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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 usizeodRedwood Coast Energy Authority

(RCEA). The obijective of this project is to assess the ieahreconomic, environental aspects

for analternative use of biomass feedstock in Humboldt CountR@IEA to address

community concern about biomass combustionCur rent |l y, the majority
biomass is being combusted at two local faesi DG Fairhaven anthé¢ 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 facilitiestop running.

Four aternatives were analyzed in this assessntgasification, compostg, torrefaction, and
conversion obiomass to ethanol. Gasification is an energy producing alterriativeonverts
biomass into gaseousrd liquid fuel. Composing is abiological degadation process that
converts organic nteer to astable soil amendmentorrefaction is a thermochemical process
which densifies biomass awdeatesa higher quality product with properties similar to coal.
Conversion of lmmass teethanolcreates a liquid fuel to be used for transportation by converting
the biomass chemically.

The torrefaction alternative proved to be the best nonpolluting, reteveatdl yet lowcost

alternative out of théour alternatives. The thermochemicabpess of converting biomass into

solid fuel with reduced Oxygen/Carbon and Hydrogen/Carbon ratios provides a cleaner source of
energyif utilized for an alternativéeed sairce in boiler combustioA preliminary analysis was
conducted to establish theafbility 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°kga® assumed

The final concept (summarized in FigiE&-1) follows a traditional torrefactioprocessThis

heat recycling includes the recirculation of flue gas for indirect process heating within the drying
process. All biomass (typically at a 50% moisture contsrfgd into a drier before entering the
torrefier. The dried torrefied product is then convet@the cooling system and eventually
pelletized for distribution. The gas recycling process involves the combustion of air, fuel, and
flue gas for the heat prodiion to operate the heat exchanger.
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Figure ESL:Proposed hd@grocessing system to convert biomass into torrefied pellets.



The final product is higlyuality fuel pellets, with similar characteristics to coal, with an msee
in calorific value(20-24 MJ/kg)caused by the removal of moisture and some organic
compainds from the original biomass (Koppejan et al. 2012). The torrefaction process is
intended to maintain all volatile matter (and thereby energy) within the dimafied pellets
(Koppejan et al. 2012). The results show beneficial changes such as |losterenconten(l-

5%), higher energy density, hydrophobic properties, superior handling and grindability and
lastly, low biological degradation. The final recommationis to use a rotary gasifier developed
by TorrCoal;theirtechnology was found to begiessionally researched and has records of
being implemented at high capacities (30kton/@nefners 201p Therefore, with appropriate
scaling, this analysigroposessevenparallel reactors would be required to meet the design
capacity. Additionally, tis analysigprovidesestimates 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 6&cresjncluding storage fofeedstock 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, ths alternative is thenly, 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 smediemated at 1500 CQe
compared to 282,026 G&®for Humboldt Sawmill Company and 182,858 €@r DG

Fairhaven. One key advantage of utilizing torrefied wood fefirany is that it considered a
biogenic emission and therefore considered carbonatasidefined by thEPA (US EPA

2018b). Lastly, a net present value analysis concluded with a payback peziedeniyears,
accounting for costs associated with the transportation of both the biomass feed and produced
pellets, labor, energy, and theiggited capital cosThe revenue derived from produced pellets
was assumed to bd @0'ton (Dovetail Partners, Inc. 20L3All estimates were derived based on
the feedstock input and pellet production, thus estimating a capital cdsd wiilion, operation

and maintenance @36 million, and revenue o#& million per year.

Recommendations

Al t hough the preferred torrefaction alternat.i
recommendethat a more thorough analysis be conducted for estimatezhsygsistsFor this

analysis, estimates faapital cost and the associatgzbrating anagnaintenanceostsfor the
equipmentvere literature estimates and not directly from venddreevaluation on the cost is

strongly advised his is important givemorrefaction is aremeging technology and advandes

technology could change the cost over tilmeaddition,its recommended teeek oubther

financial incentivesuch ascarbon crediter any otherenewable energgrogramsFinding

and taking advantge oftheseinitiativescould effectivelyaugment theevenue strearandhelp

alleviate the high capital coassociated with this alternative
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1 Introduction

Humboldt County is a major part of the California logging industry, whose timber operations
conseqently produce large quantities of woody biomass residuearatide primary source of
biomass residual in the county. These residuals, or residues, are then transported to biomass
facilities to generate energy througbmbustion Redwood Coast Energy Auhty (RCEA)

manages the power portfolio of Humboldt County, arelcs&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 resourcdifior@ia, the community has
concerns with the emissions produceal tie combustion of biomass.

The objective of this project is to assess the techrécahomi¢ environmental aspectst

alternative useof biomass feedstock in Humboldt County for Bedwood Coast Energy

Authority (RCEA). Increased complaints frometbommunity regarding environmental and

health concerns from pollutants released during incineration of biomass to produce energy has
motivated the determination of alternative biomass.Usesrgy and noenergy alternatives will

be evaluated, and theealhative 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 soues cease tproduce powerTo achieve this objective, this repuiitl be

broken down into 1) background informatiang( regulations, technologies), 2) constraints and
criteria, 3) alternatives, 4) decision analysissf@gcification of theecommended alternative, and

6) conclusion.

2 Background

The background congssof information regarding the stakeholders, reguldiamework, 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
permittingand standards associated with biomass utilization. Uiivertt 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 enaatain of
biomass and the alternatives for its usescautlined to provide a framework to evaluate biomass
alternatives.

2.1 Stakeholder Consideration

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

in 2003.The authority works to increase the use and knowledgastéinable 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

201%) . One of RCEAOGs goal srgyibys2025 (RCBAROI®. 100% r en
RCEA has contracts with DG Fairhaven Power and Humboldt Sawmill Company to produce

energy via biomass combustion; however, a itarg goal of RCEA is to move away from the
combustion of this resource and find other means taeatilie local woody biomass (RCEA

201%).



Humboldt County, another stakeholder, relies on RCEA to provide energy sources that comply
with the countyds i deal s angdts. Gwrently25% to 30% bfudi ng
electricity inHumboldt 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 (Humboldbhty 2017). Humboldt County depends on RGEBA

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 usé¢ ad ¢ a | resources, whisch agrees \
(Humboldt County 2017).
The goals outlined in RCEA®Gs mission statemen

with the energy goals for the State of California, another stakeholder. Senate Bill 850, als

referred to as the Clean Energy and PalufReduction 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,bidnagss, and geothermal
(California Energy @ mmi ssi on 2020b). Californiabs Fourth
outlines the policies and actions for California to prepare for the impacts associated with climate
change (California Energy Commission 2020b)thALi990 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 (Cldrnia Energy Commission 2020b).

Community nembers 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. péreeption 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 emissi®ifrom the current biomass plants is the nirrier 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 biomaspjsmt
located in Scotia, California, 40iles 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 buah#te 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 (CBER@S). HSC reported 25 employee20bi 4

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 sawmiliste 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, abarefinery conversion.



2.2.1 Air Quality Regulations

Air quality rules and regulations are enforced by the North Coast Unified Air Quality
Management DistrictNCUAQMD) and the United States Environmental ProtectioAge ncy 0 s
(U.S. EPA) 40 CFR Part 70 Regutats (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 regulatiid€ UAQMD 2019) The gpogram complies with

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

minimum elements for state operating perfif€UAQMD 2019)One requirement, is the Title

V permit, which is required for any major source of ptalht emissionsA major source is
defined asany sourcehathas emission levels above established pollutant thresferis

2015) Ambient Air Quality Standards (AAQS) are specified durations of concentrations for air
pollutants, established as hedti#sed standards by the California Air ResouBoard and the

U.S. EPA(NCUAQMD 2008).These rules and regulations summarize@iahlel are

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

pollutants that jeopardize human health and sgiGUAQMD 2008.
Tablel. Federal and State Air Quality Standa(NECUAQMD 2008).

Pollutant

Averaging Time

California Standards

Federal Standards

Fine Particulate
Matter (PMo)

8 Hour

0.09 ppm (180 ug/f)

0.075 ppm (147 pg/é

Fine Particulate

Annual Arithmetic

12 ug/m?

15 ug/n?

