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Abstract

Biofuel production through fast pyrolysis of biomass is a promising conversion route in
the production of biofuels compatible with existing technology. The bio-oil produced from
fast pyrolysis is a versatile feedstock that can be used as a heating oil or upgraded to a
transportation hydrocarbon biofuel. Comparative study of a one-step, fast pyrolysis only
pathway and a two-step torrefaction-fast pyrolysis pathway was carried out to evaluate the
effect of torrefaction on (i) the minimum selling price of biofuel and (ii) the potential life

cycle GHG emissions of the biofuel production pathway.

To produce bio-oil which can serve as a substitute for heating oil from loblolly pine
biomass feedstock, torrefaction at three different temperatures of 290, 310 and 330°C were
investigated while fast pyrolysis occurred at 530°C. Three scenarios of producing process
heat from natural gas, internal by-products biochar or torrefaction condensate were also
investigated. Economic assessment showed more favorable economics for the two-step
bio-oil production pathway relative to the one-step bio-oil production pathway. The lowest
minimum selling price of $1.04/gal was obtained for a two-step pathway with torrefaction
taking place at 330°C. The environmental impact assessment also showed the two-step bio-
oil production pathway to be more environmentally friendly. The lowest GWP of about -
60g COz2eq was observed for the two-step pathway at a torrefaction temperature of 330°C
while GWP of about 36g CO2eq was observed for the one-step pathway. Relative to heavy
fuel oil, the one-step and two-step pathways are more environmentally friendly with lower

GWP.
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To produce hydrocarbon biofuel by the catalytic upgrade of bio-oil derived from fast
pyrolysis of loblolly pine, three torrefaction temperatures of 290, 310 and 330°C were
investigated with fast pyrolysis taking place at 530°C. Three scenarios of producing
process heat from natural gas, internal by-products biochar or torrefaction condensate were
investigated. The effect of heat integration was also examined. The economic assessment
showed equal minimum selling price for the one-step hydrocarbon biofuel production
pathway and a two-step pathway with torrefaction occurring at 290°C. A minimum selling
price of $4.82/gal was estimated while higher torrefaction temperatures showed less
favorable economics. The environmental impact assessment however showed the two-step
pathway to be more environmentally friendly when compared with the one-step pathway.
GWP of about -66g CO2eq was observed for the two-step pathway with torrefaction taking
place at 330°C compared to a GWP of about 88g CO2eq obtained for the one-step. Further
reduction in minimum selling price and GWP were observed with heat integration. A
minimum selling price of about $4.01/gal was estimated for the one-step and two-step
pathway with torrefaction taking place at 290°C while GWP of about -144 g CO2eq was

observed for the two-step hydrocarbon biofuel with torrefaction temperature of 330°C.

12



1.Introduction

1.1 Energy and the transport sector

Energy is one of the key factors required for social, economic and particularly industrial
development.[1] With improved knowledge of the impact of fossil energy utilization on
the global environment, more emphasis is now being placed on environmentally-
sustainable sources of energy. According to the United Nations, for effective and
sustainable industrial development, energy production and utilization must be planned with
other factors such as technology, raw materials among other factors.[1] In 2016, the
industrial sector was responsible for about a third of the primary energy consumption in

the US as illustrated in Figure 1.1:

B Residential
m Commercial
i Industrial

Transportation

Figure 1.1. 2016 Primary energy consumption in the US by different sectors.[2]

Though the energy consumed by the transportation sector is slightly lower than that

consumed by the industrial sector in 2016, an examination of the energy consumption over
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the last five years shows an upward trend in energy consumption by the transportation

sector while a downward trend is observed in the industrial sector, as presented in Figure

1.2
30,000
—o—Residential
— 25,000
F .
A Commercial
()]
o
= 20000 ‘/./’\’ Industrial
15,000 Transportation

2012 2013 2014 2015 2016

Figure 1.2. 5-year trend of primary energy consumption by different sectors in the United States.[2]

Opportunities for improvement in technology and better energy efficiency are being
investigated to address the energy consumption of the transport sector. Aside from the high
and increasing energy consumption in the transport sector, another concern is the source of
energy, which for this sector is primarily fossil petroleum. Petroleum accounted for over
90% of the primary energy consumed by the transport sector in the United States in 2016

as illustrated in Figure 1.3.
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H Coal
H Natural Gas
M Petroleum

Biomass Energy

Figure 1.3. Source of primary energy consumed by the transportation sector in the United States in 2016/3].

As a result of the combination of fossil gasoline being the principal primary energy source
and the high energy utilization of the transport sector, reducing the GHG emissions in the
U.S. transportation sector requires both the use of highly efficient systems and low carbon
fuels.[4] Approaches for reducing the carbon content of transportation fuels includes
biofuels derived from biomass sources, hydrogen and electricity from low-carbon

feedstocks.

