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Executive Summary 
 
This report provides results on 1) feedstock collection, transport and processing; 2) pilot plant 
studies, laboratory simulations, systems modeling and product development; 3) environmental 
assessments; 4) economic and marketing assessments; and 5) socio-political evaluations for 
candidate conversion technologies that have the potential of economically and effectively 
converting rice harvest waste and other agricultural wastes to bioethanol and bioelectricity. 
 
The potential capability of 15 categories of technologies, developed by over 450 organizations, 
was evaluated by using an REII “5E” assessment approach to determine the viability of various 
technologies for the co-production of bioethanol and bioelectricity from renewable biomass.  
The components of this 5E assessment methodology are: (E1) technology evaluations at the 
research, development and demonstration stages; (E2) determination of energy and carbon 
conversion efficiencies; (E3) environmental impact assessments; (E4) economic analyses and; 
(E5) appraisals of socio-political effectiveness. 
 
A key requirement of these “5E” assessments is that a particular candidate technology must be 
able to economically and efficiently co-produce renewable fuel and energy products at 
biomass inputs (average energy content of 8,500 Btu/lb) in the range of 300-1,000 dry tons per 
day (dtpd) with no adverse effect on the environment.  This is the range of feedstocks that can 
be economically collected at a cost below $40/dry ton within a 30-40 mile radius of a 
production plant. 
 
It was concluded from these “5E” assessments that biochemical conversion processes, that 
utilize enzymatic hydrolysis of ligno-cellulosic biomass feedstocks, followed by fermentation of 
the simple sugars, are currently estimated to have the potential for producing bioethanol at 
approximately $2.24/gallon for a 2,200 dtpd plant and that the cost per gallon of ethanol will be 
higher for plants that process 300-1,000 dtpd of biomass.  Since the wholesale price of ethanol 
has been in the $1.85-$2.00 range (without incentives) during 2007, these biochemical 
conversion processes are not currently economically viable.  Although projected improvements 
in these biochemical processes may be able to reduce ethanol production costs below 
$1.50/gallon by 2012, this time-frame is beyond the objective for completing the construction 
and operation of a commercial plant in the Northern Sacramento valley area by 2011. 
 
In contrast, thermochemical conversion processes have been developed that have the current 
potential of producing bioethanol at $1.50/gallon or less for commercial plants that co-convert 
300-1,000 dtpd of renewable biomass to bioalcohols and bioelectricity.  The most promising 
candidate thermochemical conversion system employs pyrolysis and steam reforming 
processes under reducing conditions (no oxygen) (a Category I Technology).  This 
thermochemical technology can be integrated with next-generation catalyst and energy 
conversion technologies to co-produce bioalcohols and bioelectricity.   
 
Other established thermochemical conversion processes that incorporate air or oxygen (a 
Category II Technology), produce syngas with a low Btu value (150-250 Btu/SCF).  This 
syngas often contains unacceptable levels of tars, particulate and other contaminants which 
will rapidly degrade the efficiency and selectivity of catalysts used for the conversion of syngas 
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to biofuels.  Although these technologies have been used for over seventy years for the large 
scale production ($1.0+ billion plants) of electricity, fuels, and chemical feedstocks from fossil 
biomass, they are not economically viable for biofuel production using smaller, distributed 
plants operating at 300-1,000 dtpd of renewable biomass input. 
 
This report summarizes the results and conclusions from approximately 4 years of laboratory, 
pilot and modeling studies that have been carried out to assess and validate the potential 
capabilities of this Category I thermochemical conversion technology and associated syngas to 
bioalcohol catalyst conversion processes. 
 
During 2003-2006, experimental data was collected from two different 5-10 ton/day pilot 
systems to assess the capabilities of the pyrolysis/steam reforming conversion process.  The 
syngas generated from these pilot systems was converted to bioalcohols using catalyst 
formulations similar to those originally developed by Dow Chemical Co. in the mid-1980s.  
Detailed results from those studies are provided in this report.  It was found that the 
pyrolysis/steam reforming process converts renewable biomass (e.g., wood, rice harvest 
waste) and fossil fuels (e.g., coal) to syngas with a net conversion efficiency of 72-76%.  In 
addition, more than 99.5% of the volatile and elemental carbon in the biomass was converted 
to syngas. 
 
The composition and energy content of the syngas is primarily dependent upon the operating 
conditions (temperature, residence time) and the ratio of water to carbon containing 
compounds in the steam reforming process.  Thermochemical models are presented to help 
explain the experimental results.  The energy content of the syngas was found to vary from 
350-475 Btu/SCF.  This syngas can be used to effectively produce electricity using currently 
available, high-energy efficiency, reciprocating engine/generators (Gen-sets).   
 
The Dow type catalyst formulations converted an average of 18% of the carbon monoxide in 
the syngas to primarily methanol and ethanol products with traces of propanol and butanol.  
The degraded catalysts also produced some benzene and higher molecular weight 
hydrocarbons in addition to alcohols.  The ratio of methanol to ethanol varied from 1.0-1.5 for 
fresh catalysts, but degraded to greater than 5.0 for catalysts after more than about 100 hrs of 
operation as a result of catalyst poisoning.  More robust catalyst and improved syngas 
purification processes will be required to increase catalyst lifetimes to 2,000 hrs or longer.  
Specifications for syngas purity are provided as a benchmark to help insure catalyst durability. 
 
A review and assessment of catalyst technologies, developed since the late 1980’s for the 
conversion of syngas to ethanol, are presented.  It was concluded that these catalyst 
technologies are inefficient and lack selectivity for the conversion of syngas to ethanol.  
Therefore, a research and development effort was initiated in early 2006 and funded by the 
Renewable Energy Institute International (REII) and their R&D collaborators to develop more 
efficient and selective catalysts.  As a result, new catalysts have been developed (patents 
pending (12/29/2006)).  Integrated unit processes and process control strategies were 
developed (patents pending (12/29/2006)) for these new catalysts to efficiently co-produce 
bioalcohol (average 80 weight% ethanol, 15-20 weight% methanol and <2 weight% C3-C5 
alcohol composition) and bioelectricity from syngas with an average net energy efficiency of 
50%.   
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Distillation and adsorption processes can be employed at the production site to produce dry, 
fuel-quality ethanol from this mixed alcohol product.  However, these processes add additional 
capital and O&M costs, decrease energy efficiencies, and they may increase air emissions and 
wastewater effluents.  Since there is already a substantial body of experimental and modeling 
data from the automotive industry, engine manufacturers, academic organizations and 
regulatory agencies on ethanol and methanol fuels, we recommend an approach that has the 
objective of gaining acceptance for this mixed bioalcohol fuel as a fuel oxygenate additive. 
 
The practical product yields per dry ton of feedstock (wood @ 8,500 Btu/lb) are the co-
production of 80 gallons of bioalcohol (average 80 wgt% ethanol, 15-17 wgt% methanol and 3-
5 wgt% C3-C5 alcohol composition), 550 kWh (net) of electricity, and 6.6 Therms (net) of 
process steam @ 240°F.  These yields represent a net average energy efficiency of 50% for 
bioalcohol and electricity and 62% if a co-located host can use all of the process steam.  
These yields represent the highest net energy conversion efficiency for any biomass to fuels 
and energy process developed to date. 
 
It is demonstrated from experimental data, thermochemical and engineering modeling, and the 
results of the 5E assessments that the Category I Process has the capability of converting 500 
dtpd of waste biomass (e.g., reference wood feedstock material at 8,500 Btu/lb) to 13.2 million 
gallons/year of bioalcohol (average 80 wgt% ethanol, 15-17 wgt% methanol and 3-5 wgt% C3-
C5 alcohol composition), 11.46 MW (net) of electricity and 3,790,000 Therms/year (net) of 
process steam (@240 °F) at an average bioalcohol cost of $1.12/gallon.   
 
It is estimated that the capital, and operational and maintenance (O&M) costs for a 450 ton/day 
plant (350 tons/day rice straw; 50 tons/day rice hulls and 50 tons/day wood as received) 
located in the Northern Sacramento Valley (Gridley/Yuba City/Colusa) area will be $53.1 M 
and $10.7 M, respectively, at 2007 Northern California economics.  This plant will generate 
enough energy to sustain its operation with a net co-generation of 7.45 MW of electricity and 
8,550,000 gallons of bioalcohol/year.  The production costs for electricity and bioalcohol are 
estimated to be $0.080/kWh and $1.36/gallon, respectively.  The estimated return on 
Investment (ROI) for this plant is 41%, assuming a wholesale price of $1.95/gallon for the 
bioalcohol (without incentives).  If incentives of $0.50/gallon are added, the ROI increases to 
81%.  It is recommended that the income from the sale of the bioalcohol be used to provide an 
attractive ROI to the plant financiers and operators as well as subsidize the production of 
bioelectricity, which will reduce the electricity production cost to about $0.045/kWh.   
 
Our emissions models, based upon measured emissions from individual unit processes, 
predict that the total air emissions and waste water effluents from such a plant will be 
equivalent or less than that from a natural gas-fired power plant operating at an equivalent 
energy output.   
 
Since rice straw and rice hulls contain 15-17% of inorganic material, 68-77 tons of ash per day 
will be generated from a 450-ton per day (biomass as received) production plant.  Therefore, 
an R&D effort was carried out between the Renewable Energy Institute International (REII) and 
Thailand’s National Science and Technology Administration (NSTDA) to assess potential 
commercial uses for this ash.  It was found that this non-toxic ash can be used as an additive 
to increase the strength and durability of cement and asphalt; for the production of high-quality 
mullite ceramics; and the production of filtering media for water purification.   
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Suppliers of the Category I technology are currently building commercial scale plants in the 
U.S. for the production of syngas as a low-cost substitute for natural gas and/or for the 
production of electricity.  It is anticipated that one or more of these plants will become 
operational during 2008-09.  The operational data generated from these production plants will 
provide valuable input for the design of the more-comprehensive commercial plants for the co-
production of bioalcohols and bioelectricity. 
 
The primary goal of the Phase II effort is to demonstrate and validate the candidate technologies 
selected from the Phase I effort for the conversion of biomass to bioalcohol and bioenergy as 
follows: 

• A Thermochemical Conversion (TCC) system to generate clean syngas from biomass and, 

• A Liquid Fuel Production (LFP) system to produce bioalcohol from the syngas using next-
generation catalyst technologies, while simultaneously producing a methane-enriched by-
product syngas that can be burned in commercially available IC engine-based Combined 
Heat and Power (CHP) systems to produce renewable electricity and process heat  

 
Demonstration scale prototypes of these technologies will be installed, integrated with next 
generation control systems, and tested with various feedstocks at the Renewable Energy Testing 
Center (RETC).  This 60,000 sq. ft. RETC is operated under a partnership with REII and 
Technikon at McClellan Park (near Sacramento), CA.   
 
A secondary goal of the Phase II effort is to generate process design data and preliminary designs 
for a complete commercial-scale plant that integrates the TCC, LFP and CHP systems into a next-
generation Integrated Biofuels and Energy Production (IBEP) system that could be commercially 
deployed under future Phase III funding. 
 
The third goal of the Phase II effort is to refine and validate the economic and process models to 
predict the overall energy conversion efficiency plus capital and operating costs of a commercial 
IBEP system.  These preliminary designs plus the economic and process models would be the 
basis for the commercial-scale demonstration and deployment of the integrated technology. 
 
The Phase III effort will encompass the construction and validation of a 100 dtpd LFP system.  
This LFP commercial demonstration unit (LFP-CDU) will be integrated with a commercial scale 
version of the pyrolysis/steam reforming TCC system (300 dtpd of biomass @ 8,500 Btu/lb) 
and validated at the Gridley site.  Once this LFP-CDU has been validated, two additional 100 
dtpd LFP systems will be added to complete the full-scale commercial plant. 
 
There is enough agricultural waste in the Northern Sacramento valley to provide an average of 
350 tons/day of rice straw; 50 tons/day of rice hulls; and 50 tons/day of waste orchard 
wood/fruit processing plant waste for several IBEP plants.  Each 450 ton/day plant will 
generate enough energy to sustain its operation with a net co-generation of 7.45 MW of 
electricity and 8,550,000 gallons of bioalcohol/year. 
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No significant socio-political issues have yet to be identified with the operation of these 
proposed plants since they will provide a safe and environmentally friendly conversion of a 
problematic waste product to renewable biofuels and bioelectricity.  The establishment of these 
distributed IBEP plants in California’s farming communities will provide additional income for 
farmers and food processors and it will bestow these agricultural communities with long-term 
economic and political benefits.   
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1. INTRODUCTION 

During 2006, California farmers produced approximately 2.0 million tons of rice on 450,000 
acres.  The rice harvest waste was comprised of 1.6 million tons of rice straw and 0.75 
million tons of rice hulls.  Forty percent (40%) of this rice is exported to Asia and Europe. 
 
For many decades, the farmers would burn the waste rice straw after harvest.  This 
practice has been essentially eliminated to reduce adverse effects on health and the 
environment.  The Rice Straw Burning Reduction Act of 1991 (AB 1378) mandated a 
reduction in rice straw burning by the year 2000 to no more than 25% of the planted 
acreage.  The California rice straw burning phase-down has proceeded as required by the 
statutes, with growers burning less than the statute limitations.  Other open field burning 
laws and regulations further limit the actual rice straw acreage burned annually.  The total 
rice acreage burned annually has declined from 303,000 acres in 1992, the first year of the 
phase-down, to slightly less than 72,000 acres in 2002. 
 
The State of California enacted legislation in 1997 (SB 318 – Rice Straw Demonstration 
Project), to modify existing law to provide a pause in the phase down of rice straw burning.  
This legislation was necessary because anticipated commercial technologies that could 
utilize significant amounts of rice straw had not yet developed.  This legislation established 
a fund to provide cost-sharing grants for the development by demonstration projects for 
new rice straw technologies.  Since its establishment in 1997, the California Air Resources 
Board (CARB) has awarded $5 million in funds to 10 recipients for demonstration and 
commercialization projects through the Rice Straw Demonstration Project Grant Fund. 
 
The newest challenge for California rice growers is to develop alternative uses for the 
straw that is left over after harvest.  With straw burning now so limited, many growers are 
tilling the straw into the soil and adding water in an effort to decompose the straw.  This 
method is hampered by the natural resistance of rice straw to decomposition, a 
characteristic that helps it retain its structural integrity under flooded conditions.  Straw 
must be put into contact with the soil and kept moist to accelerate decomposition.  Baling 
and removal are costly relative to current returns from the sale of rice straw. 
 
On average, the industry uses this tillage method (also called "soil incorporation") to 
manage between 375,000 and 450,000 acres of rice straw.  This represents an industry-
wide cost of approximately $15 to $18 million per year towards ongoing efforts that 
contribute to regional air quality objectives.  
 

1.1. History of the Gridley Biofuels Project 

The Gridley Ethanol Project, through the efforts of the Rice Straw Cooperative, was able 
to take advantage of the program and received $380,000 as a 50% cost sharing grant to 
collect, transport, and store 18,000 DT of rice straw for this project during 2000 and 
2001.  This grant allowed the Rice Straw Cooperative the opportunity to gain valuable 
experience in developing and operating a rice straw collection infrastructure. 
 
These grants were intended to support diversion of 50% or more of rice straw produced 
toward off-field uses by 2000, which represented the legislative goal.  Off-field uses 
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could include, but were not limited to the production of energy and fuels, construction 
materials, pulp, paper, and livestock feed.  New technologies had not yet been 
sufficiently developed to achieve this goal.  CARB reports that only 3–5 % 
(approximately 18,000 tons) of the rice straw grown in California is currently used off-
field.  The primary uses to date have been for cattle feed and for erosion control. 
 
Gridley is located in the heart of California’s rice growing area and its economy is 
uniquely dependent on rice production and markets.  In addition, Gridley operates a 
municipal utility, with responsibility for delivering electrical power to the community.  The 
Gridley community, including local rice growers, initiated the Gridley Ethanol Project to 
solve a major rice straw disposal problem and help maintain the economic viability in 
Butte County and the greater Sacramento Valley.  The primary objective of the Gridley 
Biofuels Project was to utilize rice harvest waste to co-produce bioethanol and 
bioenergy. 
 

1.2. Project Objectives 

The primary objective of the Gridley Ethanol Project was to identify technologies that 
could effectively and economically co-produce bioethanol and bioenergy from rice 
harvest waste to: 
 

� Help preserve the Community’s agriculture economy in Butte County and 
adjacent counties. 

� Support continued rice farming in the Sacramento Valley by providing a practical 
straw disposal alternative to burning. 

� Create jobs, a new tax base and economic development in the Sacramento 
Valley. 

� Comply with the environmental legislative mandates to phase out most of the 
open field rice straw burning. 
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2. PROJECT APPROACH 

Figure 1 is a simplified illustration of the technology options available for energy production 
from biomass (bioenergy pathways) such as rice harvest waste.  Biofuels represent some 
of the most attractive of these pathways, since they represent effective means of supplying 
liquid transportation fuels from renewable resources.  Some of the same biomass 
feedstocks applicable to biofuel conversion processes can also be used for electricity 
(biopower) generation, as well as for production of food products, animal feed and various 
other beneficial products or byproducts.  Of the biofuel options, alcohol fuels offer the most 
proven and practicable alternative for the gasoline market, which accounts for three-
fourths of on-road fuel usage, and over one-half of all transportation energy use in the U.S. 
 

Figure 1 – Potential Biofuel and Bioenergy Pathways 
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The principal technological approaches (or “technology platforms”) under development for 
producing bioethanol and other bioalcohols, including mixed alcohols from cellulosic 
biomass feedstocks, were evaluated.  Cellulose is the primary material that makes up the 
cell walls of plants, and is the raw material for many manufactured goods, such as paper, 
cellophane, and fabrics like rayon.  Using biochemical or thermochemical processes, 
cellulosic materials—derived either from various types of agricultural, forestry or municipal 
wastes and residues, or from many different types of cultivated energy crops can undergo 
conversion to ethanol and other bioalcohols.  However, unlike conventional processes 
producing ethanol from corn, sugarcane and other sugar and starch crops and residues, 
commercial plants have not yet been built for the production of alcohol fuels from ligno-
cellulosic feedstocks.  
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The major technical objectives of this research and development (R&D) phase (Phase I) of 
the Gridley Biofuels Project was to: 
 

� Carry out a comprehensive assessment of currently available technologies that have 
been developed for the production of bioalcohols from ligno-cellulosic feedstocks. 

� Choose a candidate technology that is the best prospect for the effective and 
economical co-production of bioalcohols and energy from rice harvest waste 

� Provide recommendations for the demonstration and validation of this candidate 
technology 

� Develop a plan for commercialization of this technology at several locations in the 
Northern Sacramento Valley 

 

2.1. Categorization of Biomass Conversion Technologies 

An estimated 450 organizations worldwide have developed technologies for the 
conversion of biomass to biopower and/or biofuels.  These technologies, summarized in 
Table 1 and Table 2, utilize either thermochemical or biochemical processes, or 
integrations of both processes.  Table 1 includes six categories of thermochemical 
processes (I-VI), four categories of biochemical processes (VII-X), and two categories of 
integrated processes (XI-XII).  Table 2 includes three additional processes (XIII-XV) that 
apply biogas, such as landfill gas, wastewater treatment plant digester gas, or animal 
manure-derived gas, for bioenergy production. 
 
Table 1 lists six categories of thermochemical processes for the conversion of 
renewable biomass to biofuels and/or biopower.  Of these, Categories I-III includes the 
technologies most relevant for this study – namely, those designed for bioalcohol 
production.  These processes produce a synthetic gas (syngas) via gasification or 
pyrolysis, which can then be used to produce alcohols in a catalytic process. 
 
Category IV technologies produce a crude, unrefined biofuel.  The refining of this crude 
biofuel to produce an alcohol would require costly refining processes, thus eliminating 
this as a viable approach for the production of bioalcohols.  Category V and VI 
technologies produce biopower and/or heat but not fuels, and therefore are not 
examined further in this report, other than included for purposes of comparison with 
bioalcohol production technologies in a later section of the report. 
 
The thermochemical conversion processes that incorporate air or oxygen (Category II-
VI) typically produce syngas that has a low Btu value (<300 Btu/ft3) and potentially high 
concentrations of tars, particulates and other contaminants.  Although these types of 
technologies have been used for over seventy years for the large-scale production (> $1 
billion plants) of electricity, fuels, and chemicals from fossil-based feedstocks, these 
technologies appear less viable for alcohol fuel production and for smaller-scale 
production plants (200-1,000 dry tons per day (DTPD)).  Thus, Category I technologies, 
employing pyrolysis/steam reforming processes (no oxygen or air) appear to be the 
most promising thermochemical approach for producing alcohol fuels from biomass. 
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Table 1– Categories of Biomass Conversion Technologies and  
their Direct and Secondary Products 

Category Conversion  
Technologies 

Primary 
Products 

Secondary 
Products 
(Energy) 

Secondary 
Products 
(Fuels) 

 THERMOCHEMICAL    
I Pyrolysis/Steam 

Reforming 
(no oxygen or air) 

Biosyngas Electricity  
& Heat 

Bioethanol, Mixed 
Bioalcohols, 
Biodiesel 

II Gasification 
(with oxygen or air) 

Biosyngas Electricity  
& Heat 

Bioethanol, Mixed 
Bioalcohols, 
Biodiesel 

III High Temperature 
(>3500oF) Gasification 
(with oxygen or air) 

Biosyngas Electricity  
& Heat 

Bioethanol, Mixed 
Bioalcohols, 
Biodiesel 

IV Thermal Pyrolysis 
(no oxygen or air) 

Unrefined 
Biofuels 

None Refined Biodiesel 

V Thermal Oxidation 
(combustion at/or near 
stoichiometry) 

Heat Electricity None 

VI Integrated 
Thermochemical 
Conversion/Oxidation 

Heat Electricity None 

 BIOCHEMICAL    
VII Anaerobic Digestion Biomethane None Bioethanol, Mixed 

Bioalcohols, 
Biodiesel 

VIII Biochemical (acid 
hydrolysis/ 
fermentation) 

Sugars None Bioethanol 

IX Biochemical (enzyme 
hydrolysis/ 
fermentation) 

Sugars None Bioethanol 

X Other Biological 
Processes 

Biomethane, 
Biohydrogen, 
Bioalcohols 

None None 

 INTEGRATED 
PROCESSES 

   

XI Integrated Bio-Refinery 
(VII-X) with generation 
of electricity and heat 
from waste materials 

Bioalcohols Electricity  
& Heat 

Bioethanol 

XII Fermentation of 
Syngas from 
Thermochemical 
Processes 

Bioethanol None None 
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Table 2 – Categories of Technologies for the Conversion of Biogas  
(Biosyngas and Biomethane) to Liquid Fuels 

Category Conversion  
Technologies 

Biogas 
Reactant 

Products  
(Fuels) 

Products  
(Energy) 

XIII Thermochemical 
Processes (Catalysis) Biosyngas Bioalcohols  

& Biodiesel 
Electricity  
& Heat 

XIV 
Thermochemical 
Processes (Reforming 
and Catalysis) 

Biomethane Bioalcohols  
& Biodiesel 

Electricity  
& Heat 

XV Biochemical Processes Biosyngas, 
Biomethane Bioalcohols  

 
 
Table 1 lists four categories of biochemical processes for producing fuels from biomass.  
These processes employ anaerobic digestion to produce methane (Category VII); 
chemical and physical methods to produce sugars from cellulosic materials (Category 
VIII); enzymes to produce sugars from cellulosic materials (Category IX); or a variety of 
microbiological processes to produce methane, alcohols, and hydrogen from biomass 
(Category X).  The main technologies relevant for this study are acid hydrolysis and 
enzymatic hydrolysis (Category VIII and IX), which produce alcohols by breaking down 
cellulose into component sugars which are then fermented. 
 
The conversion technologies developed by approximately 50 candidate suppliers 
encompass three thermochemical conversion processes (Category I-III), three bio-
refinery processes (Category VIII-X) and other biological processes (Category XII).   
 
The principal thermochemical and biochemical processes for bioalcohol production are 
described in more detail in Chapters 3 and 4, respectively.  An estimated 50 or more 
organizations worldwide have concentrated their efforts on the production of bioalcohols 
employing such processes.  Information about these organizations and their technology 
development activities and progress, as well as the characteristics and available data 
on their technologies is summarized in a recent Western Governor’s Association report 
(Schuetzle, July 2007). 
 

2.2. Assessment Approach for the Evaluation of Conversion Technologies 

A “5E” assessment approach, developed by REI International (www.reiinternational.org) 
was used in this study to assess the potential viability of the 15 categories of conversion 
technologies for bioalcohol production. 
 
This “5E” assessment approach includes the following components: Technology 
Evaluation (E1); Energy efficiency (E2); Environmental impacts (E3); Economic viability 
(E4); and socio-political and human resource Effectiveness (E5).  Each of these 
components is described further below.   
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The 5E assessment is designed to assist in: 
 

� Determining the commercial viability of promising technologies for the conversion 
of various biomass feedstocks to renewable fuels, other forms of bioenergy, and 
renewable chemical products; 

� Comparing the range of available and prospective technology options for 
obtaining transportation fuels, electricity and other forms of bioenergy and bio-
products from biomass resources; 

� Estimating the likelihood, extent, and timetable for new bioenergy technologies to 
enter the marketplace, gain acceptance by stakeholders and the general public, 
and contribute to energy supplies. 

 
Processes, products and co-products included in this assessment include the 
conversion of cellulosic feedstocks to bioalcohols, biopower, and heat. 
 

2.2.1. Technology Evaluations (E1) 

E1 evaluates the progress of the Research, Development, Demonstration, and 
Deployment (R3D) stages for each technology type.  The validation of each stage is 
necessary to ensure the long-term success of the commercially deployed production 
facility.  The R3D validation stages are: 
 
Research – Laboratory studies have been successfully carried out using bench-
scale experiments to validate key chemical and physical concepts, principles and 
processes.  Computer models have been used to analyze and validate the 
technology.  The research has been documented in patents and/or publications in 
peer-reviewed journals. 
 
Development – All unit and chemical/physical processes have been validated on a 
0.5-10 ton/day pilot plant.  Processes for the preparation and introduction of the 
biomass have been optimized.  Accurate mass and energy balance measurements 
for each unit process have been made.  The unit processes have been run for a 
sufficient time period to ensure that mass and energy conversion efficiencies have 
not degraded with time. 
 
Demonstration – The objective of the demonstration plant is to fully establish and 
develop specifications as necessary for the construction of a commercial full-scale 
plant.  This demonstration plant should be able to process more than 20-25 tons/day 
of biomass on an annual basis.  Its design includes the incorporation of on-line 
chemical and physical sensors and control systems to run the plant continuously for 
several days as a totally integrated system.  The hardware for recycle loops is 
included so that recycling process can be fully evaluated.  The demonstration plant 
is used to help determine the potential robustness of each unit process and 
component for the full-scale production plant. 
 
Deployment – This final stage includes the engineering and design of a commercial 
scale plant within the expected capital costs.  The operating and maintenance costs 
are within due diligence estimates, as determined after the plant has been running 
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for 329 days/year, 24 hrs/day for at least 1 calendar year (preferably two calendar 
years).  The energy and/or fuel production yields are within anticipated design 
specifications. 
 

2.2.2. Energy Efficiency (E2) 

E2 compares the energy efficiencies for the production of bioalcohol fuels, and any 
merchantable co-products such as electricity.  The energy efficiency of the fuel 
production process is also one of the key determinants of the relative greenhouse 
gas contribution of the full fuel cycle.  The criteria for the co-production of alcohol 
fuels and energy are as follows: 
 

Excellent >45% thermal energy efficiency 
Good 40-45% thermal energy efficiency 
Fair 30-35% thermal energy efficiency 
Poor 25-30% thermal energy efficiency 
Not Acceptable <25% thermal energy efficiency 

 

2.2.3. Environmental Assessments (E3) 

E3 is based upon the potential impact of each system with respect to air, water and 
solid waste emissions and the consumption of natural resources in the production 
process.  An acceptable technology is one that results in environmental benefits on 
a total life cycle assessment (LCA) or systems analysis compared to current 
production technologies.  A summary of environmental assessment ratings is as 
follows: 
 

Excellent Minimal impact on the environment.  The air, water and 
solid waste emissions are well below those emission limits 
promulgated by federal, state and local pollution control 
agencies currently and in the foreseeable future. The 
emissions from this technology represent the Best Available 
Technology (BAT). 

Good The air, water and solid waste emissions are acceptable to 
federal, state and local pollution control agencies.  No 
additional emission control strategies are anticipated over 
the lifetime of the plant. 

Fair The air, water and solid waste emissions are acceptable to 
federal, state and local air and water pollution control 
agencies.  It is anticipated that additional emission control 
strategies will be required as the agencies tighten 
regulations in the future. 

Not Acceptable The air, water and solid waste emissions are not 
acceptable to the federal, state and local air and water 
pollution control agencies. 
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2.2.4. Economic Analyses (E4) 

E4 determines the cost of fuel production ($/gallon or $/MMBtu), electricity 
production ($/kWh or $/MMBtu) and amortized costs ($/Yr) for the candidate 
technologies.  This fuel and energy production cost can be compared to the current, 
average wholesale rate of fuel and electricity production from conventional 
processes.  Subsidies are not considered in these economic assessments.  These 
cost estimates can also be used to predict the Return on Investment (ROI) for a 
production plant.  Such ROI estimates can be compared with past, current and 
projected market data for ethanol produced from current production processes.  The 
criteria for ROI ratings are summarized as follows: 
 

Excellent >30% 
Good 18% to 30% 
Fair 10% to 18% 
Not Acceptable <10% 

 

2.2.5. Socio-Political Effectiveness (E5) 

E5 evaluates selected socio-political factors such as compliance with government 
regulations, societal benefits, environmental stewardship, and stakeholder needs 
and concerns.  This evaluation determines if the deployment of the technology will 
be acceptable to all interested parties such as government regulatory groups, Non 
Government Groups (NGO’s), environmental groups, local and regional communities 
and other relevant organizations.  This “E5 Assessment” is used for: 
 

� Determining the commercial viability of promising technologies for the 
conversion of various waste biomass feedstock’s to renewable energy, 
renewable fuels and renewable chemical products. 

