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Executive Summary 
Team Biomassters consisting of Nancy Charco, Jonn Geer, Jesus Rincon, and Sabrinna Rios 

Romero has prepared this document for the use of the Redwood Coast Energy Authority 

(RCEA). The objective of this project is to assess the technical, economic, environmental aspects 

for an alternative use of biomass feedstock in Humboldt County for RCEA to address 

community concern about biomass combustion. Currently, the majority of Humboldt Countyôs 

biomass is being combusted at two local facilities: DG Fairhaven and the Humboldt Sawmill 

Company. DG Fairhaven is an 18.7 MW facility and the Humboldt Sawmill Company is a 32.5 

MW facility. The scope of this project does not include the energy that would need to be 

provided if the existing facilities stop running.  

 

Four alternatives were analyzed in this assessment: Gasification, composting, torrefaction, and 

conversion of biomass to ethanol. Gasification is an energy producing alternative that converts 

biomass into a gaseous and liquid fuel. Composting is a biological degradation process that 

converts organic matter to a stable soil amendment. Torrefaction is a thermochemical process 

which densifies biomass and creates a higher quality product with properties similar to coal. 

Conversion of biomass to ethanol creates a liquid fuel to be used for transportation by converting 

the biomass chemically.  

 

The torrefaction alternative proved to be the best nonpolluting, renewable, and yet low-cost 

alternative out of the four alternatives. The thermochemical process of converting biomass into 

solid fuel with reduced Oxygen/Carbon and Hydrogen/Carbon ratios provides a cleaner source of 

energy if utilized for an alternative feed source in boiler combustion. A preliminary analysis was 

conducted to establish the feasibility of such facility. For the analysis, a total mass of 561,600 

MT/yr (at 50% moisture content) or 280,800 BDMT/yr and a density of 247 kg/m3 was assumed.  

 

The final concept (summarized in Figure ES-1) follows a traditional torrefaction process. This 

heat recycling includes the recirculation of flue gas for indirect process heating within the drying 

process. All biomass (typically at a 50% moisture content) is fed into a drier before entering the 

torrefier. The dried torrefied product is then conveyed to the cooling system and eventually 

pelletized for distribution. The gas recycling process involves the combustion of air, fuel, and 

flue gas for the heat production to operate the heat exchanger.  

 

 
 

Figure ES 1:Proposed heat processing system to convert biomass into torrefied pellets. 
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The final product is high-quality fuel pellets, with similar characteristics to coal, with an increase 

in calorific value (20-24 MJ/kg) caused by the removal of moisture and some organic 

compounds from the original biomass (Koppejan et al. 2012). The torrefaction process is 

intended to maintain all volatile matter (and thereby energy) within the final torrefied pellets 

(Koppejan et al. 2012). The results show beneficial changes such as lower moisture content (1-

5%), higher energy density, hydrophobic properties, superior handling and grindability and 

lastly, low biological degradation. The final recommendation is to use a rotary gasifier developed 

by Torr-Coal; their technology was found to be professionally researched and has records of 

being implemented at high capacities (30kton/yr) (Cremers 2015). Therefore, with appropriate 

scaling, this analysis proposes seven parallel reactors would be required to meet the design 

capacity. Additionally, this analysis provides estimates on the total energy input, the quantities of 

torrefied pellets produced, the total energy content in produced pellets, and an estimated 

electricity consumption to operate the facility. 

  

The site will require about 60 acres, including storage for feedstock and final product. In 

addition, the implementation of a project this size would directly and indirectly result in 250 jobs 

including permanent operating and maintenance positions and temporary construction work. In 

fact, this alternative is the only, out of the four, that works within the current biomass supply line 

not disrupting the market but only providing a pretreatment to effectively reduce emissions. In 

comparison, emissions from torrefied wood are substantially smaller, estimated at 15,000 CO2e 

compared to 282,026 CO2e for Humboldt Sawmill Company and 182,858 CO2e for DG 

Fairhaven. One key advantage of utilizing torrefied wood for co-firing is that it considered a 

biogenic emission and therefore considered carbon neutral as defined by the EPA (US EPA 

2018b). Lastly, a net present value analysis concluded with a payback period of eleven years, 

accounting for costs associated with the transportation of both the biomass feed and produced 

pellets, labor, energy, and the estimated capital cost. The revenue derived from produced pellets 

was assumed to be $160/ton (Dovetail Partners, Inc. 2013). All estimates were derived based on 

the feedstock input and pellet production, thus estimating a capital cost of $55 million, operation 

and maintenance of $36 million, and revenue of $42 million per year. 

 

Recommendations 
Although the preferred torrefaction alternative is an improvement in biomass utilization, itôs 

recommended that a more thorough analysis be conducted for estimated system costs. For this 

analysis, estimates for capital cost and the associated operating and maintenance costs for the 

equipment were literature estimates and not directly from vendors. A reevaluation on the cost is 

strongly advised, this is important given torrefaction is an emerging technology and advances in 

technology could change the cost over time. In addition, its recommended to seek out other 

financial incentives such as a carbon credits or any other renewable energy programs. Finding 

and taking advantage of these initiatives could effectively augment the revenue stream and help 

alleviate the high capital cost associated with this alternative. 
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1 Introduction  

Humboldt County is a major part of the California logging industry, whose timber operations 

consequently produce large quantities of woody biomass residues and are the primary source of 

biomass residual in the county. These residuals, or residues, are then transported to biomass 

facilities to generate energy through combustion. Redwood Coast Energy Authority (RCEA) 

manages the power portfolio of Humboldt County, and selects from where the power is sourced; 

among their sources are two biomass plants, Humboldt Sawmill Company and DG Fairhaven. 

Although woody biomass is considered a renewable resource in California, the community has 

concerns with the emissions produced via the combustion of biomass.  

The objective of this project is to assess the technical, economic, environmental aspects, of 

alternative uses of biomass feedstock in Humboldt County for the Redwood Coast Energy 

Authority (RCEA). Increased complaints from the community regarding environmental and 

health concerns from pollutants released during incineration of biomass to produce energy has 

motivated the determination of alternative biomass uses. Energy and non-energy alternatives will 

be evaluated, and the alternative chosen will mitigate the negative effects identified. The scope 

of this study does not include the analysis of how RCEA will make up for the energy lost if their 

biomass plant sources cease to produce power. To achieve this objective, this report will be 

broken down into 1) background information (e.g. regulations, technologies), 2) constraints and 

criteria, 3) alternatives, 4) decision analysis, 5) specification of the recommended alternative, and 

6) conclusion.    

2 Background 

The background consists of information regarding the stakeholders, regulatory framework, the 

current state of Humboldt County, and biomass uses. The stakeholders are impacted by the 

decision towards how the biomass will be used. The regulatory framework explores the 

permitting and standards associated with biomass utilization. The current air quality of Humboldt 

County is considered within the framework of current state and region plans to identify 

potentially hazardous pollutants and quantify GHG emissions. Lastly, the characterization of 

biomass and the alternatives for its uses are outlined to provide a framework to evaluate biomass 

alternatives.  

2.1 Stakeholder Consideration  

RCEA, the client of this project, is a government Joint Powers Authority (Agency) and founded 

in 2003. The authority works to increase the use and knowledge of sustainable renewable 

energies in Humboldt County. RCEA determines the sources from which energy comes from in 

Humboldt County and they promote integrating, and developing, renewable energies (RCEA 

2019a).  One of RCEAôs goals is to have 100% renewable energy by 2025 (RCEA 2019a). 

RCEA has contracts with DG Fairhaven Power and Humboldt Sawmill Company to produce 

energy via biomass combustion; however, a long-term goal of RCEA is to move away from the 

combustion of this resource and find other means to utilize the local woody biomass (RCEA 

2019a). 
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Humboldt County, another stakeholder, relies on RCEA to provide energy sources that comply 

with the countyôs ideals and goals, including renewable energy targets. Currently 25% to 30% of 

electricity in Humboldt County is from biomass power generation (Humboldt County 2017). The 

General Plan supports the idea of using local renewable energy, but also addresses the public 

opposition to the technology (Humboldt County 2017). Humboldt County depends on RCEA to 

develop Energy Element strategies in a Comprehensive Action Plan for Energy (Humboldt 

County 2017). One of the energy goals of Humboldt County is to increase the amount of 

renewable energy through the use of local resources, which agrees with RCEAôs goals 

(Humboldt County 2017). 

 

The goals outlined in RCEAôs mission statement and Humboldt Countyôs General Plan coincide 

with the energy goals for the State of California, another stakeholder. Senate Bill 350, also 

referred to as the Clean Energy and Pollution Reduction Act requires 50% renewable energy in 

California by 2030 (California Energy Commission 2020b). Renewable energies are defined by 

the Renewables Portfolio Standard (RPS) which consists of solar, wind, biomass, and geothermal 

(California Energy Commission 2020b). Californiaôs Fourth Climate Change Assessment 

outlines the policies and actions for California to prepare for the impacts associated with climate 

change (California Energy Commission 2020b). With 1990 as a benchmark, California is set to 

reduce greenhouse gas (GHG) emissions by 40% by 2030 and 80% by 2050 (California Energy 

Commission 2020b). This action helps mitigate the negative public health impacts which are a 

result of climate change (California Energy Commission 2020b). 

 

Community members in Humboldt County are also stakeholders as they are affected by the 

decisions made by the mentioned entities. RCEA held community outreach workshops to gauge 

public perception towards energy sources. The perception of local biomass utilization was 

distributed between four categories: not include, minimize, include, and maximize (RCEA 

2019a). About 48% of the community supports biomass, while solar power appeals to over 90%. 

The growing concern of emissions from the current biomass plants is the main barrier to 

acceptance of biomass utilization. 

 

The two biomass power plants, Humboldt Sawmill Company (HSC) and DG Fairhaven LLC 

(DGF LLC), are also stakeholders. HSC, established in 1989, is a 28 MW biomass power plant 

located in Scotia, California, 40 miles South of Eureka (CBEA 2020b). Each year, HSC burns 

150,000 to 200,000 bone dry tons of forest, sawmill, and urban biomass residues (CBEA 2020a). 