(SO)

Matter (PM.s) Mean
Carbon 1 Hour 20 ppm (23 mg/f) 35 ppm (40 mg/A)
Monoxide(CO) pp g pp g
Nitrogen Annual Arithmetic
Dioxide (NG Mean 0.03 ppn (56 pg/m) 0.053 ppm (100 g/
Sulfur Dioxide 24 Hour 0.04 ppm (105 pg/R) 0.14 ppm (365ug/m°)

2.2.2 Water Quality Regulations

All large-scale industrial processes that utilize and discharge water must apply for The National
PollutantDischarge Elinmation System (NPDES) program (CWB 2020). This is a federal

program that was implemented by thet&taf California and enforced by the North Coast

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

when state legiatures passed the Port@ologne Water Quality Control Act, establishing

regional programs within tianwide coordination and policyJ& 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 seeral numerical thresholds for organic and{ooganic chemical constituents
wat eschapgeddsedt y
on the type of discharge such as groundwater, surface water, bay/estuary, or ¢eean wa

that rep

resent Cal

i forni abds
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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 O&am, and Thermal Plan which control
temperatures of coastal and interstate wateé&sHPA 2016).

Additionally, federal water quality criteria, such as those specified in the National Toxics Rule
and the California Toxics Rule also apply independentisnfthe state water quality control

plans (EPA 2016). These represent Section 303(c) of the Cleam A&twhich sets water

guality objectives that provide reasonable protection of beneficial USESFRA 2016). It is
important that all industrial processtollow all applicable water quality objectives. Once all
applicable water quality objectives anghmerical thresholds have been identified, a single
assessment threshold must be chosen that satisfies them all (EPA 2016).

2.3 Humboldt Air Quality

This sectim specifies the air quality in Humboldt County to identify potential hazardous
pollutants and to hplquantify Greenhouse Gas emissions (GHG). This has become an important
topic given the community concerns about bioenergy use and the air quality in idumbol

County. The North Coast Unified Air Quality Management District (NCUAQMD) is responsible
for enfacing regulations within Humboldt, Del Norte, and Trinity Counties (Williamson 2008).
NCUAQMD uses the US EPAGs Air Nowtodilew,btuto moni t
this site generalizes the air quality conditions of Humboldt County. On AirNovitggwuse 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 imojood condition. Rather if the index value is

less than 100 then air conditions are good (US EP R From the current time (February 20,
2020) the AQI is 25 for ozone and RAAQI 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 giollutants that contribute to air quality in Humboldt County.

The Humboldt county air basin meets State and Federal standards with the exceptiefn of PM
during winter months (Williamson 2008). One reason these standards are not met during this
period isthat woodburning in fireplaces increases by 50% (Williamson 2008). Also in general,
the combustion of higher moisture content increases the emissionsgudtough combustion
(Thakur et al. 2014). This same phenomenon is observed at power plantbwheres supplies

are left outdoors to accumulate moisture. This relationship of higher moisture and creating more
emissions during winter months, iseas@m communityare 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)ln 2012, there were over 1.9 milliont®dry tons of woody residue in
California(Mclver et al. 2012)About 900,000 acres of laradteutilized for harvesting in

Humboldt County (Dyett et al. 2006). Increases in timber harvesting bring substantial economic
value but could result in negativevarmnmental impacts such as deforestation and habitat loss
for sensitive species (Dyett et al. 2008)s 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,



managementfalebris, fire prevention practices, and protection of vegetation and wetland (Dyett
et al. 2006).

2.5 Biomass Overview

Biomass, or biodegradable organic miaileis an energy sourdhat can bridgéossil and

renewable options (US EPA 2020, Furniss 20M@}ural 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 consumevaste. Biomass fuels are rich in complex carbon molecules, like cellulose
and lignin (Pettersen 1984). When used in energy conversion technologiespiikestion,

these molecules release energy stored in the bonds as heat, and that heat is usatkeiry machi

like steam turbines to allow biomass to be used as a fuel source. Energy, harmful emissions like
COz and NQ, and particulates are generated from tleemrgy 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 wastood products, and various
biologically derived liquids (CEC 2020a). For the purpadeabis project, biomass primarily

refers to the waste from different timber operations and is comprised of various softwoods and
hardwoods, including pine, redwoodadrone, and alder, amongst other species (Humboldt
Redwood Company 2016). The biomass esritom three distinct sources: mill waste, thinning
operations, and wildfire fuel management and are considered too low grade for quality wood
building products, butigh quality enough for energy recapture (RCEA 2019b).

Biomass is considered a sink amdource of C&when used for electricity generation. Woody
biomass sequesters carbon during photosynthesis, wherie €&verted into long cellulose
chains resultig in new growth BBC 2020). When the organic material dies, it is broken down
into its canstituents through various decomposition processes. A proximate analysis of forest
residue shows a rangé 68-83% volatile matter, %% ash, and about 4Z3% fixed cabon. An
ultimate analysis of forest residues shows carbon and oxygen contents of bt 4nd 40
45% respectively, with minor residue fractions of: Nitrogen, Sulfur, Chlorine, and Hydrogen
(Jenkins and Ebeling 1985).

2.5.2 Components

There are three primagpmponents in woody biomass: lignin, cellulose, and hemicellulose
(Burhenne et al. 2013Tellulose is a collection of long fibers made from glucose referred to as
microfibrils, that are alongside the plant cell wall and provide structure (Pasanguiabati e
2012). Hemicellulose forms hydrogen bonds by linking the other two componentsraade of
sugars (Pasangulapati et al. 2012). When lignin bonds with the other two components, rigidity
and strength is accomplished along the plant cell wall (Lii 204.6). From these characteristics,
lignin protects the cell from degrading and decgyivianholme et al. 2010).

2.5.3 Current Emission Data of Local Biomass Plants

Current emissionef greenhouse gases and criteria air pollutaréasmportant to considemsie
this is thesource ocommunityconcern regarding biomass combustifhis section smmarizes



emissions data provided by the California Air Resource Board (CARB)Je2 below

summarizes the 2018 greenhouse(§#3G) emissions reportddr both the Fairhaven and
Cogeneration Powestation (CARB 2018)All categories of emissions are specified as biogenic
(biomass) and nehiogenic (fossil fuels) fuel sources and are quantified in units of metric tons
of carbon ébxide equivalent (Cee).

Table2. Overview of 2018 reenhouse gasmissions for both power stations from the California
Air Resources Board (CARB 2018).

Non-Biogenic Sources Biogenic
Generator Total CO2e | and CHa, N2O from 9
System Type ) . Fuels
Name [MTCO 2¢] biogenic fuel [MTCO 2€]
[MTCO 2€] 2
DG Fairhaven g s 69,257 3,853 65,404
Power
Humboldt
Sawmill Cogeneratiory 299,669 7,181 292,488
Cogeneration

Table3 andTable4 summarize the 2018017 GHG and criteria pollutant emissions for both
facilities. GHG emissions include carbon dioxide @;@nethane (Ch), and nitrous oxide
(N20). Criteria pollutantenclude volatile organic compounds (VOC), nitrogen oxides ({(NO
sulfur Oxides (SQ), particulate matter (PMand PM ), and ammonia (N§J. This emission
datado not include transportation fuel and natural gas suppliers.

Table3. GHG emssions reported on the CARB Pollution Mapping Tool. All GHGssions are
reported in units of metric tons G@quivalent per year [MTC&/yr] (CARB 20162017).

Non-
Biomass
GHG

Total
GHG

Biomass

Facility CO,

CO2 CHa4 N20

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

DG Fairhaven

Power LLC (201 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




Table4. 20162017 criteria pollutants reportesh the CARB Pollution Mapping Tool. All
pollutants are reported in units of tons £Hguivalentper year [TCQe/yr] (CARB 2017).

Facility VOC | NOx SO« | PMio | PM2s

DG Fairhaven Power

LLC (2016) 8.9 748 | 12.7 | 143 13.3

DG Fairhaven Power

LLC (2017) 0.3 3.4 0.3 0.3 0.3

Humboldt Sawmill

Company (2016) 369 | 1748 | 346 | 374 34.5

Humboldt Sawmill

Company (2017) 40.7 | 166.8 | 345 | 35.7 32.9

2.6 Utilization of Biomass for Energy

Biomass can be utilized in various technologies to generate energy. Biommassidered

source of powebecause it contains carbon that would have been exposed to the atmosphere
from decay naturally as opposed to fossil fuels which would have noekpesed to the earth
without anthropogenic involveme(Klass 1998) Though biomass is osidered a renewable
source of energyhere is concerabout the greenhouse gamissions and criteria air pollutants
from the Humboldt community when it is used tmmbustion. Along with combustion

pyrolysis, solvolysis, torrefaction, and gasificateme other technologies that can harness energy
from biomass.