� Comparing the development of alternative fueling infrastructures (e.g., 
renewable diesel and ethanol fuels) from various waste biomass feedstocks. 

� Determining the likelihood that the automotive/vehicle industry will be able to 
produce these alternative fueled and next-generation vehicles which are also 
acceptable to the public in the foreseeable future.  
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3. EVALUATION OF CANDIDATE RICE STRAW COLLECTION AND PROCESSING 
TECHNOLOGIES 

A feedstock assessment was carried out to evaluate rice straw collection, transport and 
processing.  The objectives of this assessment were to:   
 

� Assess the availability of rice straw. 

� Determine a feedstock supply plan to meet the proposed Gridley facility annual raw 
material needs. 

� Assess the required infrastructure for rice straw collection, storage and 
transportation to the proposed Gridley facility site. 

� Estimate the feedstock cost for delivery of the projected 148,000 tons of feedstock 
needed annually (or 450 tons/day) for the proposed Gridley facility. 

 
The geographic area covered in this feedstock assessment included all or part of the 
Counties of Butte, Colusa, Glenn, Placer, Sacramento, Sutter, Tehama, Yolo, and Yuba.  
Because there are large quantities of rice straw near the proposed Gridley facility site, data 
was gathered on the availability of rice straw feedstocks within a 30 mile radius of the 
project, including all or part of the Counties of Butte, Colusa, Glenn, Sutter and Yuba.  
 
An annual database of agriculture crops, generated by the California County Agriculture 
Commissioners, was used to determine the number of acres planned.  Field trials were 
also conducted to determine the rice straw yields from several different areas within the 
above counties. 
 
Field rice straw collection trials and evaluations were carried out to determine available 
rice straw yields by soil type, variety of rice planted, harvesting equipment, timing of 
harvesting and height of rice straw harvested above the waterline.  TSS assisted rice 
growers in the Butte County area in rice straw harvesting, covering and storing the rice 
straw, and obtaining laboratory samples to evaluate the chemical analyses related to 
organic and inorganic composition, moisture content, Btu energy value and deterioration 
from long term storage.   
 
Rice harvest data was gathered by county throughout the Sacramento Valley.  Table 3 
gives the acreage by county and total rice straw estimated available annually.  
Approximately 3 dry tons (DT) of rice straw are generated per acre, totaling over 1.5 million 
DT of rice straw on an annual basis.  The average amount of rice straw that can be 
economically removed is about 2.0 DT/acre. 
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Table 3 – Rice Acreage and Rice Straw Production in the Sacramento Valley 
 

County Rice Acreage* Rice Straw (DT) 
Butte 99,000 198,000 
Colusa 137,000 274,000 
Glenn 86,500 173,000 
Placer 12,000 24,000 
Sacramento 8,200 16,400 
Sutter 100,700 201,400 
Tehama 900 1,800 
Yolo 31,200 62,400 
Yuba 35,800 71,600 
Total 511,300 1,022,600 

 
 
The Gridley area is located within heart of the rice-growing region of California.  
Approximately 74% of the rice grown in the Sacramento Valley is within a 30-mile radius of 
the project site located in Gridley. 
 
Table 4 shows that 379,765 acres of rice are grown within a 30-mile radius of the proposed 
Gridley site and that 759,530 DT of recoverable rice straw are generated annually. 
 
Table 4 – Rice Acreage and Straw Availability within a 30-Mile Radius of Gridley 

 

County Rice Acreage* Rice Straw (DT) 

Butte 99,000 198,000 
Colusa 109,600 219,200 
Glenn 64,875 129,750 
Sutter 70,490 140,980 
Yuba 35,800 71,600 
Total 379,765 759,530 

* Rice acreage based on County Agricultural Commissioner Crop Reports for 2002, 
adjusted for the portion of the county falling within the 30-mile radius. 
 
 
Figure 2 illustrates that the location of the proposed Gridley facility is within the 
concentration of rice straw acreage in the Northern Sacramento Valley.  Figure 2 shows 
the 30-mile radius feedstock supply area surrounding Gridley.  The amount of rice straw 
within this 30 mile radius is 6.7 times the 113,000 DT of total feedstock needed by the 
proposed Gridley facility. 
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Figure 2 – Map depicting a 30-Mi Radius Feedstock Supply Area Surrounding Gridley. 

 
 
 

3.1. Rice Straw Collection and Processing in the Field  

The equipment used to collect rice straw includes rakes, swathers, balers, stack-
wagons and loaders.  Equipment is available from a variety of manufacturers and each 
type comes in various configurations, with varying capacities, speeds and range of 
costs.  The following equipment is recommended for efficiently collecting rice straw. 
 
Swathers – Figure 3 shows a self-propelled rotary swather with cutter, stripper and 
header accessories in the process of harvesting rice straw in the Sacramento Valley.  
After rice harvest, the swather can also cut the remaining stubble by a conventional 
header harvester to maximize the volume of straw per acre collected.  Swathing rice 
straw is expensive, approximately $10 per acre or $5/BDT for stripper header straw. 
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Figure 3 – Rotary Swather Harvesting Rice Straw 

 
 
 
Rakes – Rakes are used for windrowing rice straw prior to baling.  This is done when 
the rice harvester has spread the straw for drying, or when the windrow left by the 
harvester does not dry in sufficient time for baling without turning.  Raking is also used 
to combine multiple windrows after swathing to increase baler throughput.  Figure 4 
illustrates a typical rake used in the Sacramento Valley for windrowing rice straw. 
 

Figure 4 – Raking Rice Straw in Preparation for Baling 

 
 
 
Balers – A number of field trials were carried out to determine the most cost effective 
method of bailing rice straw.  It was found that the production of 36”x48”x96” or 
48”x48”x96” bales are the most cost effective for transport to the biofuels and bioenergy 
production plant.  Figure 5 illustrates a Hesston large-bale baler producing 36”x48”x96” 
bales that weigh between 975 to 1025 pounds with a moisture content of 11%–15%. 
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Figure 5 – A Large Baler for Baling Rice Straw 

 
 
 
Roadsiding – Roadsiding consists of moving bales from the interior of a rice field to the 
edge of the field where the bales are accessible for loading onto trucks.  In some cases, 
the roadsiding operation may include transport of up to a mile or more to a local storage 
area, with no additional interim stacking and loading operations.  Typically, roadsiding 
operations involve either stacking bales at the edge of the field for later retrieval and 
loading on trucks, or directly loading bales on trucks during the roadsiding operation.  
Figure 6 illustrates one method of retrieving large bales from the field.  This machine’s 
capability is 8 bales per load. 
 

Figure 6 – A Freeman Stackwagon Retrieving Bales from the Field 
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Figure 7 shows another piece of equipment for picking up large rice straw bales from 
the field.  This machine can pick up 12 bales per load for roadside stacking. 
 

Figure 7 – Field Collection of Large Rice Straw Bales 

 
 
 

3.2. Rice Straw Storage 

Rice straw can be stored at convenient locations throughout the rice growing area.  
Figure 8 illustrates the stacking of the large rice straw bales and Figure 9 shows the 
completion of stacking of the large rice straw bales adjacent to a Sacramento Valley rice 
field.  These stacks are 32 feet wide and 30 feet high at the peak.  Each stack contains 
approximately 1,000 DT of rice straw.   
 
Rice straw is quite resistant to degradation even when saturated with water.  As a result, 
the possibility of spontaneous combustion is highly unlikely.  While there have been 
some isolated instances of rice straw piles catching fire, we believe that these fires were 
of anthropogenic origins and not from natural causes.  Therefore, rice straw can be 
stored outdoors for at least two years without degradation or possibility of fire. 
 



 29 

Figure 8 – Stacking of Large Rice Straw Bales 

 
 
 

Figure 9 – Storage of Large Rice Straw Bales near a 
 Rice Field in the Sacramento Valley 

 
 
Figure 10 illustrates rice straw that has been covered with a tarp for long-term storage.  
The covering of the rice straw with tarps is expensive, ranging between $5-$8/DT, 
depending upon how extensively the stacks are covered. 
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Figure 10 – Large Bales of Rice Straw Covered with Tarps 

 
 
 

3.3. Rice Straw Transport  

Figure 11 below illustrates the loading of a truck for transportation to the biofuels and 
bioenergy production facility.  This equipment, commonly known as a squeeze, can 
efficiently load and unload rice straw and stack bales for storage. 
 
The transport of rice straw is usually done using either semi-trucks with double flat bed 
combinations, or semi-trucks with double drop-bed trailer combinations.  Drop-bed 
trailers can haul larger volumes by adding bales between the wheel axles.  The drop-
bed trailers are used only with the larger 48”x48”x96” foot Hesston bales.  Flat-bed 
trailer combinations typically carry 460 – 512 small bales, 42 – 48 Freeman-type large 
rectangular bales, or 28 – 30 Hesston-type large rectangular bales.  Payloads on flat-
bed trailers with Freeman bales are about 10% higher than with Hesston bales due to 
utilization of an additional 9 foot load height in stacking 3 bales high without exceeding 
maximum legal height.  On flat-bed trailers, the Hesston bales can only be transported 
in stacks 2 bales high.  The highest payloads are obtained using the drop-bed trailers 
with 36 – 38 Hesston bales. 
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Figure 11 – A Squeeze Fork-Lift Loading Rice Straw on a Truck 

 
 
 
Figure 12 shows a truckload 36” x 48” x 96” foot bales of rice straw on its way to the 
storage area.  Note that the bales can be stacked three high. 
 

Figure 12 – One of the Recommended Trucks for the Transport of 
 Rice Straw to the Biofuels and Bioenergy Production Plant 

 
 
 

3.4. Rice Hulls from Rice Processing 

Rice hulls provide each grain of rice with what is referred to as a “biogenic opal.”  Since 
rice hulls have no nutritional value are not digestible, they are removed from the rice 
grains.  Rice hulls are comprised of approximately 15% opaline silica in combination 
with a large amount of a phenyl propanoid structural polymer called lignin.  Such a high 
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percentage of silica is very unusual within nature and this blend of silica and lignin 
makes the rice hull resistant to water penetration and fungal decomposition. 
 
The peculiar silica-cellulose 'drinking-straw bundle' structural arrangement of the husks 
results in an object that does not burn or even liberate heat in a manner resembling that 
of any organic substance.  These minute silica-crested tubular structures offer an 
inherent resistance to burning.  Rice husks are flame retarding and, at ordinary 
temperatures, self-extinguishing.  A lighted match, tossed onto a pile of rice husks will 
generally burn out without producing a self-sustaining flame in the husks. 
 

3.5. Chemical and Physical Characteristics of Rice Straw and Rice Hulls 

Table 5 summarizes the results from the chemical analysis or rice straw and rice hulls 
from the Sacramento Valley. 
 

Table 5 – Composition of Rice Hull and Rice Straw Feedstocks 
 

  

RICE HULL 
FEEDSTOCK #1  

(2005 CA 
Harvest) 

RICE STRAW 
FEEDSTOCK #1 

(2005 CA 
Harvest) 

RICE STRAW 
FEEDSTOCK #2 

(2003 CA Harvest) 

A). FEEDSTOCK 
THERMO-
GRAVIMETRIC 
ANALYSIS (TGA) Weight % Weight % Weight % 

Fixed Carbon 14.5 13.6 14.3 
Volatile Matter 56.8 56.7 57.2 

Ash 18.2 20.2 18.7 
Moisture 10.5 9.5 9.8 

TOTAL 100 100 100 
B). FEEDSTOCK 

ELEMENTAL 
ANALYSIS Weight % Weight % Weight % 

Carbon 38.8 35.6 36.4 
Hydrogen 4.8 4.9 5.2 

Oxygen 35.6 35.6 36.8 
Nitrogen 0.52 0.69 0.87 

Sulfur 0.72 0.79 0.68 
Chlorine 0.22 0.44 0.58 

Phosphorous 0.43 1.47 1.41 
Ash 18.9 20.5 18.1 

TOTAL 100 100 100 
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3.6. Technical Assessments (E1) 

The primary technical barriers to collection of rice straw in the Sacramento Valley are: 
(1) the limited weather period for rice straw collections; and, (2) scaling up of rice straw 
collection to an industrial level for the proposed Gridley Biofuels Plant. 
 
Under worst case scenario, there is a 45-day calendar period during the fall when the 
entire annual rice straw needs must be collected.  The infrastructure needed for that 
worst case weather-limited window was assessed. 
 
Rice straw collection cannot be done until the rice is harvested and the rice straw dried.  
As noted earlier, rice harvesting in the Sacramento Valley usually starts during late 
August and continues until the first heavy rains, usually by the end of October.  The 
weather factors limiting rice straw collection during this approximately 75-day period are 
occurrence, frequency and volume of rainfall during the rice straw collection period.  An 
occasional rain of ¼ to ½ inch causes some delays, but when a rainfall totals 1 inch or 
more the ground becomes too wet to operate equipment.   
 
Rice straw dries best when spread behind the rice harvester and was the slowest to dry 
when cut with a swather because the straw is placed in a wide windrow closer to the 
ground.  High moisture in the straw can limit the number of operating hours available 
each day.  For example, higher value rice straw export markets require that the rice 
straw be baled at 14% or less.   
 
During the past years, to gain experience with baling that will meet some market 
moisture content specifications, the upper moisture content limit on the balers was 
initially set at 12%, but this proved to be too restrictive.  This upper moisture content 
limit was moved up to 14%.  Normally, baling can begin after the night time dew 
dissipates, around 10 to 11 am and continue until about 10 to 11 pm.  However, during 
some years the moisture levels will stay high due to the weather, limiting the baling 
hours to an average as low as 7 hours per day.   
 
Further experiments were carried out to increase the number of baling hours by 
increasing the upper moisture limit to 18%.  During the same weather patterns, the 
average baling time was increased to 9 hours per day.  However, this moisture level 
proved to be high for optimum rice straw storage.  So for baling purposes, the upper 
moisture limit was set to 16% to be more appropriate for baling rice straw for conversion 
to ethanol.   
 
Table 6 reflects the rice straw collection equipment required during a limited 45-day 
collection period.  This projection is based on what was learned from several years of 
rice straw collection.   
 

Table 6 – Estimated Collection Infrastructure Requirement 
Equipment Number 
Tractor rake unit 18 
Tractor baler unit (big bale) 36 
Stack wagon 18 
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Our analysis shows that there is adequate rice straw infrastructure equipment to support 
the short window of rice straw collection under the 45-day worst case weather limited 
season.  This is based on our work with vendors harvesting hay, fescue, rye grass and 
rice straw that could be used for collecting rice straw from the proposed Gridley facility.  
Sufficient infrastructure is available and can be expanded in California and in the 
Northwest (Oregon, Washington and Idaho) to collect the annual feedstock requirement 
of 113,000 DT for the proposed Gridley facility.   
 
Although rice straw collection has a limited weather season, that season immediately 
follows rice harvest, so that the rice grower, the rice transportation equipment and 
personnel are available for the rice straw collection.  Second, the rice straw collection 
season also follows the summer harvests and collection of hay, grass straws and other 
grain straws in California and the Northwest.  This allows that existing equipment, 
personnel and infrastructure to be shifted to the Sacramento Valley for the rice straw 
collection season. 
 

3.7. Environmental Assessments (E3) 

The collection of rice straw will produce some particulate matter with an average particle 
diameter of greater than 5-10 um.  Therefore, this particulate matter settles out of the 
atmosphere quickly and it will not be transported more than a few miles from the source.    
 
Since rice straw decomposes very slowly, even under moist conditions, no odiferous 
materials will be emitted from the storage sites. 
 

3.8. Economic Analyses (E4) 

The cost of collecting and transporting rice straw to the proposed Gridley Biofuels Plant 
was determined by carrying out preliminary contract negotiations with farming and 
trucking organizations within a 30 mile radius of the proposed plant.  The average 
estimated cost for baling and roadsiding was $23.00/ton (as received) and $26.74/dry 
ton (Table 7).  This calculation assumes that up to 20% of the total rice straw annual 
supply is harvested by a stripper-header-harvester with swathing of the rice straw and 
that the remaining 80% would be collected by traditional harvesters that cut the rice 
stalk above the water line, separate the rice from the straw and disperse the rice straw 
on the ground.  Table 7 provides the estimated costs to collect and deliver large 
quantities of rice straw to the proposed plant.   
 

Table 7 – Estimated Costs for Rice Straw Delivered to the  
Proposed Gridley Biofuels Plant 

Cost Item Cost/ton Cost/dry ton 

Bale and Roadside $23.00 $26.74 
Load & Transport to Facility $7.00 $8.14 
Total $30.00 $34.88 
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Transportation costs are high since the rice straw has to be transported to satellite 
storage sites and then from the satellite storage site to the Gridley plant.  The 
transportation costs were based upon the following assumptions: 
 

� Gridley Biofuels Plant Storage – It is proposed that a 20 day supply of rice 
straw be maintained at the proposed Gridley plant site 

� Rice Grower Site Storage – These are sites adjacent to the rice field where the 
rice straw is collected.  The rice straw can be delivered from the rice fields for 
temporary storage without loading on to a truck.  This is the preferred storage 
scenario since additional loading, trucking and unloading is eliminated.  Our cost 
analysis assumes that 75% of the rice straw will be stored in this manner. 

� Satellite Site Storage – Our cost analysis assumes that satellite rice straw 
storage sites will be established for 25% of the rice straw when space is not 
available at the rice grower’s site.  These satellite sites require loading rice straw 
onto trucks at the field site and unloading at the satellite storage sites.  The rice 
straw is then reloaded and transferred to the Gridley plant when needed.   

 
Use of rice grower storage sites, will allow about a year’s supply of rice straw to be 
stored during the short window of harvesting the rice straw; usually late August through 
October.  Thus, the significant benefit to grower-sited storage near the harvested field, 
is that it eliminates the double handling that would be required if the rice straw had to be 
moved to the satellite storage areas.  In addition to maximizing the weight of straw on 
each load, the cost is a function of the amount of time required to load a truck in the 
field, travel to the facility, unload and return to pick up another load.   
 
Table 8 gives our estimated transportation costs based on the distance the rice straw 
must be transported.  The data reflects the costs per load at various distances from the 
plant assuming that the rice straw has 14% water content.  It is important that this 
project is located in the heart of the rice growing region and that most of the rice straw 
will be from growers lands that are relatively close to the proposed Gridley facility. 
 

Table 8 – Estimated Transportation Costs from the Storage Sites  
to the Gridley Biofuels Plant 

Mileage Cost/Load Cost/ton Cost/dry 
ton 

 0-10  $83 $3.99 $4.64 
11-25 $129 $6.20 $7.21 
26-40 $156 $7.50 $8.72 

 
 
Transportation costs have the potential to be reduced by increasing the allowable truck 
length and increasing bale density to increase load weights.  Improvements have been 
made in increasing bale densities.  The average weights for 36” x 48” x 96” bales 
currently ranges from 975 to 1,025 pounds/bale  
 
There has been legislation passed to increase the allowable truck length within the 
primary rice growing area of California.  AB 2051 amended the California Vehicle Code 
in 2002 to provide that a combination of vehicles designed and used to transport 
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agricultural biomass, (such as a truck tractor, a semi-trailer, and a semi-trailer or trailer), 
may extend to a total combined length of 75 feet, if the length of the front trailer does 
not exceed 32 feet, and the length of the rear trailer does not exceed 28 feet 6 inches.  
The bill authorizes operation of these vehicles within the counties of Butte, Colusa, 
Glenn, Placer, Sutter, Tehama, Yolo, and Yuba.  This code does not apply to highways 
designed as national network routes such as Interstate 5. 
 
This statute makes it possible to transport up to forty eight 36” x 48” x 96” rice straw 
bales, compared with forty two large bales under previous state statute.  This effectively 
increases the truckload averages of rice straw from the 17.9 DT/truckload to 20.5 
DT/truckload.  This could further reduce the rice straw transportation costs to the 
proposed Gridley facility. 
 

3.9. Socio-Political Effectiveness (E5) 

Competition for rice straw is limited due to lack of progress in developing markets for 
off-field uses of rice straw.  According to the September 2003 Progress Report, “The 
Phase-Down of Rice Straw Burning in the Sacramento Valley Air Basin”, found that 
despite the California subsidized grant and tax credit programs, significant off-field uses 
of rice straw have not materialized.  Soil incorporation is the alternative straw 
management practice for rice acreage not burned.  Off-field uses of rice straw continue 
to be slow to develop; with an estimated 3–5% (18,000 tons) of the rice straw grown in 
California is used off-field.  The primary uses have been cattle feed and erosion control.   
 
The California Air Resources Board (CARB) Rice Straw Demonstration Project Grant 
Fund funded two projects to investigate the potential to export rice straw.  Should this 
market become viable, it could utilize significant quantities of high quality rice straw (up 
to 125,000 BDT annually), increasing demand on the infrastructure to collect and store 
the rice straw.   
 
Anderson Hay & Grain Co., Inc. received a CARB grant for $500,000 to develop a 
disease treatment protocol acceptable to the Japanese government for exporting rice 
straw to Japan.  Anderson is still pursuing the potential to export rice straw from 
California.   
 
Kuhn Hay received a CARB grant for $402,311 for a rice straw export project.  The 
purpose of the CARB grant was also to develop a disease treatment protocol to satisfy 
the Japanese government for exporting rice straw to Japan. 
 
A key factor in providing rice straw at an acceptable cost to the Gridley facility is the 
increasing straw disposal costs to rice growers, caused by the statutory phase down of 
open field burning on 75% of the planted acreage.  Based on previous studies by the 
University of California Cooperative Extension Service, field studies by our team, and 
others, a derived average cost for incorporating rice straw into the soil versus burning, is 
$36/acre.  This cost averages the use of various incorporation techniques for a range of 
soils and a variety of rice straw species.  It also takes account of other factors such as 
weather and volumes of rice straw per acre, both of which vary annually.   
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Although there are approximately 3 DT/acre of rice straw remaining after harvest to 
incorporate in to the soil, the net volume rice straw available for collection averages 
approximately 2 DT/acre.  Growers that have opted to utilize baling and removal as a 
means of disposing of their rice straw have experienced costs of $50 to $60/acre.  In 
addition, they can have significant transportation and storage costs to deliver their rice 
straw to a market as referenced earlier in this report.   
 
With the long-term trend of increasing statutory and regulatory limitations on disposal of 
agriculture residues, the alternative disposal costs continue to increase.  This trend of 
increasing disposal costs makes the conversion of the agriculture residues to a raw 
material more economically inviting to farmers, such as the rice growers. 
 
It is anticipated that the available space for rice straw storage at the Gridley plant will be 
limited to approximately 6,500 DT, or about a 20-day supply.  Rice straw collection will 
begin within a few days after rice harvesting begins, typically by late August.  Rice 
harvesting historically continues through October, or until there is significant rain, 
making the fields inaccessible.  Assuming that the facility will require 115,000 tons of 
rice straw (as received) on an annual basis, the rice straw flow is projected to be as 
summarized in Table 4–Table 8.  The rice straw requirement is based upon operating 
the facility an estimated 329 days per year.  For this inventory plan it is assumed that 
there will be a major outage for the month of August.  It is recommended that the project 
carry over approximately 10% of the annual rice straw requirement, or 11,300 DT to 
protect against supply shortfalls caused by early rains during the fall harvesting season.  
This additional inventory carry over will need to be placed in inventory on grower’s 
storage sites.   
 
Rice straw permanent storage facilities are currently inadequate.  Most rice straw 
storage has utilized tarps.  The University of California at Davis conducted research into 
the various impacts of different storage alternatives.  Their research indicates the cost 
to construct a barn is approximately $50 per ton of rice straw.  Annual costs of storage 
range from $7 to $9.50 per ton.   
 
Rice straw that can be scheduled for delivery during the harvest season and prior to the 
end of December can likely be left uncovered on grower’s storage pads then 
transported to the facility.  This amounts to approximately 41,000 DT.  The remaining 
rice straw, approximately 72,000 DT, should either be covered with tarps or stored in 
barns to protect the integrity of the bales for transportation.  If this volume of rice straw 
were stored in barns the amount of capital required to construct these barns would be 
approximately $3,600,000.  It is anticipated that this cost of some form of covering will 
be born by the grower in exchange for offsetting his current rice straw disposal costs.  
We recommend that this approach is necessary, based upon the experience in 
collecting and storing rice straw by the Rice Straw Cooperative during the past few 
years. 
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4. OVERVIEW OF THERMOCHEMICAL BIOMASS CONVERSION TECHNOLOGIES FOR 
BIOALCOHOL FUEL PRODUCTION FROM RENEWABLE BIOMASS 

Thermochemical conversion is a high temperature process (1500-3500oF) in which nearly 
any carbonaceous material can be converted in a closed vessel to produce primarily 
carbon monoxide, methane and hydrogen.  This gas mixture is referred to as ‘syngas’.  
The concentration of carbon monoxide, hydrogen, and methane in the syngas is 
dependent upon the operating conditions of the thermochemical process and the 
composition of the feedstock.  The heating value for syngas is typically 150-450 Btu/ft3, 
compared to a heating value of ~1000 Btu/ft3 for natural gas.  Syngas is an excellent high-
energy fuel that has proven to be an acceptable fuel for boilers, spark-ignition engines, 
turbines, cooking, etc.   
 
During 1930 to 1945, Germany developed improved gasification processes and used 
‘syngas’ widely for industrial applications and vehicular fuel.  The Germans also developed 
a catalytic process (Fisher-Tropsch) to convert syngas into a high-quality diesel fuel.  The 
interest in syngas production dwindled as natural gas and petroleum products become 
more abundant and inexpensive during the late 1940’s.   
 
The U.S. EPA promulgation of stringent power plant emission control regulations in the 
1970’s and 1980’s generated renewed interest in thermal gasification since such systems 
produce little or no emissions.  At that time, several global oil companies carried out 
research and development programs to further develop and optimize biomass gasification 
systems.  These R&D programs have resulted in commercially viable (150-1000 MW) 
systems that have proven to be cost-competitive, have higher energy efficiencies and emit 
much lower levels of emissions than traditional coal-fueled power plants.  All of these 
plants utilize coal as the feedstock.   
 

4.1. General Process Overview 

Figure 13 illustrates the major system components used for the thermochemical 
production of fuels, electricity and heat from biomass.  Conventional combustion 
(oxidation) processes for the production of electricity from biomass are also illustrated 
for comparative purposes.  The key processes include: 
 

� Syngas Production  

� Syngas Cleanup and Conditioning 

� Alcohol Synthesis 

� Alcohol Purification 

� Heat and Power Production 
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Figure 13 – Thermochemical Conversion Processes for the 
 Production of Fuels and Energy from Biomass 
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4.1.1. Biomass Processing and Production 

The particle size requirement for introduction of biomass feedstock is dependent 
upon the type and design of the thermochemical system.  The cost of grinding the 
biomass increases rapidly as the requirement for smaller particles increases.  This 
requirement is discussed in more detail in Chapter 6. 
 

4.1.2. Thermochemical Conversion of Biomass to Syngas 

The thermochemical conversion of biomass to synthesis gas (syngas) encompasses 
processes that are carried out in closed systems under reducing (oxygen depleted), 
or oxidizing (partial oxygen) conditions at high temperatures (typically 1500-2000 °F).  
The primary chemical processes that occur include pyrolysis, oxidation, steam 
reforming and gasification. 
 
Carbon-containing compounds in the biomass feedstock are converted to synthesis 
gas (syngas), which is composed primarily of hydrogen (H2), carbon monoxide (CO), 
methane (CH4) and carbon dioxide (CO2).  Syngas may be utilized as a substitute for 
natural gas in cogeneration engines, gas turbines or boilers to produce power and/or 
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heat.  In addition, syngas can be an excellent feedstock for fuel production via 
catalytic synthesis. 
 
Several technological approaches have been developed for the thermochemical 
conversion of biomass or other carbon containing solid materials to a fuel gas 
comprised of combustible CO, H2, and CH4 and other inert gases like CO2 and N2.  
The syngas produced from thermochemical conversion processes can be 
combusted in the same manner as other fuel gases in boilers, gas engines, or 
turbines.  For these applications, the heat content of the syngas and a certain 
maximum level of contaminants must be assured for proper operation.   
 
Alternatively, syngas can be used for catalytic synthesis of various liquid products.  
For these processes, the total H2 and CO content and the H2/CO ratio are more 
critical than the total heat content.  A H2/CO ratio between 1 and 2 is desirable for 
many fuel synthesis processes.  Higher levels of gas cleanliness are generally 
required for catalytic processes.  Several of the gasification processes that may work 
well for energy production do not produce a syngas that is well suited for fuel 
synthesis.   
 
In air-blown systems, significant amounts of nitrogen (N2) will also be present due to 
the air supplied for partial oxidation.  Syngas can also contain minor constituents 
including higher hydrocarbons and tar compounds, and other trace constituents.  
Syngas cleanup and conditioning is important for making a useful fuel product. 
 
The types of syngas production systems include air-blown gasification, oxygen 
gasification, thermal pyrolysis (no oxygen) and steam reforming.  Systems that are 
supplied with air or oxygen are autothermal with heat from the partial oxidation of the 
biomass.  Thermal pyrolysis and steam reforming of biomass are endothermic and 
typically require a secondary fuel to supply heat to the reaction chamber.  This is 
often supplied with clean syngas recycled back to externally heat the reactor. 
 
