from MSW sites). There are more than 2750
landfills that are closed, inactive, or abandoned in the state.11 Currently there are 51
landfills in the State recovering landfill gas for use as energy (LFGTE) with a combined
generating capacity of 210 MW. Their distribution over several technologies is shown in
Table 2. An additional 70 landfills are recovering and flaring gas. There are reportedly
26 other landfill sites planning to install LFGTE systems (Simons et al. 2002).
Some waste water treatment plants (WWTP) utilize biogas from the anaerobic digestion
of sewage sludge for power generation. Sewage is treated generally using combinations
of aerobic and anaerobic processes. Several treatment plants in California produce
sufficient methane to justify converting to heat and/or power, while others may flare the
methane.
The Sacramento Regional Waste Water Treatment facility generates
approximately 2.8 MWe from treatment of an average waste water flow of 180 million
gallons per day (GPD). There are ten WWTPs in California with grid connected power
generation (combined gross capacity of 38 MW)12. The two largest are in Los Angeles
County (24 MWe from 770 million GPD waste water, combined)
There are three operating dairy digesters producing electricity in California with
combined capacity of approximately 500 kW. There is one swine facility in the state
with an operating digester.
11

CIWMB Solid Waste Information System (SWIS) (http://www.ciwmb.ca.gov/swis/search.asp) Accessed
31 October, 2003
12
Zhiqin Zhang, California Energy Commission (4 Nov., 2003). Personal communication
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Table 2 Current California LFGTE activity by technology type.*
Technology
Reciprocating Engine
Gas Turbine Combined Cycle
Steam Turbine
Gas Turbine
Direct Use (thermal)
Upgrade for Pipeline Use

No. of Landfills
32

Total Electrical
Capacity (MW)
112

2
3
5
7
2

57
31
10
-

* Adapted from Simons, G., et al. (2002). Landfill Gas-To-Energy Potential In California, California
Energy Commission Staff Report 500-02-041V1.
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Biomass Resource assessment for the Sacramento Region
A biomass resource assessment for the Sacramento region was conducted. The biomass
types and sources considered are;






The biogenic fraction of municipal solid waste (MSW)
Residues from agriculture
o Field and seed crops
o Orchard and vine crops
o Vegetable crops
o Animal manure
Biosolids from waste water treatment
Forest operations residues and potential thinnings

For municipal solid waste, only amounts disposed in or transshipped from the County of
Sacramento were considered. The area covered in assessing the agricultural crop
residues, dairy manure, and waste water treatment facilities includes 16 counties in the
region defined as Sacramento and the adjacent counties as well as those outlying in the
Sacramento Valley north to Tehama and the San Joaquin Valley south to Stanislaus.
Nevada and Calaveras counties were included in the outlying counties region.( see Table
3 and Figure 1). Forest biomass resource accounting includes four additional counties in
order to account for all forest biomass in the Central Sierra Nevada Range (Table 3). The
data comes from a recently completed biomass resource inventory of California.13,14
Table 3. List of counties used for resource assessment for some biomass types
Sub Regions
Sacramento and Adjacent Counties

Outlying Counties
Remaining Central Sierra Nevada Counties
(for regional forest biomass assessment)

Counties
Sacramento
Placer
Sutter
Yolo
Butte
Calaveras
Colusa
Glenn
Plumas
Sierra

Solano
San Joaquin
Amador
El Dorado
Nevada
Stanislaus
Tehama
Yuba
Tuolumne
Alpine

Total amount by weight of each type of biomass that is generated or disposed (in the case
of MSW) was estimated. Total primary energy was determined by multiplying energy
13

von Bernath, H.I., G.C. Matteson, R.B. Williams, L. Yan, M.C. Gildart, B.M. Jenkins, Z. Zhang, V.
Tiangco, P. Sethi, G. Simons, M. Rosenberg, J. Spero, T.T. Shih and L. Duan. 2004. An assessment of
biomass resources in California. Final Report, CEC/UCD 500-01-016, California Biomass
Collaborative, University of California, Davis, California.
14
Forest biomass information provided to the CBC inventory by M. Rosenberg and J. Spero from
California Department of Forestry and Fire Protection.
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content of each type of material by the total mass. Potential gross generation capacity
was then determined by multiplying the primary energy value by an appropriate

(white = Sac. and adjacent counties; Dark grey = Outlying counties)
Figure 1. Map of counties included in biomass resource assessment
(Contra Costa county was not considered because of minimal non-MSW biomass resource)

conversion to electrical power factor (efficiency). Factors for technical availability (i.e.,
the amount of resource estimated to be practically and economically obtainable) are
estimates used in the California Biomass Resources Inventory (von Bernath, H. I., et al.,
2003)13. The technical availability factors range from 0.34 for chaparral to 0.70 for
orchard prunings and removals. These factors are uncertain and it is recommended that
some effort be spent to reduce the uncertainty.
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MSW
All solid waste jurisdictions in Sacramento County together disposed 1.5 Million tons of
municipal solid waste during 2003. Figure 2 shows the distribution of disposed solid
waste by jurisdiction of origin. Sacramento, Citrus Heights, and the unincorporated areas
of the county account for 86% of disposed waste. The municipalities of Elk Grove,
Folsom, Rancho Cordova, Galt and Isleton contribute the remaining 14%.
800
51%
700
600

Thousand Tons

35%
500
400
300
200
100

7%

4%

1%

1%

0
Sac. Co./
Citrus Hts.

Sacramento

Elk Grove

Folsom

Rancho
Cordova

Galt

Isleton

Figure 2 Sacramento County disposed solid waste by origin (2003). Source: CIWMB
Disposal reporting system, http://www.ciwmb.ca.gov/lgcentral/drs/Reports/default.asps

Sacramento County jurisdiction solid waste is disposed in a variety of locations. For
2003, 52% was disposed at one of two county landfills, 28% at a landfill near Manteca
(San Joaquin County), 13% was shipped to Nevada15 with the remainder going to other
landfills in the region (See Figure 3).

15

The draft version of this report (2003) used disposal data from 2001 during which Sacramento County
waste jurisdictions disposed 1.3 million tons including 20% export to Nevada.
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700
41%
600

Thousand Tons

500
28%
400
300
13%
200

11%
6%

100

~1%
0
Sacramento
County Landfill
-Kiefer
(Sacramento)

Forward, Inc.
(Manteca)

Export Out of
State

L-D Landfill
Co.
(Sacramento)

Portrero Hills
(Solano)

Other

Figure 3 Sacramento County solid waste disposal by destination (2003). Source:
CIWMB Disposal reporting system.

The Kiefer landfill disposed about 630,000 tons of Sacramento County MSW (total
disposal at Kiefer was 640,000 tons). The L-D Landfill received some 186,000 tons of
solid waste, of which 165,000 tons came from County jurisdictions. The 195,000 tons of
waste originating in the County that is transshipped to Nevada for disposal passes
through one or more of the solid waste transfer stations in the County. See Table 4 for a
list of solid waste facilities in Sacramento County.
The amount of material currently sent to landfill in Sacramento County (and in all of
California) represents a substantial resource. Table 5 contains an analysis of the total
energy and the electricity generation potential represented by the 2003 disposal of MSW
at the two Sacramento County landfills. Component fractions of the MSW stream are
taken from the CIWMB waste characterization study of 1999.16 The distribution of
components in disposed solid waste has likely changed somewhat but more recent
characterization data are not yet available (a new four-season waste characterization
study is currently being conducted). For each component of the waste stream, the table
lists amount landfilled, typical moisture and ash contents and higher heating values
(HHV) in both as-received and moisture-free basis. Of the 820,000 tons landfilled, some
560,000 tons are of biological origin, 90,000 tons are plastics and textiles (assumed to be

16

http://www.ciwmb.ca.gov/WasteChar/Study1999/OverTabl.htm
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Table 4. Solid Waste Facilities in Sacramento County 17

Facility Name

Address

Activity

Status

Permitted
Throughput
(t d-1)

Kiefer Landfill

12701 Kiefer Blvd

Solid Waste Landfill

Active

10815

L and D Landfill Co.

8635 Fruitridge Road

Solid Waste Landfill
Large Volume
Transfer/Processing
Station
Large Volume Transfer
Station

Active

2540

Active

2000

Active

1800

Large Volume Transfer
Station

Active

348

Inert Waste Disposal
site

Active

100
250

Elder Creek Recovery and
8642 Elder Creek Rd.
Transfer Stn.
North Area Transfer Stn.

4450 Roseville Road

South Area Transfer Stn.

8550 Fruitridge Road

Florin Perkins LF
Inc.,(Inerts)
Florin Perkins LF Inc.,
MRF&Trans. Stn.

4201 Florin Perkins
Rd.

Large Volume
Transfer/Processing
Station

Active

Sacramento Compost
Facility

20 28th Street

Green Waste
Composting

Active

Sacramento Recycling and
8191 Fruitridge Road
Transfer

Large Volume
Transfer/Processing
Facility

Active

2000

Folsom MRF &
Composting

N. of New Prison
Complex off Natoma

Large Volume
Transfer/Processing
Facility,
Composting,MRF

Active

300

Galt Transfer Stn./MRF

104 Industrial Rd.

Large Volume
Transfer/Processing
Facility,
Composting,MRF

Planned

300

Pilot Green Project

9700 Goethe Rd.

Green Waste
Composting

Planned

BLT Transfer Stn.

Raley Blvd& Vinci
Ave.

Large Volume
Transfer/Processing
Facility

Planned

17

CIWMB SWIS database, http://www.ciwmb.ca.gov/SWIS/Search.asp
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all synthetic textiles), and the remaining 170,000 tons are mineral and other inorganic
material (glass, metal, non wood construction/demolition waste). Potential primary
energy estimates were made by simply multiplying the appropriate material energy
content on a per weight basis (HHV) by the amount of that material available. This is
done for each component in the waste stream.
For estimating the amount of electrical generation capacity that could be developed from
the current waste stream, it was assumed that the stream would be separated based on
moisture content. The high moisture components are perhaps most appropriately
converted through biochemical systems (anaerobic digestion, for example). Though
anaerobic digestion (AD) is suitable for high moisture feedstocks, a major disadvantage
of AD is that conversion is incomplete; some 50% of the organic material is not
converted. Lignin and other refractory organics are not converted and remain as residue
for composting or landfill. The aerobic processing of digester sludge through composting
can further reduce volume, but anaerobic conditions maintained in most landfills may not
reduce volume except over very long periods of time. If only the produced biogas is
converted to electricity (no energy production from the digestate), this process has an
overall energy conversion efficiency (electrical energy out/waste stream energy in [based
on dry HHV]) of about 10%.
The lower moisture components are assumed to be converted by thermal means
(gasification, pyrolysis, or combustion). The energy and/or heat in the product gases can
be used in a boiler to run a steam cycle or the gases (from a gasifier or pyrolyzer) can run
a gas engine or turbine for electricity production. These methods have overall energy
efficiencies of electrical generation of about 25%. Biomass integrated gasification
combined cycles, BIGCC, have projected electrical conversion efficiencies of 35% or
above, but are not yet commercial. Natural gas fired combined cycles have electrical
efficiencies above 55% by comparison, but utilize non-renewable fuel. The application
of combined cycles to biogas produced by anaerobic digestion is a possibility but
digesters tend to be small for the scales typical employed, and digestion of MSW or
MSW organics is still developmental for the most part in North America. Biogas co-fired
with natural gas in large combined cycle power plants is a way to improve net efficiency
of biogas to electricity production if the opportunity exists. Fuel cells offer another high
efficiency and clean option for biogas and fuel gases produced by thermochemical
means, but these systems are also developmental and fuel purification is an issue.
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Table 5. MSW disposed in Sacramento County; amount, characterization, energy and gross potential electrical generation capacity.
a

b
b
Ash
Ash
HHV
-1
(% wb) (1000t y ) (MJ/kg, ar)

HHV contribution to
composite stream
(MJ kg-1 as
received)

Moisture
(%wb)

b

Landfilled
Primary Energy by
d
Electricity Potential
HHV
-1
Component
(1000t y
-1
6
(MJ/kg, dry) (PJ)c
(MMBtu)x10 (MWe) (GWh y )
dry)

(1000t y )

% of
Total

Paper/Cardboard

249.3

30.2

5.3

13.2

16

4.83

10

224.4

17.8

3.6

3.4

29

251

Food

130.0

15.7

5.0

6.5

4.2

0.66

70

39.0

14.0

0.5

0.5

3

29

Leaves and Grass

65.3

7.9

4.0

2.6

6

0.47

60

26.1

15.0

0.4

0.3

1

10

Other Organics

57.6

7.0

10.0

5.8

8.5

0.59

4

55.3

8.9

0.4

0.4

4

31

C&D Lumber
Prunings, trimmings, branches
and stumps
Biomass Components of MSW
Total
All non-Film Plastic

40.6

4.9

5.0

2.0

17

0.84

12

35.7

19.3

0.6

0.6

5

43

19.8

2.4

3.6

0.7

11.4

0.27

40

11.9

19.0

0.2

0.2

2

14

562.6

68.1

5.7

5.4

43.2

41.5

5.0

2.0

0.83

22

1.10

0.2

41.4

22.0

0.8

0.8

7

57

Film Plastic

32.1

3.9

3.0

0.96

45

1.75

0.2

32.0

45.1

1.3

1.2

10

91

Textiles

17.4

2.1

7.0

1.22

17.4

0.37

10

15.7

19.3

0.3

0.3

2

19

91.0

11.0

2.4

2.3

19

Landfilled

Component

-1

Non-Biomass Carbon
Compounds Total
Other C&D

30.8

7.7

3.01

392.4

3.22

89

379

168

54.3

6.6

100

54.3

-

-

-

54.3

-

-

-

-

-

Metal

50.4

6.1

100

50.4

-

-

-

50.4

-

-

-

-

-

Other Mixed and Mineralized

44.1

5.3

100

44.1

-

-

-

44.1

-

-

-

-

-

Glass

23.6

2.9

100

23.6

-

-

-

23.6

-

-

-

-

-

Mineral Total

0
0
172.4 20.9
172.4
172.4
Totals
826
100
206
10.89
653.9
8.2
7.7
62
546
a) Total disposed at Kiefer and L&D Landfills from a query of the CIWMB Disposal Reporting System (7/1/03)
California waste stream composite data (http://www.ciwmb.ca.gov/WasteChar/Study1999/OverTabl.htm), Accessed 1 Sept., 2003
b) Adapted from Tchobanalglous, G., Theisen, H. and Vigil, S.(1993),"Integrated Solid Waste Management", Chapter 4, McGraw-Hill, New York
& Themelis, N. J., Kim, Y. H., and Brady, M. H. (2002). "Energy recovery from New York City municipal solid wastes." Waste Management & Research, 20(3), 223-233.
c) PJ = 10^15 J (petajoule).
d) Electricity calculations assume thermal conversion means for low moisture stream (paper/cardboard, other organics, C&D Lumber, all plastics and textiles) and biological
means (anaerobic digestion) for the high moisture components (food and green waste). Energy efficiency of conversion of matter to electricity by thermal means is assumed to be
20%. Biomethane potentials of 0.29 and 0.14 g CH4/g VS for food and leaves/grass mixture respectively are assumed for biogas production which is converted at 30% thermal
efficiency in reciprocating engines. Capacity factor of 1is used
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Table 5, includes the gross electrical generation estimates from Sacramento MSW. The values
were determined from the potential primary energy by applying the appropriate thermochemical
or biochemical conversion efficiency and assuming an availability of 100% (meaning the
conversion facilities operate 100% of the time at rated capacity). Table 5 indicates that 43 MWe
could be supported by conversion of the biogenic fraction of the currently disposed waste stream
in Sacramento County. Figure 4 shows the mass and potential energy of the disposed solid waste
stream by component. Though capture and conversion of 100% of the biogenic fraction of the
MSW is unlikely, it may be feasible to capture and convert 50-75% of the biomass portion of
solid waste with properly specified systems. If the biomass fraction of Sacramento waste
currently being shipped out of state were accessible as well, then the technical electrical
generating capacity from the biomass fraction of Sacramento County MSW is estimated to be 53
MW.
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Figure 4. Sacramento County waste stream component disposal amounts and gross potential power generation (2003).
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Agricultural
Cultivation in Region
The Sacramento region has a large and diverse agricultural sector. For this analysis, the
Sacramento region is taken to be Sacramento County and the adjacent counties18 as well
as those in the “outlying region” extending north to Tehama County in the Sacramento
Valley , south to Stanislaus in the Northern San Joaquin Valley and northeast and
southeast foothill and mountain counties several.19 This is a large region geographically
but was selected as such to illustrate the depth and breadth of agricultural resources (and
residues) in the area. It is recognized that transportation of low density residue materials
(which applies to many agricultural residues) constitutes a significant portion of fuel
procurement costs. This effect typically manifests itself by defining a limiting fuel
procurement radius from the conversion facility for each type of fuel. However, it is also
recognized that SMUD could have interest in a biomass power facility outside of its
immediate service area as is the case with SMUD owned wind generation and hydropower facilities.
Table 6 shows year 2001 data for cultivated acres in the Sacramento region by county
and major crop type (Field & Seed, Orchard & Vineyard, and Vegetable crops).
Vegetable crops are included in the table for completeness but are not considered here as
a feedstock for biomass power because residues are either too low, difficult to collect and
are high in moisture. Figure 5 shows the distribution graphically. The 2.5 million
cultivated acres in the region represents fully 30% of all cropland currently being farmed
in California.20 Following are inventory data and energy potential of residues from field
& seed crops, and orchard and vineyard. Residues from vegetable crops are not likely to
be used for conversion to energy and are not included in this inventory.
Crop Residues
Field and Seed Crops
Table 7 gives the estimated residual biomass left in the field after harvest of the food or
principal commodity component of the field or seed crop. The gross and technical
potential electrical generation from each residue type are also shown. Figure 6 shows the
residue information graphically and Figure 7 displays technical generation potential for
each residue type. Fully one half of the estimated field crop residues is rice straw from
the Sacramento and Northern San Joaquin Valleys. Severe restrictions on open field
burning of rice straw are in force. Many alternative management methods, and off-field

18

Sacramento and Adjacent Counties: Sacramento, Placer, Sutter, Yolo, Solano, San Joaquin Amador, and
El Dorado.
19
Outlying Region Counties: Butte, Calaveras, Colusa, Glenn, Nevada, Stanislaus, Tehama, and Yuba.
20
Total cultivated land in the Region is 2.5 million acres. There are some 8.6 million acres under
cultivation in California.
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Table 6. Cultivated Acres by crop category in the Sacramento region13
County
Sacramento
Placer
Sutter
Yolo
Solano
San Joaquin
Amador
El Dorado
Sacramento/adjacent Total

Orchard Vineyard Crops
32,940
1,350
55,437
26,985
15,189
195,570
4,077
2,996
334,544

Field and Seed Crops
88,351
15,458
151,251
229,822
125,103
298,523
2,221
350
911,079

Vegetable Crops
5,255
13,863
43,738
14,155
71,680
148,691

Butte
Calaveras
Colusa
Glenn
Nevada
Stanislaus
Tehama
Yuba
Outlying Region Total

73,927
1,510
30,410
52,115
348
147,310
36,715
26,821
369,156

110,667
440
189,053
169,911
208,919
18,871
42,484
740,345

20,250
31,570
51,820

Total Sacramento Region

703,700

1,651,424

200,511

Sacramento and Adjacent

Outlying Region
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Figure 5. Acres under cultivation in the Sacramento Region by crop category.
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uses for the residual straw have been attempted. Beyond limited flooding of rice straw in
fields for bird refuges and hunting clubs, the principal commercial uses for rice straw are
in animal feeding and erosion control, but these do not support substantial quantities. A
large residual remains that potentially can be harvested for energy.
Corn stover and wheat straw together account for 36% of the field crop residue. Corn
stover is typically chopped and/or re-incorporated into the soil. Wheat straw is
incorporated, baled for feed and bedding, or field burned. Gross generation potential
from field and seed crops in the Sacramento region is 250 MWe and technical generation
is estimated at about half or 125 MWe
Orchard and Vineyard
Table 8 gives recent data for residues from orchard and vineyard operations in the region
(includes estimated electrical generation potential). Figure 8 is a graphical representation
of residue amounts. Figure 9 shows technical generation capacity for each residue type..
Almond, walnut, plums/prunes, and peach orchard prunings together account for 63% of
the estimated 670,000 dry tons generated annually in this category. Some of this material
finds its way into existing biomass fired facilities, other material is shredded and left in
the orchard or pushed to the edge of the orchard and pile-burned. It is estimated that
approximately 50 MWe could be supported assuming 70% of the residue is recovered for
this purpose.
Recent legislation (SB 705, Florez) essentially eliminates any burning of agricultural
residues in the San Joaquin Valley Unified Air Pollution Control District starting in 2005
and proceeding in phases through 2010. Proposed legislation by Florez (SB 403
California Clean Air Bond Act) would put before the voters a $4.5 billion bond that if
passed would create a clean-air fund. This fund would provide grants, loans and other
support mechanisms for assisting (among others) projects directed at reducing
agricultural air and water impacts. Orchard and vine crop residues and dairy manure are
specific biomass types mentioned in the proposed legislation.
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Table 7. Annual Field Crop Residues (tons dry weight per year) in Sacramento Region and generation potential.*13
County

Rice
29,988
44,719
272,952
89,817
20,643
458,120

Corn
99,238
23,380
72,171
53,916
227,852
1,589
478,146

Wheat
26,374
19,158
72,331
65,021
78,158
261,042

Butte
277,931
Calaveras
Colusa
367,877
Glenn
281,137
Nevada
Stanislaus
7,100
Tehama
2,993
Yuba
112,043
Outlying Region Total 1,049,081

18,055
87,230
3,942
109,227

Total Sacramento Region (BDT) 1,507,201

587,373

Sacramento
Placer
Sutter
Yolo
Solano
San Joaquin
Amador
El Dorado
Sacramento & adjacent Total

HHV (MJ/kg, dry basis)
Gross
Generation Potential (MWe)
Technical*
Generation Potential (MWe)

Barley
585
5,519
6,104

Oats
702
649
1,125
2,476

Total
(BDT/yr)
162,706
44,719
332,646
292,259
146,875
336,023
1,589
1,316,816

40
3,302
33,580
5,274
3,173
45,369

5,783
37,344
25,985
5,288
4,957
79,357

10,431
86
110
6,210
5,124
2,032
1,575
25,568

656
7,838
678
142
9,314

14,885
2,748
17,633

757
757

304
883
1,187

-

294,801
86
446,413
404,745
18,395
14,066
113,618
1,292,124

340,399

70,937

56,865

21,833

14,566

7,291

2,476

2,608,940

17.7

17.5

141

60

34

30

4,200
4,200

Sorghum
1,607
570
11,632
13,809

Safflower
4,172
12,635
20,159
4,388
6,197
47,551

16.3

71

Field & Grass
Seed

18.0
7

17

4

19.2
6
3

Cotton

18.3

15.4

17.3

17.0

2.3

1.3

0.7

0.2

1.1

0.6

0.4

0.1

253
127

* Generation is based on thermal conversion of identified resource with net efficiency of 20% and facility availability of 100%. Technical generations assumes
50% of the gross residue material is available.
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Figure 6. Annual Field Crop Residues in the Sacramento Region (dry tons).
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Figure 7. Technical generation capacity from field crops in the region.
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Cotton

Table 8. Annual Orchard and Vineyard prunings (tons dry weight per year) in the Sacramento Region and electrical generation
potential.* 13
Almonds
4,307
5,717
1,499
36,420
47,943

Grapes
35,076
54
13,923
5,536
115,197
4,950
1,691
176,427

Walnuts
186
553
10,317
5,257
3,500
27,399
288
143
47,643

Plums &
Prunes
151
23,471
2,234
2,115
55
28,026

Peaches
154
12,598
401
3,900
148
17,201

Apples
506
93
324
7,811
1,127
9,861

Butte
Calaveras
Colusa
Glenn
Nevada
Stanislaus
Tehama
Yuba
Outlying Region Total

32,744
19,763
23,568
79,496
6,129
711
162,411

639
1,834
473
18,760
321
22,027

12,627
462
2,945
5,489
16,571
8,993
6,008
53,095

11,653
3,526
9,068
10,141
10,482
44,870

3,087
10,736
7,234
21,057

302
189
2,430
2,921

8,872
8,872

Total Sacramento Region (BDT)

210,354

198,454

100,738

72,896

38,258

12,782

12,869

County
Sacramento
Placer
Sutter
Yolo
Solano
San Joaquin
Amador
El Dorado
Sacramento/adjacent Total

HHV (MJ/kg, dry basis)

19.5

19

19

19

19

19

Olives
-

Total
(BDT/yr)
44,570
1,058
51,554
27,131
15,081
194,911
5,238
3,753
343,296

-

1,314
202
4,837
5,609
11,962

61,727
1,492
26,234
44,796
473
136,865
30,872
24,756
327,215

12,198

11,962

670,511

Apricots Pears
8,802
53
537
676
1,354
3,321
863
589
3,997 12,198

19

19

19

-

Gross
24
22
11
8
4
1.4
1.4
1.3
1.3
74
Generation Potential (MWe)
Technical*
17
15
8
6
2.9
1.0
1.0
0.9
0.9
52
Generation Potential (MWe)
* Generation is based on thermal conversion of identified resource with net efficiency of 20% and facility availability of 100%. Technical generations assumes
70% of the gross residue material is available
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Figure 8. Annual Orchard and Vineyard Prunings in the Sacramento Region (dry tons).
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Figure 9.Technical generation capacity from orchard tree and vine prunings in the region.
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Animal Residues (manure)
The total agricultural animal population in the state is close to 280 million of which 230
million are broiler chickens. The total state cattle inventory is estimated to be 5.2 million
head21. Of these cattle, 1.6 million are lactating dairy cows, 760,000 are beef cattle, and
2.8 million fall in a category that includes heifers, bulls, steers, veal calves, and cow
replacements (other beef and dairy calves and non-lactating dairy cows and heifers). At
this stage of the assessment, only dairy cow manure is included as a resource for these
reasons:





Dairy cows are typically confined and manure is removed from the pens often
using water flush or scraped manure handling systems that allow manure to be
concentrated for utilization.
Dry lot feed cattle pens are scraped on an intermittent basis and manure has
therefore undergone significant biodegradation by the time it is collected.
Dry lot feed cattle manure is typically scraped into piles during which it is mixed
with soil and this leads to downstream handling problems in digesters and other
conversion devices.
Rangeland cattle manure is too dispersed for practical collection.

Table 9 includes the Sacramento region inventory of dairy cows and estimated manure
production with gross and technical potential electricity generation from this resource.
Gross and technical generation potentials for the region are estimated at 44 MWe and 22
MWe respectively (for Sacramento County, gross and technical generation are about 2
and 1 MWe respectively). The generation potentials were determined based on typical
digestible solids in practical systems (See assumptions accompanying Table 9). Size of
dairy power systems is dependent upon the manure collection efficiency and process as
well as the number of animals at the facility. A very large dairy with 6000-8000 cows
might be expected to generate 1 MWe gross if manure collection is very efficient. The
California Energy Commission reports one operating anaerobic digestion system at a
dairy in the Sacramento region22. This is the Langerwerf Dairy in Butte County
(Durham) which has been generating power from digester methane since 1982. There are
approximately 400 lactating cows and the facility is generating about 40 kWe (with some
exported to the grid).