Biomass is believed to be the most abundant, renewable unexplored energy and as a result
has received considerable attention as a sustainable feedstock that can reduce the
dependency on fossil fuels for the production of energy, in particular for the transportation
sector.[5, 6] Biomass as a renewable energy feedstock also has the advantage of being
converted directly into liquid fuels to meet transportation fuel needs, unlike some other
renewable energy sources like solar and wind power. The 2016 Billion Ton Report, a study
sponsored by the U.S. Department of Energy, concludes that the United States can

potentially produce at least one billion dry tons of biomass resources on an annual basis to

15



produce enough biofuel, biopower, and bioproducts to displace about 30% of U.S.
petroleum consumption without negatively affecting the production of food or other
agricultural products and protecting soil quality.[7] The most common conversion
processes for biomass are currently through biochemical and thermochemical approaches,
while a photobiological conversion approach is being explored for energy production by
algae.[8] Biochemical conversion of biomass utilizes enzymes, microorganisms, and
bacteria to break down biomass into fuels using processes such as anaerobic digestion,
fermentation, etc. Thermochemical conversion uses heat to break down biomass into fuels
through processes such as fast pyrolysis, torrefaction, gasification, and liquefaction. This
work focuses on the thermochemical conversion route because a wide range of fuels and
value-added chemicals/materials can be produced from woody biomass feedstocks, the

most common form in the future U.S. supply.[9]

Fast pyrolysis, as a thermochemical conversion process utilizes heat in the form of
moderately high temperature of about 500°C at atmospheric pressure in the absence of
oxygen, and a short residence time of about one second to break down biomass into non-
condensable gases (mainly CO and COz), solid (char) and liquid (bio-oil). The short
residence time of fast pyrolysis favors the formation of the desired liquid, bio-oil. Bio-oil
produced from fast pyrolysis has a broad range of applications such as being combusted in
boilers or furnaces for heating to replace heavy fuel oil, and it can also be co-fired with
coal and natural gas at conventional power plants for commercial generation of
electricity[10]. It can also be used to produce specialty chemicals[11] however most
importantly to this study is the fact that the produced bio-oil can be upgraded to “drop-in”

hydrocarbon transportation fuel.
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The upgrade of the produced bio-oil is a necessary step in obtaining a ‘drop-in’ substitute
to fossil gasoline because the produced bio-oil is highly oxygenated as well as acidic and
therefore corrosive to conventional process equipment. Among the various
thermochemical conversion approaches, fast pyrolysis is believed to be promising because
it offers significant logistical and hence economic advantages because the liquid product,
bio-oil can be stored until required or readily transported to where it can be most effectively
utilized.[12] Another advantage of the fast pyrolysis approach is the similarity of the
upgrade step which removes oxygen from pyrolysis bio-oil to the removal of sulfur from
crude oil in petroleum refining to produce gasoline. It is believed that existing petroleum
refining facilities can be used in the upgrade of bio-oil, thereby potentially reducing the
capital intensity of a commercial biomass-to-biofuel facility. For example, blending of 2-
5% wt. of pyrolysis bio-oil with vacuum gas oil in a fluid catalytic cracking unit has been

demonstrated to be technically feasible.[13]

A couple of drawbacks however adversely impact the efficiency of hydrocarbon biofuel
production via fast pyrolysis. These drawbacks are (i) the energy intensity of the process,
and (ii) the quality of bio-oil. The energy intensity of the process looks at the energy
required for converting wood chips to hydrocarbon biofuel. The input energy is needed to
remove the moisture from the biomass and to reduce its size to about 2 mm particles before
the fast pyrolysis step. Additional energy consuming steps include heating up the wood
chips for pyrolysis and heating bio-oil for hydrotreatment. The quality of bio-oil relates to
its corrosiveness due to the presence of acidic components in bio-oil. In addition to the

corrosiveness, bio-oil typically has a low energy density due to its high oxygen content.[ 14,

17



15] To address these drawbacks, the inclusion of a torrefaction step before fast pyrolysis is

being explored.

Torrefaction, like fast pyrolysis, is a thermochemical conversion process where biomass is
partially degraded at relatively lower temperature of about 280°C to 330°C, at atmospheric
pressure, in an absence of oxygen and for a residence time of about 20 to 40 minutes to
produce a desired solid product (bio-coal/torrefied biomass), non-condensable gases
(mainly CO and COz) and torrefaction condensed liquids. The addition of a torrefaction
step before fast pyrolysis potentially improves the grindability of the bio-coal thereby
reducing the energy intensity of the size reduction step required before fast pyrolysis and
improving the quality of bio-oil from the pyrolysis of bio-coal.[16-21] The improvement
in the quality of bio-oil is due to the reduction of the acidic components in bio-oil from the
partial degradation caused by torrefaction. The bio-oil obtained from the torrefaction-fast
pyrolysis step (two-step approach) is similarly like the bio-oil from raw wood and

subsequently upgraded to a ’drop-in’ hydrocarbon biofuel

Beyond establishing the feasibility of these alternative pathways for transportation fuel
production, it is also of utmost importance that such pathways are sustainable. The United
Nations defines sustainable development as that which meets the needs of the present
without compromising the ability of future generations to meet their own needs.[22] It is,
therefore, necessary to evaluate if this alternative fuel production pathway meets such

requirements.
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1.2 Process simulation software as a tool for sustainability assessment

To assess the sustainability of new process routes, there is a need for a comprehensive
evaluation of the economic, environmental and social aspects of these new routes at an
early design stage.[23] Process simulation provides a tool to carry out such sustainability
assessment at an early design stage before commercialization by utilizing experimental,
theoretical, or literature results to model the process routes. Mass and energy balances
obtained from the design models subsequently serves as inputs in assessing the
sustainability of the process routes. Various sustainability indicators can be used to
evaluate the process once the mass and energy balances are obtained. Such indicators
include but are not limited to feedstock renewability, energy intensity, life cycle carbon
footprint of the process, the water footprint of the process, the minimum selling price of
the product, chemicals safety, number of direct and indirect jobs, and waste generation.
Figure 1.4 shows a typical methodology flowchart for using process simulation in

sustainability assessment.
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Literature/Experimental
data

l

Process Simulation

Mass and Energy
balances

Social Indicator

Environmental Indicator

Economic Indicator