When syngas production takes place in a carefully controlled, closed system, there 
should be no direct emissions of criteria and toxic air pollutants.  Externally heated 
systems may have some emissions from the secondary burners, but these can be 
minimized with low-emission nozzles and controls typical for boiler systems.  In 
addition, oxygen gasification systems typically require an oxygen generation plant 
that consumes energy, with associated emissions.  These systems produce a raw 
syngas that may require cleanup and conditioning to insure the proper function of 
downstream processing of the syngas. 
 
Chevron Texaco, Conoco Phillips (Global Energy) and Shell (Lurgi) have developed 
economically viable biomass-to-syngas production systems for the production of 
electricity in the 100-1,000 MW output range (NREL, 2002).  However, these 
technologies have not proven to be economical for small scale power generation 
applications (1-25 MW). 
 
During the past several years approximately 110 organizations have focused their 
efforts on the development of small (1-25 MW), economical systems for generation 
of electricity from waste materials.  However, very few of these companies have 
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successfully demonstrated their technologies by building and systematically testing 
full scale operating systems. 
 

4.1.3. Syngas Cleanup and Conditioning 

The syngas produced from thermochemical processes will contain various levels of 
contaminants, depending upon the composition of the feedstock and the type of 
thermochemical process employed.   
 
The degree of syngas purification is dependent upon its intended use.  Catalysts 
used for the synthesis of fuels from syngas are sensitive to the contaminants listed 
in Table 9.  These contaminants can poison catalysts and reduce their conversion 
efficiency and selectivity, depending upon the chemical composition and 
concentration of the contaminants. 
 

Table 9 – Typical Catalyst Poisons that may be present in Syngas 
Gas-Phase Contaminants Particulate-Phase Contaminants 
Sulfur Oxides High Molecular Weight (C20+) 

Hydrocarbons (HC) 
Phosphorous Oxide Metal Oxides 
Hydrogen Sulfide  
Hydrogen Chloride  

 
 
Synthesis catalysts work optimally with a certain ratio of H2 to CO, and the 
effectiveness is reduced when a large concentration of inert compounds (like N2) are 
introduced to the catalyst system.  Catalysts used for fuel synthesis can also be 
extremely sensitive to gaseous sulfur, phosphorous and chlorine compounds; 
particulate-phase hydrocarbons (C18+) (e.g., tars); and particulate-phase metal 
oxides.  Syngas cleanup and conditioning strategies must address the major and 
minor constituents in the syngas to meet the requirements of the catalyst being 
utilized. 
 
The requirements for syngas purity have not been well established for ethanol and 
mixed alcohol catalysts.  However, years of industrial experience with methanol 
production catalysts has established some basic guidelines for syngas quality to 
maintain a catalyst life of several years (Table 10) (Spath and Daton, 2003).  Note 
the very low levels required for constituents that reduce catalyst life that will typically 
require specialized syngas cleanup.  Particulate matter and tars also have to be 
controlled to very low levels. 
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Table 10 – Syngas Quality and Conditioning Requirements  
for Catalytic Conversion to Methanol 

Stoichiometric Ratio 
(H2 – CO2) / (CO + CO2) 

~2 

CO2 4-8% 

Sulfur < 0.1 ppmv 

Halides < 0.005 ppmv 

Fe and Ni < 0.001 ppmv 
 
Syngas cleanup can include various scrubbers, precipitators and adsorbents to 
remove undesired compounds.  Many of these approaches have been used 
commercially in natural gas systems, coal gasification systems and other industrial 
gas applications.  While gas cleanup and conditioning present complexities and cost 
challenges for system developers, many existing technologies can be applied to 
biomass-derived syngas. 
 

4.2. Thermochemical Conversion (with Oxygen or Air) 

Chevron Texaco, Phillips Conoco (Global Energy) and Shell (Lurgi) have developed this 
type of biomass to syngas production systems for the production of electricity in the 
100-750 MW output range.   
 
The largest facility of this type in the U.S. is the Great Plains Synfuels plant in Beulah, 
North Dakota (Basin Electric Power Cooperative, 2003).  This plant has been operating 
successfully since 1984 using 170,000 tons/day of coal (fossil biomass).  The primary 
products are natural gas, ammonia, ammonium sulfate, phenol, cresylic acid, naptha 
and electricity. 
 
The Wabash River Coal Gasification Project was the first full-size commercial 
gasification-combined cycle plant built in the United States.  Located outside West Terre 
Haute, Indiana, the plant started full operations in November 1995.  The plant can 
generate 292 MW of electricity – 262 MW of which are supplied to the electric grid.  This 
is one of the world’s largest single train gasification combined cycle plants operating 
commercially. 
 
Many organizations have focused their efforts on the development of small (1-25 MW), 
economical systems for the conversion of waste materials to energy during the past 
several years.  Only a few of these organizations have successfully demonstrated their 
technologies by building and systematically testing full-scale operating systems. 
 
For example, Carbona was chosen as a possible supplier for thermochemical 
gasification (with partial oxygen or air).  Carbona has demonstration projects in 
Denmark, India and Finland (Bain, 2005).  They have made progress in building plants 
in several countries and have carried out a significant level of R&D, especially in 
cooperation with the Gas Technology Institute. 
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4.2.1. Energy Efficiency Analysis (E2) 

The Carbona system typically generates syngas with energy content in the range of 
180-250 Btu/ft3 at an average, net thermal energy conversion efficiency of 66%. 
 
Another 12% of the biomass energy input into the system could be extracted as heat 
energy from the thermochemical reactor.  However, it is usually not economically 
practical to extract and utilize this heat. 
 
The Thermal Energy Conversion Efficiency (TECE) (%) for electricity generation is 
26% and for a combined heat and power system it could be possible to achieve an 
efficiency of 39%. 
 

4.2.2. Environmental Assessment (E3) 

Although thermochemical conversion is a high-temperature process, it is quite 
different than thermal oxidation or combustion.  Thermal oxidation or combustion of 
biomass may form toxic dioxins and furans when the gas is cooled in the presence 
of oxygen.  Since gasification is a carefully controlled, closed system, there are no 
emissions of criteria and toxic air pollutants until the syngas is combusted. 
 
The treated syngas is a very clean fuel and as a result it produces very low levels of 
emissions when combusted in a reciprocating engine/generator or gas turbine.  
Table 11 gives the emissions of hydrocarbons, nitrogen oxides; particulate matter 
and carbon monoxide from a thermochemical gasification system with a combined 
cycle gas turbine. 
 
Table 11– Emissions of Criteria Air Pollutants from a Thermochemical  

Gasification System (with partial oxygen)  
using a Combined Cycle Gas Turbine1 

Air Pollutants Emission Level 
Nitrogen Oxides 479 g/MWH 

Sulfur Oxides 2 g/MWH 
Particulate Matter 3.7 g/MWh 
Carbon Monoxide 5.1 g/MWh 

1 GE Model MS-6101FA combined cycle gas turbine at 37.2% 
efficiency (HHV) with syngas. 

 
 
Except for nitrogen oxides, the emissions from this thermochemical gasification 
system are well below the 2005 EPA New Source Performance Standards (NSPS) 
for Power Plants as summarized in Table 12. 
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Table 12 – 2005 EPA New Source Performance Standards (NSPS)  
for Power Plants1 

Air Pollutants Emission Level 
Nitrogen Oxides 453 g/MWh 

Sulfur Oxides 263 g/MWh 
Particulate Matter 95 g/MWh 
Carbon Monoxide 27 g/MWh 

1 U.S. EPA (2005)  
 
 
Since this is an air-injected system, the carbon dioxide emissions are higher than 
that of the thermochemical gasification systems without oxygen.  In addition, the 
oxygen causes some partial oxidation of hydrocarbons, which will increase the 
production of side products.  These side products will poison and reduce the 
efficiency and lifetime of catalysts used for the production of fuels.   
 

4.2.3. Socio-Political Effectiveness (E5) 

Although there is a higher level of effort and funding outside the US to implement 
thermochemical systems for the conversion of biomass to fuels and energy, these 
processes are expected to become more prominent in the U.S. as waste disposal 
becomes more costly due to restricted landfill capacities, the associated increase in 
transportation costs to dispose of waste at alternate sites and higher energy costs.  
In the year 2000, over 55% of all trash, mainly cardboard boxes, food waste, and 
newspaper, was still being disposed in landfills in the United States (Miller, 2002). 
 

4.3. Thermochemical Pyrolysis/Steam Reforming (no oxygen) 

In principle, all thermochemical conversion processes include pyrolysis, steam 
reforming and oxidation.  However, the design of the conversion system, biomass 
particle size, residence time, presence or absence of oxygen, water concentration and 
temperature all play a critical role in the composition of the products (e.g., syngas) and 
the thermal energy efficiency for the production of these products. 
 
This section refers to those systems that operate in the absence of air or oxygen and in 
which the thermochemical conversion chamber has been designed to convert the 
biomass to syngas in two steps – pyrolysis followed by steam reforming. 
 

4.3.1. Technical Evaluation (E1) 

Several thermochemical conversion systems have been developed over the past 10 
years that utilize a pyrolysis/steam reforming process operating under reducing 
conditions (with the presence of oxygen).  Figure 14 provides a general unit process 
diagram for a thermochemical pyrolysis/steam reforming system. 
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The biomass feedstocks are ground in the 0.20”-2” diameter range, the required size 
of which is dependent upon the configuration of the sample introduction system (unit 
process #1). 
 

Figure 14 – Unit Processes for the Production of Syngas using  
Thermochemical Pyrolysis/Steam Reforming 
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The sample introduction system includes an interlock (unit process #2) where air can 
be removed from the biomass before it is introduced into the pyrolysis chamber.  
The processes used to remove air from the biomass may include heating, flushing 
with steam or compressing.  This is an important step since the presence of oxygen 
in the feedstock will cause the formation of hydrocarbons and substituted 
hydrocarbons (e.g., oxygenated-hydrocarbons) that are larger than C10.  Such tar-
like compounds may be difficult to remove and therefore adversely affect the 
catalysts used for the conversion of syngas to fuels (e.g., bioalcohols).  In addition, 
nitrogen will dilute the syngas, resulting in lower energy efficiencies.  
 
The pyrolysis process is carried out at temperatures as high as 1,000°F (unit 
process #3).  This pyrolysis may be a flash pyrolysis process which consists of 
injecting the biomass into a hot chamber held at isothermal conditions, or increasing 
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the temperature of the biomass at a programmed rate (e.g., 50°F/min).  This 
programmed heating of the biomass is similar to the process used for thermo-
gravimetric analysis (TGA) in the laboratory.  Therefore, TGA analysis is a valuable 
tool for helping determine the optimum pyrolysis temperatures and temperature 
program rates needed for the demonstration and commercial scale systems.  Most 
of the ash is removed from the system after the pyrolysis step (unit process #5).   
 
A steam-reforming step (1500-1800°F) (unit process #4) is utilized to convert the 
pyrolysis products (large chain molecules, tar and char) into smaller gas molecules, 
primarily CO, CH4, H2 and CO2.  If the system is designed properly and air is 
removed from the system, there should be only small amounts of higher-molecular 
weight hydrocarbons (>C10) and substituted hydrocarbons (e.g., oxygenated-
hydrocarbons in the syngas.  The composition of syngas obtained from pilot 
pyrolysis/steam reforming systems is presented in Chapter 6 of this report. 
 
Cyclones are used to remove particles that are more than 1 micrometer (um) in 
diameter (unit process #6).  This syngas is used to fuel gas burners that are used to 
heat the pyrolysis chamber and the steam reforming coils (unit processes #7).   
 
The high temperature syngas is cooled using a heat-exchanger and the extracted 
heat used to produce super-heated steam for unit process #7. 
 
A further removal of contaminants in the syngas is accomplished using a water 
scrubber that contains chemical absorbents and/or a non-chemical ion water 
treatment technology.  The syngas is at ambient temperature and about 100 psi 
pressure at this point. 
 
If necessary, a solid-phase adsorbent (e.g., zinc oxide, molecular sieves) is used as 
a “polishing step” to remove any contaminants that may adversely affect the catalyst 
(unit process #10). 
 
This medium Btu syngas (350-500 Btu/SCF) can be used directly in an internal 
combustion engine, gas turbine, or converted to methanol, ethanol, clean burning 
diesel fuel or hydrogen. 
 

4.3.2. Energy Efficiency (E2) 

Two computer models were used to understand the thermodynamics, flow dynamics 
and energy balances for each unit process as well as the entire system.  These 
models included the Advanced System for Process Engineering (ASPEN) model and 
the Integrated Biofuels and Energy Production (IBEP) model developed by the 
Renewable Energy Institute International (REII) and Supplier CA. 
 
The thermochemical pyrolysis/steam reforming systems typically produce syngas 
with energy content in the range of 350-500 Btu/ft3 at a thermal energy conversion 
efficiency of 73±3%.  This system has the highest energy efficiency of any system 
and the highest syngas energy content of any thermochemical biomass conversion 
system that has been developed for biomass inputs of less than 1,000 tons/day. 
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4.3.3. Environmental Assessment (E3) 

Since the pyrolysis/steam reforming system is a closed system, there are no air 
emissions from that thermochemical process.  The only emissions are from the 
natural gas or syngas heaters (unit process #7).  It is expected that the syngas will 
produce lower levels of emissions than natural gas when used as a fuel for the 
production of electricity. 
 

4.4. Alcohol Synthesis from Syngas Using Catalysts 

Methanol, ethanol and other alcohols may be synthesized from syngas using various 
catalyst formulations.  The direct synthesis of methanol is an established commercial 
technology, and the catalysts for this process can be purchased from many suppliers.  
However, suitable catalysts for the production of ethanol from syngas are not yet been 
validated under commercial production conditions.  As described earlier, these catalysts 
are quite sensitive to contaminants in the syngas. 
 

4.5. Alcohol Synthesis from Syngas Using Biological Processes 

Gaddy et al. have developed a process in which syngas was bubbled into an aqueous 
solution containing nutrients and the bacterium Clostridium ljungdahlii.  They reported 
that this bacterium was capable of producing ethanol and acetate from the CO and/or 
H2 and CO2 in the syngas in 2 minutes are less.  It was found that under optimal growth 
conditions, the microorganisms produced acetate in preference to ethanol.  Conversely, 
under non-growth conditions, ethanol was favored.  This group formed a company, 
Bioengineering Resources (BRI) to further develop and commercialize this technology 
(Appendix 11.5).  BRI reports a yield of 70-85 gallons of ethanol per dry ton of 
carbohydrates.   
 
We carried out a scientific assessment of this proposed technology and our conclusions 
are as follows: 
 

1. The carbon containing constituents of the syngas (CO and CH4) have limited 
solubility in the aqueous media and therefore any biological conversion of these 
components will be rate limited by their equilibrium diffusion kinetics from the 
gas-phase to the liquid phase.  Bio-kinetic, mass-transfer modeling of these 
gases through the bacteria cell wall indicates that any metabolism processes will 
be very slow.  Therefore, if any metabolism of the CO and CH4 by the Clostridium 
bacteria to bioethanol does occur, it would be expected to be much slower than 
the 36-48 hours that it takes for the conversion of sugar to ethanol using 
conventional fermentation processes. 

2. A carbon balance analysis of the data presented in the patent by Gaddy et al. 
indicates the ethanol formed may be solely derived from the nutrients added to 
aqueous media in the fermenter.  

3. No scientific experiments have been carried out to prove that the conversion of 
carbon containing compounds in the syngas components (CO, CO2 or CH4) are 
actually converted to ethanol in the aqueous media.  This possible conversion 
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can be quantified with isotope dilution techniques using 13CO, 13CO2 and 2H2, or 
carbon-14 tracer studies. 

 
In conclusion, we recommend that the above scientific validation studies be carried out 
before a demonstration scale system is designed and built. 
 

4.6. Alcohol Purification 

The resulting raw alcohol produced via catalytic synthesis requires purification to meet 
market standards for alcohol products.  Both methanol and ethanol have quality 
standards for fuel grade and chemical grade products.  Raw methanol can contain 
water, higher alcohols, hydrocarbons and other byproducts.  Raw mixed alcohols 
contain a mixture of multiple linear alcohols and water (and possibly other trace 
products).  In order to separate these constituents into fuel grade components, a 
combination of absorption and multi-step distillation can be used.  The technology to 
purify alcohols is technically feasibly with various components that have been employed 
by methanol and ethanol production facilities around the world. 
 
It has been proposed that alcohol mixtures be accepted as fuel additives without further 
purification, but there are currently no accepted standards for these mixtures.  Italy 
successfully used a mixed alcohol product (MAS-Metanolo piu Alcoli Superiori) in 
gasoline during the 1980’s produced by the Snamprogetti plant (Spath and Daton, 
2003).  Ultimately, this type of approach would save some of the cost of purification 
steps and alcohol synthesis plants, but would require acceptance by vehicle 
manufacturers and air quality regulatory agencies. 
 

4.7. Heat and Power Production 

Clean synthesis gas can be used directly for heat and power production in a boiler, 
turbine, or engine, or recycled to supply heat to the syngas generator.  In addition, 
purge gas from the catalytic synthesis process can be used for energy or heat 
production in the system.  An advantage of the thermochemical approach to production 
of alcohols is the ease with which any excess gas produced can be used for other 
energy applications. 
 
The gas cleanup requirements for heat and power production equipment are usually 
less stringent than with catalytic synthesis.  The level of gas cleanup required is 
generally in the following order: boilers << reciprocating engines << turbines.  Tars and 
particulates are a concern for all systems because of the potential for fouling and 
clogging as shown in Table 13 (Williams, 2005; Hasler and Nussbaumer, 1999). 
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Table 13 – Syngas Quality Requirements for Engines 

 

Component Concentration Reciprocating Gas Turbine 

PM mg/Nm3 <50 <30 
Tars mg/Nm3 <100 - 

Alkali metals mg/Nm3 - < 0.24 
 
Other contaminants like sulfur compounds can impact the performance and maintenance 
of these systems and associated emission controls.  Generally, if the gas has been 
cleaned sufficiently for synthesis, it should be able to operate without problems in these 
other energy production systems. 
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5. OVERVIEW OF BIOCHEMICAL CONVERSION TECHNOLOGIES FOR BIOALCOHOL 
FUEL PRODUCTION FROM RENEWABLE BIOMASS 

The efficiency of biochemical conversion processes is highly dependent upon the chemical 
composition and physical structure of the biomass feedstock.  Biomass is typically 
comprised of: 
 

� Lignin – a complex polymer that is resistant to microbial attack 

� Hemicellulose – a sugar polymer that is easy to hydrolyze 

� Cellulose – a sugar polymer that is fairly resistant to chemical/microbial attack 

� Starch – a sugar polymer that is readily degraded by chemical or microbial attack 

� Inorganics – primarily comprised of oxides and salts of Na, K, Fe and Si 

 

5.1. General Process Overview 

Figure 15 illustrates the major systems used for the biochemical production of fuels from 
cellulosic biomass.  These processes include: 
 

� Feedstock Pretreatment (acid or steam explosion) 

� Separation (lignin and celluloses from sugars) 

� Cellulose hydrolysis (production of sugars using acids or enzymes) 

� Separation (lignin and other unreacted solids from sugars 

� Separation (sugars from acids or enzymes) 

� Fermentation (ethanol production from sugars) and neutralization (acid 
hydrolysis) 

� Alcohol purification (distillation and drying) 

 
The key to effective processes for the biochemical conversion of biomass to ethanol is 
dependent upon: 
 

� Type of feedstock 

� Type of pretreatment 

� Types of separation processes 

� Simultaneous fermentation and saccharification (SSF) vs. sequential processes 

� Continuous vs. batch processes 
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Figure 15 – System Components for the Production of Ethanol from Biomass  
using Biochemical (Biorefinery) Conversion Processes 
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5.1.1. Feedstock pretreatment (acid or steam explosion) 

There are a number of possible pre-treatment processes that can be applied to 
cellulosic biomass (such as rice straw) to prepare the fiber for enzymatic 
saccharification prior to fermentation and ethanol recovery: 
 

� Mechanical (grinding, milling, shearing, extruding) 

� Acid treatment (dilute or concentrated H2SO4) 

� Alkali treatment (sodium hydroxide, ammonia, alkaline peroxide)  

� Auto-hydrolysis (steam pressure, steam explosion, liquid hot water)  

 
Acid Pre-Treatment – The acid hydrolysis of cellulose for the production of ethanol 
was first incorporated in a commercial plant in South Carolina in 1910.  The ethanol 
yield was approximately 20 gallons/ton (Fieser and Fieser, 1950).  Since that time 
the acid hydrolysis process has been greatly improved.  This methodology has been 
used for over a decade by Blue-Fire (previously Arkenol) and several other 
companies (Schuetzle, July, 2007).  
 
Steam Explosion – This process uses high pressure steam (typically 200-450 psig) 
for 1-10 minutes to break down biomass fibers.  The resulting product is then 
explosively discharged at atmospheric pressure to another vessel.  Although this 
process is nearly 75 years old, it has had a number of limitations until recently.   A 
relatively new development involves a continuous steam explosion process that 
supports a higher processing temperature and reduces the residence time.  This 
process greatly reduces the need for chemicals (e.g., acids) typically associated with 
this process. 
 

5.1.2. Separation (lignin and celluloses from sugars) 

Different types of filtering media have been used to separate lignin and cellulose 
from the free sugars.  The free sugars are added to the fermentation tank. 
 

5.1.3. Cellulose hydrolysis (production of sugars using acids or enzymes) 

Cellulose must first be converted to sugars by acid hydrolysis or enzymatic 
hydrolysis before these sugars can be converted to ethanol by fermentation 
processes. 
 
Acid Hydrolysis – Two common methods for converting cellulose to sugar are 
dilute acid hydrolysis and concentrated acid hydrolysis, both of which use sulfuric 
acid.  Dilute acid hydrolysis occurs in two stages to take advantage of the 
differences between hemi-cellulose and cellulose.  The first stage is performed at 
low temperature to maximize the yield from the hemi-cellulose, and the second, 
higher temperature stage is optimized for hydrolysis of the cellulose portion of the 
feedstock. Concentrated acid hydrolysis uses a dilute acid pretreatment to separate 
the hemi-cellulose and cellulose. The biomass is then dried before the addition of 
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the concentrated sulfuric acid.  Water is added to dilute the acid and then heated to 
release the sugars, producing a gel that can be separated from residual solids.  
 
Both the dilute and concentrated acid processes have several drawbacks.  Dilute 
acid hydrolysis of cellulose tends to yield a large amount of by-products. 
Concentrated acid hydrolysis forms fewer byproducts, but for economic reasons the 
acid must be recycled.  The separation and recovery of the sulfuric acid adds more 
complexity to the process.  In addition, sulfuric acid is highly corrosive and difficult to 
handle. The concentrated and dilute sulfuric acid processes are performed at high 
temperatures (100 and 220oC) which can degrade the sugars, reducing the carbon 
source and ultimately lowering the ethanol yield.  Thus, the concentrated acid 
process has a lower potential for cost reductions from process improvements. The 
National Renewable Energy Laboratory (NREL) estimates that the cumulative 
impact of improvements in acid recovery and sugar yield for the concentrated acid 
process could provide savings of 14 cents per gallon, whereas process 
improvements for the dilute acid technology could save around 19 cents per gallon.  
 
A more recent approach uses countercurrent hydrolysis. Countercurrent hydrolysis 
is a two stage process.  In the first stage, cellulose feedstock is introduced to a 
horizontal co-current reactor with a conveyor.  Steam is added to raise the 
temperature to 180oC (no acid is added at this point).  After a residence time of 
about 8 minutes, during which some 60 percent of the hemi-cellulose is hydrolyzed, 
the feed exits the reactor.  It then enters the second stage through a vertical reactor 
operated at 225oC. Very dilute sulfuric acid is added to the feed at this stage, where 
virtually all of the remaining hemi-cellulose and, depending on the residence time, 
anywhere from 60 percent to all of the cellulose is hydrolyzed.  The countercurrent 
hydrolysis process offers more potential for cost reductions than the dilute sulfuric 
acid process.  NREL estimates this process may allow an increase in glucose yields 
to 84 percent, an increase in fermentation temperature to 55oC, and an increase in 
fermentation yield of ethanol to 95 percent, with potential cumulative production cost 
savings of about 33 cents per gallon.  
 
Enzyme Hydrolysis – The enzyme cellulase, simply replaces the sulfuric acid in the 
hydrolysis step. Cellulase enzymes must then either be grown or purchased from 
commercial enzyme companies for cellulose hydrolysis.  Cellulase enzymes are 
used to break the chains of the remaining sugars (cellulose) to release glucose. 
The cellulase enzyme can be used at lower temperatures, 30 to 50oC, which 
reduces the degradation of the sugars.  In addition, process improvements now 
allow simultaneous saccharification and fermentation (SSF).  In the SSF process, 
cellulase and fermenting yeast are combined, so that as sugars are produced, the 
fermentative organisms convert them to ethanol in the same step. In the long term, 
enzyme technology is expected to have the biggest payoff.  NREL estimates that 
future cost reductions could be four times greater for the enzyme process than for 
the concentrated acid process and three times greater than for the dilute acid 
process.  Achieving such cost reductions would require substantial reductions in the 
current cost of producing cellulase enzymes and increased yield in the conversion of 
non glucose sugars to ethanol.  
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Novozymes is applying its expertise in the conversion of corn stover and other 
biomass feedstocks in broader industrial applications beyond fuel ethanol—possibly 
even the use of corn stover as an alternative feedstock for products currently derived 
from petrochemicals.  Genencor and Iogen are also developing enzyme systems for 
the production of cellulosic ethanol. 
 

5.1.4. Fermentation (ethanol production from sugars) 

Ethanol is produced from the fermentation of the five major free sugars by enzymes 
produced from specific varieties of yeast.  These sugars are the five-carbon xylose 
and arabinose and the six-carbon glucose, galactose, and mannose.  M. McCoy, 
“Biomass Ethanol Inches Forward,” Chemical and Engineering News (December 7, 
1998). Traditional fermentation processes rely on yeasts that convert six-carbon 
sugars to ethanol.  However, other enzymes need to be added to convert the five-
carbon sugars to ethanol. 
 
It is estimated that as much as 40% of the sugars contained in typical forms of 
cellulosic biomass are of a type that normal yeast won’t metabolize. Therefore, the 
process starts out at a 40% efficiency disadvantage to corn ethanol, which produces 
sugars that are 100% convertible with normal yeast. 
 
Once the hydrolysis of the cellulose is achieved, the resulting sugars must be 
fermented to produce ethanol. In addition to glucose, hydrolysis produces other six-
carbon sugars from cellulose and five-carbon sugars from hemi-cellulose that are 
not readily fermented to ethanol by naturally occurring organisms. They can be 
converted to ethanol by genetically engineered yeasts that are currently available, 
but the ethanol yields are not sufficient to make the process economically attractive. 
It also remains to be seen whether the yeasts can be made hardy enough for 
production of ethanol on a commercial scale.  
 
The resultant sugars are combined with the sugars from the first step and 
neutralized.  The sugars are fermented then purified to produce alcohol.  A 
byproduct of the neutralization is gypsum. 
 

5.2. Integrated Bio-Refinery 

The large biochemical conversion plants can become viable when significant quantities 
(>2,000 tons/day) of biomass are available at feedstock costs below $35/DT.  An ideal 
application is to co-locate these plants with large, traditional corn-to-ethanol production 
plants.  The thermochemical based plants can also be integrated with these biochemical 
plants to supply electricity, heat (steam), cooling and the production of additional 
ethanol from waste materials (Category XI technologies).  These integrated approaches 
are expected to increase plant energy efficiency, reduce emissions and increase 
economic benefits. 
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6. ASSESSMENT OF THERMOCHEMICAL PYROLYSIS/STEAM REFORMING 
PROCESSES FOR THE PRODUCTION OF CLEAN SYNGAS FROM BIOMASS 

This chapter summarizes results and conclusions from approximately four years of 
research and development studies carried out to assess and validate the potential 
capabilities of thermochemical pyrolysis/steam reforming processes (see Table 1, 
Category I Technology) for the production of clean syngas from biomass.  These R&D 
studies have included laboratory, pilot and modeling studies.  The assessment of catalysts 
and associated unit processes for the conversion of clean syngas to bioalcohols and 
energy is described in Chapter 7. 
 
During 2004-2007, experimental data was collected from two different 5-10 ton/day pilot 
systems to assess the capabilities of the pyrolysis/steam reforming conversion process.  
Detailed results from those studies are provided in this report.  It was found that the 
pyrolysis/steam reforming process converts renewable biomass (e.g., wood, rice harvest 
waste) and fossil (e.g., coal) biomass to syngas with an average net conversion efficiency 
of 75 + 3%.  In addition, it was found that more than 99.5% of the volatile and elemental 
carbon in the biomass was converted to syngas. 
 
The composition and energy content of the syngas is primarily dependent upon the 
operating conditions (temperature, residence time) and the ratio of water to carbon 
containing compounds in the steam reforming process.  Thermochemical models are 
presented to help explain the experimental results.  The energy content of the syngas was 
found to vary from 350-475 Btu/SCF.  This syngas can be used to effectively produce 
electricity using currently available, high-energy efficiency, reciprocating engine/generators. 
 
Two pilot systems were used for these R&D studies.  These systems will be referred to as 
Pilot Systems A and B.  Figure 16 illustrates the generic unit process for these pilot 
systems. 
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Figure 16 – Unit Processes for Pilot Systems A and B 
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6.1. Pilot System A 

 
Pilot system A was designed to convert 5-10 tons/day of feedstock to syngas.  The 
syngas was collected and used for testing the efficiency and selectivity of a modified 
Dow-type catalyst.  

 

6.1.1. Feedstock Preparation and Introduction 

Finely ground feedstock (<3/16”) is flushed with steam to remove air, fed through an 
air-tight interlock and injected into the pyrolysis chamber.  The feedstock is 
transported through the pyrolysis chamber using superheated steam. 
 