21
22

2002, California Agricultural Statistics Service
Zhiqin Zhang, California Energy Commission (4 Nov., 2003). Personal communication.
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Table 9 Dairy cows, annual manure and gross power production (by digestion) for the
Sacramento Region13
County
Sacramento
Placer
Sutter
Yolo
Solano
San Joaquin
Amador
El Dorado
Sacramento/
adjacent Total
Butte
Calaveras
Colusa
Glenn
Nevada
Stanislaus
Tehama
Yuba
Outlying
Region Total
Total
Sacramento
Region

Number of
lactating
cows
16,700
2,000
3,900
103,000
-

Manure
(BDT)
36,573
4,380
8,541
225,570
-

125,600

275,064

900
17000
164000
5300
3200

1,971
37,230
359,160
11,607
7,008

Volatile solids
consumed by
digestiona
(BDT)
13,714
1,642
3,203
84,585
103,145
739
13,961
134,680
4,352
2,628

Biogas
Gross Potentialc Technical Potentiald
Produced
Electrical Capacity Electrical Capacity
(million ft3)
(MWe)
(MWe)
329
2.3
1.2
39
0.3
0.1
77
0.5
0.3
2,030
14.3
7.1
2,475
18
335
3,232
104
63

17
-

0.1

2.4
22.7
0.7
0.4

9
0.1
1.2
11.4
0.4
0.2

190,400

416,976

156,360

3,753

26

13

316,000

692,040

259,505

6,228

44

22

a.) Assumes volatile solids (VS) are 83% of total solids and 45% of VS are typically consumed in practical
systems. Assumes manure is collected daily with flush systems.
b.) Assumes biogas production is 12 ft3/lb VS destroyed and biogas is 60% CH4, 40% CO2
c.) Assumes 35% conversion efficiency of biogas to electricity in gas engines.
d.) For technical availability, it is assumed that 50% of gross biomass is recoverable for energy

Recent legislation (SB 5X) appropriated monies for assisting dairies in California in the
installation of systems to create power from dairy wastes. This led to the establishment
of the Dairy Power Production Program (DPPP) by the California Energy Commission
the purpose of which is to encourage the development of biologically based anaerobic
digestion and gasification (“biogas”) electricity generation projects in the State.
Objectives include developing commercially proven biogas electricity systems to help
California dairies offset the purchase of electricity, and providing environmental benefits
through reduction of air and ground water pollutants associated with storage and
treatment of livestock wastes. Approximately $10 million was appropriated including
program administration costs.
Western United Resource Development, Inc. (WURD, http://www.wurdco.com/) was
selected by the Energy Commission to manage the program. The program can provide
two types of assistance for qualifying dairy biogas projects: a) buy-down grants that
cover a percentage of the capital costs of the proposed biogas system, or b) incentive
payments for generated electricity. In general, buy-down grants cover a maximum of up
to fifty percent of the capital costs of the biogas system based on estimated power
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production, not to exceed $2,000 per installed kilowatt, whichever is less. Electricity
generation incentive payments are based on 5.7 cents per kilowatt-hour of electricity
generated by the dairy biogas system paid out over a maximum of five years. The total
cumulative payments under the incentive payment route are intended (after five years) to
equal the amount of funding that would be provided for an equivalently sized digester-toelectricity system under the buy down approach. Table 10 lists dairy power projects
proposed or under construction in the state which are receiving assistance from incentives
enabled by SB5X.
Table 10. Dairy digester for power systems, under construction or proposed in
California23
Type of
No. of Milking
Estimated
Digester
Cows
Capacity (kW)
Atwater
Merced
Cov'd Lagoon
4,686
300
Button Willow
Kern
Cov'd Lagoon
3,600
280
El Mirage
San Bernardino Plug Flow
1,900
160
Lodi
San Joaquin
Cov'd Lagoon
1,600
160
Visalia
Tulare
Plug Flow
1,500
260
Tulare
Tulare
Cov'd Lagoon
1,258
150
Strathmore
Tulare
Cov'd Lagoon
1,050
120
Lakeside
San Diego
Plug Flow
600
130
Marshall
Merced
Cov'd Lagoon
237
75
San Luis Obispo San Luis Obispo Cov'd Lagoon
175
30
TOTALS
16,606
1665
Location

County

Three types of anaerobic digesters are commercially available for the digestion of dairy
manure: complete mix, plug flow, and ambient temperature covered lagoon. The choice
of digester is dependent on the type of manure collection system used on the dairy.
Dairies with flush manure collection systems (2-3% total solids) would typically use an
ambient temperature covered lagoon digester whereas a dairy with a mechanical scrape
system of collection (10-13% total solids) would be a candidate for a plug flow digester.
Complete mix anaerobic digesters operate on manure that has 3-10% total solids and can
be used with both flushed or scraped manure. Both complete mix and plug flow digesters
are heated using heat captured from a boiler or an engine generator. The steady gas
output that results from the heating of the digester allows for ease of cogeneration. An
Upflow Anaerobic Sludge Blanket (UASB) digester has also been successfully
demonstrated by the University of Florida to digest the liquid portion of the waste
generated at a flush dairy. UASBs and other attached-growth anaerobic digesters are,
however, most successful at digesting soluble waste and tend to plug up when operated
on manure with a high solids content and are therefore not commercial for manure
digestion at this time. The attached-growth designs do have the advantage of increasing
mean cell residence time compared to complete-mix systems.
Manure digestion systems typically have 5 subsystems: a mix tank, a digester, an effluent
tank, a solids separator and a power plant or other gas energy conversion system (see
23

Report on progress of Dairy Power Production System (Wurdco.com)
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Figure 10). Manure is typically removed from the barns using a flush system or by
mechanical scraping. The manure is directed to a mixing tank where it is mixed prior to
introduction into the digester. The minimum retention time within the digester is
typically 20 days although digesters can operate for shorter periods of time, especially
attached-growth types. From the digester the digestate is sent to an effluent tank for
storage until it is pumped to a screen separator or a screw press. The solids are collected
and used for bedding or composted and sold as a soil amendment. The liquid is sent to
longer term storage, usually a lagoon, until it is needed for irrigation or sold as liquid
fertilizer. Gas from the digester is sent to a boiler for generation of heat or an enginegenerator set or other power plant (e.g. microturbine) type to generate electricity. In
order to maintain high levels of gas production the manure at the dairies must be
collected regularly and for best results should not be greater than three days old.

Figure 10 Schematic of digester subsystems (typical of low solids dairy effluents). 24
Anaerobic digestion of dairy manure is commercially viable and has been demonstrated
at numerous dairies across the country (see25 for example). Europe has developed and is
operating many anaerobic digestion systems of varying designs or configurations. The
advantages of this approach are electricity generation that offsets the use of power on the
farms; odor control; a reduction in the emission of greenhouse gases such as methane;
24
25

Mattocks, R. (2003). "'Self screening' assessment: the appropriateness of a community manure food
waste digestion system." Agricultural Utilization Research Institute / RCM Digesters, Inc.
Kramer, J. M. (2002). "Agricultural Biogas Casebook." Great Lakes Regional Biomass Energy Program.
Available at: http://www.energy.state.or.us/biomass/digester/AgBiogas.pdf
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pathogen reduction; the mineralization of the nitrates in the manure allowing for easier
uptake of the nutrients by plants and elimination of the pollution of ground water.
One strategy to better utilize a digestion system is to co-digest animal manures with other
organic wastes such as source separated food and restaurant wastes. The increase in
methane production due to more (and higher strength) feedstock would be an economic
trade-off against the higher costs of collecting and transporting the co-feedstocks.
Another strategy that may be viable for multiple dairies located near each other is to set
up a centralized digestion facility with the wastes transported from the satellite generation
locations (e.g., the MEAD project in Tillamook County, OR).
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Biosolids-Water Treatment Plants
Waste water treatment plants (WWTP) represent a biomass resource which can be
exploited for energy and power. Sewage is treated generally using combinations of
aerobic and anaerobic processes. Many treatment plants utilizing anaerobic processing
create sufficient methane to justify converting to heat and/or power, while others may
flare the methane. After the aerobic/anaerobic primary treatment of the waste water,
there is a solid (biologically stabilized) residue commonly referred to as ‘biosolids’.
Biosolids contain the non-biodegradable components of the biomass in the wastewater as
well as the mineral matter (ash). Table 11 displays the biosolids inventory for the region
including gross and technical electrical production estimates from the biosolids.
The Sacramento Regional Waste Water Treatment facility generates approximately 2.8
MWe from the methane generated by the treatment of the waste water. The average
waste water flow is estimated to be 180-190 million gallons per day (GPD). 26 There are
ten WWTPs in California with grid connected power generation (combined gross
capacity of 38 MW)27. The two largest are in Los Angeles County (24 MWe from 770
million GPD waste water, combined)
The solid residue (biosolid) of the process contains all the inert portion of the untreated
sewage as well as a significant amount of organic material that is not biodegradable plus
effluent cell mass. The non-biodegradable organic material contains energy that can be
converted with thermochemical systems. Depending on degree of stabilization, some
biosolid material is land applied as fertilizer. About 40% of the WWTP biosolids in the
state are land applied. About 3% is burned in furnaces (usually co-fired with natural gas
or landfill or digester gas), some of which recover heat for use by the WWTP. The
remainder are either disposed in landfills maintained by the treatment facility or in
city/county landfills.
Converted by thermal methods, the gross and technical generation from the region’s
biosolids is about 7 and 6 MWe respectively.

26

Fondahl, L.V. (2000). US Environmental Protection Agency, Region 9, as published by
Z. Zhang, California Energy Commission, at
http://www.energy.ca.gov/pier/renew/biomass/bioch_en/anaerob/sewage-wastewater-plants.xls.
27

Zhiqin Zhang, California Energy Commission (4 Nov., 2003). Personal communication
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Table 11. Regional waste water treatment biosolids (not currently
landfilled) and electrical generating potential.*
-1

Sacramento
Placer*
Sutter
Yolo
Solano
San Joaquin
Amador*
El Dorado
Sacramento & adjacent Total

Biosolids (bdt y )
47,423
1,732
2,215
5,323
8,594
2,112
67,398

Electrical Potential
‡
Gross Technical
(MWe)
(MWe)
4.20
3.36
0.15
0.12
0.20
0.16
0.47
0.38
0.76
0.61
0.19
0.15
6
5

Butte*
Calaveras
+
Colusa
Glenn
Nevada
Stanislaus
Tehama
Yuba
Outlying Region Total

9
402
392
13,037
552
757
15,149

0.00
0.04
0.03
1.15
0.05
0.07
1

0.00
0.03
0.03
0.92
0.04
0.05
1

Total Sacramento Region

82,547

7

6

*Data taken from Fondahl (2000) and escalated using 2003 county populations.

Electrical generating potential based on thermal conversion at 20% efficiency and HHV of 15.4 MJ kg-1,
dry basis and plant capacity factor of 1.
‡ Technical availability factor was assumed to be 0.8.
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Forest Biomass
Biomass from the forest includes mill residues, most of which are already used for steam
or power generation, forest slash from timber operations, and forest thinnings coming
from timber stand and other forest improvement operations. The latter resource is likely
to increase substantially following presidential signing of the Healthy Forests Restoration
Act on 3 December 2003.
Recent data developed by the California Department of Forestry and Fire Protection28
were used for estimating forest operations residues. Logging slash and potential
thinnings are lumped together. Chaparral is listed separately. Chaparral represents a
significant amount of resource and is included because it is a fuel that likely will be
managed in forest fuel reduction programs, at least in some areas. Chaparral is not
currently harvested or utilized in appreciable quantities, nor does it have many potential
uses other than a fuel for heat and power generation. Mill residues are estimated from
current statewide logging activity and distributed to counties using data in a year 2000
report29 (information on operating sawmill facilities is being updated by the Biomass
Collaborative).
Complete documentation is not yet available but the technical availability of the forest
inventory assumes include, no disturbance of riparian (stream and lake) zones and other
‘sensitive’ habitat, and the material in areas with slope greater than 30% would not be
accessed. The technical accessible forest biomass is 59% of gross thinnings and slash
biomass and 34% of the gross chaparral biomass. All public and private lands are
included in the CDF inventory.
The geographic area used in the forest biomass analysis includes the same ‘Sacramento
Region’ counties used above as well as four additional mountain counties (Plumas,
Sierra, Tuolumne, and Alpine).
Table 12 shows gross forest resource (dry weight y-1) and potential generation (using
gross potential biomass and 20% thermal conversion to electricity efficiency). The
amount of forest biomass in the 16 county Sacramento region (table 12) is approximately
25% more than that of the agricultural residues for the region (tables 7 and 8), and the
generation estimate reflects this (gross and technical generation for the region’s forest
biomass is estimated at 451 and 213 MWe respectively). Table 13 displays the forest
biomass and generation potential for the four additional counties completing the Central
Sierra Nevada Range forest biomass resource.

28

Rosenberg M., Spero J., Shih, T.T., and Duan L. 2004. CDF report in preparation
Springsteen, B., 2000, Assessment of California waste resources for gasification, Final Report, EER SDV Contract No. 500-98-037SDV, California Energy Commission, Sacramento.
29

28

Table 12. Forest and mill operations gross potential residues (tons dry weight per year) in
the Sacramento Region and generation potential.‡ 30
Thinnings &
Slash
4,304
3,180
27,961
391
1,360
4,601
151,304
323,932

Chaparral
17,317
8,016
95,574
180,702
2,374
17,409
213,244
38,248

Mill
Residue
104,625

Total
Forestry
21,621
11,196
123,535
181,093
3,734
22,010
364,548
466,805

517,033

572,884

104,625

1,194,542

287,100
610,412
249,812
137,030
41,835
62,938
45,011
35,759

16,870
41,198
105,162
67,386
44,974
275,959
277,175
572,458

47,250
63,000
96,300
46,350

351,220
651,610
354,974
149,809
338,897
418,486
654,567

Outlying Region Total

1,469,897

1,401,182

252,900

2,919,563

Total Sacramento
Region (BDT)

1,986,930

1,974,066

357,525

4,114,105

21

19

20

240

211

na*

County
Sacramento
Placer
Sutter
Yolo
Solano
San Joaquin
Amador
El Dorado
Sacramento/ adjacent
Total
Butte
Calaveras
Colusa
Glenn
Nevada
Stanislaus
Tehama
Yuba

HHV (MJ/kg, dry basis)
Gross Generation
Potential (MWe)

451

‡

Technical Generation
142
72
213
Potential (MWe)
‡Gross BDT amounts include public and private lands but exclude biomass from riparian zones, sensitive
habitat and terrain with slope greater than 30%. Technical generation potential assumes the forest
thinnings and chaparral are (will be) available in the amounts of 59% and 34% of gross tonnages
respectively. Assumes thermal conversion at 20% efficiency to electricity and plant availability of 100%.
* Assumes mill residues are already utilized for heat and power at the sawmill.

30

Adapted from; Rosenberg M., Spero J., Shih, T.T., and Duan L. 2004. CDF report in preparation
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Table 13 Forest biomass in four mountain counties completing the Central Sierras. ‡
County
Plumas
Sierra
Tuolumne
Alpine
Other Sierra Nevada
Counties Total (BDT)

Thinnings &
Mill
Slash
Chaparral Residue
2103
561
144000
61121
122412
24472
513385
83475
696348
137578
784,044

773,936

227,475

Total
Forestry
146664
183533
621332
833926
1,785,455

21
19
20
HHV (MJ/kg, dry basis)
Gross Generation
95
83
na*
178
Potential (MWe)
‡
Technical Generation
56
28
84
Potential (MWe)
‡Gross BDT amounts include public and private lands but exclude biomass from riparian zones, sensitive
habitat and terrain with slope greater than 30%. Technical generation potential assumes the forest
thinnings and chaparral are (will be) available in the amounts of 59% and 34% of gross tonnages
respectively. Assumes thermal conversion at 20% efficiency to electricity and plant availability of 100%.
* Assumes mill residues are already utilized for heat and power at the sawmill

Resource Summary
Table 14 summarizes the gross and technical31 generation potential of the region’s
biomass inventory. Total gross and technical generation from the resource is estimated to
be 862 and 437 MWe respectively. If the complete Central Sierra Nevada Range is
included in the forest biomass category, and additional 178 MWe (gross) and 84 MWe
(technical) biomass resource is identified. MSW going to landfill disposal is an
opportunity for biomass to electricity conversion because it is generally available at
central locations (landfills, transfer stations, material recycling facilities) and usually is
available at no cost or negative cost (tipping fee). Some of this is already generating
power for SMUD by way of landfill gas to energy systems. There are disadvantages due
to the heterogeneous nature of the material both in particle size and moisture content of
the various components. Orchard and crop residues are available in substantial amounts
for conversion to energy and some of this material is also already being utilized. Some of
the existing biomass facilities in the region use orchard residues and nut shells and other
agricultural residues but new burning restrictions are being implemented in the San
Joaquin Valley reducing disposal options for farmers. Rice straw is available in large
amounts and currently has limited commercial uses and could benefit from expanded
power generation capability using improved technology. Forest residues are expected to
offer substantial amount of resource with new federal legislation enabling more forest
thinning operations and heightened awareness and urgency due to the recent fires in
Southern California

31

Gross generation potential is the capacity that could be supported if all the biomass from each category
were converted to electricity based on energy contents and current technology conversion efficiencies.
Technical generation assumes resource availability factors are less than one.
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Table 14 Summary of regional generation potential from biomass.
Gross
Generation
Potential (MW)
43

Technical
Generation
Potential (MW)
22

Field Crop
Residues

253

127

Orchard and
Vineyard Residues

74

52

Dairy manure

44

22

Waste Water
Treatment Plant
Biosolids

7

6

Forest Residues

451

213

Total

872

442

‘Other’ Sierra
Nevada Counties
Forest Residues

178

84

Biomass Source
MSW
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Conversion of Biomass
Conversion of biomass can proceed along three main pathways- thermochemical,
biochemical, and physicochemical. Currently, all three pathways are utilized to various
extents.
Thermochemical conversion is characterized by higher temperature and conversion rates.
It is best suited for lower moisture feedstocks and is generally less selective for endproducts although advances in gasification and pyrolysis processes are expanding the
range of chemicals and materials that can be produced.
Thermochemical conversion processes include:
Combustion

oxidation of the fuel for the production of heat at elevated
temperatures without generating commercially useful intermediate
fuel gases, liquids, or solids. Flame temperatures range typically
between 1500 and 3000 ºF depending on fuel, stoichiometry,
furnace design, and system heat loss. Particle temperatures in
heterogeneous combustion can differ from gas temperatures
depending on radiative conditions. Combustion of solids involves
the simultaneous processes of heat and mass transport, pyrolysis,
gasification, ignition, and burning, with fluid flow. Normally
employs excess oxidizer to ensure maximum fuel conversion, but
also can occur under fuel rich conditions. Products of combustion
processes include heat, oxidized species (e.g. CO2, H2O), products
of incomplete combustion and other reaction products (most as
pollutants), and ash. Other processes, such as supercritical water
oxidation and electrochemical oxidation can produce similar end
products at lower temperatures.

Gasification

typically refers to conversion via partial oxidation using
substoichiometric air or oxygen or by indirect heating to produce
fuel gases (synthesis gas, producer gas), principally CO, H2,
methane, and lighter hydrocarbons in association with CO2 and N2
depending on process used. Gasification processes also produce
liquids (tars, oils, and other condensates) and solids (char, ash)
from solid feedstocks. Gasification processes are designed to
generate fuel or synthesis gases as the primary product. Fuel gases
can be used in internal and external combustion engines, fuel cells,
and other prime movers. Gasification products can be used to
produce methanol, Fischer-Tropsch (FT) liquids, and other fuel
liquids and chemicals. Gasification of solids and combustion of
gasification-derived fuel gases generates the same categories of
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products as direct combustion of solids, but pollution control and
conversion efficiencies may be improved.
Pyrolysis

a process similar to gasification except generally optimized for the
production of fuel liquids (pyrolysis oils) that can be used straight
(e.g. as boiler fuel) or refined for higher quality uses such as
engine fuels, chemicals, adhesives, and other products. Pyrolysis
also produces gases and solids from solid feedstocks. Usually,
processes that thermally degrade material without the addition of
any air or oxygen are considered pyrolysis. Pyrolysis and
combustion of pyrolysis-derived fuel liquids and gases also
produce the same categories of end products as direct combustion
of solids, but like gasification, pollution control and conversion
efficiencies may be improved. Direct pyrolysis liquids may be
toxic, corrosive, oxidatively unstable, and difficult to handle.
Generation of refined fuel liquids has advantages in fuel handling
and distributed or mobile power generation.

Biochemical conversion proceeds at lower temperatures and lower reaction rates but
tends to offer greater selectivity in products than thermochemical conversion. Higher
moisture feedstocks are generally good candidates for biochemical processes.
Biochemical conversion processes include:
Anaerobic digestion
a fermentation technique typically employed in some waste water
treatment facilities for sludge degradation and stabilization but also
the principal process occurring in landfills. Anaerobic digestion
operates without free oxygen and results in a fuel gas called biogas
containing mostly methane and carbon dioxide but frequently
carrying impurities such as moisture, H2S, siloxane, and particulate
matter. Anaerobic digestion requires attention to the nutritional
demands of the facultative and methanogenic bacteria degrading
the waste substrates.
The carbon/nitrogen (C/N) ratio of the
feedstock is especially important. Biogas can be used as fuel for
engines, gas turbines, fuel cells, boilers, industrial heaters, other
processes, and the manufacturing of chemicals.
Aerobic conversion
including, for example, composting and activated sludge waste
water treatment processes. Aerobic conversion uses air or oxygen
to support the metabolism of the aerobic microorganisms
degrading the substrate. Nutritional considerations are also
important to the proper functioning of aerobic processes. Aerobic
processes operate at much higher rates than anaerobic processes,
but generally do not produce useful fuel gases.
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Fermentation generally used industrially to produce fuel liquids such as ethanol
and other chemicals. Also operates without oxygen. Although
fermentation and anaerobic digestion are commonly classified
separately, both are fermentation methods designed to produce
different products. Cellulosic feedstocks, including the majority of
the organic fraction of MSW, need pretreatment (acid, enzymatic,
or hydrothermal hydrolysis) to depolymerize cellulose and
hemicellulose to monomers used by the yeast and bacteria
employed in the process. Lignin in biomass is refractory to
fermentation and as a byproduct is typically considered for use as
boiler fuel or as a feedstock for thermochemical conversion to
other fuels and products.
Physicochemical conversion
involves the physical and chemical synthesis of products from
feedstocks and is primarily associated with the transformation of
fresh or used vegetable oils, animal fats, greases, tallow, and other
suitable feedstocks into liquid fuels or biodiesel, frequently by
transesterification (reaction of glyceride with alcohol in the
presence of catalyst).
Advanced Biomass Power Systems
Systems that improve upon cost, conversion efficiency, installed capacity, environmental
performance, public acceptance, or that can increase the range of available feedstocks and
products compared with existing commercial technologies are considered advanced.
Probably the least expensive means for increasing use of biomass in power generation is
to cofire with coal in existing boilers by direct substitution of 10 to 15% of the total
energy input with a suitable biomass fuel. Biomass cofiring directly substitutes
renewable carbon for fossil carbon. In addition, cofiring has little or no impact on the
overall conversion efficiency of the plant. Cofired biomass receives the benefit of the
generally higher overall conversion to electricity efficiencies in large coal power plants
(typically 33-37%). Co-firing biomass can also reduce NOx and SO2 emissions from
coal-fired power plants depending on type of biomass fired.
Gasification
Systems for gasification of biomass offer improvements in one of several ways. Closecoupled gasifier and boiler systems can increase the range of available fuels in certain
cases. For example, an existing combustion boiler may not be able to economically
consume some fuels because of disadvantageous ash properties experienced at
combustion boiler temperature (slagging in a system designed for dry ash or release of
alkaline and chlorine compounds which condense and form deposits on heat transfer
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surfaces). Installing a different conversion technology alongside existing facilities could
increase usable fuel supply without incurring the cost of a complete new plant. Another
reason for an add-on or close-coupled system might be for avoidance of contamination of
ash product in instances where the ash from the original fuel has economic value. A third
possibility for such systems is potential improvement of environmental performance in
combination with increasing the range of fuels. A current PIER funded project to
investigate close-coupled gasification for purposes of NOx emissions reduction with
biomass boilers has completed its first phase32. If approved, a phase II program would
deploy a full scale demonstration at an existing biomass boiler, most likely in the
Sacramento region33.
Gasification of biomass followed by cofiring the product gas with a fossil fuel either in
steam cycle power generation or in natural gas fired gas turbines (with or without
combined steam bottoming cycle) is a cofiring strategy that can take advantage of
existing boilers and generating equipment, reducing the cost implementing a biomass
component to a power portfolio.
Gasification for use in integrated gasification combined-cycle systems (IGCC) offers the
potential to increase the conversion to electricity efficiency compared to that of the
existing biomass combustion boilers. Advanced biomass IGCC systems will benefit from
substantial investments made in coal gasification combined cycle systems in the areas of
hot gas particulate matter removal and producer gas combustion in gas turbines. The US
DOE as well as many research organizations in Europe have sponsored much
development work. Critical issues are gas cleaning and solid fuel feeding into
pressurized reactors. Commercial scale demonstrators are in varying stages of
completion.
Still early in developmental stages is biomass gasification for production of renewable
hydrogen for fuel cells. These systems hold promise for high efficiency at a variety of
scales. Utilization of methane from biomass in fuel cells is currently being demonstrated
at several sites in the US with support from the US DOE and EPA.
Small modular biomass power systems are gaining interest because of increasing desire
for distributed generation and wildfire hazard reduction activities which are likely to
provide large amounts of woody biomass but at dispersed locations. Modular systems
include combustion in small steam boilers for process heat or power generation in steam
engines, combustion for heat for Stirling engines, and gasification for fueling
microturbines or reciprocating engines and generator sets.
Biogasification, or production of methane from anaerobic microbes that consume
biomass is the process that takes place within landfills creating methane gas and carbon
dioxide. Advanced landfill systems currently being investigated and demonstrated at full
scale conditions include the bioreactor project at the Yolo County landfill. This project is
one of the biomass related projects in the SMUD ReGen program. Current technology
32
33

GE Energy and Environmental Research Corporation, Irvine CA. CEC Contract No. 500-98-037
The facilities being considered are located in Woodland, Williams, and Anderson, CA.
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for the conversion of landfill gas to methane consists of reciprocating engines for scales
up to several MW, usually with multiple engine-generator sets. The NOx emissions can
be high from these engines running biogas which can make it difficult to site new
generation of this type in many air districts in the state. Hydrogen-enriched biogas and
other fuels can be used in lean-burn engines to reduce NOx emissions and this is a
development area for the future. A part of the Yolo County investigation includes a study
of a landfill biofilter that may be able to biologically react much of the NOx from land
fill gas engines. Presently, this preliminary draft report does not address bioreactor
landfills.
An innovative anaerobic digestion system suitable for high-solids green waste, manure,
food and food processing wastes has been developed by Professor R. Zhang at UC Davis
and Dr. Z. Zhang currently at the California Energy Commission. The innovation is the
use of several batch loaded hydrolysis tanks and a single continuous methane generation
reactor operated in the thermophilic range. The volatile solids destruction and biogas
production is generally increased over that of standard high-solids single vessel digesters.
A pilot facility on the UC Davis campus, funded by the Energy Commission and industry
partners, will be operational early in 2005. The pilot facility will have a feedstock
capacity of about 3 t d-1 producing about 25 kWe from a reciprocating engine. A 250 t d-1
(wet) system using green and other organic wastes in this process is proposed for the
California State University Channel Islands campus in Ventura County. This system
offers potentially low cost electricity if average tipping fees for receiving the feedstock
are charged. The company that has licensed the technology is Onsite Power Systems in
Camarillo, CA.
Overall electrical efficiency
Overall thermodynamic efficiency of electrical production, defined as;
 Net electrical energy out 

 × 100%
 Higher heating value of fuel in 
varies from about 30% to 55% for modern large-scale fossil fueled power plants. Coal
fired steam Rankine cycle power plants range between 30%-45% net electrical efficiency.
Efficiency improves with higher steam temperatures and pressures and generally
improves with larger capacity facilities.34 Natural gas fired gas turbine combined cycle
(GTCC) power plants can achieve efficiencies as high as 55%.
Overall efficiency of biomass conversion to electricity is typically lower than large
central station fossil power plants due to smaller facility size and lower fuel quality (i.e.,
comparatively high moisture in some cases). Efficiency of conversion for existing
biomass based power systems ranges from less than 10% to about 25%. At the lower end
34

The highest efficiency steam cycles operate with supercritical steam conditions (i.e., steam pressure
above the critical point of water; 22.1 MPa or 3200 psi). There are several hundred supercritical steam
power plants world-wide with steam pressures ranging from 25 MPa (3600 psi) to 31 MPa (4500 psi).
Maximum steam temperatures range between 540 ºC and 620 ºC (1000 ºF - 1150 ºF).
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of the range are combustion boiler - steam engine systems, small gasifier-engine systems,
and anaerobic digestion – reciprocating engine systems. The upper range of efficiency is
achieved by larger combustion boiler-steam turbine systems (>40 MWe) capacities.
Figure 11 shows overall efficiency versus net power output for several technology
classes. The efficiencies shown are generally independent of fuel (liquid, solid, gas,
fossil, or biomass). Also shown are efficiencies of the existing California solid fuel
combustion biomass power industry (shown in blue and labeled ‘California steam cycle
biomass’), and several operating or planned commercial demonstrations (red dots labeled
by company name or location).
The California solid fueled biomass industry consists of facilities with net power capacity
as low as 4 MW to 3 facilities with capacities between 47 and 50 MW. The net
efficiencies range from about 15% to 25%. Facilities above 50 MWe net have not been
installed due to additional regulatory review required at this capacity and above.
The red dot labeled projects or systems are discussed briefly in following sections of the
report.35
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CPC is the abbreviation for Community Power Corporation (see Small Scale and Modular Biomass
section). Xylowatt and Güssing can be found in the “Small-Medium Scale Gasification for CHP (India and
Europe)” section and Carbona IGCC is in the “Commercialization of Biomass IGCC” section.
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Güssing, Austria

Carbona IGCC - India

Xylowatt

California Steam Cycle Biomass

Anaerobic Digesters

CPC

IGFC – Integrated Gasifier Fuel Cell
IGCC – Integrated Gasifier Combined Cycle

DF-GT – Direct Fired Gas Turbine (simple cycle)

Figure 11. Efficiency versus net electrical power output for several prime movers (Adapted from R.P. Overend. 1998)
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Biomass Cofiring with Fossil Fuels
Solid Fuel Cofiring
In 1996, the U.S. Department of Energy and Chariton Valley Resource Conservation and
Development, Inc. in Centerville, Iowa, began a study to look at the feasibility of using
biomass to generate electricity in Southeastern Iowa. The project includes studies of
agronomic, economic and technical issues, such as developing a fuel supply plan,
optimizing the yields of energy crops on Iowa farmland, and examining the effects of cofiring switchgrass in existing coal boilers. In full scale experiments, switchgrass has been
co-fired in amounts up to 25 t h-1 contributing 5% of the energy for the 735 MWe (gross)
nominally coal fired Ottumwa plant.36
Gasified Biomass Cofiring
With a fuel gas derived from biomass (whether producer gas from thermochemical
gasification or biogas from biogasification), there is the capability to cofire with natural
gas in GTCC facilities (assuming quality of the mixed gas meets the turbine requirements
for energy content, hydrogen gas concentration and cleanliness.
There are at least three basic arrangements for biomass cofiring with a natural gas fueled
GTCC; 1) biomass combustion boiler which adds steam to the GTCC (Figure 12), 2)
Thermal gasification followed by gas conditioning then mix with natural gas before firing
in the turbine (Figure 13), and 3) a biogas (product of anaerobic digestion) stream that
has been conditioned for cofiring in a natural gas fueled turbine (Figure 14).