2.6.1 Combustion

Combustion, the technology currently useddsy Fairhaven and HSC Scatiaurns biomass in

the presence of air and produsésamthat can be used for the following applications: heat
electricity, or mechanical powéGoyal et al. 2008)The two plants produce energy by using
wood waste in hog fuel boilers, and use the hegeherate steam, activating turbiiBsb

Marino personal communication 202The moisture of biomass is idgdess than 50%Goyal

et al. 2008)Due to this standard, pteeatment to is required to reduce the moisture content
below that leve(McKendy 2002) The range of efficiencies for biomass combustion plants falls
between 20% and 40% and in about 16fstCQe/bone dry ton biomass, along with other
pollutants like particulate matter and CkdgKendry 2002)ee et al. 2010

2.6.2 Pyrolysis

Pyrolysisis a thermochemical reaction that occurs at high temperatures without oxygen present
and decomposes biosolifldSDA 2017).Biosolids are commonly pulverized prior to processing
to obtain high heat transfer rat@vidgwater and Peacocke 200This processould be applied

in a wide range of temperatures and Acgnversi



tar, and char bioproducté Ha k k &

e, (Dufaur 201§R This Brgcess is unique given that
the same gas produced can be utilized asaadource for pyrolysis (USDA 2017).

Fast pyrolysis yields either large percentages of liquified tars or gases depending on the
processingemperature. A temperature around 500 °C yieldsobgdtars while a higher
temperature of 1000 °C, produces a mixture of gases commonly referreytgas s

(Bridgwater and Peacocke 200B)i g h

temperatures

favor gas

forr

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 forofdiiofoils after condensation
(Dufour 2016). Slower pyrolysis yields higher percentages of bioclobc@rid also be applied
in high (1000 °C) and low (500 °C) temperatuf@adgwater and Peacocke 200This slower
process has a conversion time of 3@ominutes and would typically start at room temperature

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

approximately 7 °C/mirfGoyal et al. 2008)In general, the pyrolysis process produces value
addedproducts such as: syngas, Hoits, adhesives, and other chemicals for agricultural uses
(Bridgwaterand Peacocke 20Q0)hen pyrolysis is utilized in energy production, it can
generate emissions of about 1.41 tons&kbne dry ton biomass along with se@O and PM
(Lee et al. 2010)Figure 1 below provides a summary of the @ifént percentages of gas, tar,

and char at different temperatures and conversion times.

GAS

Production :

~ 1000°C
Gas /7
tcmpcraturc
(t~28) | Eemmees

~ 500°C

BI10O-0OI1.
Production /
Hear flux Fast
density > 10* W.m?

Solid conversion time
(~ mm)

1s

.

Intermediate
> 10* W.m

102 s

Gas

Char

—

Slow

<10° W.m??

10%s

CHAR

Production

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

2.6.3 Solvolysis

(Dufour 2016).

Solvolysis is als@ thermochemical process that uses a solvent and/or a catalyst to dissolve
biomass and occsitat temperatures ranging from 120 °Cto 25Q “‘Ba k k € e.tSoheeihts
that can be used in this process include, but are not limited to: water, methaethlzaral
(Mazaheri et al. 2010)Vater is the preferred solvent because it is environmeifitedhdly,
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inexpensive, and more easily recovers biomass compoféurdag and Yuan 2015)Vhen

water is used as the solvent, the process is called hydrothernmahization, and is achieved
when biomass is held for@hours at a temperature of 250 t@gressure of 4 Mpgevilla et

al. 2011) Compared to pyrolysis, solvolysis has a shorter reaction time and a lower operating
temperature and yields valuable kdied biomass, with less energy inp(RachelTang et al.
2017) One of the benefits of ugy solvolysis is the biomass does not require drying, as the
process is not affected by high moisture cont@RéchelTang et al. 2017)The liquefied

content carbe used as fuel or for raw chemical mater(8lsi 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 pteatment, where contrary to combustion, biomass goésra
thermochemical process that occurs without oxygen in temperaturesgémgn200400°C

(BTG 2019).Torrefaction is described as a lower temperature version of pyrd¥sigéne et

al. 2015. The heating rate for the process is below 50 °C/mimgidan and Kiel 2005). The
common mass yield is 0.8, and the common energy €l® (Bergman and Kiel 2005). The
remaining mass consists of water, volatiles, and gasses such é8a5®2018). The two
components that result from the process are thefted material, as well as a gas which is used
to run the system (BTG 2019)h@& heat used to run the system is from the combustion of the
volatile matter in the biomass (Lottes 2014). The ssiade isdescribed as lower moisture
content resulting in 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 liquidrbonaceous feedstocks into a gas (synthesis gas
or syngas) composed of COHmethane, and lighter gaseous hydrocarbons (Molino et al.
2016). Other gases such asA£&@d N are also included in the final product since they are gases
required for the gafication process (CBC 2015). Typical operating temperatures range from 600
°C to 1500 °C with little oxygen present (Gdya al. 2008, CBC 2015). This therrshemical
process also produces liquids (tars, oils) and solids (char, ash); gasificationdgglame

designed to primarily generate synthesis gases that could be usddrnal and external
combustion engines and fuel cells (McKendry 2002, CBC 2Fi§lire2 provides a summary

of the different applic&ins of syrgas;some applications require additional cleaning and
conditioning.
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Figure2. Applications of gasification for production of energy and fuels (CBC 2015).

Gasification is an endothermic process and requires a heaesdtiese systesrare 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 20)5Indirect heahg 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) pyraigsis, a

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 (@lown), oxygen (oxygnblown), steanor 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 quantitie®f pollution and improved conversion efficiencies (CBC 2015). Environmental
concerns for this process are the production of & SQ (Sutton et al. 2001). A case study of

a gasification and combustion system reported emissions of h§ Ce/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 oftesutt in useful byproducts in addition to harmful
emissions. Biochar, one of the useful byproductsyesra adaptable material and can be used in
many different applications. The use of biochar will have to address the current emissions
technology of thelants and the corresponding pollutants, such aspga@iculate matter (PM),
and SQ.

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-&itu, or at a facility, depending on the type of remediation. When
biomass is cofired with contaminated soil in pyrolysis, heavy sietéhe 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 (GranatsteandSéarchez2009). 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 (GranatsemhiSanche2009). Using biochar as an
amendment wadffective 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 soll
that would normally turn it back into GQAzeem 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 bioahaegulatenoisture,
adsorbcontaminants, androvidesound inslation.Biochar is able toeplace 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, @orbing excess humidity, and redistributing it as the humidity levels dropped,

in a wine cellar, and was successful in the range €086 humidity.

2.8 Non-Energy Biomass Utilization

Non-Energy alternatives include converting biomass into valued prodatsave 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 recoveresh fwhat 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 ather harmful products during the decomposition process (Meller et al
2015). If not properlhaeratedthe compost will generate methane (Amlinger et al. 2008). Along
with temperature and oxygen regulation, moisture content, feedstock, and nutrient bedahce

to be maintained. Compost moisture should be kept between about 40% to 60% (Cornell
University 1996), and the Carbdtitrogen balance should be maintained with a balance of about
25-30:1 (Furniss 2019). The natural C:N ratio in sawmill waste, therityapf 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 abouttdhs 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, primaly 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 biocompositeserrwtlifulose

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 lignibased foams to replace some fofsdl 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 catalysend a blowing agent, resulting in a hardened foam once cured (Tondi

et al 2016). Biorefineries, in making products that can replace-fassiflerived products, help
lessen the demand for noenewable resources (Uihlein and Schebek 2009). Wood bieesin
are mainly used for fuel generation and can generdtkgDCQ/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/n¥ (Chemical Rubber Company and Lide 2005), eiggab about 270kg of product, and

about 800 kg of C® Based on the specific products of the biorefinery, the emissions may vary,
but in a similar ethanol fermentation process, the system had 1.20 tea$ Q@ dry ton
biomass, in addition to 4D, CO, ad particulate matter emissions (Lee et al. 2010).

3 Constraints

Threeconstraintsshown inTable5, must be adhered to for any planned alternative. These

constraints address public health goals, biomass availability, and statrdsdiod projects. The

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

O¢ O«

The v al

O«

facilityods

The facility must neet all local and regional air quality standards.
The facility will have the capacity to utilize the current biomass waste stream.

orized products wil

Tableb. Table of costraints that apply for alternatives.