6.1.2. Feedstock Pyrolysis 

The pyrolysis chamber was kept isothermal at 800°F.  Under these conditions, the 
feedstock was flash pyrolyzed within 2-3 seconds, the time of which was dependent 
upon the steam flow velocity through the pyrolysis chamber/steam reformer.   
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Laboratory thermogravimetric analysis was carried out on dry pine wood to 
determine the maximum temperatures required for complete generation of the 
volatile organics.  It was found that the temperature required (Tmax) for the complete 
pyrolysis was 690 oF. Therefore, the temperature (800°F) of the pyrolysis chamber 
was sufficient to ensure complete volatilization.  The thermogravimetric analysis 
showed that 84.5% of the carbon was emitted as volatiles (volatile carbon) and 15.0 
wgt% as fixed (elemental carbon).  An additional 0.3 wgt% of volatile organics were 
generated at 690 -1740 oF.   Therefore, these organics will be released during the 
steam reforming process (1,700-1800 °F). 
 
It is recommended that laboratory thermogravimetric analysis be carried out all 
candidate feedstocks to insure that the temperature of the pyrolysis chamber is high 
enough for complete production of the volatile organics. 
 

6.1.3. Steam Reforming 

The steam reforming coils are designed so that the residence time of the gas stream 
could be varied from 0.2-2.5 seconds.  The gas-phase pyrolysis products and non-
volatile particulate matter is injected into the steam reforming coils.  Syngas is 
generated as a result of many different reactions as described in Section 6.6. 
 

6.1.4. Syngas Purification 

The raw syngas then passes through a series of gas clean-up steps to remove any 
ash or tars.  Cyclones (unit process #6) are used to remove particles that are larger 
than 1-3 um in diameter.   These particles (ash) are collected and stored for future 
disposal or for use as commercial products. 
 
The hot, raw syngas is cooled in the steam production/heat recovery system and the 
recovered heat is used to produce super heated steam and lower grade heat for 
feedstock drying.   
 

6.2. Pilot System B 

 
Figure 16 illustrates the generic unit processes for pilot system B.  This pilot system was 
also designed to convert 5-10 tons/day of feedstock to syngas.  However, a number of 
improvements were made over that of that of pilot system B.  These improvements are 
described in sections 6.2.1-6.2.5. 
 

6.2.1. Feedstock Preparation and Introduction 

Pilot system B utilized a screw auger to introduce ground feedstock into the 
pyrolysis/steam reforming system.  As a result, this introduction system accepted 
feedstock with an average diameter of 0.5-1.0”.   This introduction system worked 
well for most feedstocks.   However, rice straw and other straw-like materials, sugar-
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cane bagasse, and other very fibrous feedstocks often clogged and jammed the 
screw drive. 

6.2.2. Feedstock Pyrolysis 

The screw drive was enclosed in an insulated chamber that was held at 
approximately 800°F.  Therefore pyrolysis occurred as the feedstock was being 
transported to the steam reforming coils. 

6.2.3. Steam Reforming 

The gas-phase pyrolysis products are injected into the steam reforming coils and 
converted into syngas.  The steam reforming coils are designed so that the 
residence time of the gas stream could be varied from 0.2-2.5 seconds.  The gas-
phase pyrolysis products and non-volatile particulate matter is injected into the 
steam reforming coils.  Syngas is generated as a result of many different chemical 
reactions as described in Section 6.6. 

6.2.4. Syngas Purification 

Cyclones (unit process #6) are used to remove particles that are larger than 1-3 um 
in diameter.   These particles (ash) are collected and stored for future disposal or for 
use as commercial products. 
 
The raw syngas is then cooled quickly to form water droplets which are coalesced 
and collected.  It was found that the condensation process is efficient in removing 
most of the particles mass that was less than 1-2 um as well as acid gases (e.g. 
NOx and SOx) and some organic gases.  
 
The hot, raw syngas is cooled in the steam production/heat recovery system and the 
recovered heat is used to produce super heated steam and lower grade heat for 
feedstock drying.   

6.2.5. Alcohol Production 

The fuel production system (FPS) was directly interfaced with the thermochemical 
conversion system (TCC), thus eliminating the possibility of chemical modification of 
the syngas during storage.   A modified Dow-type catalyst was used for the 
conversion of syngas to bioalcohols.  
 

6.3. Syngas Analysis 

This section describes results from the characterization of syngas produced from the 
pilot systems A and B.  As expected, the major components consist of H2, CO, CH4 and 
CO2 under all operating conditions and feedstock types.   
 
Table 14 compares results from the thermochemical conversion of juniper wood in 
System B and pine wood in Systems A and B to syngas.   The H2/CO ratios for all of 
these runs were similar (2.00-2.44).  This is not surprising since the two pilot systems 
have very similar designs.  The concentrations of ethane were very low (0.00-0.02 
mole %).  The presence of nitrogen is a direct indicator of the amount of air that was 
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entrained in the introduction system.  It was found that the ratios of C6+/N2 were 
relatively constant (0.96-1.19) for these three wood samples.  This data suggests that 
the presence of air (oxygen) during the pyrolysis/steam reforming process causes the 
formation of higher molecular weight hydrocarbons and oxygenated hydrocarbons.  The 
C6+/N2 data for the coal biomass feedstock (0.88) help support this theory.  The likely 
chemical mechanisms for this observation are described in Chapter 6.6. 
 

Table 14 – The Composition of Syngas Produced from Different Biomass Feedstocks 
using Thermochemical (Pyrolysis/Steam Reforming) in Pilot Systems A and B 

 
Pilot System  
(Run #) 

System B 
(B4-12) 

System A 
(A4-12) 

System A 
(A4-9) 

System B 
(B4-7) 

System A 
(A4-5) 

Biomass 
Feedstock 

Juniper 
Wood 

Pine 
Wood 

Pine 
Wood 

Coal Coal 

Syngas 
Components & 
Composition 

Mole% Mole% Mole% Mole% Mole% 

Hydrogen 46.2 46.9 52.0 52.4 47.7 
Carbon Monoxide 23.1 19.2 26.0 16.0 18.5 
Methane 11.0 12.0 5.5 19.0 18.0 
Carbon Dioxide 18.8 20.9 17.0 11.3 14.2 
      
Nitrogen 0.36 0.47 0.55 0.09 0.26 
Oxygen 0.06 0.05 0.07 0.00 0.05 
      
Ethane 0.00 0.02 0.01 1.31 1.08 
Propane 0.00 0.00 0.00 0.00 0.00 
Butane 0.00 0.00 0.00 0.00 0.00 
Pentane 0.00 0.00 0.00 0.00 0.00 
C6+ 0.43 0.49 0.57 0.00 0.23 
      
Total 100.0 100.0 100.7 100.1 100.0 
      
Energy Content 
(Btu/ft3) 

     

      

C6+ / Nitrogen 1.19 1.04 0.96 - 0.88 

Hydrogen / CO 2.00 2.44 2.00 3.28 2.58 

 
The results for coal in Systems A and B produced similar H2/CO ratios (2.58 and 3.28).  
The chemical mechanisms for these higher H2/CO ratios have not been determined.  It 
is also interesting that the coal samples produced significantly higher ethane levels 
(1.08 and 1.31) than the wood samples (0.00-0.02 mole %). 
 
Table 15 compares results from the thermochemical conversion of rice straw in 
Systems A and B.  A large variation in the H2/CO was observed for these runs.  The 
reasons for these differences have not been determined. 
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The high concentration of nitrogen in one of the rice straw runs (Run 4-6-1) 
demonstrates that air was entrained in the system.  No carbon monoxide was detected 
in the syngas generated from this run.  The reason for the loss of CO has not been 
determined.   The air leak was repaired and the rice straw sample re-run (Run 4-6-2).    
 

 
Table 15 – The Composition of Syngas produced from Rice Straw using 

Thermochemical (Pyrolysis/Steam Reforming) Pilot Systems A and B 
 

Pilot System 
(Run #) 

System B 
(B6-9) 

System B 
(B4-8) 

System B 
(B4-6-2) 

System B 
(B4-6-1) 

System A 
(A5-7) 

Biomass 
Feedstock 

Rice Straw Rice Straw Rice Straw Rice Straw 
(with air 

leak) 

Rice Straw 

Syngas 
Components & 
Composition Mole% Mole% Mole% Mole% Mole% 
Hydrogen 57.7 38.2 45.4 48.6 61.0 
Carbon Monoxide 13.2 21.6 31.2 0.00 14.7 
Methane 5.8 14.5 7.9 14.8 7.2 
Carbon Dioxide 20.8 23.3 13.1 23.4 16.0 
      
Nitrogen 1.6 0.52 2.4 12.2 0.90 
Oxygen 0.48 0.08 0.05 0.21 0.00 
      
Ethane 0.27 0.79 0.03 0.51 0.16 
Propane 0.00 0.50 0.00 0.00 0.00 
Butane 0.00 0.09 0.00 0.00 0.00 
Pentane 0.00 0.00 0.00 0.00 0.00 
C6+ 0.00 0.40 0.04 0.28 0.12 
      
Total 99.9 100.0 100.1 100.0 100.1 
      
Energy (Btu/ft3)   331   
      
H2/CO ratio 4.37 1.77 1.46 - 4.15 

 
 
The energy content of the syngas is calculated by multiplying the mole% of each 
constituent in the syngas by its energy content.  Equation E1 is for Run B4-6-2 (Table 
15): 
 

CH4 + H2 + CO + (>C1) HC’s = 331 Btu/ft3 (E1) 
(0.079)(1000) (0.45)(301) (0.31)(353) (0.007)(1000)   
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Where the energy content of the major syngas constituents are: 
 

Methane: 1000 Btu/ft3 @STP 
Hydrogen: 301 Btu/ft3 @STP 
Carbon Monoxide: 353 Btu/ft3 @STP 

 

6.4. Energy Efficiency Analysis 

Detailed energy efficiency analysis for the Integrated Biofuels and Electricity Production 
(IBEP) system will be presented in Chapter 8.2. 
 

6.5. Syngas Carbon Balance Analysis 

A test was run on Pilot System A (Run A4-10) using a rice straw feedstock to determine 
if all of the carbon could be accounted for from the process of feedstock introduction to 
the production of syngas.  This rice straw sample contained 11% water, 17% inorganics 
and 72% organics.  This Pilot System was operated at 9,600 lbs/day.  Table 16 
summarizes the pounds mass input/day for each of the major components in the rice 
straw.   
 

Table 16 – Composition and Mass of Major Components in the  
Rice Straw Run in System A (Run A4-10) 

Component Weight (%) Mass Input (lb/day) 

Water 11 1,056 
Inorganics 17 1,632 
Organics 72 6,912 

Total 100 9,600 
 
 
Table 17 summarizes the mass inputs of carbon (3,524 lbs), hydrogen (346 lbs) and 
oxygen (3,040 lbs) for Run A4-10.  This data does not include the hydrogen and oxygen 
from the entrained water. 
 

Table 17 – Composition and Mass of Organics (Carbon, Hydrogen and Oxygen) 
in the Rice Straw Run in System A (Run A4-10) 

Component Weight (%) Mass Input (lb/day) 
Carbon 51 3,524 

Hydrogen 5 346 
Oxygen 44 3,040 

Total 100 6,910 
 
 
Table 18 summarizes the composition of the syngas generated from the 
thermochemical conversion of the rice straw.  The total mass of carbon produced as 
syngas components was 3,560 lb/day compared to an input of 3,524 lb/day.  In 
conclusion, all of the carbon input into the system as rice straw was converted to carbon 
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containing compounds in the syngas.  This data confirms the observation that only 
traces of carbon were found in the ash. 
 
The total mass of syngas components was 9,889 lb/day compared to an input of 8,544 
lb/day of dry rice straw.  Therefore, 1,345 lbs of H2 and O2 in the syngas were derived 
from the water during the steam reforming process.  Since the amount of H2 in the 
syngas is 1,232 lbs/day (Table 18) and the amount of H2 input from the rice straw is 346 
lb/day, then 886 lbs/day of H2 was derived from the water during the steam reforming 
process.  It is not possible to carry out a similar calculation for the oxygen since the 
trace elements (Si, Fe, Mg, Ca, etc.) react with the extra oxygen radicals and ions to 
form metal oxides, which make up the ash. 
 
The amount of water required to produce 886 lbs/day of hydrogen is 7,974 lbs/day.  
This is 6,918 lbs/day more water than was input with the rice straw (11 wgt%).  Since 
the total input of the dry, ash-free rice straw is 6,912 lbs/day, then it can be concluded 
that at least 1.15 times more water than dry, ash-free biomass will be required to ensure 
that the steam reforming process is efficient.  We recommend that 1.30 times more 
water be present than the dry, ash-free biomass to ensure that the steam reforming 
process operates efficiently. 
 
Table 18 – Composition and Mass of Syngas Components and Carbon Mass  
in the Syngas Generated from the Rice Straw Run in System A (Run A4-10) 

 

Component Mole% Mass 
(lb/day) Wt% 

Carbon 
Mass  

(lb/day) 

Carbon 
Mass  
(%) 

Hydrogen 
Mass 

(lb/day) 
       
Methane 7 811 8.2 608 13.5 203 
Hydrogen 63 913 9.2 0.0 0.0 913 
Carbon 
Monoxide 

12 2,432 24.6 1,042 23.1 0.0 

C2–C4 HC’s  
(av. MW = 44) 

2 637 6.4 521 11.6 116 

Carbon Dioxide 16 5,096 51.5 1,389 30.8 0.0 
Nitrogen 0.0 0.0 0.0 0.0 0.0 0.0 
Oxygen 0.0 0.0 0.0 0.0 0.0 0.0 
Sulfur Oxides 0.0 0.0 0.0 0.0 0.0 0.0 
       
Total 100.0 9,889 100.0 3,560 100.0 1,232 

 

6.6. Chemical and Physical Processes during Thermochemical Conversion 

The recommended thermochemical processes consist of pyrolysis and steam reforming 
steps.  The primary chemical reactions that occur in each of these steps are 
summarized below. 
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Pyrolysis (300-850°F) 
 
Pyrolysis reduces large biomass molecules (e.g., lignin, cellulose, etc) to smaller 
molecules in the absence of oxygen where x = average carbon ratio for the 
products/reactants. 
 
 Cm-Hn � Cx-Hy  (endothermic)       (E2) 
 
Where: 
 
 m   = Average carbon length for the reactants 
 n/m = Average hydrogen/carbon ratio for the reactants 
 x   = Average carbon length for the products 
 y/x  = Average hydrogen/carbon ratio for the products 
 
If oxygen is present, oxygenated hydrocarbons will be formed as follows: 
 
 Cm-Hn + O2 � Cx-Hy-Oz  (exothermic)      (E3) 
 
Where: 
 
 z/x  = Average oxygen/carbon ratio for the products. 
 
Some of these oxygenated hydrocarbons will be more difficult to convert to syngas in 
the steam reforming process. 
 
Steam Reforming (1,500-1,900°F) 
 
Steam reforming (in the absence of oxygen) converts the Cx-Hy species to CO, H2, CO2 
and CH4 with minor amounts of ethane and propane through the following chemical 
processes.   
 
 Cx-Hy + H2O  � CO + H2  (endothermic)    (E4) 
 Cx-Hy + H2O  � C2H6 + C3H8       (E5) 
 CH4 + H2O  � 3H2 + CO �H = +49.3 kcal/mole or +206 MJ/kmole (E6) 
 CO + H2O  � H2 + CO2 �H = -9.8 kcal/mole    (E7) 
 
 Reverse Water Gas Shift Reaction 
 
 CO2 + H2  � CO + H2O �H: +9 kcal/mole     (E8) 
       Kp = 0.1 (400°C), = 1.0 (>1000°C) 
 
 Sabatier Reaction 
 
 3CO2 + 6 H2  � CH4 + 4H2O + 2CO   �H= -22 kcal/mole   (E9) 
 
 
An experiment was carried out using Pilot System A to determine the effect of syngas 
composition on the residence time of pyrolysis chamber reactants in the steam 
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reforming coils.  The residence time was varied by changing the flow of gases through 
the coils and recycling the gases through the coil up to several times. 
 
The data obtained from that test is illustrated in Figure 17.  As shown previously, the 
optimum H2/CO ratio for the production of ethanol is 2/1.  A gas residence time of 2.0 
seconds provided this ratio.  Syngas composition data for this run is summarized in 
Table 14, System A (Run A4-9) for a 2.0 second residence time. 
 

Figure 17 – The Relationship between Syngas Composition (Mole %)  
and Residence time (Seconds) of the Pyrolysis Chamber Reactants  

in the Steam Reforming Coils (Runs A4-9-1 to A4-9-10) 

 
 
Therefore, it is concluded that the molar ratios of the syngas components can be easily 
changed by modifying the residence time of the gases in the steam reforming coils. 
 

6.7. Conclusions  

Table 19 compares the composition of syngas produced from the Category I technology 
(thermochemical conversion using pyrolysis/steam reforming) and Category II 
technology (thermochemical conversion using oxygen and air).   
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Table 19 – A Comparison of Syngas Composition (Molar %) obtained from  

Category I and Category II Thermochemical Conversion Technologies 
System Type H2/CO H2 

(%) 
CO 
(%) 

CH4 
(%) 

CO2 
(%) 

N2 
(%) 

A) Category I (no air) 
 

1.00 30 30 17 20 <1 

B) Category I (no air) 

 

1.95 43 22 12 21 <1 

C) Category II (with air) 
 

0.57 13 23 3 11 50 

D) Category II (with 
oxygen) 

0.63 25 40 5 25 5 

 
As discussed previously, the ratio of H2, CO, CH4 and CO2 can be varied in the 
pyrolysis/steam reforming system by changing the residence time of the gases in the 
steam reforming coils.  In this manner, samples A and B were generated from pilot 
system A using a residence time of 1.0 and 2.0 seconds, respectively.   As a result, the 
ratio of H2/CO was increased from 1.00 to 1.95.  The nitrogen concentrations for these 
two samples were below 1 mole%, which shows that air was not entrained in the system.   
 
In comparison, the syngas sample generated from the thermochemical conversion 
system C (with air) consisted of nearly 50 mole% nitrogen.  This nitrogen was derived 
from the air used for the partial oxidation in the thermochemical process.  The injection 
of oxygen instead of air reduced the nitrogen to about 5%.  The ratio of H2 to CO (0.57-
0.63) is not acceptable for the production of alcohol fuels.  Since syngas samples C and 
D have low energy content, the efficiency of energy production using reciprocating 
engine/generators or gas turbines will be reduced. 
 
For the Category II systems, some CO could ultimately be converted to H2 via a water 
gas shift reactor.  We have found that the oxygen production system and shift reactors 
needed to make this process viable, require significant additional capital and energy 
expenditures.   
 
In conclusion, thermochemical systems that introduce air or oxygen are much less 
desirable for the production of syngas for fuel and energy production.  Several entities 
have developed thermal pyrolysis/steam reforming systems that can produce a wide 
range of syngas compositions including those most suitable for synthesis.  For example, 
the pyrolysis/steam reforming system is able to achieve a molar H2/CO ratio of 1-2 while 
air and oxygen gasification systems are typically below 1.  The range of syngas 
compositions produced from biomass feedstock in a pyrolysis/steam reforming system 
is illustrated in Figure 18.  These systems allow control of syngas composition (H2 and 
CO) by modulating the gas residence time, steam input and heat input.  Some designs, 
like that developed by Supplier CO (see Chapter 8), achieve lower CO2 and CH4 
concentrations than those shown here, allowing for higher concentrations of H2 and CO 
for ethanol synthesis.  Short term demonstrations have shown that the syngas is 
suitable for alcohol synthesis without further modification, although this requires further 
detailed investigation.  The process and financial models presented in Chapter 8 of this 
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report strongly indicates that clean syngas produced by this technology can be used to 
produce affordable biofuels from biomass.  Because of its relative simplicity, lower 
overall cost, and other clear technical advantages, we have chosen the pyrolysis/steam 
reforming technology for demonstrating the Integrated Biofuels and Energy Production 
(IBEP) system. 
 
 

Figure 18 – The Variation of Syngas Composition for a Pyrolysis/Steam Reforming 
System which Includes the Ranges of H2/CO Most Desirable for the 
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7. ASSESSMENT OF CATALYST AND PROCESS TECHNOLOGIES FOR THE 
PRODUCTION OF BIOALCOHOLS FROM SYNGAS 

The syngas generated from the two pilot systems described in Chapter 6 was converted to 
bioalcohols using catalyst formulations similar to those originally developed by Dow 
Chemical Co. during the mid-1980s.   
 

7.1. Fuel Production System Design 

The green shaded boxes in Figure 19 illustrate the production systems used to 
synthesize alcohols from syngas generated by pilot thermochemical conversion 
systems A and B.   
 

Figure 19 – Pilot Fuel Production Design 
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7.2. Catalyst Formulations 

Most of the recent efforts on the conversion of syngas to ethanol have focused on 
modifications of catalysts originally developed by Dow Chemical Company (U.S. Pat. # 
4,675,344; 4,749,724; 4,752,622; 4,752,623; and 4,762,858).  Dow developed a 
supported catalyst based on molybdenum disulfide (MoS2) to produce mixed alcohols, 
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primarily C1-C4 (methanol—butanol), in a packed column or fluidized bed.  The best per-
pass CO conversion is approximately 20%, with up to 85% selectivity to mixed alcohols.  
The alcohol mix is typically comprised of 40% ethanol, 55% methanol and about 5% C3-
C5 alcohols.  These modified “Dow-type” catalysts were used to convert the syngas 
generated from pilot systems A and B to bioalcohols.   
 

7.3. Chemical and Physical Processes during Catalytic Conversion 

Since the yield of ethanol in the F-T process is dependent upon the ratio of H2 to CO, as 
shown in Equation 11, it is necessary that this 2/1 ratio be optimized. 
 
Methanol Production 
 
 CO + 3 H2 � CH3OH + H2O  (Exothermic)      (E10) 
 
Ethanol Production 
 
 2CO + 4H2 � CH3CH2OH + H2O  (Exothermic)     (E11) 
 
 CH3OH + CO + 2H2 � CH3CH2OH + H2O   (Exothermic)    (E12) 
 

7.4. Alcohol Production  

Since the F-T catalysts are very sensitive to “poisoning” or deactivation and surface 
fouling by sulfur or tars, the syngas mixture was passed through a series of three “guard 
beds” of zinc oxide, activated C and silica gel, to remove traces of catalyst poisons that 
may have escaped the earlier gas cleaning steps (unit process #9). 
 
The syngas generated from pilot systems A and B (see Figure 14) was compressed to 
about 1,200 psi and heated to 400°F before injecting into unit process #11. 
 
The catalytic production of these alcohols is an exothermic process (produces heat).  As 
the temperature of the process increases so do the reaction rate and the subsequent 
formation of additional heat.  Therefore, there is a potential for a “run-away” reactor 
unless the excess heat is extracted as the reactions proceed. 
 

7.5. Alcohol Analysis 

Bioalcohol samples from five different production runs were collected and quantitatively 
analyzed using Nuclear Magnetic Resonance (1H-NMR) and Gas 
Chromatography/Mass Spectrometry (GC/MS).  
 

7.5.1.  1H-NMR Analysis 
1H-NMR was used to distinguish between hydrogen atoms in molecules based on 
their unique magnetic environment.  Raw alcohol samples were first filtered using a 
2 �l (micro-liter) syringe filter and then 0.08 �l of alcohol was mixed with 1.0 ml 
DMSO in an NMR tube.  After collecting a first set of data, several drops of 
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deuterium oxide (D2O) were added to the sample to reduce or eliminate the 
presence of –OH signals (utilized mostly to remove the disturbing influence of water 
in the samples) and then a second set of data were taken. 
 
Figure 20 is a representative NMR plot (from Rice Straw Run B6-10) that clearly 
shows the distinction between the methyl group hydrogen’s (CH3’s) for methanol and 
ethanol.   
 

Figure 20 – 1H-NMR Analysis of an Alcohol Sample (Run B6-10)  
from the Conversion of Rice Straw Using IBEP Pilot System B  

with a Modified Dow Catalyst 
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The integrated area of a peak is proportional to the number of identically resonating 
hydrogen’s.  Therefore, the relative peak areas indicate the molar ratios of 
components.  The area under the methanol CH3 peak is approximately twice as 
large as ethanol’s CH3, indicating a 2:1 ratio of the molecules. 
 

7.5.2.  Gas Chromatography/Mass Spectrometry Analysis 

GC/MS analysis was performed on several of the alcohol samples to determine the 
concentrations of ethanol, methanol, C3+ alcohols and other possible chemical 
constituents.  A DB-5 column with a 5°C/min ramp to 200°C was used for this 
analysis.  GC/MS was useful for identifying minor components which would be 
difficult to detect using NMR.   
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7.5.3. Results of Alcohol Analysis  

Table 20 compares the results of four alcohol samples collected over a 30 month 
period from Pilot System B.  The first sample of rice straw was run on 8/2004.  The 
ratio of hydrogen to carbon monoxide in the syngas generated from Sample B4-8 
was 1.77/1.00, which is close to the ideal ratio of 2.00/1.00.  An average of 53% 
methanol and 47% ethanol was produced from this run.  The GC/MS and NMR 
analysis produced similar results (within experimental error) for this sample.   
 
Switch-grass feedstock was run in system B (Sample B6-4).  An average of 61% 
methanol and 39% ethanol was produced from this run.  Since the ratio of hydrogen 
to carbon monoxide in the syngas was not ideal (1.52/1.00), it is postulated that this 
was the primary reason for the lower conversion efficiency to ethanol. 
 

Table 20 – Composition of the Primary Products from the  
Catalytic Conversion of Syngas to Alcohols 

Pilot System 
(Run #) 

System B 
(B4-8) 

System B 
(B6-4) 

System B 
(B6-9) 

System B 
(B6-7) 

Biomass 
Feedstock 

Rice Straw Switch-grass Rice Straw Pine Wood 

Analytical 
Procedure 

GC/MS NMR GC/MS NMR GC/MS NMR GC/MS NMR 

Alcohol 
Components & 
Composition 
(Wt %) 

        

Methanol 51.47 54.20 55.90 66.40 78.96 91.67 88.97 95.50 

Ethanol 48.53 45.80 44.10 33.60 1.06 1.52 0.83 0.28 

1-Propanol - - - - 0.70 1.08 0.42 0.37 

1-Butanol - - - - 0.27 0.00 0.13 0.00 

Benzene - - - - 13.84 3.06 6.40 3.33 
Cyclohexane - - - - 3.43 1.27 1.48 0.51 

Toluene - - - - - - 0.23 - 

Total 100 100 100 100 98 99 - 100 

EtOH/MeOH 0.94 0.85 0.79 0.51 0.013 0.017 0.009 0.002 

 
 
Samples of rice straw and pine wood were run (Runs B6-7 and B6-9) on Pilot 
System B using the “Dow-type” catalyst with 50-70 hrs of run time.  The ratios of 
H2/CO in the syngas for these two runs were 4.37/1.00 and 3.82/1.00, respectively.  
The amount of ethanol produced was very low, which indicates that the catalyst was 
poisoned from contaminants in the syngas.  It is interesting to note that this poisoned 
catalyst produced significant quantities of benzene. 
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7.6. Alcohol Production Efficiencies and Selectivity’s 

The “Dow-type” catalyst formulations converted an average of 18% of the carbon 
monoxide in the syngas to primarily methanol and ethanol products with traces of 
propanol and butanol.  The degraded catalysts also produced some benzene and 
higher molecular weight hydrocarbons in addition to alcohols.  The ratio of ethanol to 
ethanol varied from 0.70-0.95 for fresh catalysts, but degraded to less than 0.017 for 
catalysts after about 50 hrs of operation.  More robust catalyst and improved syngas 
purification processes will be required to increase catalyst lifetimes to 2,000 hrs or 
longer.  Specifications for syngas purity are provided in this paper (see Table 9) as a 
benchmark to help insure catalyst durability. 
 

7.7. An Evaluation of Possible Commercial-Scale Alcohol Production 
Processes  

The data in Table 20 for Sample B4-8 on Pilot System B is the best alcohol data 
generated to date for a fresh “Dow-type” F-T catalyst – a mixture of 53 wgt% methanol 
and 47 wgt% ethanol.  If this catalyst represents the best available catalytic system for 
the production of ethanol from syngas, then additional unit processes need to be added 
to increase the ethanol output. 
 
Some additional unit processes are illustrated in Figure 20.  The first process is to 
recycle unreacted H2 and CO from the Condenser (#11E) at the compression stage 
(#11C).  Another recommended process is to separate the products (methanol and 
minor co-products) by distillation and re-introduce the methanol with the H2 and CO at 
the compression stage.   
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Figure 20 – Proposed Commercial-Scale System for the Production of  
Bioalcohols from Syngas (from Pilot Systems A & B) 
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The results from recycling methanol from Pilot System A are provided in Table 21.  
Although, the concentration of ethanol is increased with each recycle loop, this process 
is energy intensive and the overall energy of the IBEP system will be significantly 
reduced. 
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Table 21 – Composition of the Primary Products from the Catalytic  
Conversion of Syngas to Alcohols using a Methanol Recycle Step 

 

Component 
Conc. (wt %) 

Initial 
Production 

Conc. (wt %) 
1st Methanol 

Recycle 

Conc. (wt %) 
2nd Methanol 

Recycle 
Methanol 57.0% 38.6% 23.5% 
Ethanol 27.6% 41.8% 54.8% 
Propanol 4.2% 5.1% 5.3% 
Other 0.5% 0.6% 0.6% 
Water 10.7% 14.0% 15.8% 
Total 100.0% 100.0% 100.0% 

 

7.8. Development of Next Generation Catalysts and Unit Processes 

Copper/Zinc based catalysts are typically used for this synthesis and achieve high 
productivity.  The per-pass CO conversion is low (7-20%) because of equilibrium 
limitations and the need to maintain mild conditions to prevent copper sintering, but 
selectivity is high (99.5%).  Because of the low cost ($20-30 /L) and long useful life (3 to 
5 years) of these catalysts, the production of methanol from synthesis gas is a very 
cost-effective process and is the starting point for many other useful chemicals like 
formaldehyde, acetic acid, MTBE, plastic compounds, etc.  Spath and Daton (2003) 
present a thorough overview of methanol catalysts and systems related to methanol 
production. 
 