Figure 12 Indirect Co-firing with steam side integration
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Amos, W. A. (2002). "Summary of Chariton Valley Switchgrass Co-Fire Testing at the Ottumwa
Generating Station in Chillicothe, Iowa: Milestone Completion Report." NREL/TP-510-32424, NREL,
Golden, CO.
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The indirect co-firing with steam side integration is practical and has lower specific
investment costs than stand-alone combustion. Steam addition from the biomass boiler is
probably limited to about 10%. Energy efficiency of the biomass component is similar to
that of conventional biomass fueled steam cycles37

Figure 13 Direct cofiring with upstream thermal gasification
Upstream thermal gasification direct cofiring allows the thermal efficiency of the
biomass portion of the fuel to approach that of pure natural gas combined cycle (50%55%). Zwart (2003) estimates that in order to avoid major gas turbine modifications, the
HHV of the gas mixture would need to remain above about 39 MJ kg-1 (HHV of natural
gas is 50-55 MJ kg-1) and the concentration of H2 needs to be less than 5% (vol.). These
requirements will limit the biomass fuel contribution to the range of 2%-8% (thermal
basis). For a 500 MWe facility, the 2%-8% biomass fuel limitation is equivalent to 10-40
MWe biopower.
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Zwart, R. W. R. (2003). "Technical, economic and environmental potential of cofiring of biomass and
waste in natural gas fired turbines and combined cycles." ECN-RX-03-003, ECN.
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Figure 14 Direct cofire with biogas
Direct cofire with biogas is limited to the same fuel mixture requirements mentioned
above in order to avoid major gas turbine modifications. However, biogas is generally
easier to clean than producer gas (no tar and usually no particulate matter), resulting in
lower capital costs. Co-locating a biogas source with a GTCC facility is a simple way to
boost the conversion efficiency of the biogas from the 25%-40% level obtained in
reciprocating engines or microturbines (simple cycle) to the higher GTCC efficiency of
about 50%. The biogas can be upgraded to ‘pipeline quality’ (i.e., like natural gas) by
stripping the CO2 and removing sulfur compounds that may be present. Upgraded biogas
could be cofired in any proportion with natural gas.
Natural Gas Cofiring with Biomass
A PIER funded project was implemented at two California biomass power facilities
which used natural gas cofiring to improve the environmental performance, reduce
capacity problems associated with low quality fuels, and increase load following
capability for the facilities. The low NOx gas burners were retrofitted to two existing
boiler facilities in Northern California and demonstrations were completed. The
technology purports to reduce CO and opacity levels when low quality or high moisture
biomass fuel is being burned. Additionally, the natural gas burners add ability to change
the fuel feed rate more quickly which improves load following.38
Biomass Integrated Gas turbine Combined Cycle Efforts
The US DOE biomass power program supported development work on biomass
integrated combined cycle systems in 1990’s. There were at least three projects
undertaken in the US which had various degrees of success. The European Union,
through the THERMIE energy program, has been supporting commercial scale IGCC
demonstration systems fueled by biomass. At this time, the only large scale
demonstration that ran for any significant length of time was at Värnamo, Sweden
between 1996 and 1999. The following are descriptions of IGCC commercial scale
demonstration efforts world wide. The first three were US DOE supported projects.
38

CEC Project Factsheet.
http://www.energy.ca.gov/pier/renewable/projects/fact_sheets/GTI_FCTSHT.pdf
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Paia, Hawaii
In cooperation with the Hawaii Commercial and Sugar Company, the state of Hawaii,
Gas Technology Institute (GTI, a merger of the former Gas Research Institute (GRI) and
the Institute of Gas Technology (IGT)), Westinghouse Electric and others, DOE provided
cost-shared funding to scale up a GTI gasifier (developed by IGT) to a demonstration
scale that would consume 100 t d-1 of bagasse (sugar cane residue). The demonstration
was to include hot producer gas clean-up technology that could create a producer gas
suitably clean for firing in a gas turbine. The gasifier was designed to operate with air or
oxygen up to pressures of 300 psi. The unit operated for short periods at a fuel feed rate
of about 50 t d-1 and a pressure of 150 psi but creating a producer gas that was flared.
There were significant problems feeding the biomass to the pressurized reactor which
were not solved with a re-design of the feed system. Funds were not available to
continue the project after the second feeding system proved inadequate.
Burlington, Vermont
A Battelle (commercialized by FERCO) gasifier sized for 200 t d-1 wood chips was
installed next to the boiler at the McNeil Generating Station in Burlington Vermont. The
McNeil facility is a 50 MWe Rankine steam cycle biomass fired plant. The project
consisted of scaling up the Batelle dual-fluidized bed gasifier to produce gas for co-firing
in the McNeil boiler initially, followed by staged implementation of gas cleaning systems
and a gas turbine to be operated on the producer gas as an IGCC. The gasifier uses steam
and hot sand to gasify the biomass. The char and sand from the first fluidized bed is
shuttled to a second fluidized bed reactor and the char combusted to heat the sand which
is recirculated to the first reactor (See Figure 15). Steam is used as the fluidizing and
gasification agent in the first reactor, avoiding dilution with nitrogen in air and producing
a higher quality gas for use in the IGCC. It operates at near atmospheric pressure.
The project was successful in creating and co-firing producer gas in the McNeil boiler. A
gas turbine has not yet been installed. It is uncertain if DOE will support demonstration
with the gas-turbine as the emphasis on federal renewable energy research is now
focusing on transportation fuels because of energy security issues. FERCO is not able to
finance the demonstration with a gas turbine by itself.
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Figure 15 Schematic of the FERCO gasifier (courtesy Mark Paisley, FERCO)
Granite Falls, Minnesota (MnVAP)
A growers’ cooperative (Minnesota Valley Alfalfa Producers or MnVAP), electric utility,
university, private partners and state agencies formed a group to site a biomass power
station. US DOE sponsored the program as well. The concept was to strip the leaves
from the growers’ cooperative alfalfa harvest (2000 growers, 180,000 acres) and use
them for creating high quality animal feed. The low protein stems were to be used for the
biomass fuel. A 75-100 MWe plant based on the GTI pressurized oxygen enriched airblown gasifier (licensed to Carbona) supplying an IGCC system was specified. Expected
required feed rate of alfalfa stems was 1100 t d-1. The DOE was providing up to $44
million of the $140 -$200 million cost for construction of the plant and associated
facilities.39
Significant milestones accomplished by 1999 included


Purchase of existing alfalfa-processing plant and development of stem and leaf
separation technology



Signing a power purchase agreement with Northern States Power Company of
Minneapolis, Minnesota, guaranteeing the long-term sale of electricity starting
December 31, 2001



Formulate agreements with farmers to buy shares in the cooperative and making
them future co-owners of the power facility

39

Federal Register Document 99-24457, filed 9-17-1999 (http://www.epa.gov/fedrgstr/EPAIMPACT/1999/September/Day-20/i24457.htm)

43



Obtaining a loan guarantee and 100 acres of land donated by the city of Granite
Falls, Minnesota, for the power facility



Receiving a grant from the State of Minnesota to support alfalfa production and
processing capabilities. The state also approved regulatory changes and tax
exemptions worth more than $3 million per year to support the alfalfa producers'
role in the project.



Initiating environmental impact studies.

However, in 1999, key financing partners withdrew from the project because of
uncertainties with fuel supply and the unproven technology (biomass IGCC) at this scale.
Värnamo, Sweden
The Värnamo plant was the world’s first biomass-fueled IGCC plant that operated
successfully for extended periods of time. This demonstration facility that produced
power and heat (6 MWe, 9MWth) and was developed by Sydkraft AB and Foster
Wheeler International. The gasifier was a pressurized air-blown circulating fluid bed
reactor that operated at pressures of 18-22 atmospheres. The facility used finely ground,
dried wood and bark feedstock (10 to 20% moisture content) delivered to the power
generation site from an adjacent preparation facility. Limited tests with pelletized straw
and refuse-derived fuel (RDF) were also performed40 with some success.
The gas cleaning system consisted of a cyclone separator, followed by heat exchange to
cool the gas to about 350ºC (from ~ 900 ºC ) thereby condensing alkali vapors on
particulate matter41. The partially cooled gas was passed through a barrier filter (ceramic
and/or sintered metal ‘candle’ filters). Tar and alkali content in the filtered gas were less
than 5 g m-3, and 0.1 ppm (by weight) respectively42. The filtered gas was then fired in a
gas turbine (European Gas Turbines, Ltd). The gas turbine generated about 4 MWe, and
the steam bottoming cycle produced 2 MWe additional.43
The Värnamo gasification system has more operational experience than any other
biomass fired gas turbine system. Figure 16 shows a schematic of the Värnamo system
The gasifier was completed in 1993. In total, the gasifier operated for more than 7000
hours. The gas turbine was modified for use with the low-energy gas in 1995, and test
operations of the integrated biomass fueled power generation system began that year. By
the end of 1999, the integrated facility had operated for a total of about 3500 hours, with
most of those during 1998 and 1999. The facility was built as a near-commercial
40

Stevens, D. (2001). Hot gas conditioning: Recent progress with larger-scale biomass gasification
systems, NREL/SR-510-29952
41
Ibid.
42
Stahl, K. and M. Neergaard (1998). "IGCC power plant for biomass utilization, Varnamo, Sweden."
Biomass and Bioenergy 15(3): 205-211.
43
Engstrom, F. (1998). "Hot gas clean-up bioflow ceramic filter experience." Biomass and Bioenergy
15(3): 259-262.
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demonstration and was not intended to provide long-term power generation on a
commercial basis. The demonstration of the technology was completed in 1999, and the
facility was closed (Stevens 2001).
A non-profit company with ties to a local university has been established to utilize the
facility for research which includes development of refuse derived fuels (RDF) for use in
IGCC, production of hydrogen-rich synthesis gas, and pilot production of transportation
fuels from synthesis gas44

Figure 16. Schematic of the Värnamo, Sweden BIGCC facility45
Eggborough, UK (ARBRE)
This biomass fired IGCC project was selected for commercial demonstration by the
European Commission THERMIE program in the mid 1990’s46. It is called ARBRE and
was sited near forest operation residues but also includes a component to the project to
grow short rotation coppiced willow for the main fuel source.
The capacity of the plant is 8 MWe and uses a TPS (Sweden) atmospheric air-blown
circulating fluidized bed gasifier. Gas conditioning is accomplished using sequential
filtration and scrubbing. Particulate material is removed from the hot raw gas using a
cyclone, and tars are then cracked while the gas is still hot. The gas is then passed
44

Stahl, K., Waldheim, L., and Morris, M. (2004). "Biomass IGCC at Varnamo, Sweden - Past and
Future." GCEP Energy Workshop, Stanford University.
45
Adapted from Stahl, K. and M. Neergaard (1998).
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Pitcher, K., B. Hilton, et al. (1998). "The ARBRE project: progress achieved." Biomass and Bioenergy
15(3): 213-218.

45

through a heat exchanger to recover heat that is used for generating steam. The warm gas
is then passed through bag filters to remove remaining particles, and the product then
passes through a wet scrubber for final conditioning.47 A portion of the gas is combusted
in a boiler and the remaining producer gas is compressed and injected into a Typhoon
industrial gas turbine. The gas turbine and the steam cycle each produce about 5 MWe
with projected overall conversion efficiency of 31%.48
Construction of the project began in 1998 and it has been operated in trial runs. The
owner has suffered financial difficulties and the facility was reportedly sold in
bankruptcy proceedings. The status of the facility is not determined at this time.
Other attempts
There are two other projects mentioned in the literature and on funding agency websites
whose status is difficult to determine. One is located in Cascina, Italy and owned by
Bioelettrica SpA. This is another selection by the EC THERMIE demonstration program.
The design includes a Lurgi CFB atmospheric air-blown gasifier sized for 43 MWth fuel
input. The plant should generate 14 MWe (33% efficiency). The fuel is to be wood
chips, and olive and grape pomace residues. The producer gas will be passed through
cyclones for large particulate matter removal followed by cooling and wet scrubbing.
The gas then is compressed for injection into the gas turbine. The plant was supposed to
be operational in 2002 but has been delayed. The reasons for the delay have not been
determined at this time.
The other project was slated for Brazil. Called the Brazilian wood Biomass Integrated
Gasification-Gas Turbine Project (BIG-GT), development funds were provided by the
World Bank and the UN through a program called Global Environmental Facility (GEF).
US$8 million were granted to do all preliminary development work including fuel
resource study, environmental impacts, plant component specification and selection and
final design. The TPS gasification process and a GE gas turbine were selected49.
The design capacity was 32 MWe. Fuel would include some wood residue and bagasse
but primarily would be from a short rotation cultivation operation that was part of the
project. From the planning and design phases, the plant installation cost was estimated at
US$113 million50 (including land costs and short rotation crop operation). The project
has not proceeded beyond the design stage. Apparently the high cost of the project and a
downturn in the economy contributed to a decision not to continue.
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Stevens, D. (2001).
Ibid.
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Babu, S.P. 1999. Thermal gasification of biomass, IEA Task 20 overiview
(http://www.ieabioenergy.com/media/18_AR1999Task20colour.pdf)
50
Carpentieri, E. and A. Silva (1998). "WBP/SIGAME the Brazilian BIG-GT demonstration project actual
status and perspectives." Biomass and Bioenergy 15(3): 229-232.
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Commercialization of Biomass IGCC
Though there are several operating commercial coal fueled IGCC facilities, some of
which co-gasify biomass/MSW components51, there are no strictly biomass fueled IGCC
facilities commercially operating. This may be changing as Carbona and FERCO
Enterprises report new projects are being developed.
Carbona IGCC
Carbona is a Finnish company active in biomass gasification and combustion projects. It
has license to market the RENUGAS gasifier developed by GTI (pressurized air/ oxygen
gasifier). The company was called Tampella Power and Enviropower in the past. It
maintains a research and pilot facility in Finland. The company has developed
proprietary gas cleaning systems (based partly on heated sintered metal filters and
catalytic cracking) for use in biomass IGCC applications.52.
Carbona is supplying the gasifier and gas cleaning system for a IGCC project in India. It
is proposed to consume wood waste and cashew and coconut shell. Fuel feed rate is
planned for 200 t d-1 and should net 12 MWe. The project cost is US$22 million. Project
initiation is awaiting final decision from financing partners. See Figure 17 for a process
diagram of the India project.
FERCO Enterprises53
An energy firm in the UK (Peninsula Power) is planning to build a 23 MWe (net) BIGCC
facility using the FERCO gasifier and a Siemens Cyclone gas turbine. Fuel will come
from a consortium of energy crop growers (short rotation willow coppice and
miscanthus) and local forestry operation wastes. The project cost is reported to be $70
million of which $20 million is a renewable energy grant award from the government.
The project is in the permitting stage.
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Williams, R. B., Jenkins, B. M., and Nguyen, D. (2003). "Solid Waste Conversion- A review and
database of current and emerging technologies." Final Report. CIWMB interagency agreement IWMC0172.
52
Jim Patel, Carbona (2003)Personal communication, 31 October, 2003.
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Mark Paisley, FERCO Enterprises (2004). Personal communication,28 September;
http://www.peninsulapower.co.uk/ Accessed 25 September, 2004;
http://www.biggreenenergy.com/ Accessed 25 September, 2004.
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Figure 17. Process diagram of the Carbona India IGCC project.
A project in Forsythe County, Georgia is under development by Biomass Gas & Electric,
LLC. The project will be located adjacent to a CD&D landfill Most of the fuel will be
clean wood wastes supplied by the landfill operator. Supplemental fuel will be saw mill
wastes and herbaceous crop residues. A FERCO gasifier has been selected. Initially, the
gasifier will provide fuel for a steam boiler. Later plans call for installation of a gas
turbine for combined cycle operation. The plant will consume 400 tons per day of fuel
and produce approximately 20 MWe. The project has received zoning approvals and
environmental permitting is underway. Power purchasing agreements are being
negotiated. from the
A third FERCO gasifier project is being developed. This project is in the state of New
York and will initially fuel a steam boiler and steam cycle with addition of gas turbines or
reciprocating engines later. The project is obtaining zoning approvals. The fuel source
was not reported.
BIGCC Discussion
There is a general view that the US DOE sponsored biomass IGCC projects failed
because none of the projects ever operated in IGCC mode. This view is strengthened by
the recent emphasis of RDDD programs directed at biofuels and bioproducts
(biorefineries) at the DOE which necessarily reduces resources and, therefore, interest in
biomass power development.
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The reasons that the BIGCC demonstration projects in the US never came to fruition are
ultimately financial. The MnVAP project never reached the construction stage because
bank financing backed out. The Paia, Hawaii project was perhaps handicapped from the
outset by a poor choice of fuel and reactor combination, creating an obstacle that could
not be overcome by the budgeted time and money. The Burlington, Vermont (FERCO)
project, by most reports, successfully demonstrated the Battelle gasifier at a commercial
scale. Lack of funding, and perhaps interest for follow up, hindered installation of gas
conditioning systems and the gas turbine to complete the project.
There remains a need to develop and demonstrated biomass IGCC in the US in order to
provide financiers a ‘homegrown’ case study. There are few to no options available to
developers when faced with repowering a facility that has reached its useful life, or in
siting a new one. Developing improved efficiency of biomass conversion for heat and
power in California and the US so that they are available when the need arises (which
many argue is now) is important because of the opportunities for increased diversity in
the power generation fuel supply, load and voltage support to the grid from the
distributed generation opportunities, improvements to rural economies, reductions in
greenhouse gas emissions and other environmental improvements.
The recently announced commercial projects by Carbona and FERCO are encouraging,
especially because two of the FERCO developments are in the US. The announced
projects all target homogeneous fuel sources (mostly clean wood chips). Continued
investigation which includes suitability of other fuels that comprise the diverse California
biomass resource is necessary. Increased availability of clean wood fuels from forest
thinning and related operations is not assured in the near term because permitting forest
fuels reduction efforts on public lands is expected to be tied up in the courts. There are
large amounts of non-forest biomass currently available in California, including
agricultural residues, and MSW biomass.
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Small Scale and Modular Biomass
In 1998, the NREL placed ten cost-shared contracts to develop small, modular biomass
power systems. These were the first phase of the Small Modular BioPower Initiative
(three phases planned), which is aimed at determining the feasibility of developing
systems that are fuel-flexible, efficient, simple to operate, and whose operation will have
minimum negative impacts on the environment. Phase I was to determine feasibility of
developing cost-effective technologies and identifying the potential markets for each of
the systems.
Small modular systems have potential applications in both domestic and international
markets. They may have cost advantages in niche markets because of their modularity,
standardized manufacture, and transport. Simple connections will require a minimum of
field engineering at operational sites. The intended power range for these systems is from
5 kW to 5 MW. The companies and projects awarded phase I feasibility studies are
listed in Table 15.
DOE Small Modular Biomass – Phase II
In 1999, Phase II awards were made to four of the Phase I project developers
(Community Power Corp., External Power, FlexEnergy, and Carbona).
Community Power Corporation
Community Power Corp. (CPC) receives co-funding from the California Energy
Commission (CA small modular biomass- PIER) on this and other small scale biopower
projects. For the small modular biomass program (DOE), the CPC system uses a fixed
bed downdraft gasifier which runs an SI engine and generator set (“Biomax”). The
system uses engine intake vacuum to provide draft for the gasifier. The engine runs on
propane during start-up. During steady-state operation of the gasifier, additional air is
injected in the bottom of the gasifier to oxidize some of the char and maintain
temperature. Some of the tar product is cracked or combusted by this action it is claimed.
The producer gas is cooled to about 50 ºC where some tar is condensed (the gas is meant
to remain above the dew point so that water vapor is inducted into the engine). The heat
extracted in the cooling process is used to dry the feedstock in the short elevator
conveyance that transfers fuel from the hopper to the gasifier. The cooled gas is then
passed through a bag filter to remove most of the particulate matter. It was observed
from operational experience that as a layer of carbon containing particulate builds up on
the filter surface, tar concentration in the exit gas decreased. The material on the filter
surface adsorbs and/or cracks some of the tar. Tar concentration of the gas sent to the
engine is consistently below 50 ppm, and levels of 10 ppm can be achieved. A
considerable advantage is that the process emits no liquid effluent (which usually
presents a waste mitigation issue), however the particulate material captured in the bag
filter is likely to be hazardous and will require appropriate disposal (perhaps this material
can be disposed of by re-injecting it into the gasifier). The market is for rural
applications in the US and developing nations in a capacity range of 2.5 to 100 kWe
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Table 15. DOE Small Modular Biomass Phase I Awards54.
Company

Technology

Community Power Corporation,
Aurora, CO

Gasification with spark ignition engine /
generator

SunPower, Inc. (External Energy)
Athens, OH
Carbona Corporation,
Napa, CA

Combustion with Stirling engine /
generator

Reflective Energies, Inc. (FlexEnergy)
Mission Viejo, CA

Microturbine for biogas applications

Agrielectric Power, Inc.
Lake Charles, LA

Fluidized-bed combustion with steam
turbine
Gasification with spark ignition engine /
generator, combustion turbine, or fuel
cells

Up-draft gasification with boiler/steam
turbine

Bechtel National Incorporated,
San Francisco, CA
Bioten General Partnership,
Knoxville, TN

Direct-fired combustion turbine
Fluidized bed combustion, heat exchange
fluid, steam generation, steam turbine

Energy and Environmental Research
Center
Grand Forks, ND

Gasification with spark ignition engine /
generator or combustion turbine /
generator
Gasification with Stirling engine /
generator

Niagara Mohawk Power Corporation,
Syracuse, New York
STM Corporation
Ann Arbor, MI

(Figure 18). Currently, three or four 15 kWe units are being deployed for long term field
testing. The current design capacity is too small to gather much interest in the US
market. The USFS, NREL, and the Energy Commission are sponsoring CPC to develop
a larger capacity unit. A 50 KWe design is being discussed for demonstration in
California early in 2005.
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See http://www.eere.energy.gov/biopower/projects/ia_tech_sm_exec.htm
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Figure 18. Schematic of CPC small modular system in Phase I stage
(Adapted from the Small Modular Biomass Phase I executive summary)

A 12 kW system has been operated at the Hoopa Indian Reservation in Northern
California including demonstration of grid-connected performance. In CHP operation,
the system has overall efficiency of approximately 60%55 although the electrical
efficiency is 15-16% based on a stated fuel consumption of 3 lbs per hour per kWe at a
nominal wood moisture of 15% after drying. Fuel drying is one use of the engine reject
heat. The objectives for the project to be commercial in California (for a CHP system)
include capital cost of $1000 kW-1 , cost of electricity < 15¢ kWh-1, and cost of heat <
$1.20 therm-1. The unit(s) in California have been operated on clean wood fuel typical of
forest thinning operations and mill residues. Units in the Philippines operate on wood
residues and coconut husks and shell.
CPC is also receiving DOE funds through the Small Business Innovation Research
Program (SBIR) to fuel the system with poultry litter. This project is cooperating with
FERCO, Iowa State, University of Arkansas and others on this project. CPC claims to
have been the first group to power a solid oxide fuel cell on gasified biomass. This was a
small <3 watt fuel cell developed by Ascent Power Systems56.
The CPC downdraft gasifier is nearly commercial when operated on clean wood fuels
and may be an attractive option for distributed generation from forest fuel thinnings.
CPC has recently been awarded another grant from the CEC for development of a 50
kWe unit.
FlexEnergy
FlexEnergy is developing a Lean-Fueled catalytic Microturbine Technology. It is a
microturbine capable of operating on low energy gas (biogas, air gasified biomass, etc.).
The fuel gas is mixed with combustion air prior to compression which reduces parasitic
55
56

CEC PIER 2002 Annual Report (http://www.energy.ca.gov/reports/2003-03-28_500-02-076F.PDF)
CPC media release (http://www.gocpc.com/ ) 15-August, 2002.
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losses from separate fuel gas compression. To eliminate explosion hazards, the fuel gas
must be mixed at concentrations below the flammability limit and thereby requires a
catalyst to initiate combustion.
The turbine is an adapted Capstone C30 (30 kW)
turbine. It has been run on simulated producer gas (CO and H2) and biogas (natural gas
diluted to representative energy content of a digester gas) and reportedly developed full
30 kW power.
FlexEnergy is currently receiving PIER funds to demonstrate the technology using
digester gas (Cal Poly) and land fill gas at the Puente Hills landfill near Los Angeles.
Future development work includes running the FlexEnergy microturbine on gasified
biomass (wood) from CPC and other gasifiers. The Energy and Environmental Research
Center at the University of North Dakota is currently setting up the test gasifiers to
operate the microturbine. There is also a pending demonstration project to gasify pecan
shells at a processing plant in Arizona (with support from the National Rural Electric
Cooperative Association).
A further proposed and funded project is with the South Coast Air Quality Management
District. This demonstration will use waste gases from an indoor composting facility in
Chino, CA, supplemented with digester gas in order to consume the VOC and ammonia
emissions from the compost facility. This is attractive because the low temperature
catalytic combustion has extremely low NOx emissions.
The FlexEnergy microturbine is still developmental but its potential advantage will be the
ability to produce power from low energy fuel gas with very low NOx emissions and
constitutes a significant innovation for biomass small modular technology.
Sun Power (External Energy)
This small modular biomass concept is to use combustion of biomass to provide heat for
a free-piston Stirling engine (external combustion engine) to generate 1 kW power and
provide heat for space and water. This is targeted for residential scale use. During early
stages of the phase II portion of the DOE program, a prototype was developed and tested.
There were technology ownership issues being disputed and the high cost of preproduction engines was very high so the project was terminated57.
Stirling Energy Systems, Inc.
SES is developing a Stirling engine to operate on digester gas and similar fuels. SES has
a contract through the Hetch-Hetchy renewable generation project funded through the
CEC-PIER program (a companion project of the SMUD ReGen project) and is scheduled
to demonstrate a unit at an Inland Empire Utility Agency (IEUA) site. SES is planning
on using a modified Kockums (Sweden) Mark II engine.
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Richard Bain, NREL. Personal Communication. 24 October, 2003.
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Carbona
The Carbona small modular biomass project involves biomass gasification for combined
heat and power. The system is being prepared for demonstration in Skive, Denmark. A
fluidized bed gasifier fed by air and steam gasifies pelletized wood fuel (see Figure 19).
Hot producer gas passes through a catalytic tar cracker reducing tar amounts(tar
production and reduction amounts were not reported) followed by cooling before passing
through bag filters for particulate matter removal. The producer gas then passes through a
wet scrubber (presumably to capture some acid gases and remaining tars and PM). The
disposition and quality of the gas scrubbing water was not reported.

Figure 19 Simplified schematic of the Carbona Skive project 58
A portion of the gas stream is fired in reciprocating engine-gensets (GE Jenbacher GmbH)
producing approximately 5 MWe. The remaining gas stream is burned in a boiler and
combined with engine heat, about 11 MWth is produced for the district heating
application. The relative amounts of heat and power are variable depending on seasonal
needs. This system is expected to consume 100 tons per day of wood fuel.
The project cost approximately US$24 million of which US$5 million is from European
agencies and DOE. A recent press release indicates that a contract has been signed for
delivery and installation of the CHP facility59.
Other Small Biomass Power Systems (US)

58
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Source: Carbona Corporation
Pattel, J., (2004) Carbona US Corporation. Personal communication (7 April).
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There are many potential small scale (and/or modular) biomass systems being marketed
in the US. Most are solid fuel combustion in a boiler for heat and power generation.
Some are based on gasifiers with a variety of prime mover technology for power
generation. Following are brief descriptions of two companies that are involved in small
biomass gasification projects and are based in California.
Altex Technologies
Altex Technologies is an engineering services firm with expertise in low emission
combustion systems and heat transfer applications. Under a DOE small business
innovation research (SBIR) grant, Altex developed and demonstrated a system to create
heat and power (25 kWe) from the combustion of dairy waste.
The system consists of a staged cyclonic combustor, high temperature gas to gas heat
exchanger, and a gas turbine powered by hot gas from the heat exchanger. Ancillary
equipment included initial mechanical dewatering system (manure was obtained the dairy
waste sluicing system with initial 95% moisture content) a rotary drum dryer utilizing
waste heat to for final fuel moisture conditioning, solid fuel storage and handling and ash
extraction systems.
Resources did not allow for selection of optimal system components (e.g., the gas turbine
used was a surplus aircraft auxiliary power unit) and initial experiments showed that the
fuel needed to be dryer than originally planned. John Kelley (President of Altex
Technologies) indicated that with the suboptimal gas turbine used in the demonstration
system, electrical production efficiency was less than 10%. With optimized components,
this type of system burning dairy manure to power an external combustion gas turbine
cycle could provide small scale electricity production efficiencies of perhaps 20%
including fuel drying. In order for the combustion system to operate with the intended
low emissions, the fuel was dried below that for the original design which resulted in
higher combustion temperatures and causing the ash to become molten. The dry-ash
extraction system would become blocked when molten ash solidified upon cooling. The
system could operate for perhaps 20 -30 hours before the ash removal system became
inoperable. Slagging ash removal systems are existing technology used on wet bottom
coal boilers and high temperature slagging gasifiers. A minimal modification to the
combustor bottom and ash system would allow the system to operate for long periods
with molten ash product.
The combustor burns fuel at a nominal energy input rate of 700,000 Btu hr-1 (205 kW)
which for rice straw with a HHV of 15 MJ kg-1 requires about 50 kg hr-1). Table 16 gives
some currently available emissions data from tests on three biomass fuels.
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Table 16. Emissions from the Altex combustor.
Fuel Type
N0x (ppm)
Dairy manure
150 (@3% O2, dry gas)
Rice straw
150 (basis not reported)
Yard waste
100 (basis not reported)
nr = not reported

CO (ppm)
200 (@3% O2, dry gas)
nr
nr

An advantage of the staged cyclonic combustor is that its physical size is smaller than a
grate or suspension fired burner or boiler for a given solid fuel feed rate because like a
fluidized bed system (bubbling or circulating), solid fuel particles remain in the high
temperature reaction zone and until small enough to pass through the cyclone separators
with the combustion gases. Downstream ash fouling may be reduced because of fewer
and smaller particles (which can serve as alkali vapor condensation sites) carried in the
hot exhaust gases to heat transfer surfaces.
A Report on the CEC EISG project is being prepared so more detailed information will
be forthcoming. The executive summary for the power from dairy waste (SBIR Phase II)
indicates that a commercialized system of 250 kWe could have an internal rate of return
(IRR) of 33% or even 40% (economic analysis conducted by Altex). The economic
analysis used a retail price for electricity credited to the project (equal to the price of
electricity the farm had to pay) of $0.10 kWh-1 and relied on selling waste heat at $6.70
MMBtu-1 and claimed a fertilizer value of $1.61 ton-1 effluent from the dewatered
manure.
Much of the detail from Altex’s DOE SBIR work is proprietary at this time so a more indepth evaluation is not possible.
It should be noted that externally-fired gas turbine cycles (indirect Brayton cycles), a
possible pathway to improve conversion efficiency of low quality or ‘difficult’ solid
fuels, is considered experimental with substantial technical issues still to overcome.
These issues include heat exchanger materials and design for use with high temperature
alkaline and chlorine vapors in the combustion gas as well as economical gas turbines for
this size and application60.
Omnifuel
Omnifuel builds and markets fluidized bed gasifiers for biomass and RDF. The company
has offices in Ontario, Canada and Folsom, California. The process originated from work
in Canada in the late 1970s which involved RDF preparation and gasification. Two
demonstration units were built in Canada (160 and 500 TPD capacity) and one in French
Guyana. All units operated successfully but did not continue past the demonstration
period because of economics. The company and it’s partners are responding to several
RFPs for renewable energy systems in the western US.
60

A development project is pending with the California Division of Forestry and Fire Protection, UC Davis
and other participants to develop and test a CHP system using an indirect-fired gas turbine consuming
forest thinnings.
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Omnifuel is responding to the SMUD renewable power generation RFP under the
emerging renewables category. The proposed system will be a CHP facility located
adjacent to the Folsom Prison and utilize an existing (but idle) waste receiving and
sorting facility. Two air blown fluidized bed gasifiers are proposed to convert 14 tons per
hour of shredded wood and green waste to producer gas. The gas will be fired in a steam
boiler to run a steam turbine and supply process steam for sale to the prison. The net
electrical capacity is estimated to be about 3.5 MW (Figure 20).