Constraint

Description

Must meet the local/regional air quality
regulations (Title V if aplicable).

Regulations include fine particulate matte|
(PM1o, PM25), carbon monoxide (CO),
nitrogen dioxide (N@), andsulfur dioxide
(SO) regulations.

The alternative must have the capacity to n|

the currenlemand for biomass from both

local power pants (DC Fairhaven, Humbolg
Sawmill Company)

Alternative biomass utilization and/or
conversion must have the capacdiymeet the
current supply of woody biomass from thg
local community.

Products must meet state, local, or indust
standards if applicdé.

l.e. All nutrient levels must be within statg
standards (pH, N:C) for soil amendments
liquid or solid fuels must et industry
standards, building materials must be with
standards.

4 Criteria

The criteria specified in this section are categorizeghasonmental, social, aretonomic

Table6 below describes each environmemderionand how the alternatives will be compared.
The alternative will receive the highest score based on the least impact. The environmental

me et

criteria addess 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) emplpptestidl 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 fonthGHG emissions andir pollutionis through a commounit
of carbon dioxide equivales(COze). Greenhousgases adsorédnd reemit heatwater vapor,

carbon dioxide (Cg), methane (Ck), nitrous oxide (NO), and ozon€Os). All quantities of

emissionare multiplied bytheir respectiveGlobal Warming Potential (GWP)

Table6. 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
Emissions will be The highest score given
to the alternative it
compared based on
i reduces the most
Greenhouse| percentage reduction frof emissions to what is
Gas (GHG) | DG Fairhaven Power an 4
N ; already produced throug
Emissions Humboldt Sawmill .
] current bioenergy
Company greenhouse g4 . .
EMISSIoNS production normalized tg
' using CQe/BDT (%).
Air pollution will be
compared based on thg
concentrations of the | The highest score will be
. : following pollutants: NG, | given to the alternative
Air Pollution PMio, PMe s, andCO, and that minimizes air 4
how far below they are pollution (MTCQGee).
from established
regulations.
Land use will be The highest scoreill be
compared based dhe given to the alternative
Land Use . : o 2
footprintrequired for that revitalizes or
development. enhances the land.
Social Criteria
Employment will be The highest score will be
Emplovment compared based on thg given to the alternative 3
ploy number of jobs that woul that has the highest
be required for the number of employees
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Criterion Description Method of Comparison | Weights (1-10)
alternative. needed (number of jobs)
Maturity will be compared The highest score W'I.I be
. : given to the alternative
Maturity based on how establishe i 2
o that has been utilized an
an alternative is.
researched the most.
The highestsore will be
given to the alternative
This will be compared that |.s.perce|ved most
: . positively based on
: based on public opinion :
Public ; general public acceptand
for each alternative. 5
Acceptance gathered by surveys,
journal articles, news
reports, antbr any other
publicly available
resource.
Economic Criteria
Payback period will be
compared based on hov
long it takes to cover thg The highest score will be
Payback capital cost of the given to the alternative 10
Period investment, based on th that has the lowest
difference between payback priod (years).
operating expenses ang
product revenue.

5 Alternative Analysis

There are foualternatives analyzed for the utilization of local woody biomaks.firg
alternativeis the use of prolysis andgasiicationto producea usefulproduct The secod
method iscompostingvhich convertsbhiomass tasoil amendmentThe third alternative is
torrefaction as a prgeatment method for various applicatiomle fourth alternative is the
production of ethanol fim woody biomassThe following sectionsonsist ofan introduction,
operational process, operational scale amevaluation of performander each alternative

5.1 Considerations

For the analysis of the preferred alternative, a total mass of 561,600 MiTH@% moisture
content) or 280,800 BDMT/yr and a density of 247nWwas assumed, in order to harmonize
assumptions across engineering tefBwb Marino personal communication, 202Bor this
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alternative analysjsll projects were scaled #50,000 MTwhich 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 therettemical process in which feedstock (in this case sawmill
residue) is heated at high temperasy in a low oxygen environment, to promote the release of
volatile gases. This works through the process of pyrolysis and gasification, releasing gaseous
fuel (Syngas) that can be collecteBlyngads a mixture of several gasasd residuals, typical
components includ€0O, H, CO,;, CHs other less commoecontaminants include NgH.S and
tars(CEC 2019b)The exact composition afyngas islependent oseveral parameters, these
include:thefeedstock type, operating conditiommsification temperatusgpressurs, and
gasification technologutilized (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 agricultuthlratustrial applications as filtration
media(CEC 2019). This biochar bipoductis considered thave a high retail valuesast 6 s a
novelmarketwith limited suppliefWestBiofuels 2018)WestBiofuels reportsetail prices of
$1,500%$16,000 per ton.

Gasification itselfis not a novel technologggccording to thénternational Energy Agency (IEA)
database, there are 114 operational biomass#icationplants globallywith different
functionalities(Energies 2018 Majority of thebiomasdacilities (106 plantg are designed for
powerproductionfrom biomassderived syngas The development and implementation afsl
technologesareprimarily in Europevherebiomass availability ifigh, and electricity is scarce
Although the technology is well knowhiomass gasification igelativelynew to the California
marketplacd CEC201%). This alternativeacknowledges thaproposng acommunity scale
gasification applicatiothat is modularavoidinghigh capital ananaintenanceoss compared
to theindustrid, highly automatedystems in Etope.This alternative utilizes rotary gasificatio
with a thermal oil heater and Organic Rankin Cycle genenatewas considered thmost
appropriatesystembecause itsommunity scale, utilizelocal workforce, and pragtes revenue
generating products such as (electricity and biochi&rs alternative also works well with
Cal i f or mresfa lgealthydorektimanagemergnewable electricityandreduction in
forest fires(CEC 2019).

5.2.1.1 Operational Process and Scale

Nn2019, the California Energy Commission publi
Power Systems to Facilitate Forest Fuel Reduction Treabr{€RC 2019). The content of the
reportevaluatedour differentsystems thattilized either a CircleDré& or Rotary gasifier

combined withdifferent types of préreatment (dryingr torrefaction), hed, and energy
generatiortechnologiesThe most appropriatgystemfor Californiawasthe rotary gasification
systemasit was determined to be the most rahmsodular system that addresseseral
challengeswvith gasifiers such asnaterial flow issues, consistent gas quality, and lower engine
maintenanceAs Figure3 shows, his systemncludescomponents such as d¥oliddrying and
roastingpre-treatmenprocess?2) a thermal oil heater, 3) a heat exchanger, aad @yganic
Rankine Cycld ORC)generator. Tareport concluded that this system was the most appropriate
for California, due to its efficient processinfmaterial, and lower maintenance cq§&i&C

2019a).
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Figure3. Community scale rotary gasifier systéon biomass energyoniversion (WestBiafels
2018).

The capacity factor of an ORC generator is approximate§086; the other pposed systems
utilize anengine generator (operating on produced gas) with a capacity factoBO#BECEC
201%). Thetorrefier system part 1 shown inFigure4, is a7 MMBtu/h multi-fuel burnemwhich
is capable of processifgindred of different materialever thousands of hours of operation
(CEC 2019). These two items make the efficiency of the system higher and sefdaltetant
emissionghrough thepre-processingnd heatingCEC 201%).

Flgure4 TSI Portable Torrefacﬂo@stem(CEC 2019)

The thermal oil (TO) heater, part 2, is configured with burners to conveTdwgas, like

producer gas, into he@€EC 2019). The TO heaters has a higher tolerance for combustion of
condensable and panilate mattewhencompared t@as enginefCEC 2019). TO heaters also
include design advantages such as adaptable control combustion and could be easily for further
particulate filtration and catalytic reductig8EC 2019). As Figure5 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(§iEface

201%). Flue gas is designed to exit the thermiasection and preheat air prior to combustion.

This gas is also designed toedieculate to assist in optimizing flame characteristics and heat
transfer(CEC 2019).
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Therecommendeénergy generatingystem is the Organic Rankine Cycle (OR@herator
shown inFigure 6, which works through the Ranlerthermodynami@rinciple. This system
works as a conventional steam turbimieereit transformghermal energyto mechanical, and
finally into eledrical energyusinganelectric generatofTurboden 2020)instead of steam, the
ORC system vaporizes anganic fluidwhich slowly turns the turbineat alower pressurewith
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no erosion to the metal padsblades Turboden 202D The exhaust vapdhen is used to
preheathe new, evaporating liquichnd then condensed to be recirculated agatiagramof
thisthermodynamisystem if found irFigure7, the overalprocess allows for energy generation
without additional emissiondVestBiofués 2018).