Sawmill waste makes up the highest portion of what is burned at the plant (California Biomass 

Energy Alliance 2020). DGF LLC, established in 1987, is an 18 MW biomass power plant 

located in Samoa, California (CBEA 2020a). Each year, DGF LLC burns 250,00 tons of woody 

biomass from sawmill and forest residues (CBEA 2020b). HSC reported 25 employees in 2014 

while DGF LLC reported 22 direct employees and 30 indirect employees (CBEA 2020a; CBEA 

2020b). Both the biomass plants and sawmill facilities are codependent on each other. If the 

plants cease to exist, the sawmill waste would have to be managed differently. 

2.2 Regulatory Framework 

This section discusses the current regulations regarding possible pathways of biomass utilization. 

These considerations include biomass use in combustion, thermochemical treatment (pyrolysis, 

solvolysis, torrefaction), gasification, and biorefinery conversion. 
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2.2.1 Air Quality Regulations  

 Air quality rules and regulations are enforced by the North Coast Unified Air Quality 

Management District (NCUAQMD) and the United States Environmental Protection Agencyôs 

(U.S. EPA) 40 CFR Part 70 Regulations (Federal) (NCUAQMD 2019). This makes up the 

California Operating Permit Program, which verify power stations are following District, State, 

and Federal air quality rules and regulations (NCUAQMD 2019). The program complies with 

requirements outlined in Title V of the Clean Air Act (42 U.S.C. 7401) which defines the 

minimum elements for state operating permits (NCUAQMD 2019) One requirement, is the Title 

V permit, which is required for any major source of pollutant emissions. A major source is 

defined as any source that has emission levels above established pollutant thresholds (EPA 

2015). Ambient Air Quality Standards (AAQS) are specified durations of concentrations for air 

pollutants, established as health-based standards by the California Air Resource Board and the 

U.S. EPA (NCUAQMD 2008). These rules and regulations summarized in Table 1 are 

established to maintain and protect the Northern California Air Basin from hazardous levels of 

pollutants that jeopardize human health and safety (NCUAQMD 2008).  

Table 1. Federal and State Air Quality Standards (NCUAQMD 2008). 

Pollutant Averaging Time California Standards Federal Standards 

Fine Particulate 

Matter (PM10) 
8 Hour 0.09 ppm (180 µg/m3) 0.075 ppm (147 µg/m3) 

Fine Particulate 

Matter (PM2.5) 

Annual Arithmetic 

Mean 
12 µg/m3 15 µg/m3 

Carbon 

Monoxide (CO) 
1 Hour 20 ppm (23 mg/m3) 35 ppm (40 mg/m3) 

Nitrogen 

Dioxide (NO2) 

Annual Arithmetic 

Mean 
0.03 ppm (56 µg/m3) 0.053 ppm (100 µg/m3) 

Sulfur Dioxide 

(SO2) 
24 Hour 0.04 ppm (105 µg/m3) 0.14 ppm (365 µg/m3) 

2.2.2 Water Quality Regulations 

All large-scale industrial processes that utilize and discharge water must apply for The National 

Pollutant Discharge Elimination System (NPDES) program (CWB 2020). This is a federal 

program that was implemented by the State of California and enforced by the North Coast 

California Water Board to protect surface waters (CWB 2020). This program started in 1969 

when state legislatures passed the Porter-Cologne Water Quality Control Act, establishing 

regional programs within nationwide coordination and policy (US EPA 2016). These permits 

apply to industrial processes that utilize water for cleaning and cooling and eventually 

discharged these supplies into surface waters (CWB 2020). The North Coast Water Control 

Board provides several numerical thresholds for organic and non-organic chemical constituents 

that represent Californiaôs water quality standards (EPA 2016). These thresholds change based 

on the type of discharge such as groundwater, surface water, bay/estuary, or ocean water 
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discharges. In some cases, specific constituents require compliance with numerical objectives set 

by other water quality control plans such as the Ocean Plan, and Thermal Plan which control 

temperatures of coastal and interstate waters (US EPA 2016). 

 

Additionally, federal water quality criteria, such as those specified in the National Toxics Rule 

and the California Toxics Rule also apply independently from the state water quality control 

plans (EPA 2016). These represent Section 303(c) of the Clean Water Act which sets water 

quality objectives that provide reasonable protection of beneficial uses (US EPA 2016). It is 

important that all industrial processes follow all applicable water quality objectives. Once all 

applicable water quality objectives and numerical thresholds have been identified, a single 

assessment threshold must be chosen that satisfies them all (EPA 2016). 

2.3 Humboldt Air Quality  

This section specifies the air quality in Humboldt County to identify potential hazardous 

pollutants and to help quantify Greenhouse Gas emissions (GHG). This has become an important 

topic given the community concerns about bioenergy use and the air quality in Humboldt 

County. The North Coast Unified Air Quality Management District (NCUAQMD) is responsible 

for enforcing regulations within Humboldt, Del Norte, and Trinity Counties (Williamson 2008). 

NCUAQMD uses the US EPAôs AirNow.gov to monitor the levels that pertain to Title V, but 

this site generalizes the air quality conditions of Humboldt County. On AirNow.gov they use the 

Air Quality Index (AQI) to measure current conditions of Humboldt County, where if the index 

number is higher than 100 the air quality is not in good condition. Rather if the index value is 

less than 100 then air conditions are good (US EPA 2017). From the current time (February 20, 

2020) the AQI is 25 for ozone and PM10 AQI is 33, and both indicate good conditions 

(airnow.gov 2020). Though AirNow is a way to monitor the current condition in time, it does not 

always accurately reflect the air pollutants that contribute to air quality in Humboldt County.  

 

The Humboldt county air basin meets State and Federal standards with the exception of PM10 

during winter months (Williamson 2008). One reason these standards are not met during this 

period is that wood-burning in fireplaces increases by 50% (Williamson 2008). Also in general, 

the combustion of higher moisture content increases the emissions produced through combustion 

(Thakur et al. 2014). This same phenomenon is observed at power plants where biomass supplies 

are left outdoors to accumulate moisture. This relationship of higher moisture and creating more 

emissions during winter months, is a reason community are concerned over bioenergy 

production (Williamson 2008).  

2.4 Timber Harvest in California 

Humboldt County is known to be one of the largest counties to harvest timber within California 

(Dyett et al. 2006). In 2012, there were over 1.9 million bone dry tons of woody residue in 

California (McIver et al. 2012). About 900,000 acres of land are utilized for harvesting in 

Humboldt County (Dyett et al. 2006). Increases in timber harvesting bring substantial economic 

value but could result in negative environmental impacts such as deforestation and habitat loss 

for sensitive species (Dyett et al. 2006). It is important for companies to follow best management 

practices to minimize environmental impacts (Dyett et al. 2006). These practices include: 

reduction of pollutants to bodies of waters, protection of soil, contained nutrient deliveries, 
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management of debris, fire prevention practices, and protection of vegetation and wetland (Dyett 

et al. 2006).  

2.5 Biomass Overview  

Biomass, or biodegradable organic material, is an energy source that can bridge fossil and 

renewable options (US EPA 2020, Furniss 2019). Natural processes, like photosynthesis and 

digestion, allow organisms to store excess energy in molecular bonds, i.e. carbon chains, fats, 

sugars (EIA 2018). This organic matter is generated across California from forestry byproducts, 

farming, and consumer waste. Biomass fuels are rich in complex carbon molecules, like cellulose 

and lignin (Pettersen 1984). When used in energy conversion technologies, like combustion, 

these molecules release energy stored in the bonds as heat, and that heat is used in machinery 

like steam turbines to allow biomass to be used as a fuel source. Energy, harmful emissions like 

CO2 and NOx, and particulates are generated from these energy conversion processes and must 

be managed to protect public health. 

2.5.1 Definition of Biomass 

Biomass, in the context of energy generation, is any organic matter that can be utilized for 

electricity generation, including, but not limited to, animal waste, wood products, and various 

biologically derived liquids (CEC 2020a). For the purposes of this project, biomass primarily 

refers to the waste from different timber operations and is comprised of various softwoods and 

hardwoods, including pine, redwood, madrone, and alder, amongst other species (Humboldt 

Redwood Company 2016). The biomass comes from three distinct sources: mill waste, thinning 

operations, and wildfire fuel management and are considered too low grade for quality wood 

building products, but high quality enough for energy recapture (RCEA 2019b). 

 

Biomass is considered a sink and a source of CO2 when used for electricity generation. Woody 

biomass sequesters carbon during photosynthesis, where CO2 is converted into long cellulose 

chains resulting in new growth (BBC 2020). When the organic material dies, it is broken down 

into its constituents through various decomposition processes. A proximate analysis of forest 

residue shows a range of 68-83% volatile matter, 0-6% ash, and about 15-23% fixed carbon. An 

ultimate analysis of forest residues shows carbon and oxygen contents of about 47-51% and 40-

45% respectively, with minor residue fractions of: Nitrogen, Sulfur, Chlorine, and Hydrogen 

(Jenkins and Ebeling 1985). 

2.5.2 Components 

There are three primary components in woody biomass: lignin, cellulose, and hemicellulose 

(Burhenne et al. 2013). Cellulose is a collection of long fibers made from glucose referred to as 

microfibrils, that are alongside the plant cell wall and provide structure (Pasangulapati et al. 

2012). Hemicellulose forms hydrogen bonds by linking the other two components and is made of 

sugars (Pasangulapati et al. 2012). When lignin bonds with the other two components, rigidity 

and strength is accomplished along the plant cell wall (Li et al. 2016). From these characteristics, 

lignin protects the cell from degrading and decaying (Vanholme et al. 2010). 

2.5.3 Current Emission Data of Local Biomass Plants  

Current emissions of greenhouse gases and criteria air pollutants are important to consider since 

this is the source of community concern regarding biomass combustion. This section summarizes 
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emissions data provided by the California Air Resource Board (CARB). Table 2 below 

summarizes the 2018 greenhouse gas (GHG) emissions reported for both the Fairhaven and 

Cogeneration Power Station (CARB 2018). All categories of emissions are specified as biogenic 

(biomass) and non-biogenic (fossil fuels) fuel sources and are quantified in units of metric tons 

of carbon dioxide equivalent (CO2e).  

  

Table 2. Overview of 2018 greenhouse gas emissions for both power stations from the California 

Air Resources Board (CARB 2018). 