Prison Food
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Existing System
Clean Woody
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60 tpd

Compost

Sort
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318 tpd
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11 tpd
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Recyclables
Trash

Shred

Fuel Bin
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Fuel Storage

Prison

24x7

Gasification

Steam

Boiler

Power Gen

Ash 15 tpd

Figure 20 Schematic of Omnifuel proposed CHP facility
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Small-Medium Scale Gasification for CHP (India and Europe)
India
India has large and diverse biomass resources. Increasing population combined with a
modernizing economy are resulting in a rapidly increasing energy demand. The Ministry
of Non-conventional Energy Sources (MNES) in India is setting policy and gathering
resource and energy statistics in order to increase use of non-fossil energy and increase
rural electrification. The MNES reports that in India there are presently 1840 biomass
gasifiers for a combined capacity of 58 MW (30 kW average).61
Ankur Scientific
Ankur Scientific in Gujarat, India builds and markets downdraft gasifiers for heat and
power production. There are many units employed, mostly in Asia in various sizes less
than 500 kWe. Many of the installations are used to replace a portion of diesel fuel in
diesel engine generator sets (Ankur indicates that diesel fuel flow is reduced by about
70% when running in the dual-fuel mode). EERC at University of North Dakota is
operating an ANKUR WBG-200 gasifier to supply fuel gas for FlexMicroturbine testing

Coarse and Fine
fabric filters
Wet Scrubber

Figure 21 Schematic of Ankur downdraft gasifier with dual-fuel power generation
configuration. (Source 62)
Gas clean-up for use in reciprocating engines is composed of a wet scrubber and coarse
and fine fabric filters (see figure 21). Particulate matter (PM) and tar concentrations were
61

Girdhar, J. B. S. (2004). "Biomass gasifier program and policies." Presentation by Ministry of nonconventional energy sources, New Delhi http://www.teriin.org/events/docs/biogasifier/jbs.pdf (accessed 21
Sept., 2004)

58

measured after gas cleaning for a BG-400 ANKUR gasifier, presumably fueled by wood
chips (Wen et al. 1999).62 Wen et al. report PM and tar concentrations to be 0.30 and 1.34
mg Nm-3, respectively.
Table 17 lists approximate PM and tar limits for producer gas used to fuel reciprocating
or gas turbine engines. These are postulated or rule of thumb values, though a piston
engine operated for more than 1500 hours on a producer gas with tar content of 300
mg/Nm3 with no operational problems, suggesting that the upper limit on tar needs
further investigation63. Nevertheless, the reported PM and tar contents of the Ankur
system described by Wen et al. (1999) are well below the requirements for gas turbine
fuel.
Table 17 Approximate producer gas quality requirements 64

Particulate Matter
Tar
Alkali metals

mg/Nm3
mg/Nm3
mg/Nm3

Reciprocating
Engine
< 50
<100
-

Gas Turbine
<30
<5
<0.24

Incomplete tests were done on the wet scrubber effluent which indicate presence of
hydrocarbon contamination (as expected with scrubber water used in producer gas
cleaning). The ANKUR related literature does not discuss the amount of scrubber
effluent nor what degree of processing is required to treat the effluent before disposing.
Hydrocarbon contaminated wastewater from producer gas cleaning remains an important
environmental and/or economical issue.
Overall electrical efficiencies of the ANKUR gasifier and reciprocating engine generator
systems are about 15 – 20% based on reported wood fuel consumption of 1.3 to 1
kg/kWh.
Indian Institute of Science, Bangalore
The Indian Institute of Science (IISc) has been developing an open top downdraft gasifier
(modified from an open top Chinese design) for many years. Professor Mukunda has
been the lead investigator.
There are some 37 systems based on the IISc open top downdraft gasifier installed (31
are in India of which eight have electricity generation using dual fueled compression
62

Wen, H., Lausten, C., Pietruszkiewicz, J., Delaquil, P., and Jain, B. C. (1999). "Advances in Biomass
Gasification Power Plants." American Power Conference
63
Hasler, P., Morf, P., Buehler, R., and Nussbaumer, T. (1998). "Gas cleaning and waste water treatment
for small scale biomass gasifiers." Final Report. Swiss Federal Office of Energy & Swiss Federal Office
for Education and Science.
64
Stassen, H.M., (1993). Strategies for upgrading producer gas from fixed bed gasifier systems to internal
combustion engine quality.,(in R.G. Graham; Biomass Gasification – Hot gas cleanup. IEA report for
the Biomass Gasification Working Group, Appendix II. December)
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ignition or gas only fueled spark ignition engines). IISc is involved in UN development
programs for rural electrification in India. Additionally, an IISc CHP system has been
investigated and tested by the Swiss Federal Office for Education and Sciences and the
Swiss Federal Office of Energy. 65 66 67 The Brazilian Reference Center on Biomass
(CENBIO) at São Paulo University is investigating the IISc system for possible
application in isolated communities in the Amazon region.68
Following the interest of the Swiss government, a company (Xylowatt SA) formed to
market the systems in Europe. A facility was commissioned by Xylowatt in 2002 at a
saw mill in Bulle, Switzerland. The facility is a CHP operation consuming about 55 kg/h
or wood residues from the sawmill (1.4 ton/d based on 24 hour operation). The facility
generates 50 kWe and 108 kWth. The electrical generation and useful heat efficiencies
are 22% and 48% respectively.69
Figure 22 shows a schematic of the Xylowatt facility. Gas is cleaned using a cyclone,
followed by cooling, wet scrubbing, and finally filtering (fabric filter). Gas quality before
and after cleaning is reported in Table 18. The gas cleaning system emits water and
sludge at a rate of 14 kg/h and 0.2 kg/h respectively.70 Analysis of waste water indicated
it is acceptable for discharge under Swiss regulations. Analysis of the sludge discharge
and whether the water was treated before discharge was not reported.
Table 18 Product gas tar and particulate matter concentration, Xylowatt Bulle facility
(Giordano, P. (2003).)
Component
Raw Gas
Cleaned Gas
Units
Tar
250
106
mg/Nm3
Particulate Matter
200
42
mg/Nm3
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Hasler, P., Morf, P., Buehler, R., and Nussbaumer, T. (1998). "Gas cleaning and waste water treatment
for small scale biomass gasifiers." Final Report. Swiss Federal Office of Energy & Swiss Federal
Office for Education and Science.
66
Hasler, P., and Nussbaumer, T. (1999). "Gas cleaning for IC engine applications from fixed bed biomass
gasification." Biomass and Bioenergy, 16(6), 385-395.
67
Hasler, P., and Nussbaumer, T. (2000). "Sampling and analysis of particles and tars from biomass
gasifiers." Biomass and Bioenergy, 18(1), 61-66.
68
Coelho, S. T., Velazquez, S. M., Martins, O. S., and Ushima, A. H. (2004). "Tests presentation results of
the imported gasification system from the Indian Institute of Science - IISc." 2nd World
Conference and Technology Exhibition on Biomass for Energy, Industry and Climate Protection.,
Rome, Italy.
69
Giordano, P. (2003). "Xylowatt experience n gasification technologies for CHP application in Europe."
Roundtable on biomass gasification technologies - IISc, India. 11-13 December.
http://cgpl.iisc.ernet.in/rtc.html Accessed 2 October, 2004.
70
Ibid.
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Figure 22 Schematic of a Xylowatt SA biomass gasifier CHP facility71

71

Giordano, P. (2003).
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Small Biomass CHP in Europe
There is much continuing development and implementation of biomass power and fuels
production systems in Europe which includes many small wood gasifiers for heat and
power in the pilot, ‘commercial demonstration’ or demonstration status (see Table 19 for
a partial listing). There are a number of facilities being permitted or under construction.
Table 19 Selected small scale gasifiers operating in Europe 72 73 74
Location

Supplier

System*
Updraft

Rossano

Italy

PRM

Güssing

Austria

Repotec

Fuel

Power
(kWe)

Year
Commissioned

Olive residue

4000

2003?

Wood chips

2000

2002

Updraft

Wood chips

1500

2000

Wood chips

500

2003

Wood chips

450

2003

Wood chips

400

1998

Dual Fluidized Bed

Harboore

Denmark

Neustadt

Austria

Babcock & Wilcox,
Volund
AHT (modified)

Tervola

Finland

Entimos Oy

Hogild

Denmark

Hollensen

2- stage Dowdraft
Combined
Updraft/Downdraft
Downdraft

Regal

a

Belgium

Xylowatt-Beigium

Downdraft

Mill residue

300

2002

Armaugh
(Blackwater Valley II)

N Ireland

Exus Energy (b9
Biomass)

Downdraft

Wood chips

200

2000

Spiez

Switzerland

Pyroforce

Downdraft

Wood chips

200

2002

Open top Downdraft

Wood chips

200

2002

Hengelo

Netherlands

Xylowatt-Swiss (IISc
design)
HoSt

Downdraft

Wood chips

200

2001

Gazel
London
(Beddington Zero
Energy)
Londonderry
Armaugh
(Blackwater Valley I)

Belgium

Xylowatt-Beigium

Downdraft

Mill residue

150

2000

UK

Exus Energy (b9
Biomass)

Downdraft

Wood chips

130

2002

Downdraft

Wood chips

100

2000

Wood chips

100

1998

Chicken Manure

60

2002

Viking' 2-stage DTU

Wood chips

20

2002

Downdraft

Wood chips

15

1998

Bulle

Bladel

Switzerland

N Ireland
N Ireland
Netherlands

Lyngby

Denmark

Stubenberg

Austria

Rural Generation Ltd.
Exus Energy (b9
Biomass)
BTG
Technical University,
Denmark (DTU)
Grubl

Downdraft
Bubbling Fluidized Bed

b

*Except where noted, systems are fixed bed air-blown, atmospheric gasifiers. Reciprocating engines are
used for power generation (multiple engines in some cases)
a.) Steam Gasification with air fed char combustion (dual fluidized bed)
b.) Fluidized bed

Güssing, Austria CHP Facility
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Knoef, H. (2003). "Technology Brief - Fixed Bed Gasification." IEA Bioenergy Task 33: Thermal
Gasification of Biomass.
73
Rauch, R., Hofbauer, H., Bosch, K., Siefert, I., Aichernig, C., Tremmel, H., Voigtlaender, K., Koch, R.,
and Lehner, R. (2004). "Steam gasification of biomass at CHP plant Guessing- Status of the demonstration
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A novel gasifier CHP project is operating in Güssing, Austria. The facility can be
described as a commercial scale demonstration. The system consumes wood chips
producing 2 MWe and 4.5 MWth. The gasifier is a dual fluidized bed reactor. The
biomass is gasified with steam and heat from bed media in a bubbling bed reactor
configuration. The char and bed media are transferred to a parallel reactor which
operates in recirculating fluidized bed mode where air is introduced to combust the char
which heats the bed media. The heated bed media is transferred to the biomass gasifier
(See Figure 23). The concept is essentially the same as that employed in the FERCO
SilvaGas units.

Steam
Figure 23. Schematic of the Fast Internal Circulating Fluidized Bed (FICFB) gasifier,
Güssing, Austria.75
One advantage of gasifying with steam is that the producer gas is not diluted with
nitrogen as is the case with air blown gasification. The producer gas from the Güssing
CHP facility is cooled and then cleaned in two stages. The first stage gas cleaning
consists of a fabric filter which separates most PM and some tar. The material collected
by the filter is recycled to the combustion reactor. The second gas cleaning stage is a wet
scrubber. Table 20 shows levels of components in the producer gas that must be
controlled before introduction to a reciprocating engine (before and after the gas clean-up
system)
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Table 20 Contaminants in Güssing producer gas before and after cleaning 76
Component
Raw Gas
Cleaned Gas
Units
Tar
1500 – 4500
10-40
mg/Nm3
Particulate Matter
5000 – 10,000
<5
mg/Nm3
Ammonia
1000 – 2000
<400
ppm
Hydrogen Sulfide
not measured
20-40
ppm
Spent scrubber liquid containing tar and condensed material is evaporated and disposed
in the combustion reactor. Cleaned producer gas is sent to a gas engine and boiler for
heat. The relative distribution of gas to the engine or boiler depends on heat and power
needs. Figure 24 shows a schematic of gas flow at the Güssing facility. The facility has
an electrical efficiency and overall CHP efficiency of 25% and 81% respectively.77

Figure 24 Schematic of the Güssing gasifier and gas clean-up78
Fuel cell from biogas demonstration
The South Waste Water Treatment plant in King County, WA (Puget Sound area) will be
demonstrating operation of a 1 MW molten carbonate fuel cell using digester gas. The
system should begin operation before the end of 2003. The US EPA is providing
financial support. The fuel cell was developed by FuelCell Energy, Inc. (Danbury, CT).
A three year demonstration period is planned. The potential advantage of fuel cell
conversion of digester methane is improved conversion efficiency and essentially zero
NOx emissions. Systems of this scale for operation on methane are developmental and
very expensive. Design and construction/installation costs of the King County system
was $22 million. Estimated annual operations and maintenance costs are $80,000.79
Phosphoric acid fuel cells have already been tested by EPA on landfill gas at several
sites.
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Rice Straw Combustion Systems
Rice Straw in the Sacramento Valley
Rice cultivation in California occurs primarily in the Sacramento Valley (>95% of CA
rice acreage).80 It is an annual crop planted in spring and usually harvested in beginning
in late-August and continuing through early November depending on when rains begin.
Rice is harvested with combine harvesters that employ either a cutting or stripping type
header device with a thresher and grain cleaning system all in a mobile machine.
Separated grain is transferred to auxiliary vehicles (bank-out wagons) for delivery to
road-trucks at the edge of the field while straw and stubble are left in the field. Newly
introduced stripper-headers do not cut the stem but instead pull the grain from the
panicle. The material other than grain passing through the combine is therefore greatly
reduced, but these headers can only be employed where there is little or no lodging of the
crop (collapse of the stem). Grain yield is 4 to 5 tons acre-1of rough rice (with hull, 14%
moisture content wet basis). The harvestable straw and stubble biomass left in the field
varies from 2 to 4 tons acre-1 dry weight. Approximately 1.5 million dry tons of rice straw
is produced annually in California.13
Historically, the straw and stubble were burned in the field in the fall and spring before
planting. This was primarily due to cost and convenience, though some amount of
disease control took place by burning. Now apparent is the advantage that burning had
on weed control as well compared with incorporation of straw into the soil. In 1991, AB
1378 mandated reductions of permitted open field burning of rice straw. Allowable
burnable acres decreased to a maximum of 25% of planted acres and only if burning is
required for disease control. The reduction in open burning has created a need for offfield utilization of straw alternatives for the industry. Straw harvesting for off-field
utilization also has advantages over soil incorporation in disease and weed control
(similar to open burning), and in reducing greenhouse gas (methane, N2O) emissions
from rice fields.
Markets for straw are currently limited, and although a number of industrial uses for
straw have attempted to develop (e.g., fiber-board, ethanol and other chemicals, refined
animal feeds), economics remain challenging. Limited quantities (20,00-30,000 tons per
year) are being used for animal feeding and erosion control products (bales, plastic netwrapped wattles).
Straw Fuel Issues
Straw fuels have proved to be extremely difficult to burn in most combustion furnaces,
especially those designed for power generation. None of the biomass power plants built
to date in California can economically fire straw, even though some were built with air
permits requiring them to do so.

80

CDFA, 2001 Annual Crop Report
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Issues concerning the use of rice straw and other herbaceous biomass for power
generation have been widely discussed in the literature, and have been the focus of a
number of research investigations. From a technical perspective, the most significant
problem in the use of straw in combustion or other thermal conversion systems is that of
managing ash fouling, slagging, and in fluidized beds, agglomeration resulting from
inorganic transformations and vapor/liquid formation at the temperatures occurring in
biomass furnaces.81,82,83,84 The combustion of straw in power boilers leads to the rapid
formation of unmanageable deposits on heat transfer surfaces (especially cross-flow
screen tubes and superheaters). These deposits, comprised of alkali and alkaline earth
chlorides, sulfates, carbonates, and complex silicates, retard heat transfer and are
associated with accelerated corrosion of tube metal.85 Deposits can bridge across tube
bundles, reducing furnace gas flow or increasing fan work required to maintain flow.
High ash content and low ash fusion temperature of rice straw result in slag formation in
the furnace and grates and hinders fuel feeding, combustion, and ash removal and
handling.
The addition of rice straw to wood was shown (Thy, et al., 2000) to reduce the alkali
volatilization from wood, such that fuel blending may be useful as a fouling control
technique when properly applied. Further investigation into this aspect of straw
combustion is currently ongoing, and the relative advantages of the several approaches
need to be established.
Leaching of alkali elements and chlorine from straw by rain-washing or other water
washing methods has been demonstrated to substantially improve the fuel value of straw
and other high-alkali biomass.85 Full-scale tests have demonstrated the technical
feasibility of using leached rice straw in existing grate, suspension, and fluidized bed
boilers in California. 86,87 However, handling costs to feed straw into existing boilers
remain high and grinding and other processing requirements lead to the emission of
fugitive dust, accelerated wear rates on fuel yard equipment, increased parasitic loads,
and possible reductions in net power plant capacity.88 Rain-washing by leaving the straw
81
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in the field over the winter is possible but leads to scheduling and timeliness difficulties
for planting the next rice crop due to the limited predictability of the weather. Problems
with straw use in what are essentially wood-based combustion design concepts has so far
excluded this resource from contributing to renewable power generation in California.
Straw Fueled Power Generation in Europe
Europe, and in particular, Denmark, currently has the greatest experience with straw fired
power and CHP plants. In 1990, Denmark embarked on a new energy policy with a goal
to double the use of renewable energy by the year 2005.89 A large component of the
Danish effort is directed at utilizing surplus cereal straw for heat and power. By 1995
there were 61 straw fired plants with a total capacity of 230 MW (including CHP)
consuming 286,000 metric tons of straw annually.90 In 1998, some 400,000 metric tons
of straw were consumed for energy heat and power.10 By 2001, 750,000 metric tons per
year was being consumed in power plants (in addition to straw consumed in more than 60
district heating plants in the country).91 Technology developed includes combustion
furnaces and boilers purportedly capable of operating with high alkali fuels and having
handling systems which minimize fuel preparation. Much of this development has
occurred with support of government policies on CO2 emissions reductions to help meet
Kyoto agreements. Table 21 lists power plants developed in Denmark for firing straw.
Some are part of CHP systems and others generate power only. Recently completed
facilities in England and Spain were designed and built by the companies that developed
the systems in Denmark.
The plants at Haslev, Slagelse and Rudkøbing were developed in the late 1980’s and are
among the first modern plants in the world to fire straw on a grate. Straw was historically
used as a fuel for stationary threshers but was abandoned with the advent of liquid fueled
engines towards the beginning of the previous century. The Danish boilers apply a
classical superheater design (superheater tubes oriented perpendicular to furnace gas
flow, generally pendant designs in existing California facilities), where deposition and
problems related to corrosion were experienced. They are still running and still
experience problems with deposition and corrosion in case the steam temperature is
raised above 520°C. Operational experience has determined that the maximum allowable
steam temperature is 480°C for avoiding corrosion.92
Haslev
Haslev burns whole bales which are pushed into boiler by other bales on the feed
conveyors (“cigar burner”). Combustion takes place on the surface of the front
89
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bales with high velocity air injected in the region to encourage stable combustion.
Full load fuel input is 5500 kg/h corresponding to 23 MWth (15.05 MJ/kg).93
Slagelse
Slagelse burns straw on a moving grate. The bales are broken and loose straw is
conveyed by nine screws into the boiler (Jensen)93.
Rudkøbing
Rudkøbing is also a "First Generation" straw plant. It employs a water cooled
vibrating grate-straw firing system. Bales are stored and recalled automatically
to a bale shredder. Fuel is pushed by hydraulic ram into the boiler. The fuel
injection chamber is water cooled to prevent fuel burning while in injection mode.
The superheaters are placed horizontally perpendicular to furnace gas flow.
Deposition and corrosion studies conducted at this plant were done to understand
the steam temperature and deposit/corrosion relationships.94,95 Figure 25 is a
schematic of the Rukøbing facility.
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Table 21. Large straw-fired power facilities developed in Denmark

Boiler
Company

Location

Country

Haslev

Volund (Cigar
Denmark Burner)
Straw

Rudkøbing
Slagelse

Fuel Type

FLS miljø
Denmark (Bioener Aps) Wheat Straw
Volund,
Aalborg
Straw (2/3) and
Denmark Ciserv, BWE waste(1/3)

Straw
Wood Fuel Power
Consumption Consumption
(net
(metric t/h)
(metric t/h)
MWe)

3

Thermal
output
(MWth)

Reported or
Calculated
Steam
(0.6 capacity Pressure
factor) Straw (bar) 92
Steam
Consumption
Temperature
bar ~
-1
(ºC)
(tonne y )
1300 psi

Start
Date

5

13

25,000

67

450

1989

2.3

7

12,500

60

450

1990

11.7
(x2/3)

28 (x2/3)

25,000

67

450

1990

18.6
(÷2)

60(÷2)

55,000

92

505

1992

35,000

67

410 /520

1993

40,000

92

522

1995

104,000

180 or
210

542

1997

Grenå

Denmark

Straw/Coal
(~50% each by
energy)

Maabjerg

Volund /
Ansaldo
Volund (Cigar
Denmark Burner)

Straw and/or
wood any
combination of
the two types

9.5

13

Masnedø

Wheat Straw/
FLS miljø
with wood chip
Denmark (Bioener Aps) back-up

8.3

3.3

8.3

Aabenraa
(Ensted EV
3)

Wheat
FLS miljø
Straw/wood
Denmark (Bioener Aps) superheat

20

5.6

37.5

MariboSakskøbing

FLS miljø
Denmark (Bioener Aps) Wheat Straw

8.1

9.7

20

40,000

92

542

2002

26.3

38

Dedicated
power

136,760

92

522

2002

20

25

104,000

92

542

2002

25

45

130,000

300

?

2002

Ely
(Cambridge)
Sangüesa
Avedore

UK
Spain
Denmark

FLS miljø
(Bioener Aps) Straw
FLS miljø
(Bioener Aps) Straw
Straw/wood

10
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20.8

Figure 25. Schematic of facility at Rudkøbing, Denmark.
Masnedø
The Masnedø Combined Heat and Power Plant CHP is a 33MWth unit (fuel feed rate)
producing 8 MW electricity and 21 MW for district heating. The boiler is stoker-fired
with a water cooled vibration grate (Figure 26). Straw is the primary fuel, but wood
chips are occasionally burned. The straw is conveyed into the boiler by two screw
feeders, which receive straw from two separate straw shredders. The straw first lands on a
primary (stationary) grate, where the fuel begins to pyrolyze and flaming occurs.. The
burning straw is pushed and falls off the primary grate onto the water cooled vibrating
grate where it burns out as it moves across the bottom of the furnace and is removed by
the ash handling system. The flue gas moves up through the furnace chamber to the
superheaters and into the convection pass. The facility was built with a 2000 bale
covered storage (~3 days capacity) and the bales are reclaimed from storage and fed to
the boiler automatically. The plant is designed such that it can be operated unmanned for
16 hours out of 24.
Because of experience from the earlier straw-fired plants and a higher steam temperature
(520ºC compared to 450ºC in the earlier designs), corrosion problems were expected.
The boiler and superheater sections were designed so that the superheaters can be easily
replaced in the event of corrosion. The superheater tubes are oriented parallel to gas
flow, and a more corrosion tolerant alloy is used. The facility is not equipped with soot
blowers. The parallel heat exchanger configuration reduces fouling, but also reduces
convective heat transfer coefficient so requires greater surface area compared with crossflow heat exchangers. For high-alkali fuels like straw the reduction in fouling has been
of advantage.
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Figure 26. Masnedø Boiler (adapted from Hansen, L. A, et al. (2000)).
Once the plant had been in operation for a while, measured corrosion rates were much
less than anticipated. The reasons for this were investigated96 by the Technical
University of Denmark which resulted in some interesting findings and a new hypothesis.
Previous work (Michelsen, H. P, et al., 1998) had shown that high superheater corrosion
rates experienced in straw boilers was due to chlorine which is deposited on superheater
surfaces by condensation of gaseous KCl (potassium and chlorine are typically present in
Danish straw in amounts of 1% and 0.4% respectively, dry weight basis).97 However, at
Masnedø, it was found that mature deposits (~ 1 year old) did not have the characteristic
KCl layer against the metal surface, rather a thin non-porous layer of K2SO4 was
observed as the innermost layer of the deposit. On top of the inner layer was typical KCl
and K, Ca- silicate material with sintered fly ash particles deposited last. Short term (8 –
100 hours) deposit probes, however, did show the beginnings of the more typical KCl
inner deposit layer. Hansen postulates that gaseous SO3 reacts with liquid KCl (known to
be present and liquid at the superheater metal temperature) forming K2SO4 which is
thermodynamically favored at the tube surface temperature. The sulfated potassium layer
was found to be non-porous and disfavors Cl diffusion to the metal surface. Sulfation of
surface deposits is also known to lead to higher tenacity due to the greater compaction
and bonding in the deposit.
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One of Hansen’s co-authors indicates that the results of the investigation changed
operational procedures at the Masnedø and the Maribo-Sakskøbing plants such that when
new superheaters are installed, the straw is co-fired for a time with a heavy oil to insure
the sulfation of KCl in contact with the fresh tube metal to K2SO4.98 Thereafter, “a thick
deposit is encouraged”. Although this technique may reduce corrosion, the design needs
to incorporate a larger surface area of heat exchange due to the reduced thermal
conductivity from the deposit.
Aabenraa (Ensted EV 3)
Aabenraa has a biomass boiler which raises steam for supplementing the steam produced
by an existing coal heat and power station. Wood and straw are fired in two different
sections of the biomass portion of the facility (sometimes referred to as a ‘combination
boiler’). See Figure 27. The straw boiler produces 470ºC steam which is then heated to
542ºC by heat from the wood fired boiler. The combustion products from the straw
section are not allowed to contact the final superheater in this ‘combination’ arrangement.
This design allows the alkali and chlorine containing straw fuel to be fired with minor
deposit and corrosion problems (Montgomery et. al., 2002) because of the lower steam
temperature in the straw boiler. The steam raised by the biomass fuels combines with
that from the coal boiler and then expands through the turbine. The electrical conversion
efficiency of the biomass portion is essentially equivalent to the overall plant. This
efficiency is claimed to be 40% (based on LHV).

Figure 27. Schematic of Aabenraa Power Station
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Maabjerg
This facility has three boilers, 2 fired by MSW, and one fired with straw and wood chips.
Each of the boilers produce 410ºC steam (Figure 28). Natural gas is fired for the final
superheater (520ºC steam temperature), which is located in a separate chamber where it
does not receive the biomass combustion products. Six 'cigar burners' arranged three
each on opposing sides of the boiler, allow for 6 bales to be burned simultaneously.
Maximum straw consumption is 9500 kg/h or ~ 19 bales/hr but averages something less
because of co-firing with wood.100
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Figure 28. Schematic of Maabjerg facility.
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Avedore, Denmark
Avedore Unit 2 is a recently commissioned large combined heat and power plant.
Its maximum capacity is 570 MWe (when supplying no district heat) or 485 MWe
and 570 MWth in CHP mode. It has a large combustion boiler fuelled with
natural gas and fuel oil, a set of gas turbines (in combined cycle with the steam
cycle) and a biomass boiler that fires straw and wood. The biomass boiler
contributes 47 MWe to the plant output. The plant raises ultra-supercritical steam
(300 bar, 600 ºC) and has very high overall efficiency (reportedly 45-50% based
on LHV). The steam temperature in the biomass boiler does not reach the final
superheated value (again because of fouling issues). The biomass boiler steam
continues to the fossil fuel boiler for final heating. See Figure 29.