TURBINE

—

ELECTRIC POWER
ALTERNATOR

HEAT SOURCE

EVAPORATOR

RIGENERATOR

COOLING MEDIA
8 JAIR OR WIATER,

' CONDENSER

PUMP I

Figure7. Organic Rankinsystemthermodynamicycle (Turbaden 2020).

5.2.2 Evaluation of Performance

Theperformance ofhis gasification system wasvaluatedisingdata fromthe California Energy
Commission Report (CEC 204)Rand several case studidfie evaluation quantifies each
criterionsummarized iMable6, these values are later compaagdiweighted in a Delphi
matrix. One keyconstraintwas toutilize 80% ofthe total biomass demamdteady established in
Humboldt County A summary of the qumifiable indicatorss shown in Table9.

5.2.2.1 Greenhouse Gases (GHG)

The gasification process itself is known to reduce the amount of both GHGs aodutants
whencombined with ahermal oil heater (TO)WestBiofuels 2018)The TO heateiis efficient

in thecombustion of particulate matter am¢ludespollutantreducton methods such as
particulate filtration and catalytic reductiofherefore, the primary source of both GHG and air
pollutants are from the formati@yn-gasand not combustin. Each facility has an estimated
feedstock rate of 4,350 kg of biomass perrhaith only 45% of the initial feedstock eventually
converting into syfgas.The produced sygas consists a0, H, CO,, and CH, which are all
releasedised for heatingrhe proposed rotary gasification systédmy WestBiofuels)roduces
21% CO, 2.2% Ck and34.5% CQ by dry volume Thecontribution of greenhouse gag€sa
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and CQ) wereseparately caldated and summarized rable9; all othergases weraccounted
as air pollutants

5.2.2.2 Air Pollution

As specified irthe earlier sectiongnajorair pollutants such as N@nd PM are not directly
generated in thRotary gasifier systemue to the use of a thermal oil heatéowever,the
preprocessingdrying component of the systemkisownintroduce some level of pollution.
Therefore, his analysisapproximated air pollution baset the BurneyHat Creek bioenergy
facility that utilizzsa similar drying procesSCEC 2A.%). This facility is alsoscaled for
producing 3 MW of electricityat a community scaldt estimates @ollution rates 00.79 and
1.36 MT per yearf NOx and PMo for a conservative estimate of 8,760 operating h(DEC
2019%). The final quantified values for air potlan includeboth those created during the drying
process andenerated asr@sultof gasification (syrgas 21% CQ)

5.2.2.3 Land Use

Land use estimates are baseda dimensional layoytrovided by WestBiofuelfor a modular

Organic Rankine Cycle (ORC) sysi¢WestBiofuels 2018)Figure8 shows the typical lengsh
for a 3 MWfadlity . In total, a single facity has a footprint of 1.1 acreBherefore 12 modular
systemslocated in different locationgould result inanapproximatdootprint of 12.7 acres

Figure8. Proposed layout for a smgiAaoduIar scale Organic Ranklne Cycle (ORC) system
(WestBiofuels2018).

5.2.2.4 Employment

Employment was estimated based MW biomass$acility located inOroville, Califorria. This
biomasgower plant uses a typical direct combustion boiler/steam turbine spsteyperates at
a similar capacity of 3 MWThe Beck Group 2015Yheyassumed stuff of 8peoplewould be
required to operate 3 MW biomasgacility. This includesl facility manager, 1 maintenance
technician, 4 plant operators, and 2 fopérator§The Beck Group 2015siven that roles such
amaintenance techniciaasd fuel operators wouldiost likely bedynamic positionsrioving to
different sites)A conservave value of8 employees washosen to be representative for each
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rotary gasification fatity. Therefore, with 12 facilities, this allows farconservativestimateof
94 full-time jobs

5.2.2.5 Maturity

Maturity was based oaTechnology Readiness Level (TRihich is a number one through
nine that represents how well establisheelchnology where one indicates a brareiv
technology and nine indicates a technology with the highest level of maturity (Dunbar 2017).
Technologies already implemented\WestBiofuds areconsidered to have®RL of 6-7

(Molino 2018) Majority of the alrady implemented demonstraticias wood to energgystems
are only community scale withton/day capacitie@violino 2018. Thereforethis alternative is
given a TRL of 6.5an aveage within the range.

5.2.2.6 Public Acceptance

Public perception waguantified based on thmercent of positivéeedba& receivedduring a
facility tour in DavisCA. Thisis assumed to be a sample of the populaiiba are familiar with
different foms of biomass technology and are knowledgeableheir atiternativesGeneral
comments on woody biomass utilizatimereneutral only 6 comments out of 1®erepositive
with others being negative or neut(ilayhead2010. Thereforethis alternative isllocated a
50% acceptance valua general sensiom these commentiggests #public considers the
north coastan ideal locatiorfior biomass utilizatiobut the cost of such faciit(gasification)and
underdevelopment of the technologyacerningSome key comments are summarized below
(Mayhead2010).

Al believe that o ur-North Goasi)as (hdl@omase rateriabto Makeuan t y
biomass project(s) possible. | believe this region can supply the feedstock necessary for
appropriatelys i zed project(s). o0

Al am havi ng t oodywiorhass bgconsing a Viable énerqy sowrce at any time.
Even the producing process seems like a limited benefit other than to cover forest ecology/fire
suppression benefits. To proceed with chaul@equire more info on its benefits and possible

commec i al uses and financi al breakdowns. 0
Al't is good to hear what 1is going on with the
woody biomass goes it isn't economical .o

5.2.2.7 Payback Period

This evaluaion utilized the simple payback peribgt consideringhe initial capital cost,
maintenanceost andsubtracting bothherevenues generated fraenergy and biochar
production.The price of energgnd biochaproduction wasssumed to b§199/MWhfor

forestry derived energy and $2BDT for biochar(WestBiduels2018. The biochais priced at
its wholesalegoriceand is conservativieEom the range provided ($2581000 per BDT)With

these assumptionthe initial capital cost wasstimated a$147000,000for 12 community scale
facilities. This results in anaintenance cost oB$0Q000 per yeafor all 12 facilities.Revenue
was estimated &20,600/yr for energy production and $19,125,000/yr for biochar production.
This results in a simple payback periof 14 yearsthis estimatdor the return periogs highly
sensitive tahebiochar market price
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5.3 Alternative 2: Compost

Composting is theerobicdecomposition of organic matterediated bymicro-organisms to
produce aoil amendment (David Border Cpwsting Consultancy 2002Fomposting goes
through different processand need$o be in optimal condition toompostatafaster rate tha
will be further explaiedbelow.

Compostinggoes througltwo types of processethat includemesophilic and therophilic
(Tchobanoglous and Kreith 2002). For mesophilic composting the tempeaigesbetween
5°C to 45°C while thermophilic procesmnges betwee#5°C to 75°C and usually there is a
combination otheseprocessesstarting with hermophilic going tanesophilic (Tchobanoglous
and Kreith 2002)The higher temperaturprovidesa way toremovepathogengBCC and REE
2016. There ardwo systemgprimarily used for compostg, windrow and invessel
(Tchobanoglous and Kreith 2002).

A windrow systentan bedefinedasorganic materialhatis placed in rowsandfrequently
turned,which provides aerationto the system (Tchobanoglous and Kreith 2p&ome
advantages okindrow compostingareit is a simple proces$w cost, carbreak drown multiple
types of organic wasteandutlize larger volume®f organic materialBCC andREE 2016)
Some disadvantagewcludetheareause, as the rows take up large amowohtpace andan
produce odor problenis not managd correctly(BCC and REE 2016)An in-vessel syiemis
definedasaforced aeration system whesgganic material isontainedn a closedsessel witha
stirring mechanism (Tchobanoglous and Kreith 200Be advantagesf in-vesselcomposting
thatit is also asimple systencapable ofeceivng mixedorganic materiahswindrow system
(BBC andREE 2016) The disadvantagder in-vessel compostingpcludeahigher costanda
limitation on theamountof organic materiathe vessel can hold@chobanogbus and Kreith
2002& BCC and REE 2016 Based on reseeh, window composting has more advantages and
thereforespecificationfocusedon thistype ofcomposting technology.