The methanol catalysts have been used as a starting point for the manufacture of 
ethanol and higher alcohols.  Several processes for higher alcohol synthesis have 
focused on modifying the hydrogenation catalysts to produce larger amounts of higher 
alcohols including ethanol. 
 
A review and assessment of catalyst technologies, developed since the late 1980’s for 
the conversion of syngas to ethanol, was completed.  It was concluded that the catalyst 
technologies developed to date are inefficient and lack selectivity for the conversion of 
syngas to ethanol.   
 
As a result, a research and development effort was initiated in early 2006 and funded by 
the Renewable Energy Institute International (REII), Supplier CA, and other 
collaborators to develop more efficient and selective catalysts.  As a result, a new family 
of catalysts has been developed (patents pending (Dec. 29, 2006)).  Integrated unit 
processes and process control strategies were developed (patents pending (Dec. 29, 
2006)) for these new catalysts to efficiently co-produce bioalcohol (average 80 wgt% 
ethanol, 15-20 wgt% methanol and <2 wgt% C3-C5 alcohol composition) and 
bioelectricity from syngas with an average net energy efficiency of 50%.   
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8. RECOMMENDATIONS FOR DEMONSTRATION OF AN INTEGRATED BIOFUELS AND 
ENERGY PRODUCTION (IBEP) SYSTEM FOR THE CO-PRODUCTION OF 
BIOALCOHOLS, BIOELECTRICITY AND HEAT 

The Phase 1 effort of the DOE Gridley Biofuels Project has identified potentially viable 
technologies for the conversion of rice harvest waste and other agricultural waste to 
bioalcohols and bioenergy.  Furthermore, laboratory, pilot and modeling studies have been 
completed on the three main sub-systems of the integrated biofuels and energy production 
(IBEP) system for the co-production of bioalcohols, electricity and heat as follows:  
 

1. A Thermo-Chemical Conversion (TCC) system that efficiently converts biomass to 
syngas using a pyrolysis and steam reforming technology coupled with an advanced 
scrubbing system for post-gasification clean-up; 

2. A Liquid Fuel Production (LFP) system which (1) catalytically converts the clean 
syngas to bio-alcohol liquid fuels using next generation catalyst formulations, (2) a 
neural-network process control system that optimizes liquid fuel production, (3) 
separation of methane enriched off-gas from the bio-alcohol with a condenser and 
gas/liquid phase separator, and (4) a distillation system to isolate the different bio-
alcohol components from each other and from the co-produced water as may be 
required to meet market demands; and 

3. A Combined Heat and Power (CHP) system to convert the methane enriched off-gas 
into electricity and process heat based on commercially available Internal 
Combustion (IC) engines. 

 
Candidate suppliers have been chosen for each of these three sub-systems for the Phase 
II Demonstration project. 
 
This section summarizes results from the 5E assessment of the proposed Integrated 
Biofuels and Energy Production (IBEP) system.  In addition, the proposed objectives and 
tasks for the Phase II demonstration and validation of the IBEP are presented. 
 

8.1. IBEP System Design (E1) 

Figure 21 illustrates the proposed layout for the commercial Integrated Biofuels and 
Energy Production (IBEP) system.  This system includes several next generation 
innovations for the conversion of syngas to bioalcohols including: 
 

• Advanced catalyst formulations that convert CO and H2 with a single pass 
efficiency of 30-40% to bioalcohols 

• Advanced catalyst formulations that produce bioalcohols with a high selectivity 
for ethanol vs. methanol production (>5/1) with minimal production of propanol, 
butanol and pentanol 

• On-line process control technologies that utilize chemical and physical sensors 
for monitoring process conditions, coupled with real-time neural network process 
optimization 

• An on-line system for monitoring catalyst deterioration (real-time system 
diagnostics (RSD)) 
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• On-line control of the pre-catalyst H2 / CO ratios 
• An on-line system for dynamically changing the relative production of bioalcohols, 

electricity and heat 
 

 
Figure 21 – IBEP Commercial Plant Layout 

         (Plant Footprint: 100 x 200 ft.)          

 

8.1.1.  Syngas Production 

 
Several organizations have developed thermochemical pyrolysis/steam reforming 
processes.   One Supplier (referred to as Supplier CO) was selected for developing 
the syngas production system for the demonstration Integrated Biofuels and Energy 
Production System (see Appendix II).   Supplier CO has completed construction of 
300 dry ton per day (dtpd) system and this system is currently being tested.  
Supplier CO has made a number of significant technical innovations and 
improvements to the state-of-the-art including: 
 

� A modular design that facilitates sectional bolt-flange construction for rapid 
service of components. 

� Parts, components and materials are applied that have undergone long-term 
testing under real-world operating conditions and that are readily available 
from reliable suppliers. 
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� A track-feed biomass introduction system is utilized that has been proven to 
be reliable through many years of use by the coal industry.  

� By recycling reactor furnace combustion flue gas, a biomass introduction 
system is provided that eliminates air from entering the pyrolysis chamber.  
The elimination of air minimizes the oxidation of organic compounds in the 
pyrolysis and steam reforming chambers. 

� A track-feeder unit provides a time and temperature programmed pyrolysis 
system which maximizes the volatilization of organic species and partially 
converts elemental carbon, allowing the handling of most all types of 
feedstock materials. 

� A three-stage “nested” helical reactor coil design is provided that optimizes 
char particulate conversion and steam reforming chemical processes. 

� The injection of ionized water into the helical reactor individual coils enhances 
the generation of syngas and reduces the production of tars and phenols.  An 
ionized water scrubbing system converts the produced syngas into a hi-purity 
gas stream with reduced CO2 content and provides “zero discharge.”  

� Energy efficient production (70-75% efficient) of cleaned syngas with high H2 
and CO and low CO2 concentrations well suited for conversion to liquid fuels 
and chemical feedstocks. 

� As a result, we have concluded that Supplier CO’s system has a high 
potential of economically generating liquid fuels and energy from biomass 
feedstocks when coupled with an appropriate fuel production system such as 
that developed by Supplier CA.  The product syngas will be tested for syngas 
composition and total productivity on the 300 dtpd commercial unit developed 
and constructed by Supplier CO.  Key catalyst contaminants will be quantified 
as well as particulate and tar contaminants.  This will help determine if syngas 
produced by the 300 dtpd CO system will meet the desired specifications 
outlined above for fuel production and if further gas processing will be 
required to meet these requirements. 

 

8.1.2. Alcohol Production 

The pilot LFP systems described in Chapter 7 were based on Dow type catalyst 
formulations that were found to convert an average of 18% of the carbon monoxide in 
the syngas to primarily methanol and ethanol products with traces of propanol and 
butanol.  The ratio of methanol to ethanol varied from 1.0-1.5 for fresh catalysts, but 
degraded to greater than 5.0 for catalysts after more than about 100 hrs of operation.  
The degraded catalysts also produced some benzene and higher molecular weight 
hydrocarbons in addition to alcohols.  As a result of this reduced selectivity to ethanol 
(compared to methanol), it was determined that more robust catalysts and improved 
syngas purification processes will be required to increase catalyst lifetimes sufficient for 
economic viability.  Therefore, specifications for syngas purity were developed as a 
benchmark to help insure catalyst durability. 
 
In addition, a review and assessment of catalyst technologies developed since the late 
1980’s for the conversion of syngas to ethanol was completed.  It was concluded that the 
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catalyst technologies developed to date are inefficient and lack sufficient selectivity for 
the conversion of syngas to ethanol for commercial viability.   

 

As a result of these findings, a supporting research and development effort was 
initiated in early 2006 and separately funded by the Renewable Energy Institute 
International (REII), Supplier CA, and other collaborators to develop more efficient 
and selective catalysts.  As a result, a new family of novel catalysts and integrated 
unit processes and process control strategies were developed by Supplier CA 
(patents pending (Dec. 29, 2006) to efficiently co-produce bioalcohol and renewable 
electricity from syngas with an average net energy conversion efficiency of greater 
than 50%.  Supplier CA has indicated that it expects the co-produced bioalcohol will 
have an average > 80 weight% ethanol selectivity, with 15-20 weight% methanol and 
<2 weight% C3-C5 alcohol composition. 

 
An additional aspect of Supplier CA’s LFP system process design is the addition of 
liquid/gas separation, distillation and adsorption unit operations to produce dry, fuel-
quality ethanol from this mixed bioalcohol product as required by existing bioalcohol 
fuel specifications.  However, these processes add additional capital and O&M costs 
to the LFP system, decreasing energy efficiencies, and potentially increasing air 
emissions and wastewater effluents.  It was further determined that there is already 
a substantial body of experimental and modeling data from the automotive industry, 
engine manufacturers, academic organizations and regulatory agencies regarding 
the use of mixed ethanol and methanol fuels, suggesting that an alternative 
approach is to seek market acceptance for this mixed bioalcohol fuel as a fuel 
oxygenate additive without further need for refining capacity. 
 

8.1.3. Electricity Production 

Reciprocating engines/electrical generators, commonly referred to as Gensets, were 
chosen for the production of electricity from the syngas instead of gas turbines for 
the following reasons: 

 
� The thermal energy efficiency for conversion of syngas to electricity is as high 

as 43%, depending upon the syngas composition.   In comparison, the 
thermal energy efficiency for the conversion of syngas to electricity varies 
from 18-25%, depending upon the syngas composition and inlet pressure. 

Southwest Research Institute carried out a comparison on the effects of 

stoichiometric mixtures of natural gas and synthesis gas on engine performance and 
exhaust emissions using a Caterpillar natural gas reciprocating engine.  It was found 
that the syngas fuel produced 77% lower NOx emissions than that from using 
natural gas fuel (Smith and Barley, 2000). 

8.1.4. Heat Production 

The integration of a Genset with a heat recovery system is referred to as a combined 
heat and power system (CHP).  An efficient heat recovery system can generate as 
much steam energy as electrical energy, resulting in combined thermal energy 
efficiency as high as 86%.  However, the amount of steam energy delivered to a 
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host will be dependent upon the steam transport efficiency and the efficiency of the 
processes (e.g. heating, cooling). 
 

8.2. Energy Efficiency Assessment (E1) 

This section summarizes the results of modeling studies used to determine the energy 
efficiency of the IBEP systems.  Data from the laboratory and pilot studies are used as 
inputs to this model as appropriate. 
 

8.2.1. System Energy Balance 

The thermal efficiency of the Thermochemical Conversion System (TCS) is 
estimated to be 75% based on analysis of Supplier CO’s system design and 
measurements taken with pilot systems such as those described in Chapter 6.  An 
input of 500 ash free, dry tons per day (DTPD) at 8,500 Btu/lb, along with 88 million 
Btu per hour (MMBtu/hour) of reformer fuel (product gas discharged from the liquid 
fuels unit), and about 8 MMBtu/hour (2 MW) of parasitic electricity, the energy 
content of the syngas produced is 358 MMBtu/hour.  Up to 50 MMBtu/hour of heat 
can be made available via a heat exchanger that cools the hot syngas exiting the 
reformer prior to scrubbing. 

 
At the optimum ratio, a typical syngas composition following gas cleanup is 50% H2, 
25% CO, 13% CH4, and 12% CO2.  This represents a syngas energy content of 363 
Btu/SCF.  The total syngas output is estimated at 18,000 standard cubic feet per 
minute (SCFM). 
 
The Liquid Fuel Production (LFP) system converts hydrogen and carbon monoxide 
from the syngas to ethanol product while carbon dioxide and methane pass through.  
In addition, methane enrichment of the product gas occurs during the process.  With 
an input of 18,000 scfm at a 90% recycle rate, the fuel unit uses about 14 
MMBtu/hour (4 MW) of parasitic electricity to compress the gas, producing 1520 
gallons per hour of ethanol (with an energy content of 84,000 Btu/gal) and 7600 
scfm of product gas (with an energy content of 440 Btu/SCF). The equivalent energy 
content of the liquid fuel is 128 MMBtu/hour and 202 MMBtu/hour of product gas.  
An additional 28 MMBtu/hour of useful high pressure steam is released from the 
synthesis reactor by the exothermic reaction that may be used for additional 
generation capacity (to offset the parasitic compression load).   

 
While some of the product gas is recycled to the TCS, 114 MMBtu/hour is delivered 
to the Combined Heat and Power System.  With the higher methane content product 
gas, an electrical efficiency of 40% is achieved with an optimized engine generator, 
leading to a total generation of 46 MMBtu/hour or about 13.6 MWe.  After parasitic 
electrical loads, the net electricity generation is 24 MMBtu/hour (7 MW).  An 
additional 48 MMBtu/hour of available heat can be generated with the use of heat 
exchangers on the engine and exhaust. 
 
For this system, the energy efficiency from biomass to liquid fuel and electricity is 
approximately 50%.  The system efficiency to fuel, electricity and heat is 
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approximately 61%.  Our target yields are 80 gallons of bioalcohols and 550 kWh 
per of biomass @ 8,500 Btu/lb (dry/ash free wood).   
 
The energy flows for each step of the total IBEP system process is illustrated in 
Figure 22.  Table 22 gives the energy calculations in MMBtu/hour for each unit 
operation of a potential commercial system for 24 hours operation, with a dry, ash 
free biomass feed rate of 500 dtpd. 

 
Figure 22 – Energy Flow Diagram for the IBEP System 
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In the thermal pyrolysis/steam reforming system, water is added as superheated 
steam (0.30 lbs water/1.00 lbs dry ash free biomass) to optimize the chemistry of 
gasification.  The steam reacts with the heated biomass to enhance the production 
of CO and H2.  The reaction is endothermic (requires heat), consuming part of the 
sensible heat from heating the reactor, but in effect converting the biomass to 
syngas products with a high energy content. 
 
The primary reformer is externally heated to minimize dilution with nitrogen.  It is 
initially heated with natural gas, but once operating the burners are fueled with clean 
syngas or product gas from the fuel production unit.  The reformer plays an 
important role in sustaining a high-energy efficiency for the overall system. 
 
Ethanol is produced from the reaction of H2 and CO in the presence of a 3-way 
synthesis catalyst developed by Supplier CA.  Since the yield of ethanol in the 
process is dependent upon the ratio of H2 to CO, it is necessary that this ratio be 
optimized. 
 
The H2/CO ratio can be adjusted in the pyrolysis/steam reforming system by 
changing the residence time of gaseous products in the reformer or the amount of 
steam introduced.  This is in part due to the chemical kinetics and thermodynamics 
of the water-gas shift reaction. 
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The analysis presented here is composition specific.  As the hydrogen content of the 
syngas increases (with increased steam utilization and residence time) the total 
energy content of the syngas will increase as will the required external energy input 
to the reformer.  The syngas will always contain approximately the same carbon 
content. 
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Table 22 – Energy Balance Analysis for the 500 DTPD IBEP System (MBtu/hr) 

E1g_out  =  E1b_in +  E1g_in -  E1h_out 
358 354 88 50 

(Energy In Syngas) (Input Biomass Energy) (Input Heat Energy from 
Discharge Gas) 

(Energy Recovered from 
Hot Syngas) 

 +  E1e_in -  E1_loss  
 8 42  
 (Input Electrical Energy) (Energy Loss to 

Environment) 
 

E2g_out  = E1g_out -  E2p_out -  E2h_out 
202 358 128 28 

(Energy In Product Gas) (Input Syngas Energy 
Content) 

(Energy in Output Liquid 
Product) 

(Energy Recovered from 
Synthesis Reactor) 

 +  E2e_in -  E2_loss  
 14 14  
 (Input Electrical Energy) (Energy Loss to 

Environment) 
 

E3e_out  = Elec. Efficiency *  ( E2g_out -  E1g_in ) 
46 0.4 202 88 

(Electrical Energy 
Generated) 

(Electrical generation 
efficiency) 

(Input Product Gas 
Energy Content) 

(Parasitic Recycled 
Product Gas) 

E3h_out  = Engine heat -  E3h_loss  
48 68 20  

(Energy Recovered from 
Engine and Flue) 

(Engine Heat Energy) (Energy Loss to 
Environment) 

 

Ee_net  = E3e_out -  E1e_in -  E2e_in 
24 46 8 14 

(Net Electrical Energy) (Electrical Energy 
Generated) 

(Parasitic Electrical 
Energy) 

(Parasitic Electrical 
Energy) 

Eh_net  = E1h_out +  E2h_out +  E3h_out 
126 50 28 48 

(Net Heat Energy 
Generated) 

(Energy Recovered from 
Hot Syngas) 

(Energy Recovered from 
Synthesis) 

(Energy Recovered from 
Engine and Flue) 

Eff_pe = 43% Eff_peh  = 79% 
(% Energy Efficiency for 
Ethanol and Electricity 

Production) 

((E2p_out + Ee_net) / 
E1b_in) * 100 

(% Energy Efficiency for 
Ethanol, Electricity and 

Heat Production) 

((E2p_out + Ee_net + 
Eh_net) / E1b_in) * 100 

 

8.2.2. System Carbon Balance 

The system carbon balance for the system is also presented.  Carbon is traced 
through the system because it is the basic building block for the chemical synthesis 
of alcohols, hydrocarbons or other chemicals.  In addition it is a key part of the 
thermo-chemistry taking place in the pyrolysis/steam reforming process. 
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Fifty 50 mol% of the total syngas carbon was carbon monoxide at the optimum 
syngas ratio (50% H2, 25% CO, 13% CH4, and 12% CO2).  The total carbon that 
could be produced as ethanol is about 4.2 tons/hour C after considering carbon 
losses in the TCS.  The total potential ethanol yield is shown in Equation 13. 
 
 Ethanol Yield Potential = (46 lbs/mol EtOH / 24 lbs/mol C)*4.2 ton/hour C)
 (E13) 
     = 8.03 tons/hour EtOH 
 
The density of ethanol is 6.59 lb/gal, so 8 tons/hr equates to approx. 2440 gal/hr of 
ethanol.  In reality, not all CO is converted to ethanol because of limitations on gas 
recycle volumes and because a portion of the CO is converted to methane and other 
liquid products in the synthesis reaction.  With current catalyst technology, the actual 
ethanol is closer to 1520 gal/hr or 2.61 tons/hr of carbon.  This represents a total 
carbon efficiency from biomass to ethanol of 32%.  Figure 23 and Table 23 show the 
carbon mass flow and balance in the system. 
 
 

Figure 23 – Carbon mass flow analysis for the IBEP System 
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Table 23 – Carbon Balance for the 500 DTPD IBEP System (tons/hour) 
C1b_in  = Biomass tons/hr  *  C % of biomass   

10.2 20.8 0.49   
(Carbon Input) (Dry Biomass 

Feedstock Mass) 
(Carbon Content of 

Biomass) 
  

C1g_out  = C1b_in -  C1s_out  -  C1a_out 
8.3 10.2 1.9 0 

(Carbon in Syngas) (Carbon Input) (Carbon in Sludge as 
Carbonates) 

(Carbon in Ash) 

  +  C1g_in -  C1_loss   
  2.3 2.3   
  (Carbon in Furnace 

Gas) 
(Carbon Exhaust from 

Reformer Furnace) 
  

CEff_CO  =  0.5 41%   
(Carbon Efficiency to 

CO) 
(Carbon fraction as 

CO) 
*  (CO%*C1g_out / 

C1b_in) 
  

C2g_out  = C1g_out -  C2p_out -  C2_loss  
3.4 8.3 2.6 0 

(Carbon in syngas to 
CHP system) 

(Carbon in syngas) (Carbon in Products) (Carbon deposits, 
e.g., on catalyst) 

  -  C1g_in     
  2.3     
  (Carbon in Furnace 

Gas) 
    

C3_loss  = C2g_out     
3.4 3.4     

(Carbon in exhaust & oil 
sludge) 

(Carbon in syngas to 
CHP system) 

    

Ceff_p  = 26%     
(Carbon efficiency to 

ethanol) 
(C2p_out / C1b_in 

*100) 
    

 

8.3. Ash Solid Waste Products 

Table 24 summarizes the composition of ash generated from the thermochemical 
conversion (pyrolysis/steam reforming) of rice straw and rice hull feedstocks using Pilot 
Systems A and B.  The rice straw feedstocks from the 2003 and 2005 California 
harvests produced an ash with very similar composition, even though these feedstocks 
were converted using two different pilot systems.  However, the ash generated from rice 
hulls was different in composition. 
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Table 24 – Composition of Ash Generated from the Pyrolysis/Steam Reforming 
 of Rice Straw and Rice Hull Feedstocks 

 

RICE HULL 
FEEDSTOCK #1 

(2005 CA Harvest) 
Pilot System B 

RICE STRAW 
FEEDSTOCK #2 

(2003 CA Harvest) 
Pilot System A 

RICE STRAW 
FEEDSTOCK #3 

(2005 CA Harvest) 
Pilot System B 

COMPOSITIONAL 
ANALYSIS OF ASH 

Weight % Weight % Weight % 

SiO2 87.7 76.7 76.7 
Al2O3 0.78 1.02 1.08 
TiO2 0.02 0.09 0.09 
Fe2O3 0.14 0.85 0.88 
CaO 3.21 3.01 3.13 
MgO <0.01 1.75 1.82 
Na2O 0.21 0.96 1.00 
K2O 3.72 12.3 12.8 
Not Determined 4.25 3.32 2.50 

TOTAL 100 100 100 
 
 

8.3.1. Development of Commercial Products from Rice Straw and Rice Hull 
Ash 

This section describes R&D studies carried out between REII and the National 
Science and Development Agency (NSTDA) in Thailand to determine the possible 
uses of the rice straw and rice hull ash as a low-cost material for the production of 
commercial products.  The potential commercial considered for this ash included 1) 
ceramic materials, 2) filter media, 3) cement and asphalt additives, 4) insulators, 5) 
electronic materials and 6) glass materials.  The work described in this section 
centered on the possible uses of the ash for producing ceramic materials, filter 
media and cement and asphalt additives. 
 
Ceramic Materials – A collaborative research and development effort was carried 
out between REII and Thailand’s National Science and Technology Development 
Agency (NSTDA) laboratory in Bangkok.   
 
Ash was collected from the thermochemical conversion of California rice hulls by 
REII and sent to NSTDA.  NSTDA also produced ash from rice hulls collected from 
rice processing in Thailand.  Mullite ceramic products were prepared from these ash 
samples by NSTDA using their proprietary production process.  Figure 24 shows two 
sizes of crucibles and ceramic turtles.  The ceramic turtles were sold in Bangkok 
during 2006 as a fund raiser for the victims of the Dec. 2005 Tsunami. 
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Figure 24 – Commercial Grade Mullite Ceramic Samples 

 
 
 
Table 25 summarizes the physical properties of the Mullite using the California rice 
hull ash, Thailand rice hull ash, and a commercial grade product.  The bulk densities 
(2.8 g/cm3) and flexural strengths (160-180 MPa) were similar.  The Mullite produced 
from the California rice hulls ash was more susceptible to thermal shock which may 
have been the result of the fact that it was slightly more porous as indicated by the 
higher water absorption (0.13%). 
 

Table 25 – Properties of Mullite made from California and Thailand  
Rice Hull Ash, Compared to Commercial Product 

Mullite Physical 
Properties 

Produced from 
California Rice 

Hull Ash 

Produced from 
Thailand Rice 

Hull Ash 

Commercial 
Mullite 

Bulk density (g/cm3) 2.8 2.8 2.8 
% Water absorption 0.13±0.02 0.02 na 
Flexural Strength (MPa) 160-180 170 170-180 
Thermal Shock 
Resistance, ∆∆∆∆T (oC) 

~ 150 250 300 

 
 
Mullite has a wide variety of commercial uses.  It is also one of the important 
constituents of porcelain.  Clays with < 60% Al2O3 convert to mullite.  The amount of 
mullite produced is directly related to the amount of Al2O3 and the calcining 
temperature.   
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Mullite has long been used as a refractory material.  Its properties include: 
 

� Good high temperature strength 
� Good thermal shock resistance 
� Excellent thermal stability 
� Resistance to most chemical attack; it has excellent stability in acid metal 

slags and is insoluble in most acids  
� Resistance to oxidation and attack by furnace atmospheres 
� Resistance to abrasion 
� Good electrical resistivity 

 
The approximate limiting temperatures of use are 1800oC in air and 1600oC in 
vacuum.  Other typical properties of mullite are given in Table 26. 
 

Table 26 – Typical Physical and Mechanical Properties of Commercial Mullite 

Physical and Mechanical Properties Value Measured 

Density (g/cm3) 3.03 
Young’s Modulus (Gap) 130 
Fracture Toughness (MPa.m-1/2) 2-4 
Flexural Strength (MPa) 160 
Thermal Expansion Co-Efficient (x10-6 
/°C) 

4.5-5.6 

Thermal Conductivity (W/m.K) 4.0-6.0 (100-1400°C) 
Maximum Operating Temperature (°C) 1725°C in air 

 
 
Mullite refractory products are being used in the United States for bricks, ramming 
mixes, plastics, mortar, but also in precision investment casting molds, foundry 
washes and sprays, kiln furniture, electrical insulators, and many other industrial 
ceramic products. 
 
Filter Media – Waste-water bio-filtration media is another successful product 
produced from the rice straw ash.  This product (Figures 26 and 27) was found 
useful for filtering and purifying water from commercial fish ponds. 
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Figure 25 – Waste Water Bio-filtration Media (large granules) 
 Produced from Rice Straw Ash 

 
 
 

Figure 26 – Waste Water Bio-filtration Media (small granules) 

 
 
 
Cement and Asphalt Additives – The thermochemical conversion of rice straw and 
rice husks produces ash which has been shown to be a good additive for cement in 
concrete mixes for buildings.  These ashes contain a high amount of amorphous 
silica.  When this ash is ground to a fine particle size, it reacts with calcium 
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hydroxide in the presence of moisture to provide a material with excellent cementing 
properties.  This additive decreases corrosion and enhances the durability of 
concrete structures. 
 
There are three weather-ability conditions that this ash has been found to alleviate:  
 

1. Permeability and Chloride-Induced Corrosion:  De-icing salts can migrate 
through pores in the concrete and break down the passive protective layer 
around the rebar steel.  This leads to corrosion and spalling.  The rice hull 
and rice straw ash acts as a pozzolanic agent.  A pozzolan is a material, 
when combined with calcium hydroxide, forms calcium silicates.  Pozzolans 
are commonly used as additives to Portland cement to increase the long-term 
strength and other desirable material properties of Portland cement concrete.  

 
2. Alkali-Silica Reaction (ASR): High-silica aggregates and high-alkali cement 

(which is becoming more common) can create ASR, which causes internal 
expansion and cracking of concrete.  Cement substitutes remove the 
alkalinity through pozzolanic action.  

 
3. Sulfate Attack: Concrete made with 60% or more cement substitutes is very 

effective in mitigating attack by sulfates, found in some arid soils, seawater 
and wastewater. 

 
As described earlier, the ash generated from the thermochemical conversion of rice 
straw and rice hulls, contains only traces of carbon.  In contrast, fly ash, produced 
primarily from anthracite and bituminous coal, contains significant amounts of carbon.  
The presence of this carbon significantly reduces the quality of the above products.  
Due to air quality restrictions, coal-based energy and fly ash is rarely produced in 
California. 
 
While rice hull ash substitutes are not yet being marketed in California, it seems to 
be an excellent pozzolanic material and can be used as a cement replacement in 
concrete to increase the ultimate strength, as well as to improve the weather-ability 
of concrete.  However, the economics of the ash production and delivery are very 
important elements that need to be considered before using this material as a 
substitute for cement.  If future growth depends on imports, certainly there is room 
for a domestic supplier to enter this market niche.  With an estimated 34,000 tons of 
rice ash per year that could be produced at Gridley, the cement substitute market is 
an attractive commercial use for further investigation.   
 
Additionally, there are several possibilities given the absorptive and filtrate properties 
of the ash.  Ash could be used to absorb oil spills on land or water.  With appropriate 
training in handling onsite emergency spills, several reports have documented the 
use of rice ash for absorbing chemicals, caustics, and a wide range of hydrocarbons. 
Because rice ash possesses superior absorbent qualities, opportunities for using 
ash as a waste absorbent are vast.  Ash could be used to absorb hazardous 
materials and non-hazardous liquid wastes like oils, sewage and sludges.  
Alternatively, filtration is another possibility.  Filtration is typically performed using 
sand, anthracite, garnet, diatomaceous earth, or activated carbon.  Activated carbon 
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is the most effective filter because it can remove 99 percent of the impurities, but it is 
more expensive than other filtering materials.  Most filtration does not require a pure 
final product, so activated carbon is rarely used.  Most of the beverage industry uses 
diatomaceous earth. The potential market for ash as an absorptive material and/or 
for beverage filtration is rather large. The wine industry alone uses large amounts of 
diatomaceous earth as a filter and is an untapped market. 
 

8.4. Economic Analysis (E4) 

This section presents the economic impact of a 450 ton per day rice straw to electricity, 
heat and ethanol facility located in the Northern Sacramento Valley (Gridley, Yuba City 
Colusa) area.  The results presented in this section are based on 2007 Northern 
California economic factors. 
 

8.4.1. Facilities 

For the purpose of this analysis it is assumed that a twenty acre parcel adjacent to 
the Rio Pluma food processing facility will be obtained by the City of Gridley.  It is 
estimated that twenty acres will provide sufficient space for feedstock processing 
and storage, syngas generation, electricity and heat generation, and fuels 
generation.  This analysis assumes that based on the consumption rate of 450 tons 
of rice straw consumed per day there will be approximately twenty truckloads of 
feedstock delivered daily.  The proposed facility is projected to have the capability to 
co-produce 80 gallons of alcohol fuel (85-90% ethanol/10-15% methanol) and 550 
kWh of electricity (net) per ton of dry biomass. 
 