Figure 29. Avedore facility schematic101
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Ely (Cambridge), UK and Sangüesa, Spain
There are two straw fired facilities recently commissioned outside of Denmark.
Located in the UK and Spain, they were designed and built by the Danish
company (formerly FLS miljø). The Ely UK plant is the largest straw-fired
facility in the world (according to Bioener, ApS) consuming on the order of
150,000-200,000 metric tons per year. The facility uses natural gas as a
stabilization fuel in the amount up to 10% total energy input. It produces only
power (does not operate in CHP mode) reportedly with a capacity of 36-38 MW
at an availability estimated at about 80%.
There are four separate whole bale fuel feed lines running into the single furnace.
Bales are shredded before being injected into the boiler. The boiler uses a FLS
miljø vibrating grate.
Others investigated the bale and straw handling and feeding systems at Ely for
potential application to co-fire switchgrass with coal at the Ottumwa generating
station in Chillicothe, Iowa.102 Their discussions at Ely yielded the following
information;







Capital cost was approximately $88 million (~$2300/kw-gross installed)
The facility is paid $0.0855 kWh-1.
The plant is operated by the Danish builder which guarantees 96%
availability over 350 days.
The company pays $31-$42 ton-1 for delivered straw, 80% within a radius
of 55 miles from the plant, and 20% comes from a radius of 55-150 miles.
The company was considering growing dedicated energy crops
(switchgrass or miscanthus) to increase fuel supply.
Plant has been operating since 2000 consuming about 22 tons/hr local
cereal straw

The Miles and Ganz (2002) report contains the following;
Bioener says it's largest straw fired plant in world (at commissioning
date). Miles' trip report discusses this plant and includes some contact
info. Plant cost $88 M US to build (~$2300/kWgross installed) and can
sell power for $.0855/kWh).
At 93% availability for 350 days,
corresponds to ~$24.8 M receipts from electricity. 'Elean Power station'
The Sangüesa, Spain facility is a 25 MW dedicated power facility. A
decentralized fuel storage concept was chosen in which straw is delivered
from a set of regional storage sites. There is onsite storage sufficient to
run the plant for approximately three days. The capital cost was
approximately $59 million (~$2360/kW)
102
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Both Ely and Sangüesa have high steam temperatures (520-540ºC). The Ely boiler does
not utilize a separate fuel for final superheat (combination boiler mentioned above).
Specific boiler details could not be confirmed for Sangüesa, so it is not known whether it
is a ‘combination boiler’.
Grenå and Studstrupværket, Denmark
Both of these facilities co-fire straw with pulverized coal. Grenå is a circulating
fluidized bed (CFB) boiler and Studstrupværket is a wall-fired suspension boiler.
Frandsen indicates that fouling and corrosion at these facilities is no worse than that
experienced at 100% coal fired facilities.103
Straw handling and preparation for boiler.
A variety of methods are employed by the Danish plants (and the two newest facilities in
the UK and Spain)104 to prepare straw for combustion. Most use automated truck
unloading bridge cranes that clamp up to 12 bales at a time (Hesston type 4x4x8 feet) and
stack them 4-5 bales high in covered storage (see Figures 30 and 31). The same bridge
crane is used to reclaim bales from the stack and place them on conveying chains or carts
which carry the bales out of the storage barn to the boiler house (Figures 32-35 show
various images of bale handling systems). Bale moisture is measured by a microwave
based system integral to the bale clamp mechanism (Figure 19). Fuel suppliers are paid
based partly on the moisture content of the baled straw and bales that are received with
too much moisture cannot be stacked or stored in the bale house because of potential for
heating from microbial action leading to spontaneous bale and stack fires.

Figure 30. Bridge crane unloading trailers*
*Adapted from Miles, T. R. and D. Ganz (2002).

Figure 31. Crane moving bales to storage*
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Some systems feed whole bales into the boiler. Probably the best known whole bale
feeder is the "Vølund cigar feeding" concept (Koch, 1997), originally applied by Vølund
(now Babcock and Wilcox-Vølund).105 Whole bales are pushed into the combustion
chamber and the straw burned off the face of the bale. Some effort has gone into
understanding the burning behavior of straw in bales, and improving the power
density.106,107,108 However, the newer Danish plants have moved away from whole-bale

Figure 32. Bale crane with moisture sensing*

Figure 33. Conveyance to boiler house*

Figure 34. Twine cutter-remover*

Figure 35. Twin vertical screw de-baler*

*Adapted from Miles, T. R. and D. Ganz (2002).
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systems to shredded straw feed for higher efficiency. Bale feeders still have advantages
in reducing overall handling.
Other feed systems remove bale twine and shred or scarify the bales with loose straw
being conveyed into the boiler by augers or counter rotating screws. Low speed
hydraulic rams are
also employed to push loose straw which has filled a the chamber exposed when the ram
is retracted. Many of these feeder systems employ water cooled sections so that heat
from the boiler does not transfer into the straw loading chambers and begin pyrolysis or
ignite the fuel.
For pulverized coal co-firing, the straw usually needs to be ground or cut to small sizes in
order to burn completely within relatively short residence times (suspension fired
systems) or to feed and mix upon injection with bed media in fluidized bed systems.
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Systems for Conversion of MSW
A large and concentrated source of biomass is in the MSW stream. Advantages of this
source are that it currently is delivered to central locations and it usually comes with a
tipping fee or a charge the receiving facility imposes on the sender of the material. MSW
is not without disadvantages. It is typically very heterogeneous coming in a large range
of particle sizes, moisture, and component characteristics. MSW and various fractions
are burned in combustion facilities for conversion to energy in all parts of the world. It is
estimated that 130 million tons annually are converted to energy in over 600 facilities
world wide. There are approximately 90 facilities in the US currently burning MSW for
energy recovery (about two-thirds of them on the East Coast)109 consuming 29 million
tons of MSW annually.110 In California there are three operating power plants that
consume MSW as the primary fuel with a combined generating capacity of ~ 65 MW
(one facility is in Stanislaus County and two are in the Los Angeles area).
Chlorinated organic compounds, especially polychlorinated dibenzo-p-dioxins and
dibenzofurans have been linked to combustion of MSW. In the late 1980s, combustion of
MSW was listed as the leading source of dioxin emissions in the country (~60% of total)
Maximum available technology (MACT) regulations promulgated by the EPA in 1995
forced the industry to retrofit with better emission control technologies where possible
and shutdown facilities that could not be improved. Today, the level of dioxin air
emissions from combustion of MSW in the U.S. has decreased from 8900 grams toxic
equivalent (TEQ) per year in 1987 to 12 g TEQ per year by 2000, a decrease of 99.9
%.111 Dioxin emissions in the US from all sources are now nearly an order of magnitude
less (from 14,000 g toxic equivalent (TEQ) to 2000 g TEQ) and solid waste combustion
is responsible for less than 1% of the total. 112.
Though PCDD/F emissions have declined considerably due to improved combustion and
air pollution control systems, public perceptions that unacceptable dioxin emissions are
linked to solid waste combustion remains strong. Opponents of burning solid waste have
influence with policy and decision makers and the public so that siting new facilities can
be difficult. In California, current law113 discourages solid waste combustion by not
allowing material sent to new combustion facilities to be counted as diversion from
landfill. The legislation also directs the California Integrated Waste Management Board
(CIWMB) to investigate and evaluate non-combustion conversion technologies suitable
for post-recycled MSW. UC Davis (Dept. of Biological and Agricultural Engineering)
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conducted a preliminary investigation (Phase I) to identify114 existing and near-term
commercial technologies that may be suitable for the MSW stream. Recently, UC Davis
and UC Riverside have completed a more detailed analysis and evaluation of the
identified technologies and systems. Much of the information in this section was
developed in the Phase I study.
Europe and Japan by far outrank North America in terms of numbers of installations
using non-combustion thermal or biological MSW conversion. Europe’s efforts have
been motivated by higher landfill costs related to less available land and restrictions on
material sent to landfill, green house gas reduction goals, and producer responsibility
requirements to recycle or reuse product waste. In Germany for example, carbon and
energy limits have been set on disposed material. Material going to landfill is restricted
to total organic carbon (TOC) of ≤ 18%, and energy content ≤ 6000 kJ/kg115 (California
average disposed MSW stream has HHV ≈ 10,800 kJ/kg116. In order to reduce green
house gas emissions in attempts to comply with the Kyoto Protocol, the European Union
is implementing strategies which include increased use of energy produced from
renewable sources. The European Community Directive 2001/77/EC (27 September
2001) contains definitions for renewable electrical energy sources. Biomass is, of course,
a renewable source. The EC Directive includes in the definition of biomass- “the
biodegradable fraction of industrial and municipal waste”117 (although this definition
appears overly restrictive depending in turn on the definition of “biodegradable” that may
discount some fraction of biomass). The Directive also advises that of the electricity
produced by facilities that consume both renewable and non-renewable feedstocks, only
that portion attributable to the renewable energy source is considered renewable
electricity118. Electricity and heat from the organic portion of MSW is considered
renewable in the Netherlands119 and Switzerland. Currently, that fraction in Switzerland
is 50%, based on a recent feedstock characterization for MSW combustion facilities.120
By comparison, the Sacramento resource is about 60%-70% biomass (Table 5) if the
characterization studies are accurate.
In Japan there are additional motives for improving upon alternatives to landfill. Japan’s
lack of significant domestic (traditional fossil) energy resources in combination with very
limited space for landfills has led to the development of a large solid waste combustion
for energy industry. Approximately 75 % of the solid waste in Japan is converted in
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combustion facilities.121 Environmental issues related to emissions from the waste
combustion facilities and leaching problems from the generated ash caused the Japanese
government to investigate and invest in better air pollution control technologies and
methods to stabilize the ash. The Japanese Environmental Agency estimates that dioxin
emissions in 1998 were reduced by 70 % from 1997 levels, and legislation required 2002
emissions to be only 10 % of the 1997 levels. A range of processes have been developed
through this effort in Japan including high temperature gasification (oxygen blown or
plasma arc) with ash melting and specific plasma arc systems for melting ash from MSW
combustion facilities. Europe is beginning to employ a range of thermochemical
conversion methods (Table 22), and has made great progress with large biochemical
conversion facilities (Table 23).
MSW Conversion Technology Database
A large part of the effort of the Phase I California MSW project mentioned above was the
compilation of a current database of companies, institutions, and organizations with
activity or interest in conversion technology suitable for MSW. Entities involved in any
type of conversion with the exception of incineration and using either the whole or
separated fractions of MSW were actively searched. Incineration (mass-burn) processes
were specifically excluded in the contract due to existing legislative constraints. Some of
the combustion technology suppliers as well as some firms not currently involved in
MSW conversion (e.g., biomass conversion companies) are included because there is
potential to apply their technologies to conversion of MSW by non-combustion means.
Also, some ancillary technology companies or institutions, such as MRF, handling and
separation, IEA bioenergy and MSW task forces, and industrial organizations are
included because of relevance. The database is available through the internet at
http://cbc1.engr.ucdavis.edu/conv/home.htm
The database contains a comprehensive list of companies, institutions, and related
organizations with recent interest and activity in MSW conversion. The records that form
the database contain varying amounts of information, from perhaps just a name of a
company or person to fully developed notes and process descriptions, contact
information, and some assessment of status.
Verification of status and detailed process descriptions and/or explanatory notes are
missing for many of the records due to insufficient or unqualified information from
suppliers. Validation will require substantial additional effort. The current ongoing
phase II effort includes an industry survey using the records from the database. The
survey results and a portion of the evaluation component will support further database
development.
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Tables 22 and 23 list companies in the database that were identified as having MSW
conversion facilities that are 1) currently operating commercially, 2) commercial scale
demonstrations, 3) reportedly in commissioning, or 4) under construction. Table 22 lists
16 thermochemical conversion processors while Table 23 lists 12 biochemical process
companies. Following these two tables are brief descriptions of the processes listed
including some information on facility locations, history, and scale. The thermochemical
processes are listed first followed by the biochemical processes.
All of the
thermochemical processes and a majority of the biological processes have the capability
to produce power, some better than others.
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Table 22. Companies using thermochemical conversion methods to process MSW.
Company Name

Corp. Headquarters

Process
Name

Hitachi Metals
Environmental Systems

Yoshii, Japan

-

Gasification
(plasma arc)

Ebara/Alstom

France-Switzld-Japan

TwinRec
& EUP

Gasification

Brightstar
Environmental

Queensland, Australia

SWERF

Pyrolysis w/ Char
gasification

Eco-Waste Solutions

Burlington Ontario

EWOX

Gasification

Enerkem

Sherbrooke, Quebec

BIOSYN

Gasification

Environmental Waste
International

Ajax, Ontario

-

Pyrolysis
(microwave heat)

Foster Wheeler Energia
Oy

Finland

-

Gasification

Nippon Steel

Tokyo, Japan

Waste
Melting

Gasification

PKA

Aalen, Germany

-

Pyrolysis w/ char
gasification

SVZ

Schwarze Pumpe,
Germany

-

Gasification

Thermoselect

Locarno, Switzerland

HTR

Thide Environmental

Bretonneux, France

Arthelyz
e

TPS

Nyköping, Sweden

-

Gasification

WasteGen UK

UK

-

Pyrolysis

IES

Romoland, CA

-

Plastic Energy LLC

Roseville, CA

-

Pyrolysis
Pyrolysis
w/catalytic cracking
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Process Type

Gasification/pyrolys
is
Pyrolysis

Table 23. Companies using biochemical conversion methods to process MSW.
Company Name

Corp. Headquarters

Valorga

Montpellier, France

Wehrle Werk AG

Emmendingen,
Germany

Wright Environmental
Management

Ontario, Canada

CiTec

Finland/Sweden

Linde-KCA-Dresden

Dresden, Germany

Kompogas

Glattbrugg,
Switzerland

Kompogas

U-plus Umweltservice

Ettlingen, Germany

ISKA

MBT followed by
Anaerobic Digestion

Eco Tec

Finland

WABIO

Anaerobic Digestion
(OS – LS)

Organic Waste
Systems

Gent, Belgium

Dranco

Anaerobic Digestion
(OS – HS)

BTA

Munich, Germany

BTA

Anaerobic Digestion
(OS or MS – LS)

Arrow Ecology

Haifa, Israel

Arrow Bio

Anaerobic Digestion
(MS – ?S)

Masada Resource
Group

Birmingham,
Alabama

CES Oxynol

Acid Hydrolysis for
ethanol production

OS= One Stage
MS = Multi Stage
HS = High Solids
LS= Low Solids

Process
Name
Valorga
Biopercolat

Process Type
Anaerobic Digestion
(OS – HS)
Anaerobic Digestion
(MS-HS)
In vessel
Composting

Waasa

Anaerobic Digestion
(OS – LS)
Anaerobic Digestion
& composting
(MBT)
Anaerobic Digestion
(OS – HS)

MBT= Mechanical-Biological Treatment
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Thermochemical MSW conversion systems
Hitachi Metals Environmental Systems Company (Yoshii, Japan)
Plasma Arc Gasification/melting of MSW (commercial/commercial scale demonstration)
After demonstration of the gasification technology for MSW at the pilot plant in Yoshii,
Japan during 1999-2000, the Japanese government certified the technology for
construction of a commercial size plant. A consortium called Eco Valley Utashinai, was
formed by Hitachi. Ltd., Hitachi Metals Ltd., Hokaido Prefecture, and the Utashinai City.
The plant was completed in July 2002. This new plant uses primarily automobile
shredder residue (ASR) as fuel with approximately 165 ton d-1 capacity but has been
designed to run with a 50% mixture of MSW. It can also process approximately 300 ton
d-1 of 100% MSW. After commissioning, the plant was released to the customer for
commercial operation in April 2003. In December 2002, the twin cities of Mihama and
Mikata, Japan commissioned a MSW and sewage sludge treatment plant. Hitachi Metals
Ltd. designed and installed this plant. It processes 24 ton d-1 of MSW and 4 ton d-1 of
sewage sludge.
The RW Beck report for Honolulu (RWBeck 2003) indicates Hitachi and Westinghouse
Plasma were co-developers of a MSW conversion plant in Yoshii, Japan. This ran at a
scale of 166 ton d-1 so it can be considered commercial scale demonstration.
Electricity Potential From Plasma Arc Gasification of MSW
Plasma gasification facilities require a large amount electricity to operate the plasma
torch. The RCL Plasma website122 (Resorption Canada Ltd. is a company marketing
plasma MSW gasification facilities) discusses material and energy flows for the plasma
gasification process. RCL indicates that 704 kWh (~2500 MJ) of electrical energy is
required to process 1 metric ton (wet basis) of MSW. The RCL process analysis assumes
the energy content of waste material used in their process is 10,900 MJ/tonne.
The 2500 MJ required to gasify or pyrolyze MSW in a plasma system is for the most part
energy that would be required to gasify/pyrolyze the material by other technologies (upor downdraft or CFB gasifiers, or indirectly heated pyrolyzers or example). While these
processes use part of the product gas to provide thermal energy by burning (internally for
gasifiers, externally for pyrolyzers), the plasma arc system uses ‘high quality’ electrical
energy to create the heat for the reaction. Efficiency of electrical generation is about 30%
for fuel burned in a gas engine (or large steam cycle, or California grid average
electricity). This electrical energy used by the plasma torch requires about three times
that amount in primary energy.
From energy flow data from the RCL Plasma website, net electrical production (or
efficiency) from a plasma gasification facility (consuming MSW), is only about 7-10%
based on the energy in the incoming feed and assuming Rankine steam cycle or
122

http://www.rcl-plasma.com/overview.htm
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reciprocating gas engine for power production (with producer gas to electricity
conversion efficiencies of ~30%). See Table 24 below.
A report on new waste disposal systems for the City and County of Honolulu (TowillCorporation 2000) that reviewed plasma gasification of solid waste states that 900 kWh
electricity (3240 MJ) can be produced per ton of refuse processed, but only 300 kWh
(1080 MJ) would be available for export to the grid. These figures correspond with those
from RCL as displayed in table 24.
In comparison, the H-Power MSW combustion facility on Oahu, HI reportedly produces
534 kWh (1900 MJ) per ton of waste consumed (RWBeck 2003). RWBeck does not
indicate if this is gross or net electrical energy production. Another MSW combustion
facility discussed by Themelis et al. (2002) exports to grid 610 kWh (2200 MJ) electricity
per ton MSW consumed (overall efficiency of 18% based on 12 MJ/kg HHV of MSW
used in facility).
Table 24. Process energy and net electrical energy production per ton of MSW (wet
basis) from a plasma arc gasification facility.123
Energy per ton MSW (MJ)
Input

MSW
Electricity to torch

Out puts

123

Torch loss

10900
2204
362

Slag losses

89

Vessel losses

60

Other losses

1278

Non Recoverable losses Total

(1789)

Gas Sensible Energy

1291

Producer Gas Chemical Energy (based on HHV)

10020
Recover sensible
energy to Electricity
(@ 20% eff.)

Electricity Conversion Efficiency

0.3

Recover Gas Sensible Energy

0

258.2

Electrical Energy Generated

3006

3264.2

Less Electricity to Torch

2204

2204

Net Electricity (MJ)
Net Conversion Efficiency (%)
[Net Elect./MSW energy in]

802

1060.2

7.4

9.7

Adapted from RCL website (http://www.rcl-plasma.com). Accessed 2 Sept., 2003
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Alstom/Ebara (France, Switzerland and Japan)
“TwinRec” and “EUP” processes.
Alstom Power (Meudon-la-Foret, France) acquired ABB Enertech in 1999 which had
exclusive license of Ebara’s (Japan) fluidized bed technology that has several commercial
facilities in Japan (Heermann et al. 2001). Ebara builds and operates full MSW
combustion facilities in Japan and some other Asian countries. Ebara also has developed
the TwinRec and EUP gasification processes through the Japanese initiative to develop
more sustainable waste disposal technologies.
TwinRec Process
Ebara has long experience with fluidized bed combustion systems for waste materials.
They adapted their bubbling fluidized bed reactor to operate as a gasifier and coupled it
with a secondary combustion chamber where the producer gas is burned with the addition
of secondary air. This is an atmospheric pressure, air blown process. The larger ash
particles along with metal and glass pieces leave the gasifier bed as bottom ash from
which the metals can be separated. Smaller ash and char particles are carried over with
the producer gas and enter the combustion chamber which operates at high enough
temperature to melt the inorganic material carried over. This slag is water quenched
which yields vitrified granules. It is possible to grind the bottom ash from the gasifier
portion and inject it into the melting combustor (at higher processing and energy
expense) to slag essentially all of the inorganic material present in the original feedstock
This is the ash melting process used to meet the low leachability requirements for ash
from conversion processes in Japan. Table 25 shows existing facilities using the
TwinRec process.
The following is excerpted from Ebara web site engineering abstracts (Review No.197,
2002)124
Japan's first municipal waste, fluidized-bed, gasification-melting furnace system,
equipped with a power recovery steam turbine, has started operation at Sakata
City, Japan. The dioxin concentration in the exhaust gas of this system is being
controlled to be below the allowable standard and the produced slag is effectively
encapsulated and used as pavement material (inter-locking blocks). The exhaust
gas from the furnace is used for driving a power recovery turbine (max. output 1
990 kW) and excess electricity produced is being sold to the local electricity
company.
UEP Process
Ebara and the Ube Industries Ltd. (a plastics and chemical company) developed this
process for recycling the chemicals in waste plastic. Based on the TwinRec process, the
124
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UEP system uses two pressurized gasifiers in series. The process operates up to 10
atmospheres and is oxygen blown. The first gasifier is essentially the same bubbling
fluidized bed as used in TwinRec and runs at a relatively low temperature. The
produced gas flows to the second chamber which, as in the TwinRec second reactor,
receives secondary oxygen allowing higher temperatures to be reached and slagging inert
material. There is still insufficient oxygen for complete conversion of the producer gas.
The complete material flow through the second high temperature gasifier (gas and slag)
is forced through a water trap which solidifies and captures the inert material. The
remaining gas can be used for energy production, liquid fuels production or chemical
feedstocks. Table 26 shows existing facilities using the UEP process.
Alstom reportedly (Heermann et al. 2001) markets the Ebara reactor modified to operate
as a gasifier and is targeted for higher energy containing fuels (automobile shredder
residue, plastics, electronic scrap, tires), but can process other domestic and urban
residues. But Ebara (Environmental Engineering Group) also has a Zurich, Switzerland
office plainly stating it is the representative for the Ebara TwinRec and UEP processes in
Europe.
No Alstom/Ebara European installations were identified, but there are several of the
Ebara TwinRec and UEP facilities operating in Japan (See Tables 25, 26).
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Table 25. Ebara TwinRec gasification facilities125

Location

Commissioning
Date

Scale
(t/y)

Feedstock
Mass (%)
Automotive Shredder
Waste
41
22,000
Waste Plastics
13
copper slag + sorbents
46

Kurobe

Dec, 2000

Minami-Shinshu

Mar, 2003

MSW

100

Joetsu City

Mar, 2000

Dry Sludge
Waste Plastic

Chuno Union
Sakata Area
Ube City
Nagareyama City
Kawaguchi

Mar, 2003
Mar, 2002
Nov, 2002
Feb, 2004
Nov, 2002

MSW
MSW
MSW
MSW
MSW

Feb, 2000

Automotive Shredder
Waste
Sewage Sludge

30

MSW

100

Aomori
Kuala Lumpur
Malaysia

May, 2006

Thermal Output
LHV Capacity Elect.
(MJ/kg) (MW) (MWe)
10.2

7.4

34,000

8.4

2x4.5

68
32

57,000

12.3

2.2

100
100
100
100
100

61,000
72,000
72,000
75,000
153,000

11.3
10.9
12.5
11.7
13

3x7.3
2x12.3
3x9.5
3x9.3
3x21.0

12

160,000

14.3

2x40

17

548,000

9.6

5x33.3

70

Table 26 Ebara UEP pressurized gasification for chemical recycling facilities126
Location

Commissioning
Date

Feedstock

Ube City

1999

Waste Plastic

Ube City

2002

Waste Plastic

Kawasaki

Expected 2003 Waste Plastic

Scale (t/y)

Product

Fuel gas or
11,000
feedstock for
ammonia production
Feedstock for
24,000
ammonia production
Feedstock for
107,000
ammonia production

125

Adapted from Ebara Reference List
(http://www.ebara.ch/downloads/ebara_Referencelist_TwinRec_100203.pdf)
126
Adapted from Ebara Reference List
(http://www.ebara.ch/downloads/ebara_Referencelist_EUP_0103.pdf)
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Brightstar Environmental (Queensland, Australia)
SWERF (Solid Waste and Energy Recycling Facility) Process
Energy Developments Limited (Australia) is the majority owner company of Brightstar
Environmental. Brightstar Synfuels (Texas) is a minority holder.
The SWERF process accepts unsorted MSW. The material is first treated in an autoclave
(steam and pressure) to create a manageable pulp and reduce odors and pathogens, after
which standard material handling/separation equipment removes metals and rigid plastics
for recycling or disposal. The remaining pulp is washed to remove sand and glass
followed by pulp drying and storage. Energy for drying is provided by exhaust heat.
The core conversion technology consists of two steps, pyrolysis followed by char steam
gasification. The synthesis gas is run through reciprocating internal combustion engines
for process heat and power for export.
There is a commercial scale (50,000 tons/y) demonstration in Wollongong, NSW,
Australia, which has been undergoing commissioning since early 2001. There were
problems with the char gasification component of the process which caused the parent
company Energy Developments Ltd. to cease funding further development and search for
a buyer of its portion of the Brightstar Environmental stock (~88%). The Wollongong
City Council announced that the SWERF facility has ceased operation in March, 2004
because EDL could not find an international partner to help share the risk. The facility
will be used as a MRF and transfer station..127It is not known whether SWERF
technology proposals in the UK and the USA are proceeding.
Eco Waste Solutions (Burlington Ontario)
Eco Waste Oxidizer (EWOX)
These are relatively small scale systems, sized for 1 to 25 ton/d. The process consists of
a gasifier followed by burning the producer gas in a controlled combustion chamber.
Units typically operate on a 24 hr batch cycle. The material is enclosed in the
gasification chamber and then heated (presumably with natural gas or propane) until
enough energy is released by the gasification reactions to sustain itself.
Systems are marketed to small scale and/or remote waste producers. Units are installed in
Canada, Alaska, Belize, and Hawaii.
Canada’s Environmental Technology Verification (ETV) program has verified Eco
Waste Solutions’ performance claims for both municipal and biomedical waste.

127

http://www.wollongong.nsw.gov.au/yourcouncil/mediareleases/index_1806.htm (accessed 17 October
2004)
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Enerkem, Université de Sherbrooke, and KEMESTRIE INC. (Sherbrooke, Quebec)
BIOSYN process
ENERKEM TECHNOLOGIES INC. is a subsidiary of the Kemestrie Inc. Group, a spinoff company of the Université de Sherbrooke, founded in 1992. It is the sole owner of a
technology portfolio resulting from investments begun in 1981 by the Canadian Federal
Government as part of its "National Energy Plan", and continued in partnership with the
Ministère des Resources Naturelles du Québec, the Centre Québécois de Valorisation de
la Biomasse (CQVB), the Université de Sherbrooke and KEMESTRIE INC. A principal
member of the company is Dr. Esteben Chornet, a member of the staff at NREL128 and a
professor Chemical Engineering at Université de Sherbrooke129
Known as the BIOSYN process, it utilizes a bubbling fluidized bed (BFB) gasifier, with
air or oxygen operating at pressures up to 16 atmospheres. The process includes
proprietary catalysts for cracking tar and other components in the producer gas. The
process is capable of operating on biomass, sorted MSW, and plastics. Enerkem will
provide performance guarantees of minimum energy conversion efficiency (solids to
conditioned synthesis gas) of 70%130 as well as composition of the synthesis gas based on
the composition of the feedstock
The Poligás plant in Ribesalbes (Castellón), owned by Poligás Ambiente, S.L., and built
by Environmental International Engineering, S.L. (EIE) has recently gone into operation.
Spain’s Institute of Energy Diversification and Efficiency (IDAE), and the waste
management company Revima participated in the project. Financing was provided by
regional government (Valencia) and EU funds. The plant is fuelled with discarded
plastics wrappings from the ceramics industry. This plant reportedly (Enerkem
website131) is generating 7 MWe (80 MMBTU/h of synthesis gas) from approximately
25,000 metric tons y-1 waste plastic.
In 2002, Enerkem began working with the City of Sherbrooke to convert waste into
synthesis gas (BioSyngaz-Estrie project). Federal, provincial, and corporate monies
financed the project. The pilot unit was designed and constructed with the capacity to
convert 2.5 tonnes of sorted municipal waste residue per day.
MSW Pilot Plant in Sherbrooke (BioSyngasEstrie Project)
Enerkem, City of Sherbrooke, provincial and federal agencies have partnered to build and
operate a pilot plant based on the BIOSYN process for sorted MSW. Apparently, the
system ran at capacity of 2.5 metric ton d-1 for much of 2002 with technical reports and
feasibility studies that should be complete at this time.