For successfutomposting, optimal physical and chemichéaracteristics of the feedstock are
needed. The optimal physical and chematalracteristisincludetheC: N ratioof 20-40 to 1,
moisture content levels between 4@@%%6, anda density less than 600 kg#r(irchobanoglous

and Kreith 2002 & USDA 2000). Theptimal condition helpminimizeodor and speed the
process (David Border Cgosting Consultancy 2002 and Brodie et. al 2000). The speed of the
process also depends on the size of the organic waste, the shegiketticle size of the waste

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

5.3.1 Operational Process and Scale

The eratioral proces®f the potentialfacility wasscakd will be further explainedThe
process for a new facilitstarts withgatheringthe woodybiomassandotherorganicmaterial
whichthenis transported tohefacility. Then the organic materiéd deposiedto preliminary
storageand inspectetb determine ithe material issuitablefor thewindrow piles (BCC and
REE 2016).Then the organic material shredded intemaller pieceso make iteasier to
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decompos¢BCC andREE 2016).After thisthe feedstock isitherinspeced agairthrough
screen®r is placel in piles to create theptimal condition for théeedstockused f@

composting and this igepresentindpy pre.compostingn Figure9 (BCC and REE 2016)Once
placal in pilesthey arefrequentlyturnedto provide aeratiothroughout thenassgBCC and REE
2016).Then kedstock goes throughermophiic andmesopilic stagesvhile being turnedo
thenproducecompost that cahe the soldBCC and REE 2016 heentire processan be
followedin Figure9

Gathering

Pre-
Composting

Thermophilic
Stage

Mesophilic
Stage

Inspected/
Process

- Initial Process

Inputs

Feedstock

- Turning/Breakdown of Feedstock

Figure9: The process of how composting occ(lmage adapted from David Boarder
Composting Consultancy and Lee e2@l0).

For scalingthe facility there were multiple articlésat were used to calculate the amoafnt
Greenhouse gasmissions air pollutions land useemploymentthe maturity of technology, and
public acceptangeaand &stly, the payback periodf the pdentialfacility using thewoody
biomass

5.3.2 Preliminary Evaluation of Performance

Composting as mention before regsioptimal conditionsAn optimizationanalysis was
calculated based on tlagtimal physical and chemical characteriskor this analysist was
calculated based on the input amount of woody biormadsts assumed propertieBhe woody
biomass high in @arbon, would need nitrogeich material likefood wasteyard waste, cattle
manure, angrass clippingThe nitrogenus materiatequiral would beabout8,610 kg/wk to
reacha40:1 C.N ratio. The facility was thescalel based on this total amouittwasassumd
thatmultiple organiamaterias wereavailablein sufficient quantities to meet this requirement
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5.3.3 Evaluation of Performance
This sectionwill evaluatethe performancef thewindrow compostingalternative
5.3.3.1 Greenhouse Gases

The firstcriterion analyzed under thenvironmentalCriteria wasGHGs. The values that were
usedto scalethe amount of woody biomasgere obtaiedfrom regarchonyard waste and
manue (Vergara and Silver 2039 Though our facility willdependon woody biomass and food
waste the latter of which hasigh levels ofnitrogenelementssimilar to manure and yard waste
The valuesalculatedrom the study wrethenetof 100g COx kg* and median of Z.g CHs kg

1 and both hd a moisturecontentof 50% (Vergara and Silver 2019)hese values wethen
convertedo MTCO.e/BDT and therscaled bymultiplying thetotal amountof food waste and
woody biomassthen dvided by the woodypiomasto determine a per unit of woody feedstock
basis The values then calculated to B&E-01 MTCO.e/BDT and1.2E-01 MTCO.e/BDT for
COzand CH, 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, PM1o, PM2s,andCO.Val ues wer e cal cul ated based on the s
Aerobic Composting of Source-Separated Organic Wastes: A Comparative Study of Environmental

Impacts, Cost,tand Cont ext ua latote farhoent af BM of @0i8lkg/ton, divided into 0.009

kg/ton for PM1o and 0.009 kg/ton for PMzs (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 PM1o, PM25, NOx, and CO, respectfully.

5.3.3.3 Land Use

Forland useit was difficult to obtairfrom individual case studies so for thislculationthe
book calledthe Handbookof Solid Wastdanagemenivereused(Tchobanogloug Kreith
2009. In the book thdaculty values useavere fromthe two-yardwastecompostingfacility and
the values give wak2 acregTchobanoglous & Kreith 2009 rom this valueit was calculated
to be22 acres.

5.3.3.4 Employment

An article from EPA callediLife Cycle Inventory and Cost Model for Mixed Municipal and
Yard Waste Compostingdescribesha there isa correlationof 100 emploges for every1000
ton per dayso a multiplier o0.1 was use¢(Komilis et al.2004). With this informationit was

calculatedhat around 49 jobs would be created

5.3.3.5 Maturity

To compare maturity for each alternatthe technology readiness le&RL) wasresearched
was reached for this technology. Techmyloeadiness levas$ saled 19, 1referencingo new
technology andfewer studies on it, rather 9 represemtechnology thatas been there for a

while and tas more studie3.he higher level the momesearch there is for thechnology. The
TRL for the window composting wadeterminedo be9 (BCC & REE 2014.
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5.3.3.6 Public Acceptance

Compostings atechnologythat has been used andrsasaii g 0 o d p u bbedauseii ma g e
diverts food waste and other organic material flmeimglandfilled (Schaub& Leonard 198). A
surveysponsoredby theNationalWaste & Recycling Associates found that 7@fpeopleagree

that compostindpas a positivampact e the environmen(Solorazano et al. 20).3

5.3.3.7 Payback Period

Lastly, the cost was scaled basedayrard waste composting facilityith minimal capital cost
(Tchobanogloug: Kreith 2009) This capital coseindoperation ananaintenanceverescalel to
the current feedstodk calculate @imple payback periogthichwas abotil2yeas. From this
analysis all the values are demonstratdable9 and the raw data used for this analysis can be
found inAppendix 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 prodwederred to as biochdBatidzirai etal. 2013. The

O/C ratio of the biomass is lowered ohg torrefactiondue b volatile components being
dissipatedn the procesgNanou et al. 2005 The resulting product is easier to store than
untreated biomass due to its hydrophobicity, whwcluld otherwiséoeginrotting (Van der Stelt
et al. 2008)Torrefaction isconsideredh pretreatmeninethod where it is conducted without the
presence of oxygen and at temperatures ranging frofiQ&D300°C (Nanou et al. 2015An
appealing aspeab ttorrefaction is that the gas produced can be testel thesystem and
providescircularity to theprocesgKoppejan et al. 2012Y.hereare multiple applications of the
torrefied biomass. The produzdnbe used as a fuel for energy production, since less grinding
energy would be required in comparison to uner@dtiomass (Eseyin et al. 201Bjochar can
also be used in construction materials to adsorb carbon dioxide and therefore lower emissions of
caibon in buildings Gupta and Kua 20} 7Pelletizedbiomass from torrefaction can result in
higher efficienciesn gasification Koppejan et al. 20)2Biochar can also be used in soll
improvement application&Schmidt 2012

France studied the torrefaan process arund 1930Yan der Stelt et al. 2008)1ultiple pilot

and demonstration scales of torrefaction haeen carried out in Europe (Thrén et al. 2015).
Torrefaction is becoming more popular and has recently moved froraséarctand
development stge tointroduction in the market and operation commercially (Koppejan et al.
2012).

5.4.1 Operational Process and Scale

Figurel0 contains a schematic of the torrefactiosngess and each input, output and associated
parameters at each stdjermal decomposition of the following components of biomass siccur
hemicellulose, cellulose, and lign(Barskov et al. 2009 The degradation of hemicellulose is

the maincontributor to the formation of gasssit have high oxygen contgiMedic et al.