Generator 

Name 
System Type 

Total CO2e 

[MTCO 2e] 

Non-Biogenic Sources 

and CH4, N2O from 

biogenic fuel 

[MTCO 2e] 

Biogenic 

Fuels 

[MTCO 2e] 

DG Fairhaven 

Power 
Biomass 69,257 3,853 65,404 

Humboldt 

Sawmill 

Cogeneration 

Cogeneration 299,669 7,181 292,488 

 

Table 3 and Table 4 summarize the 2016-2017 GHG and criteria pollutant emissions for both 

facilities. GHG emissions include carbon dioxide (CO2), methane (CH4), and nitrous oxide 

(N2O). Criteria pollutants include volatile organic compounds (VOC), nitrogen oxides (NOx), 

sulfur Oxides (SOx), particulate matter (PM10 and PM2.5), and ammonia (NH3). This emission 

data do not include transportation fuel and natural gas suppliers. 

 

Table 3. GHG emissions reported on the CARB Pollution Mapping Tool. All GHG emissions are 

reported in units of metric tons CO2 equivalent per year [MTCO2e/yr] (CARB 2016-2017). 

Facility  
Total 

GHG 

Non-

Biomass 

GHG 

Biomass 

CO2 
CO2 CH4 N2O 

DG Fairhaven 

Power LLC (2016) 
87,243 6,158 81,085 85,532 27.75 3.64 

DG Fairhaven 

Power LLC (2017) 
1,344 249 1,095 1,320 0.38 0.05 

Humboldt Sawmill 

Company (2016) 
231,566 6,132 225,435 226,819 76.95 10.1 

Humboldt Sawmill 

Company (2017) 
235,524 5,435 230,089 230,680 78.52 10.31 
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Table 4. 2016-2017 criteria pollutants reported on the CARB Pollution Mapping Tool. All 

pollutants are reported in units of tons CO2 equivalents per year [TCO2e/yr] (CARB 2017). 

Facility  VOC NOx SOx PM10 PM2.5 

DG Fairhaven Power 

LLC (2016) 
8.9 74.8 12.7 14.3 13.3 

DG Fairhaven Power 

LLC (2017) 
0.3 3.4 0.3 0.3 0.3 

Humboldt Sawmill 

Company (2016) 
36.9 174.8 34.6 37.4 34.5 

Humboldt Sawmill 

Company (2017) 
40.7 166.8 34.5 35.7 32.9 

  

2.6 Utilization of Biomass for Energy 

Biomass can be utilized in various technologies to generate energy. Biomass is considered a 

source of power because it contains carbon that would have been exposed to the atmosphere 

from decay naturally as opposed to fossil fuels which would have not been exposed to the earth 

without anthropogenic involvement (Klass 1998). Though biomass is considered a renewable 

source of energy, there is concern about the greenhouse gas emissions and criteria air pollutants 

from the Humboldt community when it is used for combustion. Along with combustion, 

pyrolysis, solvolysis, torrefaction, and gasification are other technologies that can harness energy 

from biomass. 

2.6.1 Combustion  

Combustion, the technology currently used by DG Fairhaven and HSC Scotia, burns biomass in 

the presence of air and produces steam that can be used for the following applications: heat, 

electricity, or mechanical power (Goyal et al. 2008). The two plants produce energy by using 

wood waste in hog fuel boilers, and use the heat to generate steam, activating turbines (Bob 

Marino personal communication 2020). The moisture of biomass is ideally less than 50% (Goyal 

et al. 2008). Due to this standard, pre-treatment to is required to reduce the moisture content 

below that level (McKendry 2002). The range of efficiencies for biomass combustion plants falls 

between 20% and 40% and in about 1.77 tons CO2e/bone dry ton biomass, along with other 

pollutants like particulate matter and CO (McKendry 2002, Lee et al. 2010). 

2.6.2 Pyrolysis  

Pyrolysis is a thermochemical reaction that occurs at high temperatures without oxygen present 

and decomposes biosolids (USDA 2017). Biosolids are commonly pulverized prior to processing 

to obtain high heat transfer rates (Bridgwater and Peacocke 2000). This process could be applied 

in a wide range of temperatures and ñconversion timesò to produce different percentages of gas, 
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tar, and char bioproducts ((Hakkē et al. 2013), (Dufour 2016)). This process is unique given that 

the same gas produced can be utilized as a heat source for pyrolysis (USDA 2017). 

 

Fast pyrolysis yields either large percentages of liquified tars or gases depending on the 

processing temperature. A temperature around 500 °C yields bio-oils/tars while a higher 

temperature of 1000 °C, produces a mixture of gases commonly referred to as syngas 

(Bridgwater and Peacocke 2000). High temperatures favor gas formation by the ñcrackingò of 

tar; to extract the syngas, the conversion time is reduced to a minimum of 2 seconds. This fast 

process reduces secondary reactions and promotes the formation of bio-oils after condensation 

(Dufour 2016). Slower pyrolysis yields higher percentages of biochar and could also be applied 

in high (1000 °C) and low (500 °C) temperatures (Bridgwater and Peacocke 2000). This slower 

process has a conversion time of 5 to 30 minutes and would typically start at room temperature 

and gradually increase (Lee et al. 2010).  Higher yield of char is achieved at slow heating rates at 

approximately 7 °C/min (Goyal et al. 2008). In general, the pyrolysis process produces value-

added products such as: syngas, bio-oils, adhesives, and other chemicals for agricultural uses 

(Bridgwater and Peacocke 2000). When pyrolysis is utilized in energy production, it can 

generate emissions of about 1.41 tons CO2e/bone dry ton biomass along with some CO and PM 

(Lee et al. 2010).  Figure 1 below provides a summary of the different percentages of gas, tar, 

and char at different temperatures and conversion times. 

  

Figure 1. Variation in products for pyrolysis under different temperatures and conversion times 

(Dufour 2016). 

2.6.3 Solvolysis  

Solvolysis is also a thermochemical process that uses a solvent and/or a catalyst to dissolve 

biomass and occurs at temperatures ranging from 120 °C to 250 °C (Hakkē et al. 2013).  Solvents 

that can be used in this process include, but are not limited to: water, methanol and ethanol 

(Mazaheri et al. 2010). Water is the preferred solvent because it is environmentally friendly, 
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inexpensive, and more easily recovers biomass components (Huang and Yuan 2015). When 

water is used as the solvent, the process is called hydrothermal carbonization, and is achieved 

when biomass is held for 2-6 hours at a temperature of 250 °C and pressure of 4 Mpa (Sevilla et 

al. 2011). Compared to pyrolysis, solvolysis has a shorter reaction time and a lower operating 

temperature and yields valuable liquefied biomass, with less energy inputs (Rachel-Tang et al. 

2017). One of the benefits of using solvolysis is the biomass does not require drying, as the 

process is not affected by high moisture contents (Rachel-Tang et al. 2017). The liquefied 

content can be used as fuel or for raw chemical materials (Shi et al. 2016). 

 

2.6.4 Torrefaction 

Torrefaction is another technology that uses biomass for potential energy use in the future. The 

technology is used as pre-treatment, where contrary to combustion, biomass undergoes a 

thermochemical process that occurs without oxygen in temperatures ranging from 200-400°C 

(BTG 2019). Torrefaction is described as a lower temperature version of pyrolysis (Neupane et 

al. 2015). The heating rate for the process is below 50 °C/min (Bergman and Kiel 2005). The 

common mass yield is 0.8, and the common energy yield is 0.9 (Bergman and Kiel 2005). The 

remaining mass consists of water, volatiles, and gasses such as CO2 (Basu 2018). The two 

components that result from the process are the torrefied material, as well as a gas which is used 

to run the system (BTG 2019). The heat used to run the system is from the combustion of the 

volatile matter in the biomass (Lottes 2014). The solid-state is described as lower moisture 

content resulting in a higher energy content (Ferro et al. 2004). The torrefied biomass contains 

similar characteristics to coal, which makes it ideal to use for combustion and gasification 

(Bergman and Kiel 2005). 

 

2.6.5 Gasification 

Gasification is the conversion of solid or liquid carbonaceous feedstocks into a gas (synthesis gas 

or syn-gas) composed of CO, H2, methane, and lighter gaseous hydrocarbons (Molino et al. 

2016). Other gases such as CO2 and N2 are also included in the final product since they are gases 

required for the gasification process (CBC 2015). Typical operating temperatures range from 600 

°C to 1500 °C with little oxygen present (Goyal et al. 2008, CBC 2015). This thermo-chemical 

process also produces liquids (tars, oils) and solids (char, ash); gasification technology are 

designed to primarily generate synthesis gases that could be used for internal and external 

combustion engines and fuel cells (McKendry 2002, CBC 2015). Figure 2 provides a summary 

of the different applications of syn-gas; some applications require additional cleaning and 

conditioning. 
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Figure 2. Applications of gasification for production of energy and fuels (CBC 2015). 

Gasification is an endothermic process and requires a heat source. These systems are designed to 

be either directly heated (autothermal) or indirectly heated (allothermal) (CBC 2015). Directly 

heated applications uses air to partially oxidize the feedstock, consequently diluting the product 

gas with nitrogen (CBC 2015). Indirect heating applications supply an external heat source 

through heat exchangers or heated media transfer to allow for little to no diluent nitrogen (CBC 

2015). The gasification process has four primary steps 1) oxidation, 2) drying, 3) pyrolysis, and 

4) reduction (Molino et al. 2016, Kirubakaran et al. 2009). Gasifier types include fixed bed 

(updraft or downdraft), fluidized bed, entrained flow and dual bed reactors (CBC 2015). The 

different gasification medium includes air (air-blown), oxygen (oxygen-blown), steam or a 

combination of the three (Molino et al. 2016). 

The gasification process of solids and/or combustion of synthesis gas generates the same 

category of pollutants as direct combustion. However, the gasification process has better control 

over quantities of pollution and improved conversion efficiencies (CBC 2015). Environmental 

concerns for this process are the production of NOx and SOx (Sutton et al. 2001). A case study of 

a gasification and combustion system reported emissions of 1.77 tons CO2e/bone dry ton 

biomass, and small amounts of PM and CO (Lee et al. 2010). 

2.7 Energy Production Byproducts 

Biomass to energy technologies can often result in useful byproducts in addition to harmful 

emissions. Biochar, one of the useful byproducts, is a very adaptable material and can be used in 

many different applications. The use of biochar will have to address the current emissions 

technology of the plants and the corresponding pollutants, such as CO2, particulate matter (PM), 

and SO2. 