8.4.2. Financial Model 

A financial model was developed to evaluate the impacts of constructing and 
operating the 450 ton/day plant described in this paper.  The model used for this 
analysis is an excel-based spreadsheet.  The model integrates facility capital costs; 
annual operating and maintenance costs of the entire facility including biomass 
processing; syngas generation; syngas catalytic conversion to ethanol; and syngas 
conversion to heat and electricity.  The model provides outputs of annual revenue 
and return on investment.  The model also calculates energy conversion efficiency 
for the conversion of biomass to alcohol, electricity and heat. 
 
The following operating parameters were used in the financial model development: 
 

� Days of operation 
� Biomass (rice straw, rice hulls, agricultural residues as received) 
� Biomass energy content (as received) 
� Biomass cost (as received) 
� Facility capital cost 
� Operating and maintenance cost 
� Debt to equity ratio 
� Debt rate 
� Debt term 
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It is anticipated that the facility will be operational for 329 days/year at 24 hours/day.  
This estimate is consistent with traditional biomass combustion facilities.  It is 
anticipated that the thermochemical biorefinery will have a similar maintenance 
schedule as that of a biomass combustion facility. 
 
Based on feedstock resource assessment work studies, it is estimated that a 450 ton 
per day facility can be sustained.  The primary feedstock for the facility will be rice 
straw, rice hulls and agricultural residues.  The estimated energy content of the fuel 
mix is 5,950 Btu/lb.  Preliminary data collected on harvesting, transport and 
processing of the feedstock indicate a blended average feedstock cost of $25.00 per 
DT. 
 
Facility capital costs are based on actual cost data where available.  Where actual 
cost data was unavailable, the model utilizes commonly accepted estimates based 
on a fraction of the known capital cost data.  Facility capital costs include the 
following: 
 

� Facility and land improvements 
� Feedstock processing 
� Syngas generation 
� Fuel and power generation 

 
Operating and maintenance costs include the following: 
 

� Biomass feedstock costs (as delivered to the facility) 
� Feedstock processing and handling equipment 
� Labor 
� External energy requirements 
� Process chemicals 
� Ash disposal 
� Syngas generation 
� Fuel and power generation 
� Catalysts 
� Water 

 
The model utilizes a debt to equity ration of 80:20.  The debt rate is estimated to be 
approximately 8%.  The term of the loan is ten years.  The financing assumptions 
used in the model are based on industry accepted standards for industrial 
applications. 
 

8.4.3. IBEP System 

The results of the financial model for a 450 dtpd of agriculture waste (350 dtpd of 
rice straw, 50 dtpd of rice hulls and 50 dtpd of orchard wood) to ethanol, electricity 
and heat facility are as follows: 
 

• Capital Cost: $53.2 million 
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• O&M Cost: $10.7 million/yr (incl. feedstock at $25.00/DT as received) 

• Alcohol Production: 8.6 million gallons/yr (85-90 wgt% ethanol/10-15 wgt% 
methanol) 

• Electricity Production: 7.45 MW (net) 

• Alcohol Production Cost: $1.36/gallon (assumed that the electricity is sold at 
$0.075/kWh) 

 
A comparative economic assessment was carried out to determine how these 
results compared to those obtained for other potential conversion technologies. 
 

8.5. Ethanol Market Assessment 

The ethanol market in California is currently driven by existing federal and state policies, 
gasoline consumption, and transportation technology development.  With the phase out 
of MTBE, California has become the largest domestic user of ethanol1.  The California 
Energy Commission (CEC) indicates the total California ethanol demand was 800 
million gallons in 2004 and 950 million gallons in 2005.  This volume represents 
approximately 24% of the total US consumption.  Under current ethanol blending 
specifications (approximately 6% by volume) and assuming a growth rate of 0.9% per 
year, the CEC estimates that the in-state demand for ethanol could reach 1.1 billion 
gallons per year by 2020.  An alternative scenario utilizing an ethanol blend of 10% by 
volume would increase demand to 1.8 billion gallons per year by 2020. 
 
In general, most ethanol produced today is sold by producers under medium-term 
contracts to petroleum companies.  These contracts are typically six to twelve months in 
duration in the ethanol industry.  The nature of these contracts typically insulates the 
buyer and seller from spikes in the spot market.  It is not uncommon for contracts to 
include a factor that varies the ethanol contract price with the price of gasoline to reflect 
current market conditions.   
 
Ethanol spot market prices have fluctuated over the past few years as plant capacity 
and transportation infrastructure were built up to meet the demand for ethanol.  Ethanol 
prices fluctuate daily on the spot market; however, the volume of ethanol traded is 
relatively small with respect to the volumes under long-term contract.  Current spot 
prices for ethanol nationwide have recently dropped to $1.74 per gallon.  This price is 
slightly lower than the San Francisco spot price of $1.76 per gallon2. 
 
Historically, the price of ethanol has experienced wide fluctuations in spot market prices.  
Figure 279 describes the rise and fall of fuel prices since 1997. 
 

                                            
1 CEC. http://www.energy.ca.gov/ethanol/index.html 
2 Hart, Ethanol and Biodiesel News.  September 2007 
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Figure 27 – Fuel Ethanol Wholesale Market Price – 10 Year History 

 
 
 
Future ethanol prices, as described by the Chicago Board of Trade, are expected to 
drop slightly from current price points.   As mentioned above, a relatively small portion 
of the ethanol on the market is actually traded on the spot market.  With ethanol prices 
dropping the current corn futures market indicate a steady increase in the cost of a 
bushel of corn. 
 
Historic and futures ethanol prices are currently based on corn-to-ethanol technology.  
Although the Gridley Ethanol Project will not be subject to variations in corn prices, the 
changes in ethanol pricing may impact ethanol contract prices. 
 

8.6. Electricity Market Assessment 

The demand for renewable electricity within California has been driven not only by state 
mandate of Investor Owned Utilities (IOU) to increase their portfolio of non-fossil based 
electricity generation, but also by the desire for a diversified energy portfolio for price 
and delivery stability.  This increased demand for renewable electricity has increased 
the price of renewable electricity paid by IOUs and municipalities. 
 
In general, most electricity generation facilities selling power on the grid have obtained 
long-term contracts.  However, recently a number of biomass power plants have elected 
to sell power to the Grid based on the Short Run Avoided Cost (SRAC).  Those plants 
include: 
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• Big Valley Power, Lassen County 

• Burney Mountain Power, Shasta Count 

• Fairhaven Power, Humboldt County 

• Mount Lassen Power, Lassen County 

• Woodland, Yolo County 

 
Figure 28 illustrates the average SRAC cost in Cents/kWh that PG&E has paid over the 
past 10 years.  The current SRAC is 8.0 Cents/kWh. 
 

Figure 28 – Short Run Avoided Cost (SRAC) paid by PG&E during the Past 10 Years 
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Recently, a number of legislative mandates have been passed to make renewable 
electricity more competitive with traditional generation technologies.  The following is a 
brief overview of some the mandates that could impact the development of a renewable 
energy project. 
 

1. Clean Renewable Energy Bond Program (CREB) – This is a federal financial 
incentive for public entities to invest in new renewable electricity generation facilities.  
Under the CREB program, a not-for-profit entity (e.g., utility, transit authority, local 
government) issues clean energy bonds and a tax credit is allowed to the 
bondholder.  Initial demand for the CREB program was three times the amount of 
total funding ($2.6 billion vs. $800 million) in 2006.  Congress should extend the 
CREB program for 10 years, in tandem with extension of the IRS Section 45 
Production Tax Credit and Section 48 Investment Tax Credit available to private 
developers of renewable energy.  It should also remove the arbitrary volume cap, or 
increase it to at least $2.6 billion annually.  
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2. Renewable Energy Production Incentive Program (REPI) – This program 
provides appropriations for public power utilities to help lower costs for renewable 
energy generation.  These performance incentives are awarded after project 
construction and are based on actual energy produced.  In FY2007 Congress 
appropriated $4.9 million for REPI, and the Administration has requested the same 
amount for FY2008.  In order to promote more development of these clean, 
domestic energy sources, Congress should appropriate a minimum of $10 million in 
the FY2008 Energy and Water Development Appropriations Act. 
 
3. Section 45 Production Tax Credit (PTC) – This tax credit for the production of 
electricity from various renewable energy technologies is available to private entities. 
The tax credit is applied to wind, solar, geothermal and to biomass, however it is not 
equally applied to all resources or technologies.  Most biomass technologies only 
receive 50% of the funding that is applied to wind. (e.g. Wind receives 1.9 cents/kwh 
and open-loop biomass (not from crops grown on site), landfill gas, and municipal 
solid waste biomass receives only 0.095 cents/kwh.)  Furthermore, the PTC credit 
has been extended numerous times and is often in threat of expiration. In order to 
provide an equitable and consistent funding stream that project developers can rely 
on, the PTC needs to be extended for 10 years and funding needs to be equalized 
for all types of renewable energy, including all forms of biomass.  
 
4. USDA Rural Development Energy Efficiency and Renewable Energy 
Projects – This program under the Farm Bill of 2007 provides loans and grants of 
25% of project cost to agricultural producers to develop or purchase renewable 
energy systems and make energy efficiency improvements. Eligible technologies are 
biomass, including animal waste, geothermal, hydrogen, solar and wind. The 
program has funded anaerobic digesters using manure which result in almost total 
reduction of volatile organic compounds and greenhouse gas emissions normally 
emitted from animal operations. Government incentives are necessary for biomass 
projects, such as manure digesters, because costs are high. Most projects must 
acquire additional funding beyond the 25% available. Because the benefits are 
significant and important to air quality, but no method of compensation for these 
benefits has yet been developed, funding for biomass projects should be increased 
to 50% of project costs. 
 

8.7. Socio-Political Effectiveness (E5) 

Various socio-political issues will need to be addressed for all types of bioenergy 
facilities, including general siting issues that often engender local community opposition 
to new energy projects.  Even conventional technology bioenergy facilities face 
concerns such as water usage, waste disposal, emissions and odors.  Some of these 
same concerns will affect the siting of cellulosic biomass-to-alcohol plants.  
Transportation and storage of biomass feedstocks pose an additional set of concerns 
that need to be faced in the siting and permitting of bioenergy projects. Cultivation of 
energy crops engenders further issues involving land and water use, competition with 
food production, etc. 
 
One important factor in overcoming opposition to individual projects is for next-
generation conversion technologies to develop and implement the best available 
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environmental control technologies for air emissions and wastewater and solid waste 
effluents.  Currently, some environmental groups are resistant to conversion processes 
that operate at moderate temperatures and higher (e.g., above 400°F).  These groups 
believe that high temperature processes can produce dioxins and other hazardous 
compounds.  However, since thermochemical systems such as system A emit minimal 
particulate air emissions, it is not believed that this will be an issue.  Biochemical 
systems employing acids or other hazardous materials will need to be especially 
attentive to storage and handling practices for such materials that allay community and 
environmental agency concerns. 
 

8.8. A Comparison of 5E Assessment Results from Thermochemical and 
Biochemical Conversion Processes 

This section summarizes some general results and conclusions from the 5E 
assessments of (A) the IBEP system, (B) a biochemical process (enzymatic 
hydrolysis/fermentation) with combustion of the waste products to produce heat and 
electricity, and (C) the use of a Thermochemical Conversion System for the production 
of electricity only.  The data for conversion processes B is an average of data obtained 
from several developers of the enzymatic hydrolysis/fermentation technology.  Detailed 
data for the biochemical technology involving acid hydrolysis was found to be less 
accessible, despite the long history of development of this approach. 
 
Product yields (an E1 factor); net energy efficiency (an E2 factor); emissions of criteria 
pollutants and carbon dioxide (E3 factors); and capital, operating and production costs 
(E4 factors) for these three technologies are presented in Table 27 for a future 500 dry 
ton per day (dtpd) plant sited in Northern California.  
 
A major requirement for the deployment of any of these advanced technologies is that 
they be able to produce bioalcohols and energy continuously and reliably, for example 
for 329 days/year, 24 hours/day.  The requirement that these technologies maintain 
90% up-time is directly related to the economic efficiency of the facility.  These stringent 
operational requirements will necessitate that every component in the production plant 
be designed with a high level of durability, that the conversion system(s) have modular 
designs, and are configured for easy repair. 
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Table 27 – Comparison of the Integrated Biofuels and Energy Production (IBEP) 
Process to a Current Generation Biochemical (Enzyme Hydrolysis/Fermentation)  
and a Current Generation (Pyrolysis/Steam Reforming) Thermochemical Process 
 (A)  IBEP 

Process 
Bioalcohols & 
Electricity 

(B)  Biochemical 
Process 
Bioethanol & 
Electricity 

(C) Thermo- 
Chemical Process 
Electricity Only 

    
Plant Size 
dtpd 500  2,205 500 

Products (E1)     
Ethanol Fuel  
(gallons/DT) 80 59 N/A 

Electricity  
(kWh/DT) 550 205 1400 

Total Net Energy 
Efficiency (E2) 50% 33% 28% 

Plant Emissions 
(E3) (lb/MMBtu output)   

NOX 4.69E-03 2.71E-01 8.36E-02 
SOX 8.72E-04 5.95E-01 1.56E-03 
PM 1.77E-02 7.30E-02 3.17E-02 
CO 2.32E-02 2.71E-01 4.17E-02 
VOC 1.73E-03 2.30E-02 3.11E-03 
CO2 303 481 694 

Economics (E4)       
Capital Cost ($M) 66 205 60 
Operating Cost 
($M/yr) 14.9 107.0 16.4 

Electricity 
Production Cost 
($/kWh) 

$0.071 N/A $0.071  

Alcohol Production 
Cost ($/gallon) $1.12 $2.24 N/A 

 
N/A: Not Applicable; E1, E2 and E4 values are given with ±15% uncertainty and E3 
values are given with ±20% uncertainty. 

 
The data in Table 27 are based upon thermochemical technologies that process 500 
DT/day and biochemical technologies that process 2,205 dtpd of biomass.  It would be 
preferable to compare similar size plants (e.g., 500 dtpd), but at this time there is 
insufficient data for biochemical conversion plants smaller than 2,205 dtpd.  The 
application of 5E assessment methodology to the technologies compared in Table 27 is 
discussed further in the following sections. 
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A). IBEP System (Mixed Alcohols and Electricity) – The IBEP system data presented 
in Table 27 is for the thermochemical conversion of 500 dtpd of biomass (8,500 Btu/lb 
energy content) using an integration of the Supplier CO pyrolysis/steam reforming 
system with catalytic processes recently developed for the co-production of alcohols, 
electricity and heat. 
 
This $66 million plant is projected to have the capability to co-produce 80 gallons of 
alcohol fuel (85-90% ethanol/10-15% methanol) and 550 kWh of electricity (net) per ton 
of dry biomass.  The economic analysis results for a 500 dry ton per day (dtpd) plant 
operated for 329 days/year are as follows: 
 

• Capital Cost: $65.8 million 

• O&M Cost: $14.9 million/yr (incl. feedstock at $45.00/DT) 

• Alcohol Production: 13.2 million gallons/yr (85-90% ethanol/10-15% methanol) 

• Electricity Production: 11.46 MW (net) 

• Alcohol Production Cost: $1.12/gallon (assumed that the electricity is sold at 
$0.071/kWh) 

• Electricity Production Cost: -$0.025/kWh (assumes alcohol is sold at 
$1.80/gallon) 

 
B). Biochemical System (Ethanol and Electricity) – The “5E” assessment was 
carried out for the Category IX technology (enzymatic hydrolysis/fermentation).  The 
Biochemical system data presented above is for the conversion of 2,205 dtpd of 
biomass using an enzymatic hydrolysis/fermentation process.   
 
This 2,205 dtpd facility is projected to have the capability to produce 59 gallons of 
ethanol and 205 kWh of electricity (net) per ton of dry biomass.  The economic analysis 
results for this plant are as follows: 
 

• Capital Cost:  $205 million 

• O&M Cost:  $107.0 million/yr (incl. feedstock at $45.00/DT) 

• Ethanol Production:  42.8 million gallons/yr  

• Ethanol Production Cost: $2.24/gallon  

 
In addition, this size plant will require large quantities of waste biomass resources.  The 
cost of transporting waste agricultural and forest biomass resources from beyond a 30-
40 mile radius from the plant would likely increase the feedstock cost beyond the 
assumed $45.00/dry ton.  However, if this facility was co-located with a large traditional 
corn-to-ethanol or sugarcane-to-ethanol plant, then a sufficient supply of low-cost 
feedstock might already exist on-site. 
 
C). Thermochemical System (Electricity Only) – The third system analyzes the 
thermochemical conversion of 500 DT/day of biomass to electricity only, using 
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pyrolysis/steam reforming technology.  This analysis was based upon similar data 
inputs and assumptions used for the IBEP system.   
 
This $60 million plant is projected to have the capability to produce electricity at 
$0.071/kWh, which is within the average current wholesale cost of electricity in 
California ($0.070-$0.080/kWh).  This electricity cost is much less than that for current 
generation biomass combustion plants that typically produces electricity for an average 
of $0.091/kWh. 
 
These calculations assume that the 550 kWh/DT of electricity produced is sold to the 
grid at a wholesale price of $0.071/kWh.  Improvements in these thermochemical 
technologies have the potential of reducing ethanol production costs to below 
$1.00/gallon by 2012. 
 

8.9. Energy Efficiency Assessments (E2) 

 
A). IBEP System (Mixed Alcohols and Electricity) – This Category I technology 
integrated with the Category XIII technology, should be able to produce 80 gallons/DT 
of bioalcohol fuel (80 wgt% ethanol/15 wgt% methanol), enough electricity and heat to 
operate the entire plant, and an extra 550 kWh of electricity for sale to the power grid or 
for operation of other collocated operations.  The total energy conversion efficiency of 
this plant averages 50%.  If the extra heat from the reciprocation engines/generators is 
recovered, then an extra 12% efficiency can be realized. 
 
B). Biochemical System (Ethanol and Electricity) – This Category IX technology, 
when integrated with a thermal oxidation system (Category V) for the production of 
electricity and heat from the waste materials should be able to produce an average of 
59 gallons of ethanol/BDT and an extra 205 kWh of electricity.  The total energy 
conversion efficiency of this plant averages 33%. 
 
C). Thermochemical System (Electricity) – This Category I technology will produce a 
syngas with an average energy content in the range of 400-600 Btu/ft3 at an average 
thermal energy conversion efficiency of 75%.  This technology, when integrated with a 
reciprocating engine/electrical generator, operating at an average 40% syngas to 
electricity conversion efficiency, is expected to produce an average of 1,400 kWh of 
electricity per 1.0 dry ton of wood. 
 

8.10. Environmental Assessments (E3) 

All thermochemical and biochemical processes for the conversion of biomass to 
bioalcohols will produce air, water and solid waste effluents.  However, the levels of 
these effluents can be minimized by implementing the current BACT (Best Available 
Control Technology) and developing even more advanced control technologies.  The 
collection, transport, and processing of biomass can also result in certain air pollution 
and other environmental impacts beyond those described here for production facilities. 
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8.10.1. Air Emissions 

A). IBEP System (Mixed Alcohols and Electricity) – The emissions of criteria 
pollutants for this plant are similar to the electricity-only plant, as described below. 
 
B). Biochemical System (Ethanol and Electricity) – The criteria pollutant 
emissions from this plant are similar to that of a biomass combustion plant.  This is, 
in part, due to the use of a biomass combustion plant for the generation of electricity 
and heat from the waste products.  
 
C). Thermochemical System (Electricity) – There are only two sources of 
emissions from this plant, 1) the burners used for heating of the pyrolysis and heat 
forming chambers and 2) the emissions from the reciprocating engine/generators.  It 
was assumed that the engine/generators produced by reciprocating engine 
manufacturers such as Deutsch and Jenbacher will be able to meet the BACT 
demonstrated by companies like Bluepoint (Reno, NV).  The total estimated 
emissions of the criteria pollutants (NOx, SOx, PM, CO and VOC) are summarized 
in Table 11. 
 

8.10.2. Water Requirements and Wastewater 

It was concluded from the pilot studies (see Chapter 6.5) that every dry ton of 
biomass requires about 1.3 tons of water in order to ensure that the steam reforming 
process operates efficiently. 
 
It is proposed that the Gridley commercial plant process 450 tons/day of agriculture 
waste consisting of 350 tons/day of rice straw, 50 tons/day of rice hulls and 50 
tons/day of other agriculture waste (e.g. orchard wood and food processing waste).  
This is equivalent to 325 tons/day of dry, ash free biomass (see Appendix III for 
further details).  Therefore, the 325 tons/day of dry, ash free biomass will require the 
addition of 422.5 tons/day of water.  Since the average water content of the 450 
tons/day of agriculture waste is 15% or 67.5 tons (16,200 gallons), then an additional 
355 tons/day (85,200 gallons/day) of water needs to be added during the initial first 
day of startup. 
 
The Supplier CO system utilizes two water scrubbers to remove particulate matter 
and gaseous constituents from the syngas.   An electro-ionization process is used to 
continuously ionize air to produce N2

+ and O2
-.   These ions are dissolved in the 

water, resulting in electro-coagulation filtration and purification.  Dissolved salts react 
with O2

- to produce metal oxides as follows: 
 
    
   Ox

- + M  � MOx
-
      (E13) 

 
 
These metal oxides are coagulated, precipitated and collected using polarized filter 
media.  In a similar manner, the ionized nitrogen and oxygen species react with 
dissolved acid gases such as nitrogen oxides, sulfur oxides and carbon dioxide to 
produce ions which are collected on the polarized filter media. 
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The purified water is converted to steam using heat from the TCC and/or LFP 
systems and injected into the pyrolysis chamber (see Figure 14).   It is estimated 
that about 20,000 gallons/day of water will be lost from evaporation in the cooling 
towers, from entrainment in the syngas and during the separation of solids from the 
water treatment system.   Therefore, the make-up water is estimated at about 4,000 
gallons/day for the proposed 450 ton/day Gridley plant. 
 

8.11. DOE Phase II Demonstration and Commercial Plant Development Tasks 

 
The Phase II Technology Demonstration and Commercial Plant Development effort 
represents the next important step before final design and construction of a commercial-
scale Integrated Biofuels and Energy Production (IBEP) system that has the capability of 
co-producing bioalcohols and bioenergy with a high return on investment (>25% ROI), with 
criteria pollutant emissions lower than that of the best available technology, and with a net 
energy conversion efficiency that is 45% or better for the co-production of alcohol and 
electricity.  The primary goal of the Phase II effort is to demonstrate the key technologies 
involved in the conversion of biomass to bioalcohol: 

 
� A Thermochemical Conversion (TCC) system to generate a clean syngas from 

biomass  
� A Liquid Fuel Production (LFP) system to produce bioalcohol from the syngas 

using next-generation catalyst technologies, while simultaneously producing a 
methane-enriched by-product syngas that can be burned in commercially 
available IC engine-based Combined Heat and Power (CHP) systems to produce 
renewable electricity and process heat  

A secondary goal of the Phase II effort is to generate process design data and 
preliminary designs for a complete commercial-scale integrated plant that integrates the 
TCC, LFP and CHP systems into a next-generation Integrated Biofuels and Energy 
Production (IBEP) system that could be demonstrated and deployed under potential 
future Phase III funding. 

A third goal of the Phase II effort is to refine and validate the economic and process 
models to predict the overall energy conversion efficiency plus capital and operating 
costs of a commercial IBEP system.  These preliminary designs plus the economic and 
process models would be the basis for the commercial-scale demonstration and 
deployment of the integrated technology which is anticipate under potential future 
Phase III funding. 

 
The Phase II project is proposed as a comprehensive effort involving a technology 
development and demonstration team with a wide range of capabilities, bringing 
together developers engaged in biomass conversion, catalyst development, fuel 
synthesis, transportation, and commercialization as follows: 

 



 101 

� The Renewable Energy Institute International (REII) has been engaged in the 
development and evaluation of biomass-to-energy systems and has partner 
relationships with several thermochemical system developers. 

 
� Technikon (operator of the Renewable Energy Testing Center in collaboration 

with REII) provides years of R&D expertise and a 60,000 square foot facility 
equipped with thermal and chemical analysis equipment required for developing 
and testing full-scale commercial renewable energy conversion systems. 

 
� The City of Gridley, CA is a Municipal electric utility and a member of the 

Northern California Power Agency (NCPA), and is well positioned as a potential 
host of the commercial follow on to the Phase III capital project with ready access 
to feedstocks and ability to site a full-scale commercial installation.  NCPA is a 
joint powers agency consisting of 11 municipal electric utilities, a rural electric 
cooperative, an irrigation district, a water agency, a public utility district, the Port 
of Oakland, and the Bay Area Rapid Transit District. 

 
� Supplier CO has developed an advanced, next-generation pyrolysis and steam 

reforming TCC system and which includes a state-of-the-art syngas purification 
system.   Our team’s review of this system has concluded that it has the highest 
probability of producing syngas that meets purity specifications compared to 
other technology developers, and that the product syngas would support catalytic 
conversion to bioalcohol fuels.  Supplier CO completed the construction of its first 
commercial unit - a 300 dtpd system during the 3rd quarter of 2007, which will be 
moved to the site of a commercial customer in the Mid-Western US.  As part of 
the Phase II project, testing will be conducted on Supplier CO’s commercial unit 
to validate its capabilities for Phase III demonstration project as well as 
developing specifications and any necessary design modifications to adapt their 
base commercial unit to the specific requirements of a Phase III deployment in 
terms of the capacity and characteristics of the rice-based agricultural waste 
feedstock. 

 

� Supplier CA is developing and demonstrating next-generation catalysts with 
industry leading catalyst developers/suppliers and is engaged in the development, 
demonstration and commercialization of integrated syngas-to-ethanol process 
systems.  This supplier has designed and is building a 1 dtpd process 
development unit (PDU) for testing of candidate catalysts.   

 

The overall objectives of the Gridley Biofuels Phase II Demonstration Project are to: 

 

1. Collect and analyze syngas samples from the commercial-scale Thermochemical 
Conversion (TCC) system (which includes a syngas cleanup system), and 
demonstrate that it efficiently and cost-effectively generates raw syngas and then 
removes undesirable contaminants to produce a high quality syngas meeting 
project criteria; 
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2. Screen and qualify specific catalyst formulations utilizing industry standard 
catalyst development and screening tools and that meet project criteria in terms 
of bioalcohol composition selectivity and conversion efficiency yields; 

3. Design, build and test a Process Demonstration Unit (PDU) that validates  the 
key process technologies required to design a commercial-scale Liquid Fuel 
Production (LFP) system, and that catalytically converts clean syngas into 
bioalcohol and separates the liquid bioalcohol from the unconverted syngas 
meeting project criteria; 

4. Operate the PDU on commercially generated syngas and confirm its ability to 
reliably produce bioalcohols at commercially viable yields while producing a 
methane enriched off-gas that can act as a fuel for commercially available IC 
engine-based Combined Heat and Power (CHP) systems; 

5. Generate the process and design data from the TCC and LFP technology 
demonstrations as required to design an Integrated Biofuels and Energy 
Production (IBEP) one-fifth scale demonstration system. The IBEP would be a 
modular combination of the TCC, LFP and CHP sub-systems with an integrated 
master control system for the co-production of bioethanol fuel, renewable 
electricity, and heat from a cellulosic biomass feedstock; 

6. Design a one-fifth scale IBEP demonstration system and validate the process 
and economic models needed for predicting the overall plant energy conversion 
efficiency, environmental emissions performance, and capital and operating 
costs for a commercial-scale IBEP system. 