2011). The first step in torrefaction is heating of the biomass to reach the drying temperature for
evaporation of the humidity to occuripeiro et al. 2018)The next stefs predrying conducted

at 100 °C in which water on the biomass starts to evaporate (Ribeiro et al. P@E8jirying

consists of temperature rising until reaching 200WBere alwater is evaporated (Ribeiro et al.
2018).Torrefactionis the step tharesults in the highest amount of mass reductionsand
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conducted at 200 °(Ribeiro et al. 2018)There are 6 different types of reactors in which
torrefaction can be conducted: fixbdd torrefaction reactor, microwave reactor, rotary drum
reactor, andluidized bed torrefaction reactor (Ribeiro et al. 2018stly, cooling takes place to
decrease below the torrefaction temperature and stabilize to room temperature before being
expo®d to the air (Ribeiro et al. 2018)orrefaction isnost commonlycariied out in the

absence of oxygen to minimize reactigBarskov et al. 209). The resulting product consists of
mostly cellulose andgnin and has the following characteristibsittle, hydrophobic, resistant to
microbial degradation, and a higher enedgysity Medic et al. 201)L

In Europe, there are eigtdrrefaction industrial facilities planned to operate with capacities
ranging from 8,000 tons per year to 100,000 tons per(fRbeiro et al. 2018). Currently the
facilities that exismainly usesawdust, but there are some facilities that can handle larger
particles of woody biomas&@ppejan et al. 20)2The first torrefaction plant in the United
States being built as of 281s in Oregon for the company Oregon Torcgta with an expected
capacity of 100,000 tons per ye8afise2018and Oregon TorrefactioiLC 2018.
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Figurel0. Operational process for torrefaction of woody biomass (Image adamtedRibeiro

et al. 2018)
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5.4.2 Evaluation of Performance

This section outlines the approach and results from quantifyingce#etionfrom Table6. A
summary table of all the results are shown inTthkle9. It is assumed that Torrefaction will be
conducted at 27€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 greeshgases calculatel.study was conducted

where 1.328 kg of biomass was converted to 1 kg of torrefied vWwiedL( 2012. Emission

factors were reported the studyfor both greenhouse gasses in units of kthe greenhouse gas

per kg of torrefied woodl'he raw data from this study is shownTiable Clof Appendix C
Greenhouse gas emissions of torrefied pellets compared to conventional pellets are lower due to
the higher energy product that results fromefaction (Thréan et al. 2015).

5.4.2.2 Air Pollution

From the same study used to quantify theagthouse gas emission, there wadse emission
factors listed for the following pollutants: RMCO, and NQ(NETL 2012. Torrefaction
removes volatiles from the biomass, which explaingekalt of this alternate 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 facilitypdheel feature on Google
Earth was used on the Oregon Torrefaction plant with an areatod@@gGoogle Earth 2020

5.4.2.4 Employment

The number of job openings from the Oregon Torrefaction plant isl&9ners 209). It is
important to consider that for ldruse and employment that these are possibly smaller values
since the amount of torrefied wd 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 showhahle C2of AppendixC. An averaged value of TRL 5
wasdetermined European Commision 2017, E4tech et al. 2014, BDBE 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 orréi@aetion

is perceivedWorkshops from RCEA as well as a biomass utilization worksiopudted by the
University of California, Berkeley were used to determine whether torrefaction had a negative or
positive public view fayhead et a012and RCEA2019b). Since torrefaction ipyrolysis

conducted at lowagemperaturgthe two terms were us@aterchangeablyhen analyzing the

public commentsTwo comments on the Berkeleyorkshophad apositivesentiment towards

use of pyrolysis to densify woody bionsa$orrefied wood is similar to biocharm she
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perception towardbiocharwas assumed to be the sammea study, there was a %3support
towards production of biochaBérgman et a2018.

5.4.2.7 Payback Period

A study focusing otthe cost analysis of toffiaction was used to quantify the simple payback
period associatedith this alternative (Cherry et al. 2013he capital costs of three existing
facilities were scaled up to a cost that womlelet thebiomass demanand were then averaged.

The raw data tym this study is shown ifiable C3and Table C4f Appendix C Cost added to

this averaged value werelectricity, operating labor, maintenance labor, operating expenses, and
thermal processing cost which were found in the same studiuenue of $40 pdon of

torrefied wood was assumed since this isetkgected price of this produditiz et al. 2011

5.5 Alternative 4: Biomass to Ethanol

Biomassto-liquid (BTL) fuel is an alternative that would transform raw woody residues into a
fuel product that codl be used in energy generation or as a replacemeiaiskikfuel derived
equivalents like gasoline. An simplified flowchart of the processes is shokgure11 below;,

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

and then into €and G sugars, which are fermented and distilled into ethanol (Valdivia et al.
2016). While ethanol is the main pathway, there are additional pathways adg@and

utilizing waste productsf, theprimary product stream, producing valuable resins, adhesives,
and additional energy products (Dufour 2016). There are two types of biomass fuel sources, first
and secondieneration. Amid the food versus fuel debate, the acceptance ejfade fedstock

has dwindled, in favor of secompbneration feedstocks, like forest residues, grasses, and algae,
which are widely abundant and cheap, and can produealbiand lignocellulosic ethanol, two
products that can be utilized to replace fois#l equivalens (Naik et al. 2010).
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5.5.1 Operational Process and Scale

One of the difficulties irusing £condgeneration feedstocks, like woody biomass, is separating

the cellulose from the lignin of the lignocellulosic material, which is resistant to degradation
(RosalesCalderon and Arantes 2019). Through different chemical, physicochemical, and
biological processes, the two components can be separated and processed independently. These
processesaninclude, but are not limited to, ozonolysis, &plosion, and microorganism
pretreatment (Zabed et al. 2016). Acid catalyzed steam explosion witiiSAkid is a

common physicochemical separation method, utilizing sulfuric acid with steam at temperatures
of about 160 to 22Q (Zabed et al. 2016PDne of the typical pathways is showrFigure12

below. The biomasgoes through enzyatic 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 fermentatiomhe product is separated and distilled into ethanol and hgetin

stillage and can be fed through additional valorization processes (Valdivia et al. 2016).
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Figurel2: Lignocellulosic feedstock to Ethal chemical processes (Valdivia et al. 2016).

As food-grade feedstocks aat the heart of the foeds-fuel debatesseconegeneration ethanol

plants have risen in populari(iaik et al. 2010)Projects can be standalone, batt, or

integrated. Currerfirst-generation plants have taken advantage of integrated systems, where the
process encompasses maathways in one facility. The projects start with a standalone process,
focusing on one of those pathways, before making use of auxiliary facilitiesdaoaarby to

increase value from additional waste streams (Valdivia et al. 2016). While ethansltp&ruse

corn are highly abundant and proven, there are proven ethanol plants that use woody feedstock,
mostly in the Nordic Regions. Domsjo Fabriker Sweden produces bioethanol and other
products from spruce and pine waste, processes over a milwometers of wood year and
employs about 350 people (Domsjo Fabriker 2019). In addition, Aemetis, Inc. has an existing
biomass to ethanol processiragiity in Keyes, CA building improvements to accommodate
orchard wastes, accommodating the 1.6 amlions of orchard waste produced every year by

2022 (Martin 2020)The generalized wood biomass to ethanol train can have yields around 89.5
gallons perdn of feedstockesultsin a theoretical yield of abodO 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 Tilole 6. The alternative must be able to
handle the tal Humboldt biomass demand. A summary of the quantifiable indidatsh®wn
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in theTable. It is assumedhat the process will follow a dilute acid hydrolysis and fermentation
route.

5.5.2.1 Greenhouse Gases

Greenhouse gases for thisatysis included carbon dioxide and methane. Using the Bluefire
Ethanol Facility environmental assessment, greenhouse gas envgsiersstimated on a unit

basis with respect to feedstock tonnage. The study converted about 425,000 tons of biomass to
ethaml and resulted in GHG emissions of about 399,000 and 35.8 tpycdi@OCH

respectively (AECOM 2010). Warming Potential was uséld methane to determine its
equivalentsn metric tons of C@e per BDT, and then added together before being compared to
the baseline emissions. If compared orn.@I0ne, the liquid fuel production would about equal

to the combustion of the plants, lioé higher CHemissions make the alternative slightly worse

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

5.5.2.2 Air Pollution

The same study was used to quantify the air pollution potential in tonsigkating: NQ,

PMio, PM2s, and CO (AECOM 2010). Emission factors were estimated using the tons of
biomass feedstock processed and thpdalution generated. Using these estimated emission
factors, the Humboldt Biomass demand was used to obtain the potential for the the@etk eth
facility. Overall, the air pollution was estimated as higher than the current technology in all four
categoies. The addition of extra control technology compared to the Bluefire Facility, would be
recommended. Compared to the high capital costsestttypes 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 facilig lan area of about 15 acres, the second about
14 acres, and the guidance document recommend&8 &6res (US DB 2005, AECOM 2010,
CFDC2006). An average of these values resulted in about 14 acres.