2.7.1 Soil Remediation  

Biomass can be used for the remediation of contaminated soils, or as a soil additive. The 

remediation can be applied in-situ, or at a facility, depending on the type of remediation. When 

biomass is cofired with contaminated soil in pyrolysis, heavy metals in the samples are fixed by 

the biochar produced in the burning process (Debela et al. 2012). In another study, biochar from 
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combusting biomass was added to several different soil types to evaluate the effect on soil and 

plant health (Granatstein and Sánchez 2009). This study found biochar had a minor negative 

effect on plant root growth, but the highest concentrations of added biochar could moderate the 

pH of the soil and adsorb herbicides (Granatstein and Sánchez 2009). Using biochar as an 

amendment was effective at increasing moisture capacity of the soil by affecting the porosity and 

conductivity and can sequester carbon since biochar is resistant to the natural bacteria in the soil 

that would normally turn it back into CO2 (Azeem et al. 2019). 

2.7.2 Biochar Building Materials 

Biochar can be used in the production of various building materials, such as plaster, cement, and 

brickwork (Schmidt 2008). When used in plaster applications, the biochar can regulate moisture, 

adsorb contaminants, and provide sound insulation. Biochar is able to replace the entire sand 

component of cement, while retaining similar structural capacity, and reducing the weight 

(Schmidt 2008). When used in composite clay and plaster walls of a wine cellar, biochar helped 

control moisture, adsorbing excess humidity, and redistributing it as the humidity levels dropped, 

in a wine cellar, and was successful in the range of 60-80% humidity.  

2.8 Non-Energy Biomass Utilization  

Non-Energy alternatives include converting biomass into valued products that have a wide range 

of applications. Two such technologies are composting and biorefining, which convert the waste 

product into useful soil additives and chemical components respectively. By creating products 

from waste, economic value can be recovered from what would have been disposed. 

2.8.1 Composting 

Composting is a biological process where organic waste is turned into a useful soil amendment. 

The quality of the soil amendment is influenced by the inputs, and with certain wastes, can 

release heavy metals or other harmful products during the decomposition process (Meller et al 

2015). If not properly aerated, the compost will generate methane (Amlinger et al. 2008). Along 

with temperature and oxygen regulation, moisture content, feedstock, and nutrient balance need 

to be maintained. Compost moisture should be kept between about 40% to 60% (Cornell 

University 1996), and the Carbon-Nitrogen balance should be maintained with a balance of about 

25-30:1 (Furniss 2019). The natural C:N ratio in sawmill waste, the majority of biomass waste in 

Humboldt County, is 325:1, and the addition of nitrogen would probably be necessary (Furniss 

2019).  Woody biomass is also associated with carbon dioxide release and composting of this 

material can result in emissions of about 1.65 tons CO2e/bone dry ton biomass, with some CO 

and PM emissions related to the processing and distribution of the product (Lee et al. 2010). 

2.8.2 Biorefinery 

In biomass conversion processes, woody biomass can be processed into its constituent 

molecules, primarily cellulose, hemicellulose, and lignin, and those molecules can be applied in 

various production industries, like biofuel, biopolymers, and paper products. Examples of uses 

include: paper products derived from cellulose, lignin use in biocomposites, and hemicellulose 

use in alcohol fermentation and production of bioplastics (Amidon et al 2008, Tong and 

Pullammanappallil 2019, and Will 2019). Lignin is most often used in energy production, but 

there is potential for lignin-based foams to replace some fossil-fuel derived plastic sources of 

building insulation, like polystyrene, as it is fire resistant, and has similar thermal resistance 
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(Tondi et al. 2016). For these foams, spent liquor from paper pulping processes are mixed with 

furfuryl alcohol, a catalyst, and a blowing agent, resulting in a hardened foam once cured (Tondi 

et al 2016).  Biorefineries, in making products that can replace fossil-fuel derived products, help 

lessen the demand for non-renewable resources (Uihlein and Schebek 2009). Wood biorefineries 

are mainly used for fuel generation and can generate 0-3 kg CO2/kg product (Kajaste 2014). This 

resulted in about 90 gallons of Methanol for every dry ton of wood, the density of which is about 

792 kg/m3 (Chemical Rubber Company and Lide 2005), equating to about 270kg of product, and 

about 800 kg of CO2. Based on the specific products of the biorefinery, the emissions may vary, 

but in a similar ethanol fermentation process, the system had 1.20 tons CO2e/bone dry ton 

biomass, in addition to N2O, CO, and particulate matter emissions (Lee et al. 2010). 

3 Constraints 

Three constraints, shown in Table 5, must be adhered to for any planned alternative. These 

constraints address public health goals, biomass availability, and state standards for projects. The 

constraints for this project, developed in partnership with the client RCEA are: 

ǒ The facility must meet all local and regional air quality standards. 

ǒ The facility will have the capacity to utilize the current biomass waste stream. 

ǒ The facilityôs valorized products will meet state, local, or industry standards.  

 

Table 5. Table of constraints that apply for alternatives.   

Constraint Description 

Must meet the local/regional air quality 

regulations (Title V if applicable). 

Regulations include fine particulate matter 

(PM10, PM2.5), carbon monoxide (CO), 

nitrogen dioxide (NO2), and sulfur dioxide 

(SO2) regulations. 

The alternative must have the capacity to meet 

the current demand for biomass from both 

local power plants (DC Fairhaven, Humboldt 

Sawmill Company) 

Alternative biomass utilization and/or 

conversion must have the capacity to meet the 

current supply of woody biomass from the 

local community. 

Products must meet state, local, or industry 

standards if applicable. 

I.e. All nutrient levels must be within state 

standards (pH, N:C) for soil amendments, 

liquid or solid fuels must meet industry 

standards, building materials must be within 

standards. 

4 Criteria 

The criteria specified in this section are categorized as environmental, social, and economic. 

Table 6 below describes each environmental criterion and how the alternatives will be compared. 

The alternative will receive the highest score based on the least impact. The environmental 

criteria address three major aspects 1) greenhouse gas (GHG) emissions, 2) air pollution, and 3) 

land use. The social criteria will focus on including community stakeholders in the decision 
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process for the alternative uses of biomass. The three are 1) employment potential of a facility, 2) 

project feasibility based on technological maturity, and 3) public acceptance of technological 

use. The goal of these specified criteria is to include community, county, state, and energy 

provider. 

 

The method of comparison for both GHG emissions and air pollution is through a common unit 

of carbon dioxide equivalents (CO2e). Greenhouse gases adsorb and re-emit heat, water vapor, 

carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and ozone (O3). All quantities of 

emission are multiplied by their respective Global Warming Potential (GWP). 

 

Table 6. Criteria that are applied to determine the best alternatives based on social, economic and 

environmental aspects. 

Criterion  Description Method of Comparison Weights (1-10) 

Environmental Criteria  

Greenhouse 

Gas (GHG) 

Emissions 

Emissions will be 

compared based on 

percentage reduction from 

DG Fairhaven Power and 

Humboldt Sawmill 

Company greenhouse gas 

emissions. 

The highest score is given 

to the alternative that 

reduces the most 

emissions to what is 

already produced through 

current bioenergy 

production normalized to 

using CO2e/BDT (%). 

4 

Air Pollution 

Air pollution will be 

compared based on the 

concentrations of the 

following pollutants: NOX, 

PM10, PM2.5, and CO, and 

how far below they are 

from established 

regulations. 

The highest score will be 

given to the alternative 

that minimizes air 

pollution (MTCO2e). 

4 

Land Use 

Land use will be 

compared based on the 

footprint required for 

development. 

The highest score will be 

given to the alternative 

that revitalizes or 

enhances the land. 

2 

Social Criteria 

Employment 

Employment will be 

compared based on the 

number of jobs that would 

be required for the 

The highest score will be 

given to the alternative 

that has the highest 

number of employees 

3 
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Criterion  Description Method of Comparison Weights (1-10) 

alternative. needed (number of jobs). 

Maturity 

Maturity will be compared 

based on how established 

an alternative is. 

The highest score will be 

given to the alternative 

that has been utilized and 

researched the most. 

2 

Public 

Acceptance 

This will be compared 

based on public opinion 

for each alternative. 

 

 

The highest score will be 

given to the alternative 

that is perceived most 

positively based on 

general public acceptance 

gathered by surveys, 

journal articles, news 

reports, and/or any other 

publicly available 

resource. 

5 

Economic Criteria 

Payback 

Period 

Payback period will be 

compared based on how 

long it takes to cover the 

capital cost of the 

investment, based on the 

difference between 

operating expenses and 

product revenue. 

The highest score will be 

given to the alternative 

that has the lowest 

payback period (years). 

10 

5 Alternative Analysis 

There are four alternatives analyzed for the utilization of local woody biomass. The first 

alternative is the use of pyrolysis and gasification to produce a useful product. The second 

method is composting which converts biomass to soil amendment. The third alternative is 

torrefaction as a pre-treatment method for various applications. The fourth alternative is the 

production of ethanol from woody biomass. The following sections consist of an introduction, 

operational process, operational scale and an evaluation of performance for each alternative.  

5.1 Considerations 

For the analysis of the preferred alternative, a total mass of 561,600 MT/yr (at 50% moisture 

content) or 280,800 BDMT/yr and a density of 247 kg/m3 was assumed, in order to harmonize 

assumptions across engineering teams (Bob Marino personal communication, 2020). For this 
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alternative analysis, all projects were scaled to 450,000 MT which is 80% of the capacity. The 

preferred alternative will be analyzed at 100% capacity.  

5.2 Alternative 1: Gasification  

The process of gasification is a thermo-chemical process in which feedstock (in this case sawmill 

residue) is heated at high temperatures, in a low oxygen environment, to promote the release of 

volatile gases. This works through the process of pyrolysis and gasification, releasing gaseous 

fuel (Syn-gas) that can be collected. Syngas is a mixture of several gases and residuals, typical 

components include CO, H2, CO2, CH4 other less common contaminants include NH3, H2S and 

tars (CEC 2019b). The exact composition of syngas is dependent on several parameters, these 

include: the feedstock type, operating conditions, gasification temperatures, pressures, and 

gasification technology utilized (CEC 2019b). Additionally, the pyrolysis/gasification process 

produces a carbon based bioproduct commonly referred to as biochar. Biochar has a highly 

porous structure that can be used for both agricultural and industrial applications as filtration 

media (CEC 2019a). This biochar biproduct is considered to have a high retail values as itôs a 

novel market with limited supplies (WestBiofuels 2018). WestBiofuels reports retail prices of 

$1,500-$16,000 per ton. 