   
The Phase II project has been subdivided into six main tasks: 

 

Task 1 –  Characterization of a Thermochemical Conversion (TCC) System 

Task 2 –  Identification of Candidate Syngas to Ethanol Catalysts using 
Combinatorial Micro-Screening and Catalyst Testing Technologies 

Task 3 -   Development and Validation of a Liquid Fuel Production (LFP) System 
Process Demonstration Unit (PDU) 

Task 4 –  Detailed Conceptual Design of a Commercial-Scale Integrated Biofuels 
and Energy Production (IBEP) System 

Task 5 –  Commercial Readiness Plan  

Task 6 –  Project Management and Reporting 

 

The technical performance objectives for this demonstration project are: 

 
TCC System Performance Criteria 
 

Syngas Production and Energy Content  
Syngas yield (dry basis, net to LFP system) >18.2 scf/lb of biomass 
Syngas energy content (at STP) >350 Btu/scf 
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Syngas Composition (post clean-up) 
H2:  35-45 Vol% 
CO:  20-30 Vol% 
CH4:  10-20 Vol% 
CO2:  < 15 Vol% 
NOx:  < 0.2 ppmv 
N2+O2+Ar:  < 1 Vol% 
C6–C16:  < 500 ppmv 
Tars/Waxes:  < 0.5 mg/m3 (0.035 ppm) 
(Average MW: 354 (C25 H52)) 
Sulfur:  < 0.1 ppm 
Chlorine:  < 0.001 ppmv 
Inorganic Particulate Matter:  < 0.5 mg/m3 (0.2 ppm) 

  (Average MW: 59 (Ni)) 
 

 
LFP System Performance Criteria 

 
PDU Baseline Performance using Methanol Reference Catalyst: 

  
 Bioalcohol Production Yield >2.4 gal/1000 scf syngas  

 
Bioalcohol Composition 

Methanol (dry basis) > 95 Volume% 
Other (dry basis) <   5 Volume% 
 

Catalyst Life Expectancy >8,000 hrs  
 

 
PDU Performance using 1st Generation Ethanol Synthesis Catalyst: 

 
Bioalcohol Production   

 
Bioalcohol yield  >1.3 gal/1000 scf syngas 

 
Bioalcohol Composition 

 
Ethanol (dry basis) > 55 Volume% 
Methanol (dry basis) < 40 Volume% 

 Other (dry basis) < 5 Volume% 
 

Catalyst Life Expectancy >4,000 hrs  
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IBEP System Performance Criteria 

 
Commercial-scale IBEP System Specifications: 
 
Feedstock input: 100 – 300 dtpd (@8,500 Btu/lb biomass energy 

content) 
Feedstock composition: Rice harvest waste (rice straw and rice hulls) 

and other   agricultural waste (e.g. orchard 
waste wood) 

Bioalcohol production: 2.9 – 8.6 MMGPY 
Renewable Electrical Power:  2.5 – 7.5 MWe (net output) 
Energy Conversion Efficiency: > 45% (net, fuel & electric power to input 

biomass) 
 
 

The emission of criteria pollutants is expected to meet or exceed all applicable 
California air quality standards for distributed generation equipment (DG) as follows: 

 
 
 
Pollutant Emissions 

 
 

lbs/MMBtu 

 
 

lbs/MWh 

 CARB fossil-fuel fired  
DG Limit (2007) 

   Lbs/MWh 
NOX  0.0047  0.016  0.07 
SOX  0.00087  0.0030     N/A 
PM  0.018  0.061     N/A 
CO  0.0023  0.078  0.1 

VOC  0.0017  0.0058  0.02 
CO2 303 1033       N/A 

 
 

Commercial-scale IBEP System Economic Criteria: 
 

Capital Cost (Total Installed Cost Basis)  $53.1M ± 20% ($6.2M/MMGPY) 
O&M Cost (Annual Basis)  $10.7M/yr ± 20% 
Feedstock Cost (FOB Plant Site)  $25-$30/ton (as received)  
 
Bioalcohol Production Cost  $1.35/gallon ± 20% 
Renewable Electricity Production Cost  $0.085/kWh ± 20% 

 
The Normalized Capital ($M/MMGPY) and O&M ($/gal) Costs are based on bioalcohol 
fuel production rates only and do not include any credit for co-produced electricity or 
process heat. Bioalcohol and Renewable Electricity Production Costs are based on O&M 
plus amortized debt/equity costs prorated between bioalcohol and renewable electricity 
on a net energy value basis, and do not include any renewable energy incentives.  
Energy Production Costs are based on the following financial assumptions: 

  
      Debt/equity Ratio  4:1 
      Debt Rate/Term  8%/yr over 10 years 
      Bioalcohol Government Incentives  None 
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GRIDLEY BIOFUELS PROJECT - PHASE II TASKS 
 
The Gridley Biofuels Project Phase II Demonstration and Commercial Plant Development 
project has been subdivided into 6 main tasks: 
 
Task 1 –  Characterization of a Thermochemical Conversion (TCC) System 

Task 2 -   Identification of Candidate Syngas to Ethanol Catalysts using Combinatorial Catalyst 
Testing Technologies 

Task 3 –  Development and Validation of a Liquid Fuel Production (LFP) System Process 
Demonstration Unit (PDU) 

Task 4 –  Detailed Conceptual Design of a Commercial-Scale Integrated Biofuels and Energy 
Production (IBEP) System 

Task 5 –  Commercial Readiness Plan  

Task 6 –  Project Management and Reporting 

 
The objectives and sub-tasks for these six tasks are summarized below. 
 
 
Task 1 – Characterization of the Thermochemical Conversion (TCC) System  

 
The general objectives for Task 1 of the Phase II Program are to: 
 

• Demonstrate the basic operation of the TCC system for a sufficient period of time using 
dry wood, rice straw or similar feedstocks and determine the composition of the primary 
syngas components.  Determine the composition and concentration of contaminants in 
the syngas that may have a detrimental effect on the candidate syngas to ethanol 
catalysts. 

• Determine if improved and/or additional gas cleanup processes are needed, and make 
recommendations for improved/additional gas cleanup processes (if needed). 

 
The specific sub-tasks for Task 1 are to: 
 

Subtask 1.1 

Collect and characterize the syngas samples to determine the primary syngas 
constituents using appropriate analytical instruments.  Determine the concentrations of 
trace contaminants in the syngas that have been selected as possible catalyst poisons 

Subtask 1.2 

Develop an improved gas cleanup strategy (if needed) should the results of the TCC 
system testing show that the concentrations of any specific contaminants must be 
reduced below observed levels to ensure the supply of sufficient quality syngas for 
economic performance and durability of synthesis catalysts used in the LFP system. 
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Subtask 1.3 

Collect water samples from the TCC gas cleanup scrubbing water purification system 
for future chemical characterization.  Collect samples of ash and determine its 
composition and production rates. 

 
Task 2 - Identification of Candidate Syngas to Ethanol Production 
              Catalysts using Combinatorial Catalyst Testing Technologies 
 
The general objectives for Task 2 of the Phase II Program are to: 
 

• Utilize laboratory combinatorial catalyst testing technologies to identify optimum 
formulations of the syngas to ethanol production catalysts developed and patented by 
Supplier CA. 
 

 
The specific sub-tasks for Task 2 are to: 
 

Subtask 2.1 

Modify the combinatorial catalyst testing units (CTU) at the site of the Supplier CA 
catalyst technology partner for testing candidate syngas to ethanol catalysts within the 
expected ranges of pressures and temperatures. 

Subtask 2.2 

Synthesize compositional variations of proprietary catalysts and use the CTU to test the 
CO conversion efficiencies and ethanol/methanol selectivity’s of each catalyst 
formulation.  Utilize the data generated from these tests to choose several candidate 
catalysts for more extensive testing using the LFP system Process Demonstration Unit 
(PDU) described in Task 3. 

Subtask 2.3 

Manufacture enough of the top candidate catalyst formulations for testing in the LFP 
system PDU in Task 3. 

 
Task 3 – Development and Demonstration of a Liquid Fuel Production 

    (LFP)Process Demonstration Unit (PDU)  
 
The general objectives for Task 3 of the Phase II Program are to: 
 

•  Build and validate the performance of a Liquid Fuel Production – Process 
Demonstration Unit (LFP-PDU) using a methanol reference catalyst with respect to 
operational specifications (e.g. energy efficiency). 

•  Screen, identify and manufacture representative samples of 1st generation ethanol 
catalysts based on Suppler CA’s patent pending catalyst formulations that meet project 
criteria for CO conversion efficiencies, ethanol/methanol selectivity and long term 
durability. 
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• Integrate the 1.0 dtpd LFP-PDU with a slip-stream of clean syngas from the 300 dtpd 
system developed and built by Supplier CO.  Demonstrate the long term durability of 
the LFP-PDU, incorporating the 1st generation ethanol catalyst by operating the 
integrated system for a sufficient period of time. 

 
The specific sub-tasks for Task 3 are to: 
 

Subtask 3.1 

Design and build an LFP-PDU that has been sized to convert the amount of syngas 
equivalent to what would be generated by a 1.0 dtpd TCC system.  Develop a source of 
syngas that is of sufficient quality and quantity to adequately test the LFP-PDU.  This 
syngas will be derived from a 1.0 dtpd TCC system integrated with the LFP-PDU and/or 
syngas collected and delivered to the Renewable Energy Testing Center (RETC) from 
the 300 dtpd TCC system outlined in Task 1.4. 

Subtask 3.2 

Optimize the operation of the LFP-PDU utilizing a current Dow mixed alcohol catalyst 
formulation, or a mixed alcohol catalyst under development by other DOE funded 
organizations (e.g. PNNL), and validate the ability of the LFP-PDU to meet performance 
specifications. 

Subtask 3.3 

Utilize the LFP-PDU to conduct screening tests on 1st generation ethanol synthesis 
catalyst formulations to determine the CO-to-bioalcohol conversion efficiency and 
ethanol/methanol product selectivity.  Analyze screening test data and identify one or 
more candidate catalyst formulations and optimal process conditions for additional 
validation testing using the LFP-PDU.  Manufacture and install three to four samples of 
the identified catalyst formulations for use in the LFP-PDU. 

Subtask 3.4 

Optimize the operation of the LFP-PDU system utilizing Supplier CA’s best 1st 
generation LFP ethanol synthesis catalyst and validate the ability of this system to meet 
project performance specifications. 

Subtask 3.5 

Move the Synergy LFP-PDU to the commercial site of the 300 dtpd TCC system and 
operate it in an integrated fashion for a sufficient amount of time on a slipstream of 
syngas to demonstrate catalyst durability.  Generate the data required to predict the 
process and economic performance of a commercial scale IBEP system. 

 
TASK 4 – Detailed Conceptual Design of a Liquid Fuel Production (LFP) 
                 Commercial Demonstration Unit (CDU) (LFP-CDU) 
 
The general objectives for Task 4 of the Phase II Program are to: 
 

• Produce a detailed conceptual design for a 100 dtpd Liquid Fuel Production-
Commercial Demonstration Unit (LFP-CDU), interfaced with a 300 dtpd thermochemical 
conversion system (TCC) developed by Supplier CO.   
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• Develop a 2nd generation IBEPS process model and utilize this model to demonstrate 
that the IBEPS can convert biomass to bioalcohols and renewable electricity within the 
performance specifications developed for the Gridley Biofuels Project. 

 
The specific sub-tasks for Task 4 are to: 
 

Subtask 4.1 

Produce a detailed conceptual design for a 100 dtpd LFP-CDU interfaced with the 
commercial-scale TCC system.   The objective is to interface three 100 dtpd LFP 
systems with a 300 dtpd TCC system. 

Subtask 4.2 

Develop a 2nd generation process model for the LFP-CDU by updating and refining the 
1st generation process model developed for the LFP-PDU.  Use this 2nd generation 
model for determining bioalcohol and energy product yields, system energy efficiency 
and emissions. 

Subtask 4.3 

Create generic layout drawings, schematics, etc. as needed to describe the LFP-PDU 
and any required ancillary equipment and facility modifications for the purpose of 
securing 3rd party commercial and/or grant funding for the detailed design, construction, 
installation and commissioning of the LFP-PDU.  

 
Task 5 - Commercial Readiness Plan 

 
The general objectives for Task 5 of the Phase II Program are to: 
 

• Apply 2nd generation 5E models for developing accurate pro-formas for the commercial-
scale IBEP plant. 
 

• Demonstrate that a commercial IBEP plant can be built in the Northern Sacramento Valley 
area (Gridley/Yuba City/Colusa) while meeting the technical and economic objectives of the 
Gridley Biofuels Project. 

 
The specific sub-tasks for Task 5 are to: 
 

Subtask 5.1 

Refine and utilize the 2nd generation 5E models to accurately (±10%) determine the 
capital and O&M costs, product yields, emissions and energy efficiency for the 450 
ton/day (as received) commercial plant. 

Subtask 5.2 

Determine disposal and/or commercial uses of ash and wastewater sludge generated 
from commercial operation of the IBEP system.  
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Task 6 – Project Management 
 
The general objectives for Task 6 of the Phase II Program are to: 
 
• Insure that the project is managed on time and on budget. 

• Communicate to DOE staff project progress and highlights and any problems should they 
develop during the course of the project. 

• Manage a smooth flow of information and project management requirements between REII 
and its various technology development partners and sub-contractors. 

 
The specific sub-tasks for Task 6 are to: 
 

Subtask 6.1 

Provide quarterly progress reports that provide a concise narrative assessment of the  
6.2 status of work 

 
Subtask 6.2 

Prepare a final report that includes the following: 

• Task activities, goals and objectives achieved and project highlights. 

• Major findings and conclusions of the project. 

• Recommendations for commercial deployment of the IBEP technology. 

Subtask 6.3 

Manage contracts, relationships and work flow and work product generated by REII’s 
technology development and demonstration sub-contractors. 
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10. APPENDIX I – DEFINITIONS  

Biomass - Any renewable organic matter that is available on a renewable basis.  Biomass 
includes forest and mill residues, agricultural crops and wastes, wood and wood wastes, 
animal wastes, livestock operation residues, aquatic plants, fast-growing trees and plants, 
and municipal and industrial wastes. 
 
Btu - A unit of measurement used to compare the energy available in different fuels or 
other energy sources.  One Btu is the amount of heat energy it takes to raise the 
temperature of one pound of water one degree Fahrenheit.  
 
Bioalcohols – Any alcohol or mixed alcohol product derived from biomass. 
 
Biochemical Biomass Conversion - The utilization of biological processes (e.g. microbial 
fermentation and enzymatic hydrolysis) to convert biomass to bioenergy and/or biofuels. 
 
Bioenergy - Heat and/or electricity produced from biomass. 
 
Biofuels – Fuels produced from biomass. 
 
Biogas – A methane rich gas derived from bacterial digestion of organic matter. 
 
Biosyngas – Gas rich in hydrogen and carbon monoxide that is obtained by the 
thermochemical conversion of biomass. 
 
Cellulosic Material - Crop stalks, forest residues, and portions of urban waste that can be 
processed into alcohol fuels once treated with acids or enzymes to break them down into 
fermentable sugars. Use of these materials to make alcohol fuels on a large scale depends 
on improving the efficiency (now 20%) of this hydrolysis, or breaking down, step.  
 
Dry Ton (DT) – One U.S. ton of any biomass material from which water has been reduced 
to below 1 wgt% in a drying oven. 
 
Dry Ton per Day (dtpd) – One U.S. ton of any dry (oven dried to below 1 wgt% of water 
content) fed into a biomass conversion process per hour. 
 
Emissions – Any non-product output and/or waste from the unit processes that enters the 
air, water, or soil environment (www.rff.org/glossary.htm) 
(www.eere.energy.gov/biopower/basics/ba_glossary.htm.) 
 
Energy Flow – Input into or output from a unit process or product system, quantified in 
energy units. 

Fossil Fuels - Hydrocarbons found within the top layer of the earth’s crust.  The primary 
fossil fuels are natural gas, petroleum oil and coal. 

Green Diesel – A high-quality, clean diesel-like product derived from the Fischer-Tropsch 
synthesis of syngas. 
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Kilowatt-hour (kWh) - A unit of energy equivalent to one kilowatt (1 kW) of power expended 
for one hour (1 h) of time   
 
Life Cycle Assessment (LCA) – A systematic tool for assessing the economic, 
environmental and energy impacts associated with any system throughout its life cycle 
 
Life Cycle Inventory – The compilation and quantification of inputs and outputs for a 
system throughout its life cycle 
 
Process Energy – Energy input required for a unit process to operate the process or 
equipment within the process, excluding energy inputs for production and delivery of this 
energy 
 
Thermochemical Biomass Conversion- The utilization of thermochemical processes (e.g. 
pyrolysis, gasification, steam reforming, combustion) to convert renewable biomass to 
bioenergy and/or biofuels. 
 
Syngas – Comparable to biosyngas, but derived from fossil origin. 
 
Tons - a United States unit of weight equivalent to 2000 pounds 
 
Waste Biomass – Low-value organic waste by-products from agriculture, forest and 
municipal activities. 
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11. APPENDIX II – ACRONYMS AND ABREVIATIONS 

 
Acronym Definition 
Btu British Thermal Unit 
CEC California Energy Commission 
CHP Combined Heat and Power System 
DG Distributed Generation 
dtpd Dry Tons Per Day (biomass feed rate:  oven dried, ash free basis) 
LFP Liquid Fuel Production (LFP) System 
gal U.S. gallon 
IBEP Integrated Biofuels and Energy Production (IBEP) System 
lb Pounds (mass) 
lbs/MMBtu Pounds per Million British thermal units 
lbs/MWh Pounds per Megawatt-hour 
mg/m3 Milligrams per cubic meter (at STP) 
$M Million Dollars 
MMGPY Million Gallons per Year (plant capacity) 
MWe Megawatt, electric 
MWh Megawatt hours 
ppmv parts per million by volume 
REII Renewable Energy Institute International 
RETC Renewable Energy Testing Center 
SCF Standard cubic feet (at 70ºF, 14.7 psig) 
TCS Thermochemical Conversion System 
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12. APPENDIX III – PRO-FORMAS FOR 450 TON/DAY RICE HARVEST IBEP PLANTS 
LOCATED IN THE BUTTE/SUTTER/COLUSA COUNTY AREA OF CALIFORNIA 

9.1 PRO FORMA SUMMARY

PROCESS PARAMETERS
Biomass Input (BDT/day) 325
Biomass Energy Content (BTU/lb) 8,500
Syngas Generation System 1 Thermo Units
Fuel Generation System 3 Alcohol Units
Power Generation System 3 @ 2.5 MW Each 
PRODUCT YIELDS
Alcohol Fuel (gallons/yr) 8,554,000
Electricity (MW) 7.45
CAPITAL COSTS
Facility & Improvements 2,442,495$             
Biomass Processing 715,000$                
Syngas Generation 25,829,250$           
Fuel & Power Generation 24,177,725$           
Total Capital Costs 53,164,470$           
ANNUAL O&M COSTS
Feedstock 3,712,674$             
Syngas Generation 2,465,395$             
Fuel & Power Generation 3,107,925$             
Tax, Insurance, G&A 1,404,289$             
Total O&M Costs 10,690,283$           
ANNUAL REVENUE
Electricity @ $0.080/kWh 4,704,700$             
Fuel @ $1.95/gallon 16,680,300$           
Gross Revenue 21,385,000$           
- O&M 10,690,283$           
- Debt Payment 6,338,459$             
Net Revenue 4,356,258$             
RETURN ON INVESTMENT (ROI)
ROI (with incentives) 81%
ROI (without incentives) 41%
FINANCIAL ASSUMPTIONS
Debt (%) 80%
Equity (%) 20%
Debt Rate (%) 8%  
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9.2 PROCESS SUMMARY

PROCESS PARAMETERS
Biomass Input (BDT/day) 325
Biomass Energy Content (BTU/lb) 8,500
Syngas Generation System 1 Thermo Units
Fuel Generation System 3 Alcohol Units
Power Generation System 3 Gensets
Alcohol Fuel Production (gallons/yr) 8,554,000
Net Electricity Production (kWh/yr) 58,808,750
Net Electrical Capacity (MW) 7.45
Alcohol Yield (gallons/dry ton) 80
Ethanol Yield (gallons/dry ton) 64
Net Electricity Yield (kWh/dry ton) 550
CAPITAL COSTS
Facility & Improvements 2,442,495$             
Biomass Processing 715,000$                
Syngas Generation 25,829,250$           
Fuel & Power Generation 24,177,725$           
Total Capital Costs 53,164,470$           
Capital Cost/annual gallon capacity $3.42 Note: Allocated by syngas fraction
Capital Cost/kW capacity $3,212
ANNUAL OPERATING COSTS
Feedstock 3,712,674$             
Syngas Generation 2,465,395$             
Fuel & Power Generation 3,107,925$             
Tax, Insurance, G&A 1,404,289$             
Total Operating Costs 10,690,283$           
Operating Cost/ annual gallon $0.69 Note: Allocated by syngas fraction
Operating Cost/ kWh $0.082
Annual Alcohol Revenue Requirement 11,596,074$           
Minimum Alcohol Selling Price $1.36

Note: With 10% Return on Capital Investment and $0.075/kWh revenue  
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9.3 SYSTEM SPECIFICATIONS

BIOMASS INPUT
Water Content of Biomass (% w.b.) 11%
Inorganic Content of Biomass (% w.b.) 17%
Cost of biomass (as received) 25.00 $/ton
Biomass Input (dry, ash free) 325 tons/day

1.07E+05 tons/yr
13.54 tons/hr

Biomas Input (as received) 451 tons/day
1.49E+05 tons/yr

Cost of biomass (dry, ash free) 34.72 $/ton
Biomass Energy Content (dry, ash free) 8,500 BTU/lb
Biomass Energy Content (as recieved) 6,300 BTU/lb
Biomass Energy Input 2.30E+08 BTU/hr

5.53E+09 BTU/day
1.82E+12 BTU/yr

SYNGAS OUTPUT
Syngas Composition (Mole%) H2 CO CH4 CO2 N2 Total

43% 22% 14% 21% 1% 100%
Syngas Energy Content 337 BTU/Cu.ft.
Syngas Energy Output (Gross) 2.30E+08 BTU/hr

5.53E+09 BTU/day
1.82E+12 BTU/yr

Syngas Flow 6.83E+05 Cu.ft./hr
1.64E+07 Cu.ft./day
5.39E+09 Cu.ft/yr

Gas Input (Product Gas to Burners) 6.91E+07 BTU/hr
Gas Input (Product Gas to Burners) 1.66E+09 BTU/day
CATALYST OPERATING CONDITIONS
Catalyst Temperature & Pressure 500 oF 750 psi
Catalyst Lifetime 2,500 Hrs (Change Catalyst at 30% DF)
ALCOHOL OUTPUT
Alcohol Composition (mass %) Ethanol Methanol C3-C5+

80% 15% 5%
Alcohol Energy Content 8.18E+04 BTU/gallon
Alcohol Yield 80 Gallons/Ton Biomass (dry, ash free)
Alcohol Daily  Production 2.60E+04 Gallons/Day
Alcohol Yearly Production 8.55E+06 Gallons/Yr
Alcohol Daily Energy Production 2.13E+09 BTU/day
Alcohol Yearly Energy Production 6.99E+11 BTU/Year
Fuel Energy Conversion Efficiency 38.5%
ELECTRICITY OUTPUT
Electricity Yield (Net) 550 KwH/Ton Biomass (dry, ash free)
Electricity Daily Energy Production 1.79E+05 KWH/day

6.10E+08 BTU/day
Electricity Yearly Energy Production 5.88E+07 KWH/year
Electricity Output (Net) 7.45 MW
Energy Conversion Efficiency 11.0%  
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9.4 SYSTEM COSTS

CAPTIAL COSTS
FACILITY & IMPROVEMENTS
Building and Facilities (12,000 Sq. Ft.) $1,342,495
Land (10.0 Acres) with Improvements $1,100,000

Sub-Total $2,442,495
BIOMASS PROCESSING
Shredder                              $715,000
SYNGAS GENERATION
Conversion System (1 units @ 425 tons/day) $19,450,000
Heat Recovery Unit - 900,000 Therms $325,000
Engineering/Validation/Training (23%) $0
Installation (7%) $1,384,250
Contigency (10%) $1,977,500
Profit (10%) $1,977,500

Sub-Total $25,114,250
ALCOHOL AND ENERGY GENERATION
Alcohol Skids (3) $3,757,500
Compressors (3) $2,625,000
Engines/Generators (3 @ 2.5 MW each) $5,625,000
Civil Works $2,400,000
Electric Works $1,600,000
Fuel Storage Tanks (2 @ 100,000 gallons) $900,000
Engineering/Validation/Training (23%) $3,888,725
Contigency (10%) $1,690,750
Profit (10%) $1,690,750

Sub-Total $24,177,725
TOTAL CAPITAL COSTS $52,449,470

ANNUAL O&M COSTS
BIOMASS FEEDSTOCK
Feedstock Cost (Includes Handling) $3,712,674
SYNGAS GENERATION
Labor $495,000
Conversion System (7%/Yr) $1,361,500
External Energy $275,000
Chemicals $250,000
Ash Disposal ($20/ton) $83,895

Sub-Total $2,465,395
ALCOHOL AND ENERGY GENERATION
Labor $425,000
Alcohol Skid (7%/Yr.) $263,025
Compressors (7%/Yr.) $183,750
Engine/Generators (7%/Yr.) $393,750
Catalyst $921,200
Catalyst Royalty/Licensing $526,400
Water $131,600
External Energy $263,200

Sub-Total $3,107,925
TAX, INSURANCE, G&A
Local Tax (2%) $1,048,989
G&A, Insurance $341,000

Sub-Total $1,389,989
TOTAL O&M COSTS $10,675,983  
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13. APPENDIX IV – SUPPLIER REQUEST FOR PROPOSAL (RFP) FOR A PYROLYSIS/ 
STEAM REFORMING SYSTEM 

13.1. INTRODUCTION 

 
This appendix represents the RFP that was sent to several suppliers for a 
thermochemical conversion system that utilized pyrolysis/steam reforming without the 
introduction of air or oxygen.   The essence of that RFP is provided below. 
 
RFP Overview – The city of Gridley requested proposals from selected candidate 
manufacturers for the design, engineering, installation, and commissioning of two 250 
dry ton per day (dtpd) thermochemical conversion systems for the generation of syngas 
from rice harvest waste and possibly other waste agricultural feedstocks for the City of 
Gridley, California (http://www.gridley.ca.us).  Rice straw and rice hulls contain 9-11% 
moisture with 16-19% inorganic material and an average energy content of 5,900 Btu 
per pound (see Appendix A).   
 
This Request for Proposal (RFP #12061) was one of several RFP’s distributed to 
purchase various pieces of equipment that will be required to build a 500 dtpd 
commercial facility for the production of electricity, fuel, and heat at an industrial site 
located in Gridley, California.  These proposals were due by Friday, February 3, 2007.  
 
RFP Background - The City of Gridley provides electricity service to about 6,000 
people in Northern California.  The City of Gridley, situated on Highway 99, is located in 
southwestern Butte County and incorporated in 1905 is 96 feet above sea level with an 
average rainfall of 22 inches.  The average high temperature is 950 oF in July and an 
average low is 350 oF in January.  Summers are warm and dry with little humidity.  The 
City of Gridley Municipal Utility and its predecessors have been supplying electricity for 
over a century.   
 
The City of Gridley’s maximum summertime peak electric demand is about 10 MW.  As 
of 2003, the City had 1,881 residential accounts and 400 non-residential accounts 
delivering over 28,000 mega-watt-hours (MWh).  The electric grid is connected to the 
Pacific Gas & Electric system and is coordinated by the California Independent System 
Operator (CAISO).  The City of Gridley is also a member of the Northern California 
Power Agency (NCPA), a joint powers agency that provides support for the electric 
utility operations for 18 member communities and districts in Northern and Central 
California.  They own and operate several power plants that comprise of a 96 percent 
emission-free generation portfolio.  
 
Location of Project - The facility will be constructed adjacent to the Rio Pluma Food 
Processing Plant in the northeastern portion of the City of Gridley, California.  The site is 
zoned Industrial by the City of Gridley.  The Supplier will not be responsible for 
estimating any permitting, buildings, or site preparation work as a part of this quote. 
 
Reservation of Rights – The City of Gridley reserves the right, without qualification and 
in its sole discretion, to reject any and/or all proposals or to waive any informality, 
technicality or deficiency in the proposals received.  The City of Gridley reserves the 
right to consider alternatives outside of this solicitation, in its sole discretion, to satisfy 
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full capacity and energy needs.  The City of Gridley reserves the right to select potential 
suppliers that demonstrate innovative thermochemical conversion process that utilize 
sound scientific and engineering principals, which are energy efficient, environmentally 
friendly, and economically viable.  In addition, The City of Gridley reserves the right, in 
its sole discretion, to modify or wave any of the criteria contained herein and/or the 
process described herein.  Those who submit proposals agree to do so without 
recourse against the City of Gridley. 
 
Confidentiality – The City of Gridley recognizes that certain information contained in 
the proposal submitted by potential suppliers, may be confidential and may represent a 
competitive or business strategy.  The supplier is responsible for identifying those 
portions of their Quotation which they consider confidential.   
 
Supplier Diversity - It is the policy of the City of Gridley to encourage suppliers to 
subcontract with minority and women-owned businesses for products and services 
rendered, to the maximum extent practical, in the performance of our contracts.  In 
addition to low cost and other business considerations, the City of Gridley may elect to 
award a contract(s) based upon the quoting supplier maintaining an acceptable level of 
minority and women-owned business participation.  Companies who subcontract work 
to minority and women-owned/operated businesses or use such businesses to provide 
products and services incidental to their business will be viewed as providing added 
value to their quotation.  As such, the quoting company must agree to use its best 
efforts to give minority and women-owned business the maximum practical opportunity 
to participate in the subcontracts it awards.  The target goal for utilization of minority and 
women-owned business under the contract(s) to be awarded is 10%.  If the quoting 
company's documented past performance utilizing minority and/or women-owned 
business exceeds this goal, such documentation shall be submitted with the quotation.   
 

13.2. RFP SUBMITTALS AND COMMUNICATIONS 

Responses to the RFP - To ensure consideration, responses to this RFP should 
conform to the format described in Chapter IV.1 of this document.  All costs of proposal 
development are to be borne by the proposing company.  The City of Gridley will not 
reimburse any proposing company for costs incurred in responding to this RFP or for 
the costs incurred during any subsequent negotiations. 
 
Responses to this RFP must be received by the City of Gridley no later than Noon, 
Pacific Standard Time on Feb. 3, 2007 by e-mail to Greg Tamblyn and Brad Wilkie with 
cc’s to Dennis Schuetzle, Frederick Tornatore and Tom Sanford: 
 
 
Brad Wilkie, Finance Director 
City of Gridley 
685 Kentucky Street 
Gridley, CA  95948 
bwilkie@gridley.ca.us 
Telephone: 530-846-5695 
 
Greg Tamblyn, Manager 

Business Development 
TSS Consultants 
2724 Kilgore Road 
Rancho Cordova, CA  95670 
Telephone: (916) 638-8811 (x117) 
Cell Phone: (916) 752-2100 
gtamblyn@tssconsultants.com 
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Frederick Tornatore, Vice President 
Environmental 
TSS Consultants 
2724 Kilgore Road 
Rancho Cordova, CA  95670 
Telephone: (916) 638-8811 (x104) 
Cell Phone: (916) 601-0531 
fatoxic@tssconsultants.com 

Dennis Schuetzle, Ph.D., President 
Renewable Energy Institute 
International (REII) 
5022 Bailey Loop #107 
McClellan, CA 95652 
Cell Phone: (916) 798-8898 
dennis@reii.us 
 
Tom Sanford, Partner 
Harris, Sanford and Hamman 
660 Ohio Street 
Gridley, CA  95948 
Telephone: 530-846-5691 
tsanford@sacvalleylaw.com 

 
Bidders that intend to submit a proposal are asked to send an e-mail by January 15, 
2007 to Brad Wilkie and Greg Tamblyn announcing their Intent to Bid.  The above 
persons may also be contacted by phone or e-mail for inquiries and questions.  
Responses to the RFP were due by February 3, 2007. 
 