5.5.2.4 Employment

The employment was determined by using twweys, and three example facilities, one of
ethanol refineries in Nebraska, and another by Agriculture and Bi®Bwonsulting. These
surveys resulted in 60 and 50 jobs per fac{i@yimes 2019Urbanachuk 2019). Another job
analysis was performed usitiyee facilities, which had employees of about 60, 32, and 67
respectively (Humbird et al 2011, US DOE 2005, ABMC2010) 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 Humbldt facility. The average of this analysis was about 51 jobs. The overall
average was about 52 jobs for a gehettaanol to liquid fuel facility.

5.5.2.5 Maturity

The Technologic Readineksvel was used to measure maturity, asagedrom TRL4, Pilot,

to TRLS, Firstof-its-kind commercial demo, with many projects across the US and Globe
having the latter distinction (USITAD 2016).An average was taken of the ethanol facilities that
used lignocellulosic, forest, and wood residues. An average of 6.41 was foomthé 11
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facilities using those waste productdis TRLfalls in the range of technological denstration
andsystem modeh a relevant environment, essentially fsdlale prototypingARENA 2014)

5.5.2.6 Public Acceptance

Public acceptance was difficult ¢guantify without a public perception survey, which time and
current social conditions make difficult; howeveriass alternatives have been addressed in a
few related studies. A CAPE comment on the RePower Humboldt plan indicated biodiesel and
ethanol sbuld be encouraged (RCEA 2099UC Berkeley sponsored a series of regional
workshops on biomass utilization fra20072010, and comments from the Eureka region spoke
positively of incorporating local ethanol production from the local biomass, but megrechn

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

To better quanty this value, studies were sought for the general perceptions of the renewable
fuel industry, biodiesel, anethanol General studies in Northmerica and Europe have found
public perception for alternative transportation fuels to range betraeged beteen 59 and
81%(Jensen et al 2012, Savvanidou €2@10,IRENA 2019,Revelator 2019, Austia010. The
averagefor all regions was 6%, while the average for the two US regions wa%62

5.5.2.7 Payback Period

Costs for this process were difficult to determifer 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 Biomasdemand, and the other facility was Bluefire Ethanol in Mississippi

(Humbird et al 2011, AECOM 2010). The NREL test case used about 2@904dy, so the
facilityés equi pment was scaled in half and r
equipment woud be able to be scaled. The equipment that one, or an odd number, was required

of was rounded up after halving. After totaling the costapfipment, the values were corrected

from their 2007 values to 2020 values using the Producer Pricing Index (P&)nbBhand

salary were scaled in a similar way, using the ratio of Humboldt biomass compared to the test

case facility biomass, and rourtlep. The operating costs were estimated using the feedstock

costs, which incorporated current market prices wheridaia, and scaled from 2007 values

using the PPl when not available, and the fac
budept. The costs were scaled to Humbol dtés bio
PPI. Overall, capital costsere estimated at an average of $577/ton or about 260 million dollars

for the Humboldt facility. There is tHeural Energy for America Pgnpam(REAP), which assists
renewable energy improvements with financial assistance, and in which this facility atmoihloc

would be considered eligible for aid up to $25 million, and the Biorefinery Assistance Program

can provide funding up to $250 millicr 80% of the capital costs (USDA 2020b, USDA

2020a). Using the scaled analysis yearly costs were estimated ab&bwiliton dollars. The

market price of ethanol in March of 2020 was about $1.194aDA 202¢). 37 MGY of

ethanol projected from thealed analysis would result in about 44 million dollars a year. An

available fuel credit brings the value of ethar@i1.01/gal to $2.20/gal)(S. Code § 407

Even with this additional credit, if the income tax rate is still assumed to be 35%, liee int

NREL test case, additional credits or tax breaks of about $0.46 would be required to achieve a
payback period of 3Qears, which is the typical lifetime of these types of plants (Humbird et al
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2011). There isurrent legislation favoring the technologjth tax credits, Aemetis was
awarded a sales and tax exclusion amounting to about $12.7 million for their bioGjetispr
(Aemetis 2019).

6 Alternative Decision Process

The alternative decision process section consists of the Pugh Method and Delphitidlethod
determine the best alternative based on the designated constraints and criteria developed from the
client and théBiomassters team.

6.1 Pugh Method

There are five steps to conduct the Pugh Metbtbawed by multiple iterations of the stepche
criteriaarelisted, a baseline is chosen, the alternatives are listed, either a plus or minus sign is
assignedor each altarative in comparison tté baseline, and then the scaaescombined

(MSG 2020. A plus indicates thahe alternative ietter ttanthe baseline while a minus

indicates the opposite. Once the alternatwté the highesoverallweightedscore is

detemined, another iteration is conducted where the winning alternative becomes the baseline. If
all other alternatives remain with a negative score, it proves thdesiignated baseline

alternative is the best.

In this case, the baselifier the first iterationis the current status of the DG Fairhaven and
Scotia biomass plant$able7 contains the first iteration of the Pugh Method showing that
Alternative 2 is the beshlternative 2 had a total weighted score of posisivefollowed by
Alternativel with a score of positive, Alternative4 with score of 4and Alternative8 with a
score oftwo. The second iteration is shown in

Table8 where Alternative 2s shown to be on par with AlternativelBis important to note that
this method does not take into account the weights set by the altg@ah is why the Delipi
Method was used to consider the importance of the different aspects to the client.

Table7. Iteration one of thed®yh Method.

Baseline =DG | Alternative | Alternative | Alternative | Alternative

Criteria Fairhaven+Scotia 1 2 3 4
Plant
Environmental Criteria

CO2 0.89 1 1 1 1

CH4 2.48E04 1 -1 1 -1

PM10 1.22E04 1 1 1 1

PM2.5 1.13E04 N/A 1 N/A 1
CO - N/A N/A N/A N/A

NOx 5.87E04 1 1 1 1

Land Use 20 1 1 0 1

Social Criteria
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S FB_aseIine =DG | Alternative | Alternative | Alternative | Alternative
airhaven+Scotia 1 2 3 4
Plant
Employment 47 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 scor 5 6 2 4
Table8. Iteration two of thd?ugh Method.
Baseline = Alternative | Alternative | Alternative
Criteria Alternative 2 1 3 4
Environmental Criteria
CO2 5.17E02 1 -1 1
CH4 9.53E02 1 1 1
PM10 2.07E05 -1 1 1
PM2.5 2.07E05 N/A N/A 1
(6{0) 1.89E04 1 1 -1
NOx 3.68E04 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 120 -1 -1 -1
Sum of posities 4 5 5
Sum of negatives -6 -5 -6
Total weighted
score -2 0 -1
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6.2 Delphi Method

TheDelphi method was used make the final alternative determindtiosimethod uses scoring
bins to assign values toamaalternative with respect to the different quigaitie aiteria. Using
the individual analysis, thedicatorswere combinedh Table9 below. These indicators were
then used to develop the scoring matriXable10and used to determine the allocatedre for

eachcriterionand alternative.

Table9. Quantifiable indicators for each alternathwecriteria

Criteria Alternative 1 | Alternative 2 | Alternative 3 | Alternative 4
GHG(((V'(\)"Zﬁgnzgeé)BDT) -100.0% 56.45% -94.08% -99.68%
Air Pollution (MT/ BDT) 7.7E05 5.8E04 1.3E04 2.9-03
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%
PaybackPeriod (Years) 14 12 4

Table10. Scoring table for eactriterion

Less than Greater
Criteria Poor Average than Excellent
Average
Average
GHG (MTCO2e/BDT) (% Reduction) <80% 80 - 85% 895;@0- 90%-95% >95%
. : 0.004- 0.003- 0.00@-
Air Pollution (Total MT/ BDT) >.0004 0.003 0.0002 0.0001 <0.00a
Land Use (Acres) >30 20to 30 | 15to0 29 10to 14 <10
Employment (Jobs) <10 10-30 30-60 60-90 >90
Maturity (TRL) TRL1-2| TRL 34 | TRL56 | TRL 7-8 TRL 9
Public Acceptance (+) 0-20% 20-40% 40-60% 60-80% | 80-100%
Payback Period (Years) 30+ 20t0 30 | 10to 20 5t0 10 <5

The dient was solicited for weighting the individual criteria, and these weights were then used
with the allocated scores to generate weighted scoresetmion These scores were then
summed together to determine the overall alternative score heithighest combined score as

the chosen alternativ&he results of the final Delphi Matrix are shown in

Tablel11 below.
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