 

Gasification itself is not a novel technology, according to the International Energy Agency (IEA) 

database, there are 114 operational biomass gasification plants globally with different 

functionalities (Energies 2018). Majority of the biomass facilities (106 plants) are designed for 

power production from biomass-derived syngas. The development and implementation of these 

technologies are primarily in Europe where biomass availability is high, and electricity is scarce. 

Although the technology is well known, biomass gasification is relatively new to the California 

marketplace (CEC 2019a). This alternative acknowledges that, proposing a community scale 

gasification application that is modular, avoiding high capital and maintenance costs compared 

to the industrial, highly automated systems in Europe. This alternative utilizes rotary gasification 

with a thermal oil heater and Organic Rankin Cycle generator. It was considered the most 

appropriate system because its community scale, utilizes local workforce, and produces revenue 

generating products such as (electricity and biochar). This alternative also works well with 

Californiaôs policies for healthy forest management, renewable electricity, and reduction in 

forest fires (CEC 2019a).  

5.2.1.1 Operational Process and Scale  

In 2019, the California Energy Commission published a project report for ñModular Biomass 

Power Systems to Facilitate Forest Fuel Reduction Treatmentò (CEC 2019a). The content of the 

report evaluated four different systems that utilized either a CircleDraft or Rotary gasifier 

combined with different types of pre-treatment (drying or torrefaction), heat, and energy 

generation technologies. The most appropriate system for California was the rotary gasification 

system as it was determined to be the most robust, modular system that addresses several 

challenges with gasifiers, such as material flow issues, consistent gas quality, and lower engine 

maintenance. As Figure 3 shows, this system includes components such as 1) a solid drying and 

roasting pre-treatment process, 2) a thermal oil heater, 3) a heat exchanger, and 4) an Organic 

Rankine Cycle (ORC) generator. The report concluded that this system was the most appropriate 

for California, due to its efficient processing of material, and lower maintenance costs (CEC 

2019a). 
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Figure 3. Community scale rotary gasifier system for biomass energy conversion (WestBiofuels 

2018). 

The capacity factor of an ORC generator is approximately 80-90%; the other proposed systems 

utilize an engine generator (operating on produced gas) with a capacity factor of 55-80% (CEC 

2019a). The torrefier system, part 1, shown in Figure 4, is a 7 MMBtu/h multi-fuel burner which 

is capable of processing hundreds of different materials over thousands of hours of operation 

(CEC 2019a).  These two items make the efficiency of the system higher and reduces pollutant 

emissions through the pre-processing and heating (CEC 2019a). 

 

 
Figure 4. TSI Portable Torrefaction System (CEC 2019a). 

The thermal oil (TO) heater, part 2, is configured with burners to convert low-BTU gas, like 

producer gas, into heat (CEC 2019a). The TO heaters has a higher tolerance for combustion of 

condensable and particulate matter when compared to gas engines (CEC 2019a). TO heaters also 

include design advantages such as adaptable control combustion and could be easily for further 

particulate filtration and catalytic reduction (CEC 2019a). As Figure 5 shows, the system 

consists of both a radiant and convective chamber for heating thermal oil. All solids, after 

combustion is deposited at the bottom from both sides of the heat exchanger surface (CEC 

2019a). Flue gas is designed to exit the thermal oil section and preheat air prior to combustion. 

This gas is also designed to re-circulate to assist in optimizing flame characteristics and heat 

transfer (CEC 2019a). 
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Figure 5. LBG Thermal Oil Heater System (CEC 2019a). 

 
Figure 6. Modular scale, Organic Rankine Cycle (ORC) system (Turboden 2020) 

The recommended energy generating system is the Organic Rankine Cycle (ORC) generator, 

shown in Figure 6, which works through the Rankine thermodynamic principle. This system 

works as a conventional steam turbine where it transforms thermal energy, to mechanical, and 

finally into electrical energy using an electric generator (Turboden 2020). Instead of steam, the 

ORC system vaporizes an organic fluid which slowly turns the turbine, at a lower pressure, with 
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no erosion to the metal parts or blades (Turboden 2020). The exhaust vapor then is used to 

preheat the new, evaporating liquid and then condensed to be recirculated again. A diagram of 

this thermodynamic system if found in Figure 7, the overall process allows for energy generation 

without additional emissions (WestBiofuels 2018). 

 

 
Figure 7. Organic Rankine system thermodynamic cycle (Turboden 2020). 

 

5.2.2 Evaluation of Performance 

The performance of this gasification system was evaluated using data from the California Energy 

Commission Report (CEC 2019a) and several case studies. The evaluation quantifies each 

criterion summarized in Table 6, these values are later compared and weighted in a Delphi 

matrix. One key constraint was to utilize 80% of the total biomass demand already established in 

Humboldt County. A summary of the quantifiable indicators is shown in Table 9. 

5.2.2.1 Greenhouse Gases (GHG) 

The gasification process itself is known to reduce the amount of both GHGs and air pollutants 

when combined with a thermal oil heater (TO) (WestBiofuels 2018). The TO heater is efficient 

in the combustion of particulate matter and includes pollutant reduction methods such as 

particulate filtration and catalytic reduction. Therefore, the primary source of both GHG and air 

pollutants are from the formation syn-gas and not combustion. Each facility has an estimated 

feedstock rate of 4,350 kg of biomass per hour, with only 45% of the initial feedstock eventually 

converting into syn-gas. The produced syn-gas consists of CO, H2, CO2, and CH4, which are all 

released used for heating. The proposed rotary gasification system (by WestBiofuels) produces 

21% CO, 2.2% CH4, and 34.5% CO2 by dry volume. The contribution of greenhouse gases (CH4 



19 

 

and CO2) were separately calculated and summarized in Table 9; all other gases were accounted 

as air pollutants.  

5.2.2.2 Air Pollution  

As specified in the earlier sections, major air pollutants such as NOx and PMx are not directly 

generated in the Rotary gasifier system due to the use of a thermal oil heater. However, the 

preprocessing, drying component of the system is known introduce some level of pollution. 

Therefore, this analysis approximated air pollution based on the Burney-Hat Creek bioenergy 

facility that utilizes a similar drying process (CEC 2019b). This facility is also scaled for 

producing 3 MW of electricity at a community scale. It estimates a pollution rates of 0.79 and 

1.36 MT per year of NOx and PM10 for a conservative estimate of 8,760 operating hours (CEC 

2019b). The final quantified values for air pollution include both those created during the drying 

process and generated as a result of gasification (syn-gas 21% CO).    

5.2.2.3 Land Use  

Land use estimates are based on a dimensional layout provided by WestBiofuels for a modular 

Organic Rankine Cycle (ORC) system (WestBiofuels 2018). Figure 8 shows the typical lengths 

for a 3 MW facility . In total, a single facility has a footprint of 1.1 acres. Therefore, 12 modular 

systems, located in different locations, would result in an approximate footprint of 12.7 acres. 

 

 
Figure 8. Proposed layout for a single Modular scale, Organic Rankine Cycle (ORC) system 

(WestBiofuels 2018). 

5.2.2.4 Employment 

Employment was estimated based a 3 MW biomass facility located in Oroville, California. This 

biomass power plant uses a typical direct combustion boiler/steam turbine system but operates at 

a similar capacity of 3 MW (The Beck Group 2015). They assumed a stuff of 8 people would be 

required to operate a 3 MW biomass facility. This includes 1 facility manager, 1 maintenance 

technician, 4 plant operators, and 2 fuel operators (The Beck Group 2015). Given that roles such 

a maintenance technicians and fuel operators would most likely be dynamic positions (moving to 

different sites). A conservative value of 8 employees was chosen to be representative for each 
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rotary gasification facility. Therefore, with 12 facilities, this allows for a conservative estimate of 

94 full -time jobs. 

5.2.2.5 Maturity 

Maturity was based on a Technology Readiness Level (TRL), which is a number one through 

nine that represents how well established a technology where one indicates a brand-new 

technology and nine indicates a technology with the highest level of maturity (Dunbar 2017). 

Technologies already implemented by WestBiofuels are considered to have a TRL of 6-7 

(Molino 2018). Majority of the already implemented demonstrations for wood to energy systems 

are only community scale with 5 ton/day capacities (Molino 2018). Therefore, this alternative is 

given a TRL of 6.5, an average within the range.             

5.2.2.6 Public Acceptance 

Public perception was quantified based on the percent of positive feedback received during a 

facility tour in Davis CA. This is assumed to be a sample of the population who are familiar with 

different forms of biomass technology and are knowledgeable of other alternatives. General 

comments on woody biomass utilization were neutral, only 6 comments out of 12 were positive 

with others being negative or neutral (Mayhead 2010). Therefore, this alternative is allocated a 

50% acceptance value. A general sense from these comments suggests the public considers the 

north coast an ideal location for biomass utilization but the cost of such facility (gasification) and 

underdevelopment of the technology is concerning. Some key comments are summarized below 

(Mayhead 2010). 

 

 ñI believe that our region (Mendocino County - North Coast) has the biomass material to make a 

biomass project(s) possible. I believe this region can supply the feedstock necessary for 

appropriately sized project(s).ò    

 

ñI am having trouble visualizing woody biomass becoming a viable energy source at any time. 

Even the producing process seems like a limited benefit other than to cover forest ecology/fire 

suppression benefits. To proceed with char would require more info on its benefits and possible 

commercial uses and financial breakdowns.ò 

 

ñIt is good to hear what is going on with the development of biomass. I think that as far as 

woody biomass goes it isn't economical.ò 

5.2.2.7 Payback Period  

This evaluation utilized the simple payback period by considering the initial capital cost, 

maintenance cost, and subtracting both the revenues generated from energy and biochar 

production. The price of energy and biochar production was assumed to be $199/MWh for 

forestry derived energy and $250/BDT for biochar (WestBiofuels 2018). The biochar is priced at 

its wholesale price and is conservative from the range provided ($250-$1000 per BDT). With 

these assumptions, the initial capital cost was estimated at $147,000,000 for 12 community scale 

facilities. This results in a maintenance cost of $8,300,000 per year for all 12 facilities. Revenue 

was estimated at $20,600/yr for energy production and $19,125,000/yr for biochar production. 