128

http://www.nrel.gov/chemistry_bioenergy/staff_alpha.html#c
http://www.usherbrooke.ca/gchimique/personnel/profs/chornet/
130
Note: energy conversion efficiency for overall process (through to electrical generation) would be about
20% (steam turbine) up to about 30% (large reciprocating internal combustion).
131
http://www.enerkem.com/2002/pages_en/main_en1_ns.html
129
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Environmental Waste International (Ajax, Ontario)
EWI manufactures and markets systems that use microwave heating to pyrolyze the
feedstock in an inert or low oxygen atmosphere. The basic process is pyrolysis with
standard volatile gases, tars, and char as the products (relative amounts and compositions
are feedstock dependant). Existing installations are used in destruction of medical
wastes.
The company does not foresee a market for this technology in non-separated MSW
conversion. They are investigating the process with feedstocks such as sludge, nonrecyclable plastics, automobile shredder residue, diseased animal carcasses, and used
tires. In fact, the company believes the destruction of used tires will be important to
future operations due to the potentially valuable pyrolytic products including carbon
black, steel, liquid and gaseous hydrocarbons.
Company press releases indicate it has an agreement with a private firm in the UK to
design and build its first facility to pyrolyze waste tires with the microwave heating
process. It would be capable of converting 3000 tires per day.
A material and energy flow diagram on the company website claims that a tire conversion
facility that consumes 6000 tires/day can provide sufficient energy to drive a 6 MWe
steam turbine (if all pyrolysis oils and gases are burned in a boiler). The magnetrons and
balance of plant will consume 3 MW of electrical power leaving 3 MW available for
export.
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Foster Wheeler Energia Oy (Finland)
Lahti, Finland
Foster Wheeler, in cooperation with Kymijärvi Power Station at Lahti, Finland has
installed an atmospheric (air blown) circulating fluidized bed (ACFB) gasifier next to the
coal/fossil fuel fired utility boiler (see Figure 36). Thermal capacity of the gasifier is 4070 MWth depending on the moisture content of the fuel (which can be up to 60%)(OPET
2002) The producer gas from the gasifier is co-fired in the boiler. . The ACFB is sized
to provide up to 15% of the energy input to the boiler (replacing up to 30% of the coal
feed). The lack of gas cleaning limits the fuels to woody biomass and low/no chlorine
containing waste-derived fuels (some amount of separation of residential or municipal
wastes to remove chlorinated plastics). See Table 27 for composition of the refuse
derived fuel and Table 28 for fuel consumption by type for the years 1998-2002. The
project demonstrates commercial scale feasibility of close coupled gasification of low
quality ‘opportunity’ fuels which otherwise could not be utilized in the combustion
boiler.
A municipally owned, waste management company (Päijät-Hämeen Jätehuolto Oy)
started the processing of refuse derived fuel in 1997. In the first year of operation,
(1998), more than 17,000 tons of residential refuse fuel was gasified accounting for 22%
of the energy through the gasifier (the bulk of the gasifier energy came from wood
residues-71%).

Figure 36. Drawing of Lahti gasifier and co-fueled boiler (Source; Foster Wheeler)
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Table 27. Composition of refused derived fuel at Lahti132.
Component
Plastic
Paper
Cardboard
Wood

% by weight
5-15
20-40
10-30
30-60

Table 28. Annual feedstock consumption by type at Lahti gasifier (Source; Foster Wheeler)
Biomass
RDF
Plastics
Paper
Railway Sleepers
Shredded Tires
Total
Hours of Operation

Units

1998

1999

(tons)
(tons)
(tons)
(tons)
(tons)
(tons)

56729
17578
4395
1199
79900
4730

60534
24426
13806
6372
106
956
106200
5460

(hours)

2000

2001

2002

57834
71092
26622
30457
6885
14203
184
348
275
91800 116100
4727
7089

58128
32178
11418
2076
103800
nr

nr = not reported

132

http://www.fosterwheeler.com/publications/tech_papers/powgen/bagasse3.cfm
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Cumulative
Fraction (%)
61
26
9
1.8
1.0
0.4
100

Varkaus Finland
Foster Wheeler installed a bubbling fluidized bed gasifier (BFB) as part of an integrated
recycling process at the Corenso United Oy, a large paper and cardboard/packaging
material manufacturer. Used multilayer packaging material (which includes plastic film
and aluminum foil layers, for example, Tetrapak aseptic drink containers) is recycled by
separating as much of the cellulose material from the plastic and aluminum as possible
and then gasifying the remaining plastic and aluminum containing portion in the Foster
Wheeler BFB. Aluminum is recovered from bottom ash and the product gas (presumably
condensed from vapor form; See Figure 37) The aluminum is solidified into ingots and
reused. The energy from the gas replaces some of the fossil fuel used to raise process
steam. The gasifier is 40 MWth in capacity and recovers about 3000 t y-1 of aluminum
and gasifies 27,000 t y-1 polyethylene. The facility has accumulated over 12,500 hours of
operation between commissioning in spring of 2001 and May of 2004.133

Figure 37. Schematic of Varkaus, Finland waste packaging gasifier and aluminum
recovery facility (Source; Foster Wheeler)

133

Nieminen, M. (2004). "Thermal Gasification of Biomass - Technology Brief." IEA Bioenergy Task 33.
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Nippon Steel (Tokyo, Japan)
The Japanese motivation
Japan generates over 100 million tons y-1 of MSW but has limited available land for
disposal. Consequently, much of the waste (75%) (Heermann et al. 2001)is burned in
combustion facilities. Concern over high levels of dioxin emissions led the Japanese
government to institute programs to address the issue. These programs included tighter
emissions limits, investment in more efficient facilities with better emissions control
technologies and RDD of alternatives to MSW combustion.
Results so far appear successful. The Japanese Environment Agency estimates that
dioxin emissions in 1998 were reduced by 70% compared to those of 1997. Legislation
was in place to require 2002 emissions to be only 10% of the 1997 levels (Heermann et
al. 2001).
One of the RDD initiatives launched by the Japanese government was the ‘Technologies
for the 21st century’ which focused on developing gasification/pyrolysis systems and
direct melting of waste. The non-combustion thermal technology thrust is to address the
dioxin issue while waste melting programs address ash recycling and disposal problems.
A further motivator for Japan is its lack of significant domestic energy resources. Any
energy that can be recovered from conversion of MSW and other solid wastes directly
displaces imported coal or petroleum fuels.
Waste Melting Process
The Nippon Steel ‘Waste Melting Process’ evolved from metallurgical processing
technology. The process accepts unsorted MSW that has been processed to required
particle size. Heermann et al. (2001) report that the Nippon Steel process uses a fixed
bed gasifier (not clear if pressurized), with enriched oxygen air injection in the melting
section. Coke is added to the MSW (~50kg/tonne MSW or 5% by weight) input feed
which reacts with the oxygen and pyrolytic gases at the air injection and melting region.
This is apparently done to help provide energy for full ash melting. Limestone is also
added (~5% by weight of input) to provide some pH buffering of the melt. The producer
gas is burned in conventional steam boilers from which heat and power can be generated.
Output materials include granulated slag (90 kg/ tonne input), recyclable iron (10 kg/
tonne input) and fly ash (~30kg/ tonne input) which is sent to landfill. Mercury and
heavy metals present in the waste are found in the fly ash and producer gas requiring that
these streams be managed appropriately before discharge.
There are perhaps a dozen plants (operational or being commissioned) in Japan utilizing
the Nippon Steel waste melting process. The capacities range from 100 to 450 tonne d-1.
Nippon Steel is a market leader in large scale MSW conversion applications.
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PKA Umwelttecnik (Aalen, Germany)
This is a pyrolysis process followed by gas converter (cracker). MSW feedstock is
preprocessed to remove glass, metals, and other marketable recyclables. The remaining
material then goes through a size reduction process. Drying to below 15% moisture is
recommended, but not mandatory. Other feedstocks that can be utilized with the system
include automobile shredder residue (ASR), tires, industrial and plastic waste and
contaminated soil.
The preprocessed material is conveyed into a rotary pyrolysis drum that is externally
heated
to
930–1020o F by hot combustion gas (from burning natural gas during start-up, or from
burning a portion of the pyrolytic gas that can be recycled if available in sufficient
quantity and quality). The feedstock material takes up to one hour to progress through the
drum. The pyrolytic product gases and vapors are then transferred to a gasification
chamber where they are cracked to a producer gas at temperatures of 1830o F, cooled, and
cleaned according to the requirements for final use.
The pyrolytic char can be conditioned by grinding and separating out the ferrous and nonferrous metals. Using a separate smelting reactor, the char fines can be gasified with
added oxygen at a temperature between 2550–2730o F to yield additional syngas for
combustion and production of a vitrified slag. Data on the synthesis gas composition and
energy output for this process are provided in Chapter 4, while data on the emissions and
metals in the ash residue are provided in Chapter 5.
A PKA facility in Aalen, Germany, has been operating on a blend of MSW, commercial
waste, and sewage sludge since 2001. This unit has a capacity of 28,000 TPY. The
facility includes a char/ash melter. PKA has a 31,000 TPY unit installed in
Freiberg/Saxony, Germany, where high aluminium content industrial waste is pyrolyzed
for recovery of the aluminium. The aluminum is sent to an adjacent melting plant.
Pyrolysis gas is used to supply heat for the melting plant. This facility has been operating
continuously since the summer of 2001. A 9,000 TPY sewage drying plant has been
operating since 1993 in Bopfingen, Germany. A smaller 0.4 TPH facility has also been
used for testing since 1994.
The PKA process technology is also licensed to Toshiba Corp. of Japan and is marketed
under the name Product en Energie Centrale (PEC) in the Netherlands. PEC reportedly
has received approval for a 150,000 TPY facility in Defile, Netherlands, that will have
three lines each of 4 TPH capacity. ECN has also operated a similar 25 kW pilot plant
since 1997 for testing of various biomass wastes.
SVZ (Sekundärrohstoff-Verwertungszentrum)
Waste/Biomass
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Schwarze Pumpe, Germany

This facility, built to gasify petroleum residues and coal in the mid 1960’s now processes
MSW and household waste with lesser amounts of petroleum refinery residues and coal.
The capacity of the facility is 495,000 ton y-1 and 55,000 ton y-1 of solid waste and liquid
water/oil residues respectively134. A recent survey135 of gasifiers utilized primarily in the
fossil energy sector indicates annual feedstock flows at SVZ are 1.3 Mton y-1 and
190,000 t y-1 for solid and liquid wastes respectively. The reason for this discrepancy
has not been pursued, but material flow rates through this facility are substantial.
The products of the process are electricity (75 MW) and 300 t d-1 methanol (from all
gasifiers and feedstocks)
SVZ claims to process plastics, waste wood, sewage sludge, domestic garbage (combined
or source-separated), and other solid wastes. Liquid and slurry waste oils, solvents, paint
sludges, etc. are processed as well.
There are 10 separate gasifiers in the facility. Seven are ‘Lurgi Dry Ash’ gasifiers, and
one each of Lurgi multi-purpose (MPG), British Gas-Lurgi, and Noell KRC gasifiers.
The Lurgi (Lurgi Energie, Germany)136 dry ash gasifier is a pressurized oxygen and
steam blown ‘moving bed’ gasifier. Dry ash refers to the condition that ash material does
not reach its melting temperature which would produce a liquid slag. Solid feedstock
enters the reactor through a lock hopper at the top and moves down through the bed,
while oxygen and steam are injected in the bottom and move up counter-currently to the
solid fuel. The Lurgi multipurpose is a pressurized, oxygen blown gasifier and configured
for liquid feedstocks.
British Gas-Lurgi (BGL) fixed bed gasifier is pressurized and oxygen/steam blown
similar to the Lurgi dry ash. The difference is the fuel is present as a substantial piled
mass in the reactor and slowly moves down as the material in the bottom of the pile
reacts and gasifies. Oxygen and steam are injected into the fuel mass with lances and
reaction temperatures are allowed to be high enough to melt (or slag) the ash, which
drains and is removed from the bottom. Synthesis gas leaves near the top of the reactor.
The Noell–KRC gasifier is an entrained flow gasifier (also pressurized and oxygen
blown). The liquid or small-particle fuel is injected at the top of the reactor with oxygen.
The falling fuel particles react with the oxygen and heat. Ash slags and runs down the
reactor wall. Synthesis gas and slag exit the reaction chamber together through an orifice
and are quenched with water condensing some of the tars and creating vitrified ash
granules which eventually exit the pressurized vessel through lock hoppers.
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http://www.svz-gmbh.de/GB/Seiten/rahmen.html
SFA Pacific for USDOE National Energy Technologies Laboratory (NETL)
http://www.netl.doe.gov/coalpower/gasification/models/models.html
136
See Conversion Technology data base for Lurgi Energie
135
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Thermoselect (Locarno, Switzerland)
The Thermoselect High Temperature Recycling (HTR) process was commercially
demonstrated beginning in Fondotoce, Italy in 1989. The process uses slow pyrolysis
followed by fixed-bed oxygen-blown (atmospheric pressure) gasification and ash melting
(Calaminus and Stahlberg 1998). Some information indicates natural gas is burned along
with a portion of the producer gas to the gasifier for supplemental energy for gasification.
This may be due to variability of feedstock character (i.e., moisture, energetic value).
The process accepts unsorted MSW. Waste is loaded into a chamber which is pushed and
compacted by hydraulic press and moved (in plug flow fashion) through a cylindrical
heating chamber where drying and some pyrolysis occurs. At the end of this horizontal
heating/pyrolysis tube, the solid material falls into a high temperature oxygen blown
gasifier. Organic material is gasified, and ash is melted and allowed to separate by
density before being cooled. Producer gas is cleaned and utilized appropriately.
Recyclable metals and vitrified minerals are useable outputs. Gas cleaning creates a
sludge containing heavy metals. Heermann et al. (2001) indicate that 23 kg/ton MSW of
natural gas is an input. This represents about 12% of the energy contained in 1 metric ton
of MSW137. The synthesis gas can be used for energy production or possible chemicals
or liquid fuels.
There is one client owned facility in Europe (Karlsruhe, Germany) and two in Japan. The
Karlsruhe facility has been plagued by commissioning problems causing delays in
licensing and designing other facilities in Germany. This led to cancellation of some of
the European orders. Recent information indicates that the facility is having financial
problems and may close.138139 The Japanese facilities seemed to proceed through
commissioning more easily, perhaps due to different or better air pollution control
systems.
The process is attractive because of minimal or zero feedstock preparation/processing.
The reasons for the commission problems in Karlsruhe need to be learned.
A US Company, Interstate Waste Technologies, is marketing the Thermoselect process in
North America and the Caribbean. The website indicates potential projects in Costa
Rica, US Virgin Islands, and Puerto Rico (letters of intent, artist conceptual drawings of
facilities, etc.)

137

Assumes natural gas HHV of 55 MJ/kg and MSW HHV of 10 MJ/kg.
Vehlow, Jurgen. Institute for Technical Chemistry, Forschungszentrum Karlsruhe. Personal
communication (October, 2004).
139
“The Karlsruhe Garbage Miracle Threatens to Close” (October, 2003)
< http://taz.de/pt/2003/10/28/a0131.nf/text.ges,1>
138
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Thide Environmental (Voisins Le Bretonneux, France)
The Thide ‘Arthelyse’ process is a rotating drum pyrolysis scheme (similar to WasteGen
UK, and PKA). Following materials sorting and drying, the material is conveyed into the
rotating pyrolysis drum. Residence time is approximately 30 minutes. The synthesis gas
is burned to provide the heat for the pyrolyzer and process steam for drying.
Thide seems to be trying to market the solid residue char as a solid fuel for use off-site.
The company claims the char can washed and separated from the metals, other inerts, and
soluble salts. Even if char washing is effective, it seems that it would be costly and
energy intensive possibly making it unattractive as an off site solid fuel.
Thide reports that of the solids output (in % of input material mass), 4% is recyclable
metal, 10% is ash, and 23% is the washed char.
Hitachi has the license for the process in Japan and there is a small plant located in
Nakaminato operating since 1999 (capacity ~ 10,000 ton y-1). A larger facility (50,000
ton y-1) is under construction in the town of Arras and is scheduled to debut in 2004.
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TPS Termiska Processer AB (Nyköping, Sweden)
TPS is an employee-owned company in Sweden with a fairly long history in gasification
and combustion for heat and power fueled by biomass and coal. A large amount of R&D
is undertaken by the company from funds provided by the Swedish National Energy
Administration, the European Community (various energy agencies), as well as private
companies. TPS specializes in fluidized bed, both circulating (CFB) and bubbling (BFB)
types operating in combustion or gasification modes. Gasifier attributes include
atmospheric or pressurized, using air, oxygen, or steam injection.
Their CFB designs are licensed (under the name of Studsvik) to several large boiler
manufactures throughout the world including Babcock and Wilcox (USA), Kvaerner
(Sweden), Austrian Energy (Austria), and SER Consortium (Brazil).
TPS is also involved in integrated gasification combined cycle (IGCC) systems fueled by
biomass. A demonstration plant of this type has been built in the UK (ARBRE project)
and has been operated. It was intended to be wood fueled with a design capacity of
8MWe but the project has terminated (see section on Biomass IGCC). TPS was also
investigating and designing for two projects in Brazil which would use IGCC plants.
One would be fueled by bagasse and sugar cane trash, and the other from eucalyptus
trees. The projects are purportedly on hold due to lack of financing (see section on
Biomass IGCC).
Greve, Italy
In the late 1980s, TPS licensed the CFB process to Ansaldo of Italy and provided the
design of two gasifiers to be fueled by pelletized refuse derived fuel (RDF). The plant
was built by Ansaldo and began operation in 1991.
The two 15MWth CFB gasifiers consume 100t/d (each) of pelletized RDF from nearby
Florence. The gasifiers are air blown and operate slightly above atmospheric pressure
near 850ºC (below ash melting point). Raw gas leaving the cyclone particle separator is
combusted in a boiler. The boiler raises steam which is expanded through a condensing
turbine. System design is for 6.7 MWe. The facility can feed gas to a nearby cement
plant if electricity economics are unfavorable.
A recent case study of the Greve facility (Granatstein 2003) was published by the IEA
Task 36140(Energy from Solid Waste Management Systems). Operational problems with
the plant have been experienced. The gasifiers themselves reportedly operate flawlessly
but the boiler fouls with fly ash and condensed tar. Steam production has been low. A
two phase remediation program was undertaken late in 1997 with planned completion in
2000. The modifications to the system include a new RDF plant with better quality
control and better particulate removal from the gas before it enters the boiler. It was
unknown at the time of Granatstein’s publication whether the operational problems were
140

http://www.ieabioenergy.com/ourwork.php?t=36#36
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fixed as the plant owners have not returned requests for information. The case study
includes mass and energy diagrams and emissions information as well as economic data.
WasteGen UK141
WasteGen is marketing facilities they are calling; “Materials and Energy Recovery
Plants” (MERPS). This company seems to be the inheritor of the technology developed
by PLEQ, a defunct East German company that developed a rotary kiln pyrolyzer to
convert municipal solid waste. Franz-Eicke von Christen is the technical director for the
company. He was a founder and director of the original PLEQ company.
A full scale unit has been operating in Burgau, Germany since 1987. Reportedly, the
plant is owned by the municipality. It consists of two rotary kilns, 20 m long by 2.2 m
diameter. Each processing line is capable of 3 ton h-1. The Burgau plant is reviewed in
by Heermann et al. (2001). Some 36,000 t y-1 of waste material is pyrolyzed at the
facility. A mixture of MSW, commercial waste, bulky wastes and sewage sludge are
mixed together from separate storage pits. Particle size is reduced to < 4 inch and then
conveyed to the rotary kilns. The kilns are heated by combustion of a portion of the
pyrolytic gas. The remaining energy in the pyrolysis gas is recovered from combusting
in a boiler producing steam for a 2.2 MWe turbine/generator. It appears there is no
sorting of the waste required. Ferrous metals are recovered after pyrolysis. The char
product is not used and is sent to landfill. Dust and fly ash recovered in a baghouse gas
cleaning system is considered hazardous because of heavy metals contamination and
must be disposed of properly.
Energy recovery is claimed to be 470 kWh t-1 of input material which corresponds to 4.7 t
hr-1 of input feed. This feed rate on an annual basis (90% capacity factor) would be
37,000 t y-1 which is essentially equivalent to the reported annual input. On a mass basis,
12% is recovered as recyclable metal and 21% (pyrolysis char and fly ash) is sent to
landfill.
Heermann et al. (2001) give a very favorable review of the process with high marks for
reliability, minimal preprocessing (no sorting), and decent energy recovery. The report
concludes that the process should be regarded as a leader for medium to large scale
pyrolysis mixed waste processing.

141
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Biochemical MSW Conversion Systems
Anaerobic Digestion Overview
Biodegradation of organic material occurs in nature through the action of both aerobic
and anaerobic microorganisms. In aerobic systems, partial oxidation of the ingested
organic material is the result yielding carbon dioxide and water and undigested residue.
Anaerobic bacteria will also degrade organic matter, including some abiogenic forms, in
the absence of oxygen with ultimate products being non-reactive residues, carbon dioxide
and methane. These bacteria naturally occur in the environment in anaerobic “niches”
such as marshes, sediments, wetlands, and the digestive tracts of ruminants and certain
species of insects. Facultative organisms are capable of persisting in either environment.
Anaerobic digestion (AD) is a fermentation technique typically employed in many
wastewater treatment facilities for sludge degradation and stabilization but also the
principal process occurring in landfills. Large dairies and swine farms in the U.S. are
turning to the use of AD primarily as a means to mitigate the environmental impacts of
manure lagoons with some capture of methane for energy production. Many household
scale digesters are employed in rural China and India and elsewhere around the
developing world for waste treatment and gas production. Approximately 5 million
households in China use anaerobic digesters. The digesters produce biogas that is used as
an energy source by the households, and produce fertilizer that is used in agricultural
production.142 Europe, especially Denmark, has developed large-scale centralized
systems for solid waste stabilization and energy generation as a by-product.
Anaerobic Digestion Process Description
Anaerobic digestion of lignocellulosic waste occurs in a 3-step process. These steps are
hydrolysis, acetogenesis, and methanogenesis. The molecular structure of the
biodegradable portion of the waste that contains proteins and carbohydrates is first
broken down through hydrolysis. The lipids are converted to volatile fatty acids and
amino acids. Carbohydrates and proteins are hydrolyzed to sugars and amino acids. In
acetogenesis, acid forming bacteria use these byproducts to generate intermediary
products such as propionate and butyrate. Further microbial action results in the
degradation of these intermediary products into hydrogen and acetate. Methanogenic
bacteria consume the hydrogen and acetate to produce methane and carbon dioxide. A
schematic of these pathways is given in Figure 38.
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Henderson, J.P., Anaerobic Digestion in Rural China, City Farmer, Canada Office of Urban
Agriculture, 2001, <http://www.cityfarmer.org/biogasPaul.html> (Dec. 5, 2003).
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Figure 38 Anaerobic digestion pathways of presorted MSW.. 143
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Anaerobic digestion operates without free oxygen and produces biogas. Biogas consists
principally of methane and carbon dioxide but also has impurities such as moisture, H2S,
and particulate matter. Anaerobic digestion requires attention to the nutritional demands
of the bacteria degrading the waste substrates. The carbon/nitrogen (C/N) ratio of the
feedstock is especially important. Biogas can be used as fuel for engines, gas turbines,
fuel cells, boilers, industrial heaters, other processes, and the manufacturing of chemicals
(with emissions and impacts commensurate with those from natural gas feedstocks).
Anaerobic digester systems can be categorized according to whether the system uses a
single reactor stage or multiple reactors. In single stage systems, the essential reactions
(hydrolysis/acidification, acetogenesis, and methanogenesis – Figure 38) occur
simultaneously in a single vessel. With 2-stage or multi-stage reactors, the reactions take
place sequentially in at least two reactors.
Single stage systems are generally simpler to operate, have fewer components for
maintenance or failure, and have smaller capital costs. Multistage systems offer the
potential to increase the rate of methane production and the amount of overall
biodegradation of the feedstock by separating and optimizing the different steps of the
biochemical process. Multi-stage reactors separate the hydrolysis/acidification from the
acetogenesis and methanogenesis stages.
Another important classification or design parameter is solids concentration in the
reactor. Solids (or total solids, TS) are usually expressed as a fraction of the total mass of
the prepared reactor feedstock (typically as a percentage by weight) and constitute the dry
matter fraction of the substrate. The percent of moisture, by definition, is 100 – TS (%).
The classification scheme for solids content is usually described as being either high
solids (HS) or low solids (LS). HS systems are also called dry systems and LS may be
referred to as wet. A prepared feedstock stream with TS less than 15% is considered low
solids (wet) and feedstocks with TS greater than 15% are considered high solids (dry). In
HS systems, solids content is usually kept in the range of 20-40% TS. Dilution with
process water to desirable solids content is typically done in feedstock preparation stages.
Single-Stage Systems (Low Solids)
Single-stage wet (LS) anaerobic digestion systems are attractive because of their
similarity to anaerobic stabilization of wastewater at wastewater treatment plants
(WWTPs). The solid wastes are pulped and slurried to less than 15% TS with water to a
consistency not unlike that of biosolids before stabilization in WWTPs. Though
conceptually simple, there are certain drawbacks to single stage wet systems including
extensive pretreatment, higher water consumption and potentially high energy
requirements to operate the system.
An early full-scale single-stage, LS plant for treating MSW was built in Waasa, Finland,
in 1989 (Figure 39).144 The feedstock is homogenized and diluted using water to obtain
144
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the required solids content in a pulping step. Hydrolysis of the carbohydrate substrate will
begin in the pulping operation, although the majority of the hydrolysis phase takes place
in the reactor tank.
METHANIZATION

PULPING

Biogas

Biogenic fraction
of MSW
Pre-chamber

Heat
addition
Make-up
water

10-15%

DEWATERING
Inoculation
loop
Composting
Heavies

Recycle process water

Water
treatment

Figure 39. Schematic of a Typical Single-Stage LS Digester *
*[Adapted from Mata-Alvarez, J. (2003)]

The slurry is pumped into a large complete mix reactor (also called a continuously stirred
tank reactor; CSTR) where active mixing keeps solids in suspension.
Pompano Beach FL145
In the mid 1970’s, USDOE funded Waste Management to design, construct, and operate/
demonstrate the separations and AD conversion technology for MSW at a 50 -100 tpd
scale. Other agencies, including the National Science Foundation and the Gas Research
Institute contributed funding. The project was called RefCoM (Refuse Conversion to
Methane).
Extensive problems with the design and operation were experienced over a 2 ½ year
period. Eventually, experimental runs lasting up to 70 days were performed for raw
waste feedrates up to 40 t d-1.
The system consisted of extensive upfront preparation, including a materials recovery
facility (MRF), and shredding and separating operations. The digester portion
incorporated two 1300 m3 CSTR reactors operated at thermophilic temperatures with TS
concentration of 3-7 %.. Chynoweth (2002) reports that biogas production averaged 7.5
ft3 (0.212 m3) of total gas per pound of volatile solids (methane concentration was about
55%).
145
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An economic evaluation conducted in 1990 indicated that a 400 tpd facility based on the
Pompano Beach RefCoM design would require a tipping fee from $36.50 per ton up to
$53 per ton depending on whether the facility is publicly or privately owned and energy
prices (Chynoweth, 2002).
The AD portion of the design was considered to be technically feasible by the RefCoM
demonstration. The choice of a wed digestion system for mixed MSW, which required
extensive up-front pretreatment/separation operations, is regarded as a flaw with the
Pompano Beach project.146
A true CSTR system which has continuous inflow and outflow will experience something
called “short-circuiting” which is the passage of a portion of the feed through the reactor
with a shorter retention time than that for the average bulk material. Short-circuiting
diminishes biogas yield and emits a less biologically stabilized effluent. To counteract
short-circuiting in complete mix reactors, some systems use a pre-chamber where the
feedstock is inoculated with organisms from the reactor vessel (Figure 39). The material
in the pre-chamber moves in plug or ”piston” flow, which takes several days to go from
the point of injection to where it joins the complete mix portion of the reactor, thus
ensuring all material entering the process has a guaranteed minimum retention time. The
process can be operated at both thermophilic (approximately130ºF) and mesophilic
(approximately 95ºF) temperatures. The plant in Waasa, Finland has both types running
in parallel with the thermophilic process having a retention time of 10 days and the
mesophilic process having a retention time of 20 days).
The pretreatment required to obtain adequate slurry quality while removing coarse or
heavy contaminants is complex and inevitably incur a 15%-25% loss of volatile solids.147
Mechanical mixing and/or injection of a portion of the biogas into the bottom of the
reactor tank is used to keep the material continuously stirred and homogenous as
possible. However, energy for vigorous mixing is substantial, so practical systems require
means to remove heavy material that doesn’t remain suspended as well as a floating scum
layer which can build up to several feet thick.
Single-Stage Systems (High Solids)
In dry, or HS, systems, the fermenting mass is kept at a solids content of 20%-40% TS
(equivalent to 60%-80% moisture). The physical characteristics of material at the higher
solids content require different approaches to handling and pre-treatment (i.e., conveyor
belts, screws, and special pumps for the highly viscous streams). As single stage wet
146
147

RWBeck. (2004). "Anaerobic Digestion Feasibility Study." Bluestem Solid Waste Agency & Iowa
Department of Natural Resources.
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systems were based on the well established anaerobic digestion of waste waters, research
in the 1980s indicated the biogas yield and production rate were as high or greater in
systems that kept the waste feedstocks in their original solid state (i.e., not slurried with
water).148 The challenge of these systems is handling, mixing, and pumping of the high
solids streams rather than maintaining the biochemical reactions.
Although some of the handling systems may be more expensive than those for wet
systems (such as high solids pumps), the HS systems are generally more robust and
flexible regarding acceptance of rocks, glass, metals, plastics, and wood pieces in the
reactor. These materials are not biodegradable and do not contribute to biogas production
but they generally can pass through the reactor without affecting conversion of the
biomass components. The only pretreatment required is removal of the larger pieces
(greater than 2 inches), and minimal dilution with water to keep solids content in the
desired range.
Because of their high viscosity, material in HS reactors moves via “plug flow” with little
mixing. This presents the problem of inoculating newly injected feedstock with a portion
of the fermenting mass. At least three commercial-scale designs have been developed
which adequately inoculates the feedstock by mixing a portion of the digested material or
recirculating biogas (Figure 40).
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Digested
paste
Feed

Biogas recirculation
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Figure 40. High Solids Single Stage Digester Designs (A – Dranco, B – Kompogas, CValorga) Adapted from Mata-Alvarez, J. (2003)
148

Ibid.
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The Dranco process, diagrammed in Figure 40 (A), mixes some digested paste with the
incoming feed and pumps the mixture to the top of the reactor vessel. Fermenting
material flows downward, eventually exiting at the bottom with biogas being recovered
through the top. The Kompogas reactor also mixes a portion of the digestate with the
incoming feed. This process is a horizontal plug flow reactor with the material moving
from the input end to the opposite end. The horizontal reactor has a set of internal
impellers that slowly move the material along (some amount of mixing is provided as
well). The Kompogas system requires a careful adjustment of TS to about 23%.149 If TS
is too low, heavy materials tend to accumulate on the bottom and do not exit the system,
while higher TS values become too difficult to move. The third concept in Figure 40 was
adopted by the Valorga process. This reactor consists of a vertical cylinder with a vertical
inner wall mounted along a diameter of the reactor but only extending about 2/3 of the
way across to the opposite side. Material enters at the bottom on one side of the inner
wall and must flow a circular path to pass to the other side-wall before it exits.150 Biogas
is periodically re-injected in the base of the reactor on either side of the dividing wall
effecting some vertical mixing and solids suspension with no mechanical mixing devices
inside the digester. The gas mixing and solids circulation result in inoculum transfer to
influent feed.
Multi-Stage Systems
Multi-stage systems are designed to take advantage of the fact that different portions of
the overall biochemical process have different optimal conditions. By separately
optimizing primary and secondary conditions, the overall rate can be increased.
Typically, two-stage processes attempt to optimize the hydrolysis and acidification
reactions in the first stage where the rate is limited by hydrolysis of cellulose. The second
stage is optimized for acetogenesis and methanogenesis where the rate in this stage is
limited by microbial growth rate. With multi-staging, it is possible to increase hydrolysis
rate by applying a microaerophilic process. This process uses minimal air to allow some
aerobic organisms to break down some of the lignin that makes more cellulose available
for hydrolysis. The air would inhibit the methanogenic organisms if they were present as
they would be in a single stage reactor. Figure 41 depicts a basic two-stage AD system
with hydrolysis occurring in the high-solids first stage and methanogenesis occurring in
the low-solids second stage.