Upon completion of the review process, the City of Gridley informed all responding 
suppliers by March 10, 2007 about the final status of their proposal.   
 
RFP Timing – The timing for this RFP was established to correspond to the general 
timing objectives of the entire Gridley Biofuels Project.  The timing for evaluating 
potential suppliers; choosing the candidate supplier; establishing a final contract with 
the candidate supplier; ordering of the equipment, etc. was as follows:  
 
4th Quarter 2006 
 

1. Send RFP #12061 to selected candidate suppliers of thermochemical conversion 
systems (heretofore referred to as Systems) for their proposals to supply the 
syngas production unit (Week of December 4, 2006) 

2. Final date for submittal of RFP from candidate suppliers (February 3, 2007) 

 
1st-2nd Quarter 2007 
 

3. Final date for selection of the System candidate supplier (March 10, 2007) 

4. Candidate supplier to provide firm System product specifications and costs (April 
28, 2007) 

 

13.3. GENERAL INFORMATION 

Figure 28 below provides a schematic of the major system components for the 
production of electricity, heat, and alcohol fuels from rice and prune production waste.  
This RFP (#12061) is for the Syngas Production Unit Only.   
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Figure 28 – Gridley Biofuels Project – Major System Components for the Production  
of Electricity, Heat, & Alcohol Fuels from Rice Waste Products 

 
RFP’s are being requested for the Fuel Production System and the Combined Heat and 
Power Production System under separate RFP’s. 
 
This proposal should include all equipment and engineering costs and include the cost 
of delivery, installation and validation of the System at the City of Gridley project site.  It 
is also required that the supplier include energy balance, mass balance and process 
flow drawings and data with their submittal. 
 
The system performance requirements are outlined below.  These requirements are 
considered target performance criteria and not final specifications.  Final specifications 
will be subject to final negotiations with the selected supplier.  Suppliers are encouraged 
to contact the City of Gridley to discuss any requirements that will be difficult to meet 
with their system.  Submitted proposals should include the suppliers expected system 
performance with the feedstock herein described.   
 
General Thermochemical System Specifications 
 
A.) Fuel Feedstock – rice straw (as received) with the following average composition 
(see Appendix A): 
 

a. 5900 Btu/lb 
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b. 9-11% water 
c. 19% inorganics (~85% silica) 

 
B.) The thermal efficiency for syngas production for the fuel feedstock described in 1) 
above. 
 

a. ~100% energy conversion efficiency of biomass to syngas, with external energy 
input of ~25% of natural gas and electricity) or 

b. ~75% energy conversion efficiency of biomass to syngas, using the syngas as a 
heating source for the thermochemical conversion system) 

 
C). Syngas Characteristics 
 
 
 Syngas Production and Energy Content  
 
 > Syngas yield (dry basis, net to LFP system) >18.2 scf/lb 

> 350 Btu/SCF at ambient conditions (STP)  >350 Btu/scf 

 
Syngas Composition (post clean-up) 
 
H2:      35-45 Vol% 
CO:     20-30 Vol% 
CH4:     10-20 Vol% 
CO2:     < 15 Vol% 
NOx:     < 0.2 ppmv 
N2+O2+Ar:    < 1 Vol% 
C6–C16:     < 500 ppmv 
Tars/Waxes:    < 0.5 mg/m3 (0.035 ppm) 
(Average MW: 354 (C25 H52)) 
Sulfur:     < 0.1 ppm 
Chlorine:     < 0.001 ppmv 
Inorganic Particulate Matter:  < 0.5 mg/m3 (0.2 ppm) 
(Average MW: 59 (Ni)) 
 

 
General Environmental Requirements 

1. Gas heater emissions conform to BACT  (i.e., Alzeta, Maxon systems) 

2. Noise: site code 

3. Water: zero discharge 

4. Solid waste 

a. Waste water solids to be recycled to gasifier. 
b. Quantify expected amount and properties (moisture content, approximate 

composition) from gasification of rice straw and hulls. 
c. Quantify any other non-ash waste that must be disposed of off-site. 
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5. Ash: must be non-hazardous (at full operating conditions) per the following 
protocols: 

a. Total CAM metals 
b. CAM WET test 
c. 96 hour aquatic acid toxicity/bioassay test 

 
General Material Handing Requirements 

1. A day bin for rice straw, having a minimum storage capacity of 72 hours, to be filled 
with a mechanical loader. 

2. The conveyance system for rice hull and prune waste from day bin to 
thermochemical conversion system to be completely automated. 

3. The feedstock is to be electronically weighed with provision of a printed record at the 
point of feeding of the feedstock into the gasifier for overall monitoring and 
evaluation of the system performance. 

4. The Supplier should indicate the desired moisture content for optimum performance 
of the gasifier. 

 
General Thermochemical Conversion System, Fuel Feed and Ash Removal 
Requirements 
 
It is recognized that in order to meet the performance goals contained herein, a variety 
of thermochemical conversion system designs are possible and their system 
construction may vary.  The systems will be evaluated according to the performance 
requirements and those provided by the Supplier.  The system is likely to follow the 
following performance parameters: 
 
Feedstock – The System should be designed to use either rice hulls or prune waste of 
the characteristics given in Chapter 1.6.   
 
Syngas Production – The feedstock specified in this RFP should be able to produce at 
least 40 SCF/lb from the rice straw and rice hulls.  The heating value of syngas product 
should be at least 350 Btu/SCF.  The overall gasifier thermal efficiency at full load must 
be specified.  The target reduction in overall efficiency should be less than 5% at a 
turndown load of 30%. 
 
Product Gas – The tar content of clean and cool gas should be less than 1 mg/m3 and 
total particulate matter should be less than 0.5 mg/m3.   
 
Syngas Composition – The syngas should meet the minimum requirements outlined in 
chapter 3.1.  The thermochemical conversion system should be adjustable to achieve 
different gas compositions, in particular different H2/CO ratios.  wo desired operating 
points are as follows (expressed in mole %): 
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Point 1: H2/CO ratio � 1 
CO: 25-35% 
H2: 25-35% 
CH4: 20-30% 
CO2: <15% 
N2: <2.0% 
O2: Negligible 
Sulfur: <0.5 ppm 

Point 2: H2/CO ratio � 2 
CO: 17-22% 
H2: 35-45% 
CH4: 15-25 % 
CO2: <15% 
N2: <2.0% 
O2: Negligible 
Sulfur: <0.5 ppm 

 
 
Operating Environment – The TCC System must be suitable for operation in ambient 
temp of 25° F to 115° F and up to 100% humidity. 
 
Durability – The normal life of the critical components of the gasifier, such as the cone, 
the air nozzle tips and the impeller of the blower, should be specified and suitable for 
industrial use. 
 
Automation – Control of the gasifier should be automatic including provision of 
automatic air damper closure for shut down. 
 
Ventilation – Interlocks should be provided for use with fans and dampers provided in 
the gasifier enclosure to avoid leakage of product gas into the closed gasifier and 
generator rooms or fugitive emissions to the environment.  Enclosures with exhaust 
blowers must be properly interlocked with a gasifier blower if used. 
 
Ash and Char – The System must have a bottom level, continuous and automatic dry 
ash and char removal system, with no air leakage into the thermoconversion system.  
 
PLC Controls – A PLC based control system must be provided with instrumentation to 
monitor and control thermochemical conversion system performance.  This system 
should have an open protocol that allows for inter-connections with the central process 
control computer and other system computers. 
 
Automatic Temperature Control - The start up, shut down and operation of the 
gasifier, including making load changes, should not require manual intervention.  These 
processes must be easy, continuous and automatic with complete starting sequence 
built into the PLC, including auto control with ignition pilot.  The starting time from pilot 
to flaring should be a maximum of 10 minute, and from flaring to dual fueling 
instantaneous, hence with total starting time of maximum 10 minute from ignition to dual 
fueling.  With a consistent fuel quality the level of gas generation and the gas quality 
with respect to its composition and calorific value should be stable and steady, within 2 
hours of start. 
 
Safety – Safety measures must be adequately addressed.  Carbon Monoxide (CO) and 
product gas monitors/alarms provided by the Supplier should be located where operator 
exposure or product gas buildup possible. 
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Auxiliary Equipment – The supplier is to supply all associated mechanical, pneumatic, 
hydraulic and electrical equipment for operation of the gasifier. 
 
 
General Work Included by Supplier/Installing Supplier 
 
The TCC Supplier will identify the equipment and services included in the bid which will 
include equipment installation.  Except as provided in the section, “Work by Owner” or 
specifically excluded by the Supplier, the work shall consist of supplying all design, 
materials, equipment, consumables, transportation to site, labor and supervision and 
other items required to accomplish the work. 
 
The following list of general items comprises the work that is to be performed by the 
Supplier/Supplier but shall not constitute a complete list of the work: 
 

• Supply all project engineering and project management for the systems provided  
• Supply, installation, and commissioning of all equipment supplied as required 
• Supply, installation, and commissioning of all electrical cables and tray as 

required 
• Supply, installation, and commissioning of all instrumentation and cables 

associated with systems supplied as required 
• Repair materials as necessary 
• Provide start-up assistance 
• Operations and Maintenance training (including manuals) 
• Supplier/Supplier to provide as built plans at completion 

 
General Conditions – The Supplier/Supplier is expected to allow for the following: 
 

• Coordinate the work with the work of the Owner. 
• Maintain the site in a clean and tidy condition at all times. 
• Comply with the applicable safety regulations.  Follow approved lock-out 

procedures and 
• Vessel entry procedures.  Supply and maintain portable fire protection at the site 

at all times during construction. 
• Provide vessel entry (manhole) safety and fire-watch personnel. 
• Submit progress reports to the Owner and telephone review meetings as 

deemed necessary to ensure the proper progress of the project. 
• Provide complete construction installation, erection and operating manuals. 
• Provide marked-up record drawings of the installation as built. 
• Maintain a safety program to ensure compliance with construction Occupational 

Health and Safety regulations and Owner's safety procedures. 
 
Electrical and Controls 
 

• Specify all power and control cable, wiring, tray, hangers and all components 
necessary for a complete and operating installation of the systems 

• Provide all instrumentation, including field devices, isolation valves, wiring, tubing, 
cabinets, etc. required for a control of all systems supplied. 
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• Provide the control strategy and any associated configuration, programming, 
calibration and field commissioning 

• Terminate control instrument cables in new control panels for all control loops 
added by this work.  Motors to have hardwired controls with local start/stop.  All 
motors to be T frame Energy Star energy compliant. 

• Provide control schematics and operating description 
 
Construction and Installation 
 

• Supply qualified field engineering personnel, as required during construction, to 
ensure installation is performed to design and to rectify problems/non-
conformances in a timely manner. 

 
Commissioning 
 

• Complete start-up and commissioning of the unit. 
• Assist with performance testing of the unit. 
• Confirmation of field signals from devices to graphics including engineering units, 

signal quality and range. 
• Confirmation of interlock capacity to shutdown required equipment. 
• Stroking of remotely operated valves, both shutoff and control. 
• Confirmation of proper control by any field pushbuttons and disconnects. 
• Confirmation of motor rotation and field start/stop stations. 
• Calibration of all field instruments 
• First time lubrication of equipment.  Lubricant will be supplied by the Owner with 

a minimum 2 months of notice with specification for the required product. 
• Provide full servicing and adjustment at 100 and 500 hours. 
• Preliminary settings for control systems. 
• Damper control settings. 

 
Startup 
 
The following support is to be provided for equipment start-up after installation for the 
following disciplines: 
 

• At least one representative on site to handle start-up issues with required support 
from equipment/process experts at the supplier's site. 

• Adjustments of control systems to ensure safe and efficient operation of the 
equipment. 

• A start-up report stating what the control parameters were set to and what 
activities were undertaken to ensure proper operation of the equipment. 

 
Training 
 
The following training is to be provided: 
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• Training for operating personnel who will be responsible for continuous 3 shifts of 
24 hour operation, one group of electrical & instrumentation maintenance 
personnel and one group of mechanical maintenance personnel. 

• Training manual including, but not restricted to, diagrams illustrating the process, 
interlocks, start-up and shutdown procedures, spare parts list, original equipment 
manufacturer installation and maintenance manuals, and illustrations of graphics.  
This manual should be provided in electronic format.  The need for electronic 
documents must be stressed with sub-suppliers. 

 
Work by Owner 
 
Work of the Project executed concurrently with the work contained in this Scope, and 
which is specifically excluded from this Scope: 
 

• Obtain all applicable permits as required, including, but not limited to, Authority to 
Construct, electrical and building permit, etc.  Supplier is expected to assist by 
providing information required for permit applications. 

• Retain qualified engineers to design, construct, commission and startup all 
balance of plant (BOP) equipment to support the syngas-engine generator.  This 
may include civil and structural needs, HVAC, plumbing, electrical supply and 
other needs.  HVAC will utilize heat recovery for absorption chilling. 

• Supply and installation of all civil and structural works as required. 
• Contract for mechanical, electrical installation not supplied by Supplier. 
• Provision of electrical, water, compressed air services to the Supplier at one 

point at project site in quantities that do not affect normal operation. 
• Terminations of cables in existing and Owner supplied equipment. 

 
Items Furnished by Owner 
 

• All VFD motors, electronic ballasts, lighting, controls, and applicable items will be 
Energy Star certified. 

• Building, power and utilities. 
• MCC Motor starters as specified by Supplier. 
• Electrical equipment for grid connection and transformer. 

 
Working Environment 
 
This equipment will be located at a 10-15 acre site within the City of Gridley.  The 
System will be installed in a ~25,000 sq. ft. building with a paved road connected to a 
major road approved for large commercial vehicles. 
 
 
Reference Standards 
 
The equipment provided under this specification shall comply with all applicable federal, 
state and local laws, ordinances and regulations and to the latest edition of the following 
Codes, Standards and Recommendations. 
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AWS American Welding Society 
ANSI American National Standards Institute 
API American Petroleum Institute 
ASME American Society of Mechanical Engineers 
ASTM American Society for Testing and Materials 
CSA Canadian standards Association 
ISA Instrument Society of America 
NFPA National Fire Protection Association 
OSHA Occupational Health and Safety Act 
SSPC Society for Protective Coatings 
UBC Uniform Building Code 
UL Underwriter's Laboratory 

 
 
Quality Assurance 
 
All materials and workmanship shall be of first class quality and shall be as specified. 
Components not specifically covered herein, but required for satisfactory operation of 
the unit, shall be constructed of the best quality materials and traceable to ASTM 
standards or equal.  The Owner reserves the right to visit Suppliers manufacturing 
facilities at any point during the fabrication process.  The Supplier will be notified a 
minimum of one week in advance of any planned visits. 
 
Supporting Drawings and Documents 
 
All schedules will be provided in Microsoft Project for Windows or compatible format.  
The general document format will be Microsoft Office.   
 
Interim documents and proprietary documents, other than drawings, may be provided in 
the Adobe Acrobat PDF file format. 
 
All engineering drawings shall be in AutoCAD 2000, readable in Visio or other 
compatible format.  The supplier shall provide 3 printed copies and 1 electronic copy of 
all schematics, figures and photographs including the following:  
 
Controls 
 

• Process and instrument diagrams (P & ID’s)  
• Hardcopy of PLC program revisions  
• Instrument index 
• Instrument specification sheets 
• Instrument loop sheets 
• Revised instrument location drawings 
• Instrument cable schedules 
• Controls panel drawings 
• System interconnection drawings 
• Instrument power distribution drawings 
• System cabinet layout drawings 
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• System bills of materials 
 
Electrical Systems 
 

• Motor index 
• Motor elementary drawings 
• Electrical power single line drawings 
• Electrical power distribution panel drawings 
• Electrical cable schedules 
• Equipment Grounding Drawings 

 
Mechanical Systems 
 

• Drawings of equipment 
• Detailed drawings and manuals (including BOM) 
• Layout drawings of ducts and chutes 
• Detailed bin, dryer, conveyor drawings and manuals (including BOM) 
• Piping diagram and fittings 
• Recommended spare parts lists for all major pieces of equipment 
• Energy balance and process flow diagrams 

 
Civil/Structural 
 

• Equipment loading drawings 
• New steel/concrete drawings 

 
 
Other Project Documents 
 
Training, operating and maintenance manuals (provided for review a minimum of 30 
days before training begins).  Six (6) copies of these manuals will be provided for the 
training sessions.  The manuals will describe the technical, operating and maintenance 
aspects of the integrated system. 
 
Functional Specification Documents 
 

• Operating and Control Strategy Definition 
• Data Collection and Storage Definition 
• Report/Alarm Definition 
• Faceplate Display Layout 
• Process Graphic Layout 

 
System Design Documents 
 

• Control Strategy Design 
• Control Database Design 
• Logic Drawings 
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Spare Parts 
 
All recommended spare parts for first two years of operation are to be included with the 
purchase price of the system. 
 
System Delivery 
 
The Supplier shall ensure that equipment delivered to City of Gridley site is in good 
condition and shall be responsible for any repairs to or replacement of the equipment 
due to shipping, loading and unloading. 
 
Performance Guarantees 
 
The Supplier will stipulate the performance guarantees of the completed project as 
follows: 
 
Performance Testing - A performance test will be run on the system after the 
installation.  The Supplier is required to demonstrate compliance with the performance 
guarantees.  Performance tests shall be run within 30 days after the Owner shall have 
received notice from the Supplier that the System is ready for testing.  It is understood 
that the Supplier may require preliminary tests.  Items which are demonstrated will be 
signed-off by the Supplier's representative and the Owner's representative.  Any 
deficiencies shall be corrected by the Supplier at no cost to the Owner. 
 
An initial performance run test will be carried out for each gasifier over a minimum 24-
hour period and must process a minimum of 200 tons of biomass feedstock.  All 
process equipment lines shall be tested in various modes and proved to be reliable and 
in compliance with these specifications. 
 
A second performance run test will be carried out over a minimum 72-hour period and 
must process a minimum of 250 tons of biomass feedstock.  In addition, equipment 
must demonstrate that it is durable and reliable for continuous 24/7 operation for a 
minimum of 6 months. 
 
The supplier may propose alternate test and guarantees, which would be appropriate 
and measurable.  The test results shall at all times be determined from data generated 
by calibrated instrument following applicable sampling procedures and methods.  
Performance tests and performance calculations shall be made in accordance with 
agreed upon standards.  A detailed test procedure shall be submitted in writing and 
mutually agreed upon prior to the commencement of any testing.  The City of Gridley 
will be responsible for carrying out all performance testing in collaboration with the 
Supplier. 
 
In the event that the Syngas Production System can’t meet performance specifications, 
the Supplier will disassemble the system and transport it back to its point of origin at no 
cost to the City of Gridley. 
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Product Requirements 
 
Material 
 

• All local control cabinets and marshalling cabinets shall be NEMA 4X rated. 
• Structural steel shall be fabricated, painted, supplied and erected according to 

Owner requirements depending on Supplier needs. 
• Structural concrete shall be supplied, cast and tested as specified by Owner's 

engineer. 
 
Fabrication 
 

• All equipment fabrication shall be in accordance with national, state, and local 
codes.  All welding to conform to AWS standards and be done by AWS-certified 
welders.  Equipment must meet or exceed ANSI, ASME, AGMA, and NEMA 
standards 

• Machined surfaces and flange faces will be coated with heavy rust preventative 
grease. 

• All coupling threads will be coated with tallow based waterproof lubricant to 
prevent galling in use and corrosion during shipping and storage. 

• All flange faces will be covered and all couplings plugged to prevent damage 
during shipping. 

• Workmanship shall be of best quality and in accordance with established trade 
standards. 

• All work shall be executed in a workman-like manner, and shall present a neat 
and mechanical appearance upon completion.  The Supplier shall provide and 
apply touch-up paint to all equipment as necessary. 

• All materials provided by the Supplier shall be new and fit for the purpose 
intended. 

• Guarding Machines are to be designed in such as way that dangerous rotating 
and nip points are protected to prevent personal injury and invasion of product 
into moving machine elements.  Protection is to be very service-friendly and it 
must be possible to remove the protection devices easily and without the use of 
tools.  All shafts are to be equipped with guards on the non-driven ends of the 
shafts. 

• Electrical Specifications: Supply power is 480V, 3-phase, 60HZ for motors under 
300 hp Control power is 120V, 1-phase, 60HZ.  Specify if 24 V. 

 
Testing 
 

• The supplier’s equipment will be shop tested as much as practical.  The amount 
of testing that will be carried out at the supplier’s location needs to be 
documented. 

 
Surface Coatings 
 

• The coating of surfaces for any equipment provided or installed under this scope 
of work which are marred shall be repaired after installation with matching colors. 
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• All un-galvanized structural steel shall be painted according to Owners 
specifications. 

• Heat conducting surfaces near possible worker contact must have a ceramic type 
coating to retain heat and not cause burns on momentary contact. 

 
Assembly and Shipping  
 

• All equipment shall be as fully shop-assembled as possible in order to hold field-
assembly to a minimum, subject only to shipping and handling limitations.  
Provide detailed drawings for field-joint locations. 

• Where necessary to ship in two or more sections, the unit shall be shop-
assembled to assure proper fit and alignment, flanged for erection bolt 
connection, match-marked, and provided with bolts for field-assembly. 

• Shipping joints shall be welded after the equipment has been erected and 
aligned.  Erection bolt connections shall be strong enough to support the unit 
during erection before welding. 

• All shafting shall be completely assembled with bearings, collars, sprockets, 
pulleys, rolls, etc., in designated locations and all keys fitted. 

• Machinery-assembly bolts shall be grade 5 cap-screws with nylon insert lock-
nuts.  Double or jam-nuts shall not be used.  Lock-washers permitted only for 
those applications approved by the Owner.  Bevel washers to be used where 
applicable. 

• Finished-metal surfaces shall be covered with a corrosion-resistant coating to 
protect the surface until installation. 

• A detailed manifest shall accompany each shipment. 
• Equipment shall be crated and secured for shipment by a common carrier.  All 

international and domestic shipments shall be the responsibility of the Supplier.  
Shipment shall be F.O.B., City of Gridley. 

• Fasteners required to mount equipment in mill shall be provided by the Supplier. 
• Each item of equipment or machinery will be identified by a section code number 

assigned by a Supplier Engineer.  Supplier shall clearly identify the item and 
each of its unassembled components by affixing the proper numbers by means 
of tags, metal stamps, neatly-applied painted numerals, or other suitable means.  
The section number shall be readily visible, durable, and secured in such a 
manner that it will not be lost in transit or obliterated by the elements.  This 
number shall also appear on the detailed manifest. 

• Small components may be boxed or crated for shipment with the box or crate 
bearing the section number.  Components for different sections shall not be 
boxed together. 

• All items shipped loose are to be shipped with, and wired to, the section to which 
it will be field-installed. 

 
Certificates 
 

• Material and performance certificates shall be provided to the Owner by the 
Supplier to ensure that all documentation required by applicable regulations is 
available.   
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Product Warranty 
 

• The supplier guarantees the Syngas Production system to be free from 
manufacturing defects and warranty’s that all major components have a minimum 
life-time of 20 years. 

• The supplier shall warranty that the system will operate for 20 years within 90% 
of the specifications developed from the initial performance testing and validation. 

 
General Safety Requirements 
 

• All Suppliers will be required to follow current OSHA, State of California, and City 
of Gridley safety rules, regulations, and policies (i.e., lock-out/tag-out, confined 
space, fire prevention, etc.) 

• In all cases, the Supplier must adhere to accepted safety rules and regulations.  
This includes smoking area policies and restrictions. 

• The following personal protective equipment will be required at all times while on 
the plant site: Approved hard hats, safety glasses, and safety-toe shoes. 

• Additional personal protective equipment will be required as the situation, rules, 
regulations, policy, etc., dictates (i.e., face shields, hearing protection, fall 
protection, etc.). 

• No smoking will be allowed on the premises. 
• Suppliers will be required to submit a site specific safety plan for the project, prior 

to beginning work. 
• Work on the site will be from 7 am until 5 pm, 5 days a week, except as 

specifically allowed in writing by the site owner. 
• Suppliers are required to have weekly safety meetings with all Supplier 

employees on the plant site, with written meeting notes to be submitted to 
Owner's representative. 

• Any chemicals the Supplier requests to bring on to the plant site must receive 
prior approval by Owner and will require a current M.S.D.S. 

• Owner allows NO DISCHARGES of any kind to any of its waste systems. 
• At Owner's discretion, a current drug test may be required for any Supplier 

employee or sub-¬supplier, any one any time, selected either randomly or 
specifically selected. 

• Safety devices, barricades, and electrical interlocks to prevent injury to all 
personnel during construction are to be provided by Supplier. 

• All employees, sub-Suppliers, Suppliers, etc., hired by the Supplier may be 
required to have a Safety Orientation prior to entering the plant-site.  his will be 
the responsibility of the Supplier or a project appointed safety consultant.  

• The Engineer and Owner reserve the right to order the removal of any person 
who, in his opinion, is not qualified or cooperating with other craftsmen in the 
best interests of the job. 

• In all cases, Supplier or Supplier is to adhere to accepted procedures such as a 
burning & welding permit process to ensure that the plant security personnel are 
aware of all burning & welding that has occurred during the day. 

• In addition, Supplier or Supplier must adequately wet down all affected areas 
prior-to and after burning or welding. 
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• Supplier or Supplier to supply a fire watch for at a minimum of four (4) hours after 
any cutting or welding has taken place. 

 
Supplier Insurance Requirements 
 
Prior to commencement of the work, Supplier and any sub-Suppliers engaged by the 
Supplier shall obtain and maintain in full force and effect during the term hereof, at 
Supplier's sole expense, the following insurance coverage upon Supplier's operations 
hereunder: 
 
A. Worker's Compensation & Employer's Statutory Liability 
 

� $2,000,000 
 
B. Comprehensive General Liability: 

� Bodily Injury or property damage (per occurrence): 
 $2,000,000 

� General Aggregate: 
 $4,000,000 

� Products and completed operation aggregate: 
 $4,000,000 

 
C. Supplier shall provide a Certificate of Insurance indicating that the Comprehensive 
General Liability provides coverage for: 
 

� Premises/Operations Liability 
� Owner's & Supplier's Protective Liability 
� Products/Completed Operations Liability 
� Blanket Contractual Liability 
� Explosion, Collapse & Underground Property Damage Liability (at the discretion 

of the Owner) 
� Professional Liability of at least $2,000,000 per claim which will include errors 

and omissions coverage. 
� Sudden and accidental pollution coverage 
� Comprehensive Automobile Liability covering the use of any motor vehicle in 

connection with this project with a combined single limit of $2,000,000.  Supplier 
shall provide a Certificate of Insurance indicating that the Comprehensive 
Automobile Liability provides coverage for all owned, non-owned and hired 
automobiles. 

� Process specification guarantee insurance (e.g., from Lloyd’s of London and 
other insurance or financial organizations) 

 
All of the above-described insurance is to be maintained by the Supplier and shall be 
obtained from an insurance carrier or carriers satisfactory to the Owner.  All policies 
shall name at least the owner, site owner and occupant, and major funding sources as 
additional insured.  Such certificates shall provide that the insurance is not subject to 
change or cancellation until 20 days after the written notice of such proposed action has 
been given to the Owner.  Certificates of insurance shall be filed with the Owner prior to 
commencing any part of the work. 
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Instructions to Bidders 
 
TSS Consultants personnel will endeavor to provide as much information as is 
requested by the Suppliers in order to facilitate the RFP process; however Suppliers 
must realize that some information may not be available. 
 
Bid Submissions - The following documents are required with the Bid:  
 
A) Statement of Qualifications including list of similarly executed projects with contact 
information for project owners/sponsors. 
 
B) A preliminary price Quote, which should be within + 15% of the final price quotation 
 
C) A completed Performance Specifications Form 
 
D) Drawings showing general installation dimensions and typical access platform 
requirements 
 
E) Proposed Schedule 
 
 
Selection Criteria - The City of Gridley will make a selection based upon the supplier’s 
ability with respect to: 
 

� Meeting the specifications and requirements outlined throughout this document 
� Previous experience with similar projects 
� Demonstrated strength(s) of the firm's team 
� Cost 
� Ability to carry out the project within the proposed time frame 

 
Other Conditions 
 

� The City of Gridley reserves the right to accept or reject bids on each item, 
groups of items, or all items, waive informalities and to contract in its own best 
interest.  This bid may be awarded on an “all or nothing” basis. 

� The City of Gridley does not bind itself to accept the lowest or any offer. 
� The City of Gridley will not consider any bid that does not include all of the 

required bid information. 
� The City of Gridley will not consider any offer, which contains an escalation 

clause or qualifying conditions other than those, for which provision has been 
made in the inquiry documentation. 

� The City of Gridley will notify the successful Bidder in writing of the acceptance of 
the offer. 

� The City of Gridley will notify the unsuccessful Bidders that their offers have not 
been accepted. 
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� The City of Gridley reserves the right to reject any or all Bids, and to determine a 
Bid to be non-responsive or to waive all irregularities in Bids and in opening of 
the Bids. 

� The Bidder's Bid should not contain limitations or conditions such as title 
retention or delayed transfer of ownership. 

 
Regulatory Compliance and Environmental Requirements 
 
Suppliers are responsible for acquiring and maintaining all present and future federal, 
state, and local approvals, licenses, permits or variances, and the specific requirements 
or potential requirements necessary to construct and/or operate facilities to generate 
and/or deliver syngas to the City of Gridley.  Suppliers will only be considered who 
demonstrate that their facilities can be sited in an environmentally responsible and 
compliant manner and in compliance with applicable local standards. 
 