This results in a simple payback period of 14 years; this estimate for the return period is highly 

sensitive to the biochar market price. 
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5.3 Alternative 2: Compost  

Composting is the aerobic decomposition of organic matter mediated by micro-organisms to 

produce a soil amendment (David Border Composting Consultancy 2002). Composting goes 

through different processes and needs to be in optimal condition to compost at a faster rate than 

will be further explained below.  

 

Composting goes through two types of processes that include mesophilic and thermophilic 

(Tchobanoglous and Kreith 2002). For mesophilic composting the temperature ranges between 

5°C to 45°C while thermophilic process ranges between 45°C to 75°C and usually there is a 

combination of these processes, starting with thermophilic going to mesophilic (Tchobanoglous 

and Kreith 2002). The higher temperature provides a way to remove pathogens (BCC and REE 

2016). There are two systems primarily used for composting, windrow and in-vessel 

(Tchobanoglous and Kreith 2002).   

 

A windrow system can be defined as organic material that is placed in rows and frequently 

turned, which provides aeration to the system (Tchobanoglous and Kreith 2002). Some 

advantages of windrow composting are it is a simple process, low cost, can break drown multiple 

types of organic waste, and utlize larger volumes of organic material (BCC and REE 2016). 

Some disadvantages include the area use, as the rows take up large amounts of space and can 

produce odor problems if not managed correctly (BCC and REE 2016). An in-vessel system is 

defined as a forced aeration system where organic material is contained in a closed vessel with a 

stirring mechanism (Tchobanoglous and Kreith 2002). The advantages of in-vessel composting 

that it is also a simple system capable of receiving mixed organic material as windrow system 

(BBC and REE 2016). The disadvantages for in-vessel composting include a higher cost and a 

limitation on the amount of organic material the vessel can hold (Tchobanoglous and Kreith 

2002 & BCC and REE 2016). Based on research, window composting has more advantages and 

therefore specification focused on this type of composting technology.   

 

For successful composting, optimal physical and chemical characteristics of the feedstock are 

needed. The optimal physical and chemical characteristics include the C: N ratio of 20-40 to 1, 

moisture content levels between 40%-60%, and a density less than 600 kg/m3 (Tchobanoglous 

and Kreith 2002 & USDA 2000). The optimal condition helps minimize odor and speed the 

process (David Border Composting Consultancy 2002 and Brodie et. al 2000). The speed of the 

process also depends on the size of the organic waste, the smaller the particle size of the waste 

the faster the microbial breaks the organic waste (Tchobanoglous and Kreith 2002).  

 

5.3.1 Operational Process and Scale  

The operational process of the potential facility was scaled will be further explained.  The 

process for a new facility starts with gathering the woody biomass and other organic material 

which then is transported to the facility. Then the organic material is deposited to preliminary 

storage and inspected to determine if the material is suitable for the windrow piles (BCC and 

REE 2016). Then the organic material is shredded into smaller pieces to make it easier to 
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decompose (BCC and REE 2016).  After this the feedstock is either inspected again through 

screens or is placed in piles to create the optimal condition for the feedstock used for 

composting,  and this is representing by pre-composting in Figure 9 (BCC and REE 2016).  Once 

placed in piles they are frequently turned to provide aeration throughout the mass (BCC and REE 

2016). Then feedstock goes through thermophilic and mesophilic stages while being turned to 

then produce compost that can be the sold (BCC and REE 2016). The entire process can be 

followed in Figure 9 

 

 

   
Figure 9: The process of how composting occurs (Image adapted from David Boarder 

Composting Consultancy and Lee et al 2010). 

For scaling the facility there were multiple articles that were used to calculate the amount of 

Greenhouse gas emissions, air pollutions, land use, employment, the maturity of technology, and 

public acceptance, and lastly, the payback period of the potential facility using the woody 

biomass.  

5.3.2 Preliminary Evaluation of Performance  

Composting as mention before requires optimal conditions. An optimization analysis was 

calculated based on the optimal physical and chemical characteristic. For this analysis, it was 

calculated based on the input amount of woody biomass and its assumed properties. The woody 

biomass, high in carbon, would need nitrogen-rich material like food waste, yard waste, cattle 

manure, and grass clipping. The nitrogenous material required would be about 8,610 kg/wk to 

reach a 40:1 C:N ratio. The facility was then scaled based on this total amount. It was assumed 

that multiple organic materials were available in sufficient quantities to meet this requirement. 
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5.3.3 Evaluation of Performance  

This section will evaluate the performance of the windrow composting alternative.  

5.3.3.1 Greenhouse Gases  

The first criterion analyzed under the Environmental Criteria was GHGs. The values that were 

used to scale the amount of woody biomass were obtained from research on yard waste and 

manure (Vergara and Silver 2019).  Though our facility will depend on woody biomass and food 

waste, the latter of which has high levels of nitrogen elements similar to manure and yard waste. 

The values calculated from the study were the net of 100 g CO2 kg-1 and median of 1.7 g CH4 kg-

1 and both had a moisture content of 50% (Vergara and Silver 2019). These values were then 

converted to MTCO2e/BDT and then scaled by multiplying the total amount of food waste and 

woody biomass, then divided by the woody biomass to determine a per unit of woody feedstock 

basis. The values then calculated to be 2.7E-01 MTCO2e/BDT and 1.2E-01 MTCO2e/BDT for 

CO2 and CH4, respectfully.  

5.3.3.2 Air Pollution  

The second item analyzed under the Environmental Criteria was air pollution which was broken into four 
categories, NOx, PM10, PM2.5, and CO. Values were calculated based on the study called, ñLarge Scale 
Aerobic Composting of Source-Separated Organic Wastes: A Comparative Study of Environmental 
Impacts, Cost, and Contextual Effectsò and a total amount of PM of 0.018 kg/ton, divided into 0.009 
kg/ton for PM10 and 0.009 kg/ton for PM2.5 (Haaren 2009). The values for NOx and CO were 0.16 kg/ton, 
0.082 kg/ton, respectfully (Haaren 2009). These values were converted to MT/BDT units then scaled the 
total amount of feedstock needed for this alternative. The values were calculated to be 2.1E-05 MT/BDT, 
2.1E-05 MT/BDT, 3.7E-04 MT/BDT, 1.9E-04 MT/BDT, for PM10, PM2.5, NOx, and CO, respectfully.  

5.3.3.3 Land Use  

For land use, it was difficult to obtain from individual case studies so for this calculation the 

book, called the Handbook of Solid Waste Management were used (Tchobanoglous & Kreith 

2009). In the book the faculty values used were from the two-yard waste composting facility and 

the values give was 12 acres (Tchobanoglous & Kreith 2009). From this value, it was calculated 

to be 22 acres.  

5.3.3.4 Employment  

An article from EPA called ñLife Cycle Inventory and Cost Model for Mixed Municipal and 

Yard Waste Composting,ò describes that there is a correlation of 100 employees for every 1000 

ton per day, so a multiplier of 0.1 was used (Komilis et al. 2004). With this information, it was 

calculated that around 479 jobs would be created.  

5.3.3.5 Maturity  

To compare maturity for each alternative the technology readiness level (TRL) was researched 

was reached for this technology. Technology readiness level is scaled 1-9, 1 referencing to new 

technology, and fewer studies on it, rather 9 represents a technology that has been there for a 

while and has more studies. The higher level the more research there is for the technology. The 

TRL for the windrow composting was determined to be 9 (BCC & REE 2016).   
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5.3.3.6 Public Acceptance  

Composting is a technology that has been used and seen as a ñgood public imageò because it 

diverts food waste and other organic material from being landfilled (Schaub & Leonard 1996). A 

survey sponsored by the National Waste & Recycling Associates found that 77% of people agree 

that composting has a positive impact on the environment (Solorazano et al. 2013). 

5.3.3.7 Payback Period  

Lastly, the cost was scaled based on a yard waste composting facility with minimal capital cost 

(Tchobanoglous & Kreith 2009). This capital cost and operation and maintenance were scaled to 

the current feedstock to calculate a simple payback period which was about 12 years.  From this 

analysis all the values are demonstrate on Table 9 and the raw data used for this analysis can be 

found in Appendix B: Alternative 2. 

5.4 Alternative 3: Torrefaction  

Torrefied biomass results from a thermochemical process, which results in a higher energy 

content and lower moisture content product referred to as biochar (Batidzirai et al. 2013). The 

O/C ratio of the biomass is lowered during torrefaction due to volatile components being 

dissipated in the process (Nanou et al. 2015). The resulting product is easier to store than 

untreated biomass due to its hydrophobicity, which would otherwise begin rotting (Van der Stelt 

et al. 2008). Torrefaction is considered a pre-treatment method, where it is conducted without the 

presence of oxygen and at temperatures ranging from 200 °C to 300 °C (Nanou et al. 2015). An 

appealing aspect to torrefaction is that the gas produced can be used to fuel the system and 

provides circularity to the process (Koppejan et al. 2012). There are multiple applications of the 

torrefied biomass. The product can be used as a fuel for energy production, since less grinding 

energy would be required in comparison to untreated biomass (Eseyin et al. 2015). Biochar can 

also be used in construction materials to adsorb carbon dioxide and therefore lower emissions of 

carbon in buildings (Gupta and Kua 2017). Pelletized biomass from torrefaction can result in 

higher efficiencies in gasification (Koppejan et al. 2012). Biochar can also be used in soil 

improvement applications (Schmidt 2012). 

 

France studied the torrefaction process around 1930 (Van der Stelt et al. 2008). Multiple pilot 

and demonstration scales of torrefaction have been carried out in Europe (Thrän et al. 2015). 

Torrefaction is becoming more popular and has recently moved from the research and 

development stage to introduction in the market and operation commercially (Koppejan et al. 

2012).  

5.4.1 Operational Process and Scale  

Figure 10 contains a schematic of the torrefaction process and each input, output and associated 

parameters at each step. Thermal decomposition of the following components of biomass occurs: 

hemicellulose, cellulose, and lignin (Barskov et al. 2019). The degradation of hemicellulose is 

the main contributor to the formation of gasses that have high oxygen content (Medic et al. 

2011). The first step in torrefaction is heating of the biomass to reach the drying temperature for 

evaporation of the humidity to occur (Ribeiro et al. 2018). The next step is pre-drying conducted 

at 100 °C, in which water on the biomass starts to evaporate (Ribeiro et al. 2018). Post-drying 

consists of temperature rising until reaching 200 °C, where all water is evaporated (Ribeiro et al. 