149

Mata-Alvarez, J., Biomethanization of the organic fraction of municipal solid wastes, IWA
Publishing, London, 2003.
150
DeLaclos, H. F., Desbois, S., and Saint-Joly, C. (1997). "Anaerobic disgestion of municipal
solid organic waste: Valorga full-scale plant in Tilburg, the Netherlands." Water Science &
Technology, 36(6-7), 457-462.
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Figure 41 Simple Schematic of Two-Stage Anaerobic Digestion System (high solids 1st
stage, low solids 2nd stage) Adapted from Mata-Alvarez, J. (2003)
As mentioned earlier, in Europe there are approximately 7 AD plants using two-stage
designs and 79 single-stage plants. It was expected that more of the multi-stage systems
would be in operation by now, but the degree of increased yield and rates demonstrated in
lab scale multi-stage systems have not been achieved in commercial units.
Performance of Some Commercial and Practical Pilot Scale Facilities
Table 29 lists some methane production values reported on a per VS basis for some
commercial facilities in Europe and some pilot scale experiments. Some of the feedstocks
are characterized.
These facilities are nominally operated at thermophilic temperature (around 130º F) and
retention times of about 15 days.
The SEBAC experiments were conducted for 21 and 42 days with batch reactors at 120º
F. This temperature was used because it “represented the natural temperature expected to
result from metabolic heat as determined by systems calculations.”151
Methane production from the DRANCO plants cited in the literature seems respectable
and reflects the fact the feedstocks are generally source separated and the food and green
wastes are targeted for the anaerobic digesters.
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Okeefe, D. M., Chynoweth, D. P., Barkdoll, A. W., Nordstedt, R. A., and et.al. (1993).
"Sequential Batch Anaerobic Composting of Municipal Solid Waste MSW and Yard Waste."
Water Science and Technology., 27(2), 77-86.
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Table 29 Performance Data of Some Commercial and Pilot Anaerobic Digestion Facilities
Plant (or reference)
Dranco, Salzberg (De Baere, 2000)

Feedstock
80%Kitchen
20% Garden wastes

Dranco, Bassum (De Baere, 2000) "Grey" waste
15% Kitchen
Dranco, Brecht (De Baere, 2000) 75% Garden
10% Paper wastes
Venice (Cecchi et al., 1989)
France/Valorga (begouen et al., 1988)
Marseille (Marty et al., 1986)
60% paper,
SEBAC pilot 42 days (O'Keefe et al., 1993)
6% yard waste

CH4
VS
VS
reduction production
(g/g input)
(%)
(l/g VS)

CH4
CH4
production
Energy
(g /g VS) (MJ/kg VS)

CH4
Energy
(MJ/kg Input)

TS (%)

VS/TS
(%)

31

70

0.217

70

0.34

0.24

13.6

2.9

57

51

0.2907

60

0.28

0.20

11.0

3.2

40

55

0.22

52

0.26

0.18

10.2

2.2

0.25
0.22
0.20

0.18
0.16
0.15

10.1
8.7
8.1

35
71

81

0.5751

49.7

0.19

0.14

7.5

4.3

SEBAC pilot 21 days (O'Keefe et al., 1993)

95% paper,
2% yard waste

65.6

92.5

0.6068

40.6

0.19

0.14

7.5

4.6

SEBAC pilot 21 days (O'Keefe et al., 1993)

60% paper,
6% yard waste

71

81

0.5751

36.0

0.16

0.11

6.3

3.6

0.16

0.11

6.3

Venice (Cecchi et al., 1989)
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Status of MSW Anaerobic Digestion in Europe
Anaerobic digestion systems using solid waste feedstocks are more widely utilized in
Europe. European Community policies have developed to minimize the amount of
material being landfilled. These policies are driven by several factors including limited
space for new landfills, and the needs for methane emission reductions and increased
renewable energy production because of Kyoto Protocol requirements. Examples of
policies implemented to reduce material flow to landfill in Europe include Germany’s
Extended Producer Responsibility (EPR) approach that requires manufacturers to be
responsible for recovery of packaging material, and restrictions on the amount of
biodegradable material that can be disposed in landfills
Anaerobic digestion and aerobic composting of kitchen, food processor, and garden
wastes is well established in Europe. To improve the quality of feedstocks used in AD
and composting operations, source separation of household and commercial food and
garden wastes is utilized extensively. At least 11 EU countries have implemented or are
about to implement source separation for food and green wastes152. In Switzerland for
example, approximately 220 lb per person per year of source separated food and green
waste is collected. About 12% of the material is stabilized by AD facilities, and the
balance is composted.153 Germany has more than 500 facilities that treat more than 8
million TPY of green and food wastes in biochemical treatment facilities with the
majority being aerobic compost facilities.154
A review of AD in the organic waste industry in Europe was done in 2000 and updated in
2003.155,156 In the 2003 update, 86 AD facilities were identified as either operating or to
be under construction by 2004 with capacity greater than 3000 metric tons per year and
with at least 10% of the treated feedstock from municipal or commercial organic waste.
Many of these facilities will co-digest animal wastes and municipal waste water sludges.
In Spain, the 13 large capacity plants, which average 70,000 TPY, will be anaerobically
treating nearly 7% of the biodegradable MSW by the end of 2004.157 For all of Europe,
the installed capacity in 2000 was 1.1 million TPY and was projected to increase to 2.8
million TPY in 2004, an increase of approximately 250% in four years. Figure 42 shows
152

European Compost Network, <http://www.compostnetwork.info/biowaste/index.htm>
(December 18, 2003).
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Ludwig, C., Hellweg, S., and Stucki, S., Municipal Solid Waste Management-Strategies and
Technologies for Sustainable Solutions, Springer-Verlag, Berlin, 2003.
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Kubler, H., Hoppenheidt, K., Hirsch, P., Kottmair, A., Nimmrichter, R., Nordsieck, H.,
Mucke, W., and Swerev, M., "Full scale co-digestion of organic waste," Water Science &
Technology, Vol. 41(3), 2000, pp. 195-202.
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De Baere, L., "Anaerobic digestion of solid waste: State-of-the-art." Water Science and Technology,
Vol. 41(3), 2000, pp. 283-290.
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De Baere, L., "State-of-the-art of anaerobic digestion of solid waste," Ninth International Waste
Management and Landfill Symposiu, Cagliari, Italy, 2003.
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De Baere, L. (2003). "State-of-the-art of anaerobic digestion of solid waste." Ninth International Waste
Management and Landfill Symposium. Cagliari, Italy.
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installed capacity of MSW AD facilities between 1990 and 2004. Figure 43 shows how
the capacity is distributed between single and two stage systems. Single-stage anaerobic
digesters account for approximately 92% of the installed AD capacity in Europe.
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Figure 42. Growth of Solid Waste Anaerobic Digester Capacity in Europe158,159
*Data projected for 2004

158

159

Adapted from De Baere, L, "Anaerobic digestion of solid waste: state-of-the-art," Water Science &
Technology, Vol. 41(3), 2000, 283-290.
De Baere, L., "State-of-the-art of anaerobic digestion of solid waste," Ninth International Waste
Management and Landfill Symposiu, Cagliari, Italy, 2003.
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Figure 43. Installed AD Capacity by Stage in Europe (adapted from De Baere (2000 & 2003))
*Data projected for 2004
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Biochemical MSW conversion Facilities and Companies
Valorga (Montpellier, France)
The Valorga process was designed to treat organic solid waste. It is an anaerobic
digestion process and accepts MSW after appropriate separation of recalcitrant fraction.
The process dilutes and pulps the organic fraction to about 30% solids content. This is
considered a high solids process. Steam is used for heating/maintaining temperature in
the reactors as necessary. Mesophilic or thermophilic systems are used depending on
feedstock and economics.
The reactor is a continuous one-step plug-flow process. The reactor consists of a vertical
outer cylinder with an inner wall about the 2/3 of the diameter of the outer one. Material
enters at the bottom on one side of inner wall and must flow up one side and down the
other side before it can exit (Fruteau de Laclos et al. 1997). The retention time is on the
order of 3 weeks. Biogas is injected in the base of the reactor and the bubbles serve as a
means for mixing and keeping solids suspended (gas-mixed). The digestate is dewatered
and can be composted. Table 30 lists existing facilities.
Table 30. Valorga Process Installations160

Location
Bottrop
Germany
Switzerland
Geneva
Engelskirchen
Germany
Freiburg
Germany
The Netherlands
Tilberg
Bassono
Italy
Mons
Belgium
Amiens
France
Varennes-Jarcy France
Cadiz
Spain
Barcelona
Spain
Hanover
Germany
La Coruna
Spain

Material
Kitchen waste
Kitchen/Green waste
Kitchen/Green waste
Kitchen/Green waste
Kitchen waste
Sorted MSW/sludge
Sorted MSW
Sorted MSW
Sorted MSW
Sorted MSW
Sorted MSW
Sorted MSW/sludge
Sorted MSW

160

Capacity
(ktonnes/y)
6.5
10
35
36
52
55
59
85
100
115
120
125
142

Start-up
Date
1995
2000
1998
1999
1994
2003
2002
1988
2002
2002
2004
2002
2001

Adapted from corporate webpage (http://www.steinmuller-valorga.fr/index_en.php) and Verma, S.
(2002). "Anaerobic digestion of biodegradable organics in municipal solid wastes," Master of Science
Thesis, Columbia University, New York.
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Wehrle Werk AG (Emmendingen,Germany)
Biopercolat Process
Werle Werk AG is a large company active in thermal conversion of biomass and MSW
with several combustion facilities. The company is also active in waste water treatment
which has led to its involvement with the solid waste digestion facility at Kahlenberg
(2000 t/y). The facility uses the 'Biopercolat' process.
The Biopercolat process is a multi-stage high solids process(Verma 2002), Figure 44.
The first hydrolysis stage is carried out under partial aerobic conditions. Process water is
continually percolated through the mechanically agitated (and slightly aerated) hydrolysis
chamber (a horizontal tunnel much like the Wright MBT system). The leachate
hydrolysis water is fed to an anaerobic plug flow filter filled with support material
operating as an upflow anaerobic blanket sludge (UASB) reactor. The process has a
retention time of only seven days.

STAGE 1

STAGE 2

(microaerobic
hydrolysis)

(methanogenesis)
Biogas
Note: 2nd Stage
operates in plug flow
through fixed film
support media)

Solid
Feed
Make-up
water

Liquid Recycle

Dewatering

Waste and Water
Treatment
(and/ or compost and
liquid fertilizer)

Liquid
Composting

Figure 44. Simple Schematic of Biopercolat Process (high solids 1st stage, low solids 2nd
stage)
Adapted from Mata-Alvarez, J. (2003)
Wright Environmental Management (Ontario, Canada)
Wright Environmental Management supplies ‘in-vessel’ composting systems. These are
managed and accelerated aerobic conversion processes. The material is loaded into a
tunnel like enclosure and moves slowly in plug flow. Any leachate is recirculated and air
is actively pumped through the material throughout the length of the enclosure. In-situ
mixing and moisture management results in a 10-14 day retention time for material.
Excess air and gaseous products can be fed through a biofilter for odor control before
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release to the environment. The system is modular and capacities can be scaled from 600
lbs. to 30 tons per day through one enclosure tube.
MSW can be processed after appropriate separation of non compostable material.
The company lists several reference plants which include,
Aberdeenshire, Scotland
Isle of Wright, UK
Dept. of Corrections, Powhatan,VA
Dept. of Corrections, Ogendburg, NY
Allegheny College, PA
Albany, NY

32,000 t/y MSW
22,000 t/y mixed food/green waste
730 t/y food waste
730 t/y food waste
365 t/y food waste
18250 t/y organic fraction MSW

CiTec (Finland/Sweden)
CiTec is a group of Finnish and Swedish companies with the majority of operations
originating from the Vaasa, Finland office. The Waasa process was developed by CiTec.
The Waasa process.
This is a single stage “wet” (total solids < 15%) anaerobic digestion system. For the
organic fraction of MSW to be used in this system, it must undergo pretreatment in a
pulper which shreds, homogenizes, and dilutes the material to the desired concentration
of total solids (10-15% TS). Recycled process water and some fresh make-up water is
used in the dilution. The slurry is then digested in large ‘complete mix’ (completely
stirred) reactors. The pretreatment required to obtain adequate slurry quality while
removing coarse or heavy contaminants is complex and inevitably incur a 15-25 % loss
of volatile solids from the portion reaching the digester (Farneti et al. 1999). Mechanical
impellers and injection of a portion of the biogas into the bottom of the reactor tank are
used to keep the material continuously stirred and homogenous as possible. To reduce
short-circuiting of the feed (i.e., passage of a portion of the feed through the reactor with
a shorter retention time than that for the average bulk material), a pre-chamber (within
the main reactor tank) is used. Fresh material from the pulper enters the pre-chamber
along with some of the biomass from the main tank for inoculation. Figure 45 shows a
schematic of the Waasa digester process. The pre-chamber operates in plug flow taking a
day or two before the material makes its way into the main reactor, thus ensuring all
material entering the process has a guaranteed few days retention time. Even with the
pre-chamber arrangement, enough short-circuiting occurs that all pathogens are not
eliminated requiring a pasteurization step in the pre-treatment. Steam is injected in the
pulper to maintain feed at 70 ºC for one hour.

118

The process can be operated at both thermophilic and mesophilic temperatures and the
plant at Vaasa has both types running in parallel (the thermophilic process has a retention
time of 10 days while 20 days is required in the mesophilic design). The operational
performance (manufacturer’s summary data) indicates that gas production is in the range
100-150 m3/tonne of bio-waste added, volume reduction of 60%, weight reduction 5060% and a 20-30% internal consumption (heat) of biogas. The digestate can be further
treated by aerobic composting, but this depends on the waste quality.
Several plants are operational in Europe and Japan based on the Waasa process.
Capacities range from 3000 - 90,000 tonnes per annum (see Table 31).
Table 31. List of Waasa Process AD sites161.
Waasa (CiTec) System
Locations
Kil
Sweeden
Vaasa
Finland
Pinerolo
Italy
Groningen The Netherlands
Friesland The Netherlands
Tokyo
Japan (Ebara)
Ikoma
Japan (Ebara)
Shimoina Japan (Ebara)
Jouetsu
Japan (Ebara)
* From pretreatment

Feedstock
Biowaste
MSW
MSW /Sludge
MSW
MSW
Biowaste/Sludge
Biowaste/Sludge
Biowaste/Sludge
Biowaste/Sludge

Year
Output Output
Scale Temp. began
Elect.
heat
(t/yr)
(ºC) Operation
(kWe) (kWth)
Status
3000
55
1998
Operational
0
228
15000
55
1994
Operational
300
620
30000* 55
2003
Completion 1200
1880
85000* 55
1999
Operational 1920
3000
90000* 55
2002
Start-up
2000
3140
500
55
1997
unknown
3000
55
2001
unknown
5000
37
2001
unknown
12000
55
2001
In operation

METHANIZATION

PULPING

Biogas

Biogenic fraction
of MSW
Pre-chamber

Heat
addition
Make-up
water

10-15% TS

DEWATERING
Inoculation
loop
Composting
Heavies

Recycle process water

Water
treatment

Figure 45. Schematic of Single-Stage Low Solids Anaerobic Digestion System (Waasa,
Finland) Adapted from Mata-Alvarez, J. (2003)
161

Adapted from CiTec Waasa Reference List
(http://www.citec.fi/lang/eng/enviroment/Waasa_process/Ref_biogas.pdf)
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Linde-KCA-Dresden GmbH (Dresden, Germany)
Linde-KCA is a large engineering design/build firm active in pharmaceuticals, chemical
and waste water and solid waste treatment.
The company is active in both low and high solids (wet and dry) digestion systems (see
Figures 46 and 47), and mechanical-biological treatment systems (MBT) for separated
MSW. MBT systems include aerobic composting systems with mechanical manipulation
of the feedstock and intensive aeration. Some systems include intensive aerobic digestion
as a preprocess for a feedstock that is later anaerobically digested. The company reports it
was the designer-builder of the world’s largest compost facility in Bangkok, Thailand
with an output of 1200 TPD.

Figure 46. Linde-KCA two stage wet digestion system (source Linde-KCA)

Figure 47. Linde-KCA dry digestion plug flow system (source Linde-KCA)
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Linde has designed, built and operated a facility in Radeberg, Germany which codigests
source separated biogenic wastes from household and industrial sources along with
sewage sludge from waste water treatment. The company reports that this co-digestion
concept enhances degradation of the sewage sludge component of the feedstock
(increases biogas production from the sewage sludge) and decreased capital and
operating costs compared to those for two separate facilities.
Another co-digestion facility designed and built by Linde is located on a dairy farm in
Behringen Germany. The plant takes the low solids manure and codigests with grease
from restaurant grease traps, solids from pig manure, and range of other food processing
waste including brewery sludge, rape seed press cake, and low grade seed potatoes. The
facility processes about 100 TPD (wet) of which 75% is dairy cow manure. The facility
produces about 650 kW from two Jenbacher 450 kW gensets. Thirty percent of the
power production is used on site for operating the plant and the dairy with the balance
sold to the grid.
Recent orders for company projects include a mechanical-biological integrated waste
treatment plant to be located at the landfill in Leipzig-Crobern. The facility will include
material separation and recovery. The capacity will be 300,000 t/y. One third of the
material will be recycled, one third thermally converted, and one third treated
biologically. Residues from the thermal and biological treatments will be landfilled.
Another mechanical-biological waste treatment plant has been ordered for Fridhaff,
Luxemburg.
Projects currently under construction include:
•
•
•

Municipal Solid Waste Treatment Plant ECOARC I in Barcelona, Spain: wet
pretreatment, anaerobic digestion and composting of MSW.
Municipal Solid Waste Treatment Plant PINTO in Pinto/Madrid, Spain: wet
pretreatment, anaerobic digestion and compositing for MSW.
Biowaste Treatment Plant, Lisbon, Portugal: organic fraction of MSW.
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Kompogas (Glattbrugg, Switzerland)
Kompogas has several operating or planned units throughout Europe. Kompogas plants
are also in Japan and a facility in Martinique is under construction (total of approximately
25 operating or planned plants).
The process is optimized on green waste and kitchen waste for fermentation to biogas.
The biogas will run small engines for heat and power or in some cases, it is upgraded to
natural gas standards (remove CO2 and H20 and other diluents) and goes into
Switzerland's well developed natural gas vehicle fueling systems, thus converting
household organic wastes into a transportation fuel.
The Kompogas system is a high solids, thermophilic single stage digestion system(Verma
2002). It can be classified as a mechanical biological treatment plant (MBT). The
reaction vessel is a horizontal cylinder into which feed is introduced daily. Movement of
material through the digester is in a horizontal plug-flow manner with digested material
being removed from the far end of the reactor after approximately 20 days. An agitator
within the reaction vessel mixes the material intermittently. The digestate is de-watered,
with some of the press water being used as an inoculum source and the remainder being
sent to an anaerobic waste water treatment facility which also produces biogas.
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ISKA (U-plus Umweltservice AG, Ettlingen, Germany)
The ISKA Percolation process is used for the putrescible fraction of the waste stream. It
involves a high degree of mechanical sorting/separating in the preprocessing steps as well
as in the hydrolysis and digestion portions of the process finishing with the dewatering of
the digestate. This is classified as mechanical-biological treatment (MBT) of MSW.
Biodegradable material is first separated from the stream and then is subjected to a hybrid
aerobic/anaerobic degradation process. The ISKA process uses aerobic means for
hydrolysis of insoluble organic material to reduce the overall process (retention) time.
After this percolation step, the material passes to standard anaerobic methods for
production of biogas and reduction of mass. The digestate is then dewatered and sent to
aerobic composting or conversion by thermal means to energy or other products. ISKA
literature162 indicates that the energy available from the biogas production is roughly
sufficient to power the process. To create exportable energy, the dewatered digestate and
the non-digested stream must be converted (thermally). The ISKA company information
also indicates it is pretreating MSW and sending the residual solid to SVS Schwarze
Pumpe gasification facility which makes methanol and power.
The commercial scale demonstration plant at Buchen, Germany will be expanded
(to150,000 metric tons/y) to accept MSW from the Ludwigsburg area. The ISKA process
was chosen for a new facility near Sydney, Australia. The capacity will be 170,000
metric tons/y at full build-out. The construction broke ground July, 2003

162

http://www.iska-gmbh.de/allgemeine%20grafiken/iska_engl.pdf
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Eco Tec (Finland)
WABIO Process
This anaerobic digestion process is targeted for the MSW stream. The system includes
receiving, sorting, mechanical preconditioning, digestion, and dewatering of the digestate
for possible further composting processing.
The digestion process occurs in a single-stage low-solids reactor. It operates in the
mesophilic temperature region.
Three plants in Europe are listed in a partner company website163. Their locations are
Vaasa and Forssa, Finland, and Bottrop, Germany (6500 t/y source separated waste). A
United Nations Development Program website164 discusses a proposed Wabio AD facility
for the city of Kalyan, India. The scale would be 55,000 TPY. No schedule is given for
the project and further searching could not determine existence or status of the project.

163

<http://www.casa2000.net/wsludgewabioplants.htm>

164

<http://www.undp.org.in/programme/GEF/september/page16-20.htm>

124

Organic Waste Systems (Gent, Belgium)
Dranco Process and Sordisep System
Organic Waste Systems (OWS) was established in 1988 and maintains biodegradability
labs in Belgium and Ohio. OWS also has an exclusive partner in Japan for proposed
facilities there. The company designs, builds, and operates AD plants for MSW. The
company also consults on biodegradation and waste management.
OWS has developed the Dranco (Dry Anaerobic Composting) process as well as the
Soridsep (Sorting –Digestion-Separation) integrated waste system. The technology is
patented under international patent number WO 02102966.
.
The Dranco process was developed in the late 1980’s. It is a high solids (15%-40% TS),
single stage anaerobic digestion system that operates at thermophilic temperatures(Verma
2002). Feed is introduced into the top of the reactor, and moves vertically as plug flow. A
portion of the digestate is recycled as inoculation material, while the rest is dewatered to
produce an organic compost material. There is no mixing within the reactor, other than
that brought about by the downward, plug-flow movement of the waste and some gas
bubbling upwards. Source separated household and industrial wastes are preferred.
Existing commercial systems (see Table 32) are reported to have biogas production rates
in the range of 6-10 m3 biogas per m3 reactor volume per day (or about 120 m3 biogas per
wet ton of feedstock, Table 33). The DRANCO process produces a compost product and
heat or electricity from the biogas. The company reports electricity production can range
from 0.1 to 0.3 MWh/ ton feedstock.
Figure 48 shows a schematic with a mass balance for an operating DRANCO system.
Figure 49 shows some of the reactor detail.
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Table 32. Organic Waste Systems’ Dranco References165
Dranco Process Locations
Brecht I
Salzburg
Bassum
Aarberg
Villeneuve
Kaiserslautern
Brecht II
Alicante
Rome
Laeonberg
Hille
Münster
Terrassa
Pusan
Victoria

Belgium
Austria
Germany
Switzerland
Switzerland
Germany
Belgium
Spain
Italy
Germany
Germany
Germany
Spain
South Korea
Spain

Scale
(ktonne/y)
20
20
13.5
11
10
20
50
30
40
30
38
24
25
75
20

Year Began
Operation
1992
1993
1997
1998
1999
1999
2000
2002
2003
2004
2005
2005
2005
2005
2006

Table 33 Feedstock and Gas Production for Three DRANCO Facilities166
Plant

Feedstock

TS
(%)

VS/TS
VS
(%)
(g/g Input)

VS reduction
(%)

CH4 Production
(l/g VS)

(g/g VS)

(MJ/kg VS)

(MJ/kg Input)

Salzberg

80%Kitchen
20% Garden wastes

31

70

0.22

70

0.34

0.24

13.6

2.9

Bassum

"Grey" waste

57

51

0.29

60

0.28

0.20

11.0

3.2

Brecht

15% Kitchen
75% Garden
10% Paper wastes

40

55

0.22

52

0.26

0.18

10.2

2.2

165
166

http://www.ows.be/
De Baere, L. (2000). "Anaerobic digestion of solid waste: State-of-the-art." Water Science and
Technology, 41(3), 283-290
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Biogas
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Figure 48. Schematic and mass balance of the DRANCO process (source OWS)

Reactor Tank
Reactor Feed
Tubes

Mixing and digestate
recirculation pump

Figure 49. Drawing of the DRANCO reactor (source OWS)
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BTA (Munich, Germany)
[Canada Composting, North American Licensee]
BTA facilities can be single or multistage anaerobic digestion process for the organic fraction
of MSW. Methane and compostable solid residue are produced as well as a liquid residue
which can be marketed as liquid fertilizer. The process uses a ‘low solids’ concentration
slurry and can be operated in meso or thermophilic temperature ranges.
The process includes equipment to separate inorganic and some non-digestible organic
(plastics) from the incoming waste material. After sorting, the organic fraction is diluted to ~
10% (low solids concentration) and digested in single or multiple stages depending on
facility and waste stream requirements. BTA has licensed the Process to MAT Müll- und
Abfalltechnik for Western Europe to Biotec Sistemi, Genua, for Italy and Niigata
Engineering, Tokyo, for Japan. An exclusive license for Canada and North America was
given to Canada Composting, Newmarket/Ontario (CCI). Several cooperation agreements
were made with non-European partners. Table 34 lists facilities using the BTA process.
The Canada Composting Newmarket Plant was operating for a period. It produced a gross
power of 5 MWe from burning the biogas in reciprocating IC engines. The plant parasitic
load was 2 MWe with a net output of 3MWe. Capacity was 150,000 metric tonnes per year
on a 5.4 acre site. According to Jeff Flewelling at York Region (Canada), CCI Newmarket
went into receivership due odor problems and inadequate financial ability to remediate. The
Newmarket plant, now operating, has been sold to Halton Recycling Limited (HRL) of
Burlington, Ontario. Canada Composting has built a 25 kton per year pilot facility in
Toronto..

Table 34. BTA Process References (Source; BTA)
Scale
Year began
(ktonne/y) Operation
Ko-Sung
Korea
3
2003
Karlsruhe
Germany
8
1996
Mertingen
Germany
11
2001
Erkheim
Germany
11.5
1997
1995
Dietrichsdorf
Germany
17
Waden-Lockweiler Germany
20
1998
Kirchstockach
Germany
20
1997
Elsinore
Denmark
20
1991
Mülheim
Germany
22
2003
Toronto
Canada
25
2002
Villacidro
Italy
45
2002
Ieper
Belgium
50
2003
Newmarket
Canada
150
2000
Planned or under construction
Alghoba
Libya
11
?
Krosno
Poland
30
~ 2005
Pamplona
Spain
100
~2005
BTA Process Locations
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Arrow Ecology Ltd. (ArrowBio process) (Haifa, Israel)
The ArrowBio anaerobic digestion process is designed to accept the unsorted MSW.
Inherent in the process is a fully integrated water-vat sorting and cleaning facility, which
yields sorted recyclables much like a typical MRF (the exception being that all biomass
components, including paper and cardboard, are eventually carried into the low solids
biochemical treatment system; if paper recovery is desired, paper must be separated
upstream of the water-vat stage). The sorting process also separates most of the nonrecyclable inert material from the biodegradable matter.
The biochemical processing concept utilizes “up-flow anaerobic sludge blanket” (UASB)
technology commonly used by wastewater treatment plants. The company has experience
with designing and building waste water treatment facilities.
The process outputs are sorted: ferrous and non ferrous metals, glass, and other mineral
matter, plastics, biogas, nondigestible residue, and “low-strength” (low chemical oxygen
demand (COD) or biochemical oxygen demand (BOD)) wastewater. The biogas can be
burned in gas engines onsite for heat and power or upgraded to pipeline quality gas, or
processed to a liquefied natural gas (LNG) for use as transportation fuel. The emissions
from the biogas utilization, therefore, depend on the end use of the gas, but would be
similar to those from existing biogas and natural gas applications. The low-grade
wastewater can be used for irrigation (as is done at the facility in Israel for the onsite
landscaping), or can be treated in the local municipal wastewater treatment plant.
Many of the company claims are difficult to corroborate as no independent review, data,
or test results were made available. There is one existing commercial scale facility built
and operated by Arrow Ecology. This is a 70,000 TPY facility at the Tel Aviv transfer
station that presently handles approximately 1 million TYP for transport to a distant
landfill. Arrow Ecology indicates that a 220 TPD facility (60,000-70,000 TPY depending
on number of operating days) requires a footprint of approximately 3 acres.
Currently the operating plant in Israel receives $24.50 per ton of material processed, and
a new “landfill tax” will bring this tipping fee to $33.30 per ton. The facility was financed
with company funds and a bank loan. Additional information made available by the
company167 gives estimated capital costs (for a U.S. installation) of ~US$12 million for a
220 TPD plant. The required break-even tipping fee is approximately $50 per ton.
Reported product types and value for the Tel Aviv facility are listed below:
Product ◊
Electricity
Plastic
167

$/unit
$50/MWh ($.05/kWh)
$72/ton

2003 WTERT Fall meeting. Columbia University.
<http://www.seas.columbia.edu/earth/wtert/meet2003/wtert-2003_finstein.pdf> (Feb. 27,
2004)
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Metal
$63.5/ton
Glass
Given away
Organic soil amendment
Given away
Liquid water
Used internally as makeup process water, with
the excess used for landscape maintenance
168

◊ Quantities of these products and Tel Aviv waste characterization were not reported

.