2018). Torrefaction is the step that results in the highest amount of mass reduction and is 
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conducted at 200 °C (Ribeiro et al. 2018). There are 6 different types of reactors in which 

torrefaction can be conducted: fixed bed torrefaction reactor, microwave reactor, rotary drum 

reactor, and fluidized bed torrefaction reactor (Ribeiro et al. 2018). Lastly, cooling takes place to 

decrease below the torrefaction temperature and stabilize to room temperature before being 

exposed to the air (Ribeiro et al. 2018). Torrefaction is most commonly carried out in the 

absence of oxygen to minimize reactions (Barskov et al. 2019). The resulting product consists of 

mostly cellulose and lignin and has the following characteristics: brittle, hydrophobic, resistant to 

microbial degradation, and a higher energy density (Medic et al. 2011).  

 

In Europe, there are eight torrefaction industrial facilities planned to operate with capacities 

ranging from 8,000 tons per year to 100,000 tons per year (Ribeiro et al. 2018). Currently the 

facilities that exist mainly use sawdust, but there are some facilities that can handle larger 

particles of woody biomass (Koppejan et al. 2012). The first torrefaction plant in the United 

States being built as of 2018 is in Oregon for the company Oregon Torrefaction with an expected 

capacity of 100,000 tons per year (Banse 2018 and Oregon Torrefaction, LLC 2018). 
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Figure 10. Operational process for torrefaction of woody biomass (Image adapted from Ribeiro 

et al. 2018). 
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5.4.2 Evaluation of Performance  

This section outlines the approach and results from quantifying each criterion from Table 6. A 

summary table of all the results are shown in the Table 9. It is assumed that Torrefaction will be 

conducted at 270 °C. It was also assumed that for every 1.328 kg of woody biomass, 1 kg of 

torrefied wood was produced (NETL 2012). 

5.4.2.1 Greenhouse Gases  

Carbon dioxide and methane were the two greenhouse gases calculated. A study was conducted 

where 1.328 kg of biomass was converted to 1 kg of torrefied wood (NETL 2012). Emission 

factors were reported in the study for both greenhouse gasses in units of kg of the greenhouse gas 

per kg of torrefied wood. The raw data from this study is shown in Table C1 of Appendix C. 

Greenhouse gas emissions of torrefied pellets compared to conventional pellets are lower due to 

the higher energy product that results from torrefaction (Thrän et al. 2015). 

5.4.2.2 Air Pollution 

From the same study used to quantify the greenhouse gas emission, there were also emission 

factors listed for the following pollutants: PM10, CO, and NOx (NETL 2012). Torrefaction 

removes volatiles from the biomass, which explains the result of this alternative releasing a 

lower amount of criteria pollutants in comparison to combustion. 

5.4.2.3 Land Use  

To determine the amount of land required for a torrefaction facility, the parcel feature on Google 

Earth was used on the Oregon Torrefaction plant with an area of 20.6 acres (Google Earth 2020). 

5.4.2.4 Employment 

The number of job openings from the Oregon Torrefaction plant is 39 (Hanners 2019). It is 

important to consider that for land use and employment that these are possibly smaller values 

since the amount of torrefied wood for Oregon Torrefaction is 280,000 BDT/year less than the 

proposed alternative.  

5.4.2.5 Maturity  

An average was taken between three studies found that provided a maturity level for torrefaction. 

The results of these studies are shown in Table C2 of Appendix C. An averaged value of TRL 5 

was determined (European Commision 2017, E4tech et al. 2014, BIOCORE 2014, RHC 4014, 

Stafford et al. 2014, Dodwall 2015). 

5.4.2.6 Public Acceptance 

Public acceptance was difficult to measure since there are no specific studies on how torrefaction 

is perceived. Workshops from RCEA as well as a biomass utilization workshop conducted by the 

University of California, Berkeley were used to determine whether torrefaction had a negative or 

positive public view (Mayhead et al. 2012 and RCEA 2019b). Since torrefaction is pyrolysis 

conducted at lower temperature, the two terms were used interchangeably when analyzing the 

public comments. Two comments on the Berkeley workshop had a positive sentiment towards 

use of pyrolysis to densify woody biomass. Torrefied wood is similar to biochar, so the 
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perception towards biochar was assumed to be the same. In a study, there was a 73% support 

towards production of biochar (Bergman et al. 2018).  

 

5.4.2.7 Payback Period  

A study focusing on the cost analysis of torrefaction was used to quantify the simple payback 

period associated with this alternative (Cherry et al. 2013). The capital costs of three existing 

facilities were scaled up to a cost that would meet the biomass demand and were then averaged. 

The raw data from this study is shown in Table C3 and Table C4 of Appendix C. Costs added to 

this averaged value were: electricity, operating labor, maintenance labor, operating expenses, and 

thermal processing cost which were found in the same study. A revenue of $40 per ton of 

torrefied wood was assumed since this is the expected price of this product (Ortiz et al. 2011). 

5.5 Alternative 4: Biomass to Ethanol 

Biomass-to-liquid (BTL) fuel is an alternative that would transform raw woody residues into a 

fuel product that could be used in energy generation or as a replacement for fossil-fuel derived 

equivalents like gasoline. An simplified flowchart of the processes is shown in Figure 11 below; 

the process breaks woody biomass up into its constituents, lignin, cellulose, and hemicellulose, 

and then into C5 and C6 sugars, which are fermented and distilled into ethanol (Valdivia et al. 

2016). While ethanol is the main pathway, there are additional pathways adjacent-to, and 

utilizing waste products of, the primary product stream, producing valuable resins, adhesives, 

and additional energy products (Dufour 2016). There are two types of biomass fuel sources, first- 

and second-generation. Amid the food versus fuel debate, the acceptance of food-grade feedstock 

has dwindled, in favor of second-generation feedstocks, like forest residues, grasses, and algae, 

which are widely abundant and cheap, and can produce bio-oils and lignocellulosic ethanol, two 

products that can be utilized to replace fossil-fuel equivalents (Naik et al. 2010). 

 
Figure 11: Simplified Biomass-to-Ethanol input and output pathway, with the main pathway 

bolded (Adapted from Dufour 2016 and Naik et al. 2010). 
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5.5.1 Operational Process and Scale 

One of the difficulties in using second-generation feedstocks, like woody biomass, is separating 

the cellulose from the lignin of the lignocellulosic material, which is resistant to degradation 

(Rosales-Calderon and Arantes 2019). Through different chemical, physicochemical, and 

biological processes, the two components can be separated and processed independently. These 

processes can include, but are not limited to, ozonolysis, CO2 explosion, and microorganism 

pretreatment (Zabed et al. 2016). Acid catalyzed steam explosion with Sulfuric Acid is a 

common physicochemical separation method, utilizing sulfuric acid with steam at temperatures 

of about 160 to 220oC (Zabed et al. 2016). One of the typical pathways is shown in Figure 12 

below. The biomass goes through enzymatic hydrolysis, where enzymes break the newly freed 

cellulose up into sugar molecules (Valdivia et al. 2016). The sugar molecules can then be utilized 

by yeast through fermentation; The product is separated and distilled into ethanol and lignin-rich 

stillage and can be fed through additional valorization processes (Valdivia et al. 2016).  

 
Figure 12: Lignocellulosic feedstock to Ethanol chemical processes (Valdivia et al. 2016). 

As food-grade feedstocks are at the heart of the food-vs-fuel debates, second-generation ethanol 

plants have risen in popularity (Naik et al. 2010). Projects can be standalone, bolt-on, or 

integrated. Current first-generation plants have taken advantage of integrated systems, where the 

process encompasses many pathways in one facility. The projects start with a standalone process, 

focusing on one of those pathways, before making use of auxiliary facilities located nearby to 

increase value from additional waste streams (Valdivia et al. 2016). While ethanol plants that use 

corn are highly abundant and proven, there are proven ethanol plants that use woody feedstock, 

mostly in the Nordic Regions. Domsjö Fabriker, in Sweden produces bioethanol and other 

products from spruce and pine waste, processes over a million cubic meters of wood a year and 

employs about 350 people (Domsjo Fabriker 2019). In addition, Aemetis, Inc. has an existing 

biomass to ethanol processing facility in Keyes, CA building improvements to accommodate 

orchard wastes, accommodating the 1.6 million tons of orchard waste produced every year by 

2022 (Martin 2020). The generalized wood biomass to ethanol train can have yields around 89.5 

gallons per ton of feedstock results in a theoretical yield of about 40 MGY (BRDB 2008). 

5.5.2 Evaluation of Performance  

The performance of an Ethanol facility will be evaluated in this section using various studies and 

test cases.  The evaluation quantifies each criterion from Table 6. The alternative must be able to 

handle the total Humboldt biomass demand. A summary of the quantifiable indicators is shown 
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in the Table 9. It is assumed that the process will follow a dilute acid hydrolysis and fermentation 

route. 

5.5.2.1 Greenhouse Gases  

Greenhouse gases for this analysis included carbon dioxide and methane. Using the Bluefire 

Ethanol Facility environmental assessment, greenhouse gas emissions were estimated on a unit 

basis with respect to feedstock tonnage. The study converted about 425,000 tons of biomass to 

ethanol and resulted in GHG emissions of about 399,000 and 35.8 tpy of CO2 and CH4 

respectively (AECOM 2010).  Warming Potential was used with methane to determine its 

equivalents in metric tons of CO2e per BDT, and then added together before being compared to 

the baseline emissions. If compared on CO2 alone, the liquid fuel production would about equal 

to the combustion of the plants, but the higher CH4 emissions make the alternative slightly worse 

in terms of GHG emissions. This could be reevaluated as more information is obtained. 

5.5.2.2 Air Pollution  

The same study was used to quantify the air pollution potential in tons/year including: NOx , 

PM10, PM2.5, and CO (AECOM 2010). Emission factors were estimated using the tons of 

biomass feedstock processed and the air pollution generated. Using these estimated emission 

factors, the Humboldt Biomass demand was used to obtain the potential for the theoretic ethanol 

facility. Overall, the air pollution was estimated as higher than the current technology in all four 

categories. The addition of extra control technology compared to the Bluefire Facility, would be 

recommended. Compared to the high capital costs of these types of projects, it is likely the 

budget could have some flexibility with additional equipment. 

5.5.2.3 Land Use  

The land use was determined using a study of three different sources, two facilities, and one 

government guidance document. The first facility had an area of about 15 acres, the second about 

14 acres, and the guidance document recommended 10-15 acres (US DOE 2005, AECOM 2010, 

CFDC 2006). An average of these values resulted in about 14 acres. 

5.5.2.4 Employment  

The employment was determined by using two surveys, and three example facilities, one of 

ethanol refineries in Nebraska, and another by Agriculture and BioFuels Consulting. These 

surveys resulted in 60 and 50 jobs per facility (Grimes 2019, Urbanachuk 2019). Another job 

analysis was performed using three facilities, which had employees of about 60, 32, and 67 

respectively (Humbird et al 2011, US DOE 2005, AECOM 2010) The number of jobs was 

divided by the ton capacity of the facility to obtain a job/ton basis, which was applied to the 

theoretical Humboldt facility. The average of this analysis was about 51 jobs. The overall 

average was about 52 jobs for a general ethanol to liquid fuel facility. 

5.5.2.5 Maturity  

The Technologic Readiness Level was used to measure maturity, and ranged from TRL4, Pilot, 

to TRL8, First-of-its-kind commercial demo, with many projects across the US and Globe 

having the latter distinction (UNCTAD 2016). An average was taken of the ethanol facilities that 

used lignocellulosic, forest, and wood residues. An average of 6.41 was found from the 11 
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facilities using those waste products. This TRL falls in the range of technological demonstration 

and system model in a relevant environment, essentially full-scale prototyping (ARENA 2014)  

5.5.2.6 Public Acceptance  

Public acceptance was difficult to quantify without a public perception survey, which time and 

current social conditions make difficult; however, biomass alternatives have been addressed in a 

few related studies. A CAPE comment on the RePower Humboldt plan indicated biodiesel and 

ethanol should be encouraged (RCEA 2019b). UC Berkeley sponsored a series of regional 

workshops on biomass utilization from 2007-2010, and comments from the Eureka region spoke 

positively of incorporating local ethanol production from the local biomass, but more research on 

the current attitudes of the public should be further explored. (Mayhead et al 2010).  

 

To better quantify this value, studies were sought for the general perceptions of the renewable 

fuel industry, biodiesel, and ethanol. General studies in North America and Europe have found 

public perception for alternative transportation fuels to range between ranged between 59 and 

81% (Jensen et al 2012, Savvanidou et al 2010, IRENA 2019, Revelator 2019, Austin 2010). The 

average for all regions was 67%, while the average for the two US regions was 62%. 

 

5.5.2.7 Payback Period  

Costs for this process were difficult to determine. For the capital estimations, two case studies 

and a scaled analysis were used to determine an average cost/ton for a biomass to ethanol 

facility. One case is a well quantified NREL case study and was also used to scale the process to 

the Humboldt Biomass demand, and the other facility was Bluefire Ethanol in Mississippi 

(Humbird et al 2011, AECOM 2010). The NREL test case used about 2000 tons/day, so the 

facilityôs equipment was scaled in half and rounded up, using the assumption the bundled 

equipment would be able to be scaled. The equipment that one, or an odd number, was required 

of was rounded up after halving. After totaling the cost of equipment, the values were corrected 

from their 2007 values to 2020 values using the Producer Pricing Index (PPI). The jobs and 

salary were scaled in a similar way, using the ratio of Humboldt biomass compared to the test 

case facility biomass, and rounded up. The operating costs were estimated using the feedstock 

costs, which incorporated current market prices where available, and scaled from 2007 values 

using the PPI when not available, and the facilityôs feedstock use to estimate a yearly operating 

budget. The costs were scaled to Humboldtôs biomass requirement, and then corrected using the 

PPI. Overall, capital costs were estimated at an average of $577/ton or about 260 million dollars 

for the Humboldt facility. There is the Rural Energy for America Program (REAP), which assists 

renewable energy improvements with financial assistance, and in which this facility and location 

would be considered eligible for aid up to $25 million, and the Biorefinery Assistance Program 

can provide funding up to $250 million or 80% of the capital costs (USDA 2020b, USDA 

2020a). Using the scaled analysis yearly costs were estimated at about 55 million dollars. The 

market price of ethanol in March of 2020 was about $1.19/gal (USDA 2020c). 37 MGY of 

ethanol projected from the scaled analysis would result in about 44 million dollars a year. An 

available fuel credit brings the value of ethanol up $1.01/gal to $2.20/gal (U.S. Code § 40A). 

Even with this additional credit, if the income tax rate is still assumed to be 35%, like in the 

NREL test case, additional credits or tax breaks of about $0.46 would be required to achieve a 

payback period of 30 years, which is the typical lifetime of these types of plants (Humbird et al 
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2011). There is current legislation favoring the technology with tax credits, Aemetis was 

awarded a sales and tax exclusion amounting to about $12.7 million for their biofuels projects 

(Aemetis 2019). 

6 Alternative Decision Process 

The alternative decision process section consists of the Pugh Method and Delphi Method to 

determine the best alternative based on the designated constraints and criteria developed from the 

client and the Biomassters team.  

6.1 Pugh Method  

There are five steps to conduct the Pugh Method followed by multiple iterations of the steps. The 

criteria are listed, a baseline is chosen, the alternatives are listed, either a plus or minus sign is 

assigned for each alternative in comparison to the baseline, and then the scores are combined 

(MSG 2020). A plus indicates that the alternative is better than the baseline while a minus 

indicates the opposite. Once the alternative with the highest overall weighted score is 

determined, another iteration is conducted where the winning alternative becomes the baseline. If 

all other alternatives remain with a negative score, it proves that the designated baseline 

alternative is the best.  

 

In this case, the baseline for the first iteration is the current status of the DG Fairhaven and 

Scotia biomass plants. Table 7 contains the first iteration of the Pugh Method showing that 

Alternative 2 is the best. Alternative 2 had a total weighted score of positive six, followed by 

Alternative 1 with a score of positive 5, Alternative 4 with score of 4, and Alternative 3 with a 

score of two. The second iteration is shown in  

Table 8 where Alternative 2 is shown to be on par with Alternative 3. It is important to note that 

this method does not take into account the weights set by the client, which is why the Delphi 

Method was used to consider the importance of the different aspects to the client. 

 

Table 7. Iteration one of the Pugh Method. 

Criteria  
Baseline = DG 

Fairhaven+Scotia 

Plant 

Alternative 

1 

Alternative 

2 

Alternative 

3 

Alternative 

4 

Environmental Criteria  

CO2 0.89 1 1 1 1 

CH4 2.48E-04 1 -1 1 -1 

PM10 1.22E-04 1 1 1 1 

PM2.5 1.13E-04 N/A 1 N/A 1 

CO - N/A N/A N/A N/A 

NOx 5.87E-04 1 1 1 1 

Land Use 20 1 1 0 1 

Social Criteria 
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Criteria  
Baseline = DG 

Fairhaven+Scotia 

Plant 

Alternative 

1 

Alternative 

2 

Alternative 

3 

Alternative 

4 

Employment 47 1 1 -1 1 

Maturity  TRL-8 -1 1 -1 -1 

Public 

Acceptance - N/A N/A N/A N/A 

Economic Criteria 

Payback 

Period NA N/A N/A N/A N/A 

 Sum of positives 6 7 4 6 

 Sum of negatives -1 -1 -2 -2 

 Total weighted score 5 6 2 4 

 

Table 8. Iteration two of the Pugh Method. 

Criteria  

Baseline = 

Alternative 2 

Alternative 

1 

Alternative 

3 

Alternative 

4 

Environmental Criteria  

CO2 5.17E-02 1 -1 1 

CH4 9.53E-02 1 1 1 

PM10 2.07E-05 -1 1 1 

PM2.5 2.07E-05 N/A N/A 1 

CO 1.89E-04 1 1 -1 

NOx 3.68E-04 1 1 1 

Land Use 3 -1 -1 -1 

Social Criteria 

Employment 479 -1 -1 -1 

Maturity  TRL-9 -1 -1 -1 

Public Acceptance 77% -1 1 -1 

Economic Criteria 

Payback Period 12.0 -1 -1 -1 

 Sum of positives 4 5 5 

 Sum of negatives -6 -5 -6 

 

Total weighted 

score -2 0 -1 
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6.2 Delphi Method 

The Delphi method was used make the final alternative determination. This method uses scoring 

bins to assign values to each alternative with respect to the different quantifiable criteria. Using 

the individual analysis, the indicators were combined in Table 9 below. These indicators were 

then used to develop the scoring matrix in Table 10 and used to determine the allocated score for 

each criterion and alternative. 

 

Table 9. Quantifiable indicators for each alternative by criteria  

Criteria  Alternative 1 Alternative 2 Alternative 3 Alternative 4 
GHG (MTCO2e/BDT) 

(% Change) 
-100.0% -56.45% -94.08% -99.66% 

Air Pollution (MT/ BDT) 7.7E-05 5.8E-04 1.3E-04 2.9E-03 

Land Use (Acres) 12.7 3 20.6 14 
Employment (Jobs) 94 479 39 52 

Maturity (TRL)  7 9 5 6 
Public Acceptance (%) 50% 67% >90% 62% 

Payback Period (Years) 14 12 4 30 

 

 

Table 10. Scoring table for each criterion. 

Score 1 ï 2 3 ï 4 5 ï 6 7 ï 8 9-10 

Criteria  Poor 
Less than 

Average 
Average 

Greater 

than 

Average 

Excellent 

GHG (MTCO2e/BDT) (% Reduction) <80% 80 - 85% 
85% - 

90% 
90%-95% >95% 

Air Pollution (Total MT/ BDT) >.0004 
0.0004-

0.0003 

0.0003-

0.0002 

0.0002-

0.0001 
<0.0001 

Land Use (Acres) >30 20 to 30 15 to 29 10 to 14 <10 

Employment (Jobs) <10 10-30 30-60 60-90 >90 

Maturity (TRL)  TRL 1-2 TRL  3-4 TRL 5-6 TRL 7-8 TRL 9 

Public Acceptance (+/-) 0-20% 20-40% 40-60% 60-80% 80-100% 

Payback Period (Years) 30+ 20 to 30 10 to 20 5 to 10 <5 

 

The client was solicited for weighting the individual criteria, and these weights were then used 

with the allocated scores to generate weighted scores each criterion. These scores were then 

summed together to determine the overall alternative score, with the highest combined score as 

the chosen alternative. The results of the final Delphi Matrix are shown in  

Table 11 below. 

 

 




































