Arrow Ecology holds U.S. patent 6,368,500 (Asa et al., April 9, 2002) for a waste
treatment system. Though elaborate, the process utilizes a clever water-vat primary
separator (noted above) creating three material feeds: 1) the heavier material (sinkers),
mostly non-biodegradable material composed of metals, glass, plastic with specific
gravity (SG) >1, mineral matter, etc., 2) the lighter material (floaters), composed of
floating plastics, containers, woody biomass, some food items, etc., and 3) the neutrally
buoyant material which is much of the biomass.
The floating material is skimmed off the water pit and reunited with the heavy ”sinkers”
fraction that is dredged from the bottom of the water pit. This stream passes through
standard MRF type separation and sorting mechanisms (See Figure 50).

Figure 50. Schematic of the ArrowBio Process169
Soluble biomass begins to dissolve with agitation in the water vat. Dissolved and
waterlogged/soggy biomass is carried out of the vat with liquid flow. Particle size
168

The company web site indicates the facility is expected to export 2-3MWe once in full operation.
<http://www.arrowecology.com/mainpage/index2.htm>

169

<http://www.arrowecology.com>
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reduction and dissolution of biodegradables continues with downstream travel. Size
reduction is aided by passage through a slow speed rotary shear, followed by a special
Hydro-Crusher device (which is an aspect of the patent). Oversize particles are screened
and returned to the vat.
The biomass material received in various solid forms (food preparation and plate waste
from homes and restaurants, food-tainted paper, vegetative trash, yard waste not diverted
for composting, etc.) is transformed into a strong wastewater. As such, it is possible to
apply low solids UASB wastewater treatment technology to the biodegradable fraction of
MSW.
Biological processing
The prepared biomass-rich watery solution flows from the water-vat separator to
acidogenic bioreactors (anaerobic), where intermediated organic acids are formed.
Effluent from the acetogenic reactor is screened and the large particles returned to this
first reactor. The liquid with smaller particles is heated to about 40 ºC before entering the
UASB reactor, where the methane is produced (see Figure 51). Presumably, the UASB
reactor operates in the mesophilic temperature range.

Effluent

Biogas

Gas collector

Sludge Bed

Periodic nonbiodegradable
removal

Figure 51. Schematic of a UASB Bioreactor170
In the UASB, the inflowing organic acids and solids come in contact with the
methanogenic microbial community residing in the reactor. The microbes selectively
form themselves into discrete “granules” that, collectively, have very high surface area
and mass transport capability. The microbe granules take in the organic acids and
produce methane as a metabolic product. The granules and biomass solids arriving as
influent are suspended and mix in the sludge blanket by movement of biogas bubbles that
170

Grady, C. P. L., Daigger, G. T., and Lim, H. C., Biological wastewater treatment, 2nd edition,
Marcel Dekker, New York, 1999.
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float upward. An advantage of UASB is that solids retention time (SRT) and hydraulic
retention time (HRT) are decoupled. In the ArrowBio process, once in the UASB reactor,
SRT is on the order of 75 days while HRT is about 1 day. The low HRT translates to
relatively small reactor volumes, while long SRT generally provides for more complete
biodegradation and high rates of methane production.
Table 35 shows the projected mass balance and electricity production from a California
waste stream as provided in the survey response. Moisture content of the biodegradable
portion of the waste stream was adjusted from that used in the survey response (from
40% to 30%). In addition, while UASB reactors can produce biogas with relatively high
methane concentration, the 75% (vol.) value claimed by ArrowBio seems high.
Independent evaluation or test results are needed to corroborate this. For the material
balance, methane concentration was adjusted to 65%. The survey indicates that
approximately 80% of the biomass (dry matter or TS) is consumed in the biological
reactors, which also is rather high. Approximately 7-15% of TS is inert ash and another
10-15% is non-biodegradable lignin (depending on waste stream). This leaves 70-83% of
the biomass dry matter that is biodegradable (representing upper limits for a perfect
system). Finally, the material balance could not be closed using the provided information
(i.e., about 15% of the mass could not be accounted for in the products).
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Table 35. Mass Balance and Power Production for ArrowBio Process a
Tons per
year
200,000

%
of
Input
100

Recovered (NonBiodegradable for recycling)

35,330

17.7

Soil Amendment (50% water)

40,890

20.4

Outputs

Waste Input

Biogas
CH4 (26.6 Mm3, 65% of total
biogas volume)

20,943

CO2
Biogas Total
Water
To Landfill
Total Outputs
Unaccounted

31,012
51,956
23,340
18,720
170,235
29,765

26.0
11.7
9.4
85.1
14.9

Electrical Production
MW

Gross
10.3

Net
8.8

kWh/ton (unsorted)

451

385

kWh/ton (material to digester) 618
528
a) based on ArrowBio survey response using Santa Barbara RFQ waste stream and 35% efficiency for
electricity generation.

The process can accept any additional anaerobic biodegradable feedstocks that are
collected separately or are outside the standard MSW stream including food processing
and restaurant wastes, raw or partially treated sewer, and biodegradable industrial waste
waters. More information including real operating data from the existing facility in Israel
would be helpful for assessing the process. Certain claims must be met with skepticism
until proven with real data. These include the methane production and its high
concentration in the biogas, the high extent of biodegradation claimed (80% of total
solids), and the amount of inert materials separated in the water-vat process.
.
Bioconverter (Santa Monica, CA)
The company is part of McElvaney Associates Corporation. McElvaney has developed
and patented (Patent no. 6,254,775) an AD system that can be characterized a single stage
low solids fixed (immobilized) film anaerobic digester. Recent announcements indicate
the company has negotiated a 20 year agreement to provide the Los Angeles Department
of Water and Power with electricity from the bioconversion of green wastes at $16
million per year ($48/MWh). The facility will begin operation in 2008 and consume 3000
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TPD of Los Angeles green waste and generate 40 MW of electricity. It is not clear
whether there will be other costs to the city for the project (presumably, a tipping fee will
be also be paid to Bioconverter for disposal of the feedstock). Approximately 1000 TPD
of digester residue will be created, which potentially can be used in compost operations
or as soil additives. If no market exists for the material, it will likely be disposed in
landfills.
Another announced project is with the City of Lancaster, CA. A $16 million facility is
proposed to convert 200 TPD of local green waste and produce 5000 gallons per day of
compressed natural gas (CNG) that can be used as a transportation fuel. Press releases
claim that digester residue will be used in poultry feeding operations. The project will
pursue alternative fuel and air pollution reduction related grants through the local air
pollution control district, but otherwise the facility is expected to be funded privately.
The feed material is primarily green wastes and source separated food wastes. It can also
accept waste paper (magazines and junk mail, mixed residential, etc.), FOG (Fats, Oils,
and Grease), and “high-strength” wastewaters. Feed is comminuted as necessary and
liquid added to obtain a slurry with TS of ~10%. Gas and liquid are recirculated in
digester to promote mixing.
The single stage digester relies on fixed support matrix of polyethylene for growing and
immobilizing methanogenic microorganisms. Reactor liquid and biogas are recirculated
through the medium to maintain solids suspension. The system is probably operated in
the mesophilic temperature range (~95 ºF) because of a solid retention time on the order
of 30 days. Products are typical for AD systems and include methane and solid and liquid
soil amendments/fertilizers. Table 36 shows basic information for the two announced
Bioconverter projects (LADWP and City of Lancaster). The table shows simple energy
conversion efficiency (energy in product/energy in feedstock) using a high and low
estimate for feedstock energy content. The estimated efficiencies range from about 10%
to 20% (depending on feedstock characteristics) that are reasonable though perhaps
tending toward the optimistic end of the range that can be expected from AD systems.
Systems
have
been
installed
in
the
Caribbean
(See
http://www.dwacaribbean.com/articles.html) and Hawaii. In Hawaii, a 2 TPD system
operated on food and green waste for 4 years with some sale of liquid fertilizer. The
company cooperated with the UNISYN system in Waimanalo, HI, which used feedstock
of manure from 2000 cows, 250,000 poultry layers (egg laying hens)and waste from a
USDA fruit fly rearing facility. The system was co-located with the animal operations as
well as a greenhouse. Residue from the digesters was used as protein supplement in the
poultry operation and aquaculture. The facility transitioned to processing food and grease
wastes and was closed in 1999.
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Table 36. Basic Bioconverter project input and output capacities.
Energy in feedstock
Efficiency of
Green
Product
Capital Payment from
Energy in Conversion (%)
(GJ
/
day)
waste feed
Agency
cost
Product
Project
CNG
rate
Electricity
c
($M) ($million/year)a Highb
(GJ/
day) Lowc Highb
Low
d
(Tons/day)
MWe
(gallons/day)
LADWP

3000

?

16

30395

15997

40

-

3456

11.4

21.6

Lancaster

200

44

?

2026

1066

-

5000

198

9.8

18.6

a) $48 /MWh
b) 11.4 MJ/kg assuming all prunings, trimmings, branches (@40% moisture)
c) 6 MJ/kg assuming all leaves and grass (@ 60% moisture)
d) Assumes compressed to ~ 3600 PSI, with volumetric energy density equal to 30% that of gasoline

UC Davis anaerobic phased solids (APS) digester
This system was developed and patented by Professor Ruihong Zhang and Dr. Zhiqin
Zhang from UC Davis (Zhiqin Zhang is currently at the California Energy
Commission).171 The system is licensed to Onsite Power Systems for commercialization.
Laboratory and pilot scale reactors are located at UC Davis.
A pilot facility on the UC Davis campus, funded by the Energy Commission and industry
partners, will be operational early in 2005. The pilot facility will have a feedstock
capacity of about 3 t d-1 producing about 25 kWe from a reciprocating engine.
An installation to be located on approximately 2 acres on the California State University-Channel Islands campus has been proposed. The facility would process 250 TPD of
green waste diverted from Ventura County landfills and presumably some waste from the
campus. It is estimated that sufficient biogas for generating 2 MWe of power will be
produced. A byproduct would be 25-50 TPD of fertilizer. The capital cost of the project
is reported to be $12 million ($6000/kW installed). Revenues from the project include the
price of the energy displaced by the facility, fertilizer sales, and tipping fees from waste
hauled in from off campus.
The facility would operate at thermophilic temperature (135 ºF) and have a solids
retention time of 12 days.
The anaerobic phased-solids (APS) digester decouples solid-state hydrolysis and
acetogenic fermentation from the methane producing fermentation, allowing for separate
optimization of the two processes. The two reactors are connected through a closed liquid
recirculation loop that transfers the solubles released in the hydrolysis reactor to the
biogas producer (methanogenesis) (Figure 52). The biogas reactor can be designed for
relatively short liquid retention time by using suspended growth, attached growth,

171

Zhang, R., and Zhang, Z., " Biogasification of solid waste with an anaerobic-phased solidsdigester system," US Patent No. 6,342,378, Regents of the University of California, USA,
2002.
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anaerobic moving bed reactor (AMBR), or upflow anaerobic sludge blanket (UASB)
reactor types.172
The hydrolysis reactor can accept high solids feedstock that, depending on its
characteristics, may need some kind of pretreatment such as shredding to increase
hydrolysis rate. The hydrolysis reactor operates in batch mode. Because of this batch
operation, the strength of the soluble compounds in the liquid being transported to the
biogas reactor will vary from near-zero immediately after adding a fresh batch of feed to
the hydrolysis vessel, to a maximum when the rate of hydrolysis is highest, subsequently
tapering off as the remaining soluble biomass declines. Correspondingly, the biogas
production rate will vary from low to high to low again because it depends on the
strength and rate of the inflow liquid arriving from the hydrolysis stage.
By using several batch loaded hydrolysis reactors, the loading of each being timed (or
phased) one after another such that the strength of the mixed substrate flowing from all
hydrolysis reactors t is more stable (Figure 53).

Figure 52. Schematic of APS Digester System Showing four Hydrolysis Vessels (Courtesy
R. Zhang)

This relatively stable average strength liquid allows for suitable size and design of the
single biogas reactor in order to optimize the methanogenic portion of the process.

172

Zhang, R. H., and Zhang, Z. Q., "Biogasification of rice straw with an anaerobic-phased solids
digester system," Bioresource Technology, Vol. 68(3), 1999, 235-245.
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Figure 53. Simulated Biogas Production Rate for Lab-Scale APS Digester System
(Source Karl Hartman, UCD)
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Summary
Power generated from combustion of biomass in the United States increased rapidly
between 1980 and 1995 after enactment of PURPA in 1978. Favorable federal tax
policies for investments in renewable energy and state incentives (e.g.., the Standard
Offer 4 contract that was available in California) contributed to the financial viability of
biopower facilities. For the US, installed biomass power capacity is substantial, currently
at about 11 GWe. About 6.2 GWe is fueled by forest products and agricultural residues
and about 3.5 GWe is MSW-based including landfill gas. The US capacity primarily
consists of direct combustion steam Rankine systems with an average size of 20 MW.
Efficiency is typically about 20% due mostly to the small plant size but also to fuel
quality (moisture).
The generating capacity of biomass power facilities in California followed a similar trend
as that for the rest of the US. Installed solid biomass direct combustion steam-cycle
power capacity in California peaked at about 770 MW in 1990. Today, there are
approximately 28 solid-fueled biomass facilities currently operating in the state
comprising a total of 570 MW capacity not including three MSW combustion facilities
that combined generate another 70 MW. Another 31 facilities with combined capacity of
340 MW are idle, dismantled or have been converted to natural gas fuel.
Systems that produce power from biogas in California include some 50 landfill gas to
energy facilities, 10 grid-connected waste water treatment plants, and several dairy or
food processing waste digesters. The combined generating capacity from biogas in
California is approximately 250 MW (210 MW from landfill facilities).
The type and scale of biomass conversion facilities depend to a large extent on the
biomass resource type and amount that is technically and economically available for the
expected life of the facility. Characteristics of the fuel are important in determining
suitable conversion technology. In general, dryer biomass feedstocks are more suited for
thermochemical conversion (combustion, pyrolysis, gasification) and the more wet
feedstocks (e.g., waste water, food wastes, some MSW green waste, some animal
manures) are more suitable for biochemical conversion methods (anaerobic digestion).
These are not absolute rules, so investigating a range of conversion methods is
worthwhile.
A biomass resource inventory for the Sacramento region indicates that there is a technical
generation potential of some 520 MWe from an array of biomass residues. These include
the biogenic fraction of MSW, agricultural crop residues, animal wastes and forest
biomass.
Advanced Systems
Systems that improve upon cost, conversion efficiency, installed capacity, environmental
performance, public acceptance, or that can increase the range of available feedstocks and
products compared with existing commercial technologies are considered advanced.
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Overall efficiency of biomass conversion to electricity is typically lower than large
central station fossil power plants due to smaller facility size and lower fuel quality.
Efficiency of conversion for existing biomass based power systems ranges from less than
10% to about 25%. At the lower end of the range are combustion boiler - steam engine
systems, small gasifier-engine systems, and anaerobic digestion – reciprocating engine
systems. The upper range of efficiency is achieved by larger combustion boiler-steam
turbine systems (>40 MWe).
The California solid fueled biomass industry consists of facilities with net power capacity
as low as 4 MW to 3 facilities with capacities between 47 and 50 MW. The net
efficiencies range from about 15% to 25%. Maximum capacity has so far been
constrained by additional regulatory and permitting requirements for facilities of 50
MWe and above, and not by specific technical or fuel supply limitations. Delivered costs
of biomass influence the optimal size of facilities, but economic and technical risk
limitations to facility size have not so far been tested in California.
Solid Fuel Cofiring
Probably the least expensive means for increasing use of biomass in power generation is
to cofire with coal in existing boilers by direct substitution of 10 to 15% of the total
energy input with a suitable biomass fuel. Biomass cofiring directly substitutes
renewable carbon for fossil carbon. In addition, cofiring at low fuel ratios has little or no
impact on the overall conversion efficiency of the plant. Cofired biomass receives the
benefit of the generally higher overall conversion to electricity efficiencies in large coal
power plants (typically 33-37%). Co-firing biomass can also reduce NOx and SO2
emissions from coal-fired power plants depending on type of biomass fired.
Opportunities for co-firing in coal facilities are limited in California.
Gasified Biomass Cofiring
With a fuel gas derived from biomass (whether producer gas from thermochemical
gasification or biogas from biogasification), there is the opportunity to cofire with natural
gas in boilers or gas turbine combined cycle (GTCC) facilities (assuming quality of the
mixed gas meets the turbine requirements for energy content, hydrogen gas concentration
and cleanliness.
There are at least three basic arrangements for biomass cofiring with a natural gas fueled
GTCC;


Indirect Co-firing with steam side integration,
This mode is practical and has lower specific investment costs than stand-alone
combustion. Steam addition from the biomass boiler is probably limited to
about 10%. Energy efficiency of the biomass component is similar to that of
conventional biomass fueled steam cycles.
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Direct cofiring with upstream thermal gasification,
This method of cofiring allows the biomass contribution of fuel input to enjoy
essentially the same conversion efficiency as the natural gas. In a GTCC plant,
the efficiency can approach 55%. Fuel quality requirements of the gas turbine
(calorific value and hydrogen concentration) limit the contribution of the
biomass fuel to 2%-8% (thermal basis).



Direct cofire with biogas
The biogas and natural gas fuel mixture in this cofire mode has the same
requirements as above in order to avoid major gas turbine modifications.
However, biogas is generally easier to clean than producer gas. Co-locating a
biogas source with a GTCC facility or upgrading biogas to pipeline quality are
simple ways to boost the conversion efficiency of the biogas from the 25%40% level obtained in reciprocating engines or microturbines (simple cycle) to
the higher GTCC efficiency of about 50%. Upgraded biogas could be cofired
in any proportion with natural gas.

Thermal Gasification
BIGCC (Biomass Integrated Gasifier Combined Cycle)
US BIGCC demonstrations have not so far progressed to full system operation. US
federal development of bioenergy shifted away from biopower to bioproducts and
biofuels with the change in administration in Washington DC with the goal of addressing
the nation’s reliance on imported petroleum. Federal research and development support
for biomass power generation has therefore diminished.
BIGCC is technically viable as demonstrated at Värnamo, Sweden. The reasons that the
BIGCC demonstration projects in the US never came to fruition are ultimately financial.
The MnVAP project in Minnesota was not constructed due to loss of financing under
perceived high risk. A project in Paia, Hawaii, was not continued to full system testing
largely as a result of inadequate development of a fuel feeding system for the pressurized
reactor. A dual-fluidized bed (Battelle-FERCO) project in Burlington, Vermont , by most
reports, successfully demonstrated the Battelle gasifier at a commercial scale. Federal
funding in support of full IGCC implementation did not occur and testing beyond gas cofiring to the solid fuel boiler was not conducted.
Commercial projects by Carbona and FERCO have been recently announced. These
projects target homogeneous fuel sources (mostly clean wood chips). Continued
investigation which includes suitability of other fuels that comprise the diverse California
biomass resource is necessary if these technologies are to be considered for a range of
feedstocks. Increased availability of clean wood fuels from forest thinning and related
operations is uncertain in the near term because permitting forest fuels reduction efforts
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on public lands may be subject to litigation. There are large amounts of non-forest
biomass currently available in California, including agricultural residues and MSW
biomass.
There remains a need to fully demonstrate biomass IGCC in the US in order to provide
financiers a ‘homegrown’ case study. There are generally few options available to
developers when faced with repowering a facility that has reached its useful life, or when
siting a new one. There are opportunities for advanced system development including
increased diversity in the power generation fuel supply, load and voltage support to the
grid from distributed generation opportunities, improvements to rural economies,
reductions in greenhouse gas emissions and other environmental improvements.
Small Scale and Modular Biomass
Most recent development work in small scale and/or modular biomass power systems has
been directed at atmospheric air blown gasifiers coupled with reciprocating engine
generators. The US DOE small modular biomass program (Phase I, 1998) selected four
projects for a Phase II in 1999. The solicitation considered systems with electrical
generation capacities in the range of 5 kW to 5 MW. Two of the four Phase II projects
are based on thermal gasifier systems. A small scale system of 15 kW (Community
Power Corporation or CPC) was awarded development funding and several units are or
have been tested in the western US. The larger gasifier system to be awarded Phase II
funding (developed by Carbona) is, unfortunately for many US and California interests,
being constructed in Denmark.
Europe and India have developed several independent gasifier based power systems
under 8 MW. There has been progress addressing the gas quality and water effluent
(depending on use of gas) issues that have impeded safe and reliable systems in the past.
The Ministry of Non-conventional Energy Sources in India reports that over 1800 gasifier
power systems are deployed in the country for a combined capacity of 58 MWe. Systems
developed for deployment in Europe tend to be configured for CHP and many are
designed for low cost of labor in the operation (e.g., automatic with safety shutdowns).
Systems developed in India generally are for rural and developing areas. Cheaper labor
and the higher need for employment in these regions has led to systems that are not as
automated as those in Europe. The Swiss Federal Office of Energy evaluated the IISc
gasifier design both in India and at a research facility in Switzerland. The São Paulo
University in Brazil is currently evaluating an IISc gasifier for rural electrification in the
Amazon region.
With large amounts of forest biomass potentially available in the next few years from
forest fuel reduction measures (permit litigation notwithstanding), California and federal
agencies are interested in technologies that create some product or value from the
resource. The alternative is prescription or pile burning or some other form of disposal.
The CPC gasifier is being investigated as a possible technology for the resource but the
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prototype systems are small (15-50 kWe). Unclear is how thoroughly overseas
developments have been investigated for application in the US.
Rice straw as a fuel
More than 95% of California’s 500,000 acres of rice crop is grown in the Sacramento
Valley. There are some 1.5 million dry tons of residue rice straw after harvesting rice in
the fall. Historically, the straw and stubble were burned in the field in the fall and spring
before planting. Legislation enacted in the 1990s restricted open field burning of rice
straw to a maximum of 25% of planted acres and only if burning is required for disease
control. Plowing the straw back into the ground is expensive and promotes germination
and spread of weeds. Markets for straw are limited and only about 30,000 tons are used
annually mostly for animal feeding and erosion control products (bales, plastic netwrapped wattles). Currently, less than 15% of the acreage is burned.
Straw fuels have proved to be extremely difficult to burn in most combustion furnaces,
especially those designed for power generation. The primary issue concerning the use of
rice straw and other herbaceous biomass for power generation is fouling, slagging, and
corrosion of the boiler due to alkaline and chlorine components in the ash. None of the
biomass power plants built to date in California can economically fire straw, even though
some were built with air permits requiring them to do so.
Europe, and in particular, Denmark, currently has the greatest experience with straw fired
power and CHP plants. In 1990, Denmark embarked on a new energy policy with a goal
to double the use of renewable energy by the year 2005. Because of the large amount of
cereal grains (wheat and oats) grown in Denmark, the surplus straw plays a large role in
the country’s renewable energy strategy. In 2001, 750,000 metric tons per year was being
consumed in Danish power plants (in addition to straw consumed in more than 60 district
heating plants). Recently completed facilities in England and Spain were designed and
built by the companies that developed the systems in Denmark. The facilities each have
the capacity to consume more than 100,000 tons y-1 of straw fuel.
Technology developed includes combustion furnaces, boilers, and superheat concepts
purportedly capable of operating with high alkali fuels and having handling systems
which minimize fuel preparation. Much of this development has occurred with support
of government policies on CO2 emissions reductions to help meet Kyoto agreements.
Opportunities afforded by achievements in Europe to develop power systems capable of
using straw, including joint California-European projects, should be investigated.
Systems for Conversion of MSW
The amount of municipal solid waste from Sacramento County jurisdictions disposed in
landfills was 1.5 million tons in 2003. Biomass comprises an estimated 70% of the
disposed mixed waste stream (weight basis). If all the biomass material in the waste
stream was converted to electricity, about 40 MWe power would result. For all of
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California, about 40 million wet tons of MSW are landfilled annually. Some 27 million
wet tons are biomass. Conversion of all California landfilled MSW biomass to electricity
would generate approximately 2000 MWe.173
Some advantages of this source of biomass are that it currently is delivered to central
locations and is subject to disposal or tipping fees that add economic support. MSW is
not without disadvantages. It is typically very heterogeneous coming in a large range of
particle sizes, moisture, and component characteristics.
The California Integrated Waste Management Board is currently investigating conversion
technologies as alternatives to landfill. Several jurisdictions in the State are interested as
well. Combustion based systems (incineration) are likely to face strong opposition from
some members of the public. Proposed regulations disadvantage thermal conversion of
MSW by not allowing the material processed to receive full diversion credit. Only
anaerobic digestion conversion systems will receive such credit. This is already
influencing the selection of systems for waste jurisdictions in the State that are
contemplating MSW conversion systems.
Due to the heterogeneous nature of mixed waste, extensive preparation and sorting would
likely be required before introducing the feedstock to a conversion process. Gasifier
designs and gas cleaning systems suitable for clean wood chips, for example, will need to
be modified if fueled with MSW components (unless source separated wood or paper is
available).
Thermochemical Systems
Europe and Japan have developed several ‘non-combustion’ conversion technologies for
the purpose of treating or reducing waste. Thermochemical and biochemical MSW
conversion systems are both operating overseas. Policies and energy prices in Europe
and Japan help create market conditions that make some of these systems economically
feasible. Higher tipping fees, waste management policies, and/or internalizing
environmental benefits for avoiding landfills in California are probably needed before
significant numbers of MSW conversion technologies are built in the state.
Non-combustion conversion technologies for MSW components are emerging
technologies in the US. Greater in-state experience is needed with integrated waste
management systems that include conversion technologies for energy and other products.
Fundamental understanding of fuels derived from MSW and their behavior in variety of
conversion processes is necessary in order to optimize performance including meeting
environmental requirements.
Bioconversion Systems
173

Williams, R. B., Jenkins, B. J., and Nguyen, D., Solid Waste Conversion- A review and
database of current and emerging technologies: Final Report, Final Report for California
Integrated Waste Management Board, CIWMB interagency agreement IWM-C0172, 2003.
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Anaerobic digestion (AD) is a fermentation technique typically employed in many
wastewater treatment facilities for sludge degradation and stabilization but also the
principal process occurring in landfills. Large dairies and swine farms in the U.S. are
turning to the use of AD primarily as a means to mitigate the environmental impacts of
manure lagoons with some capture of methane for energy production. The US has
approximately a dozen digester systems operating on animal wastes and producing
power. Projects recently commissioned and under construction in California will add
about a dozen more to the number. Many household scale digesters are employed in rural
China and India and elsewhere around the developing world for waste treatment and gas
production. Approximately 5 million households in China use anaerobic digesters. The
digesters produce biogas that is used as an energy source by the households, and produce
fertilizer that is used in agricultural production. Europe, especially Denmark, has
developed large-scale centralized systems for solid waste stabilization and energy
generation as a by-product.
To improve the quality of feedstocks used in AD and composting operations, source
separation of household and commercial food and garden wastes is utilized extensively in
Europe. At least 11 EU countries have implemented or are about to implement source
separation for food and green wastes. In Switzerland for example, approximately 220 lb
per person per year of source separated food and green waste is collected. About 12% of
the material is stabilized by AD facilities, and the balance is composted.
There are some 86 AD facilities in Europe either operating or under construction with
capacity greater than 3000 tons per year and with at least 10% of the treated feedstock
from municipal or commercial organic waste. Many of these facilities will co-digest
animal wastes and municipal waste water sludges. Total MSW and other organic waste
AD capacity in Europe is about 2.8 million tons per year. In Spain, the 13 large capacity
plants, which average 70,000 TPY, will be anaerobically treating nearly 7% of the
biodegradable MSW by the end of 2004.
The primary drivers for these technologies have been environmental protection and waste
management, with energy recovery secondary. More recent valuing of the renewable and
distributed energy attributes of AD increases project desirability. Co-digesting multiple
feedstocks can increase methane production and reduce capital costs compared to
separately treating waste streams. Opportunities for applications of AD should continue
to be investigated for certain portions of biomass resource in the SMUD region as well as
the rest of the State.
Improvements in biogas conversion to electricity should continue to be addressed as well.
This includes gas cleaning and upgrading to pipeline standards in order to mix with and
fire in natural gas power plants and improvements to reciprocating engine and
microturbine performance when fuelled by biogas. For example, co-production of
hydrogen gas either in AD systems or by reforming a portion of the methane in the biogas
can lower NOx emissions from reciprocating engine generators which would improve the
environmental performance of electricity production.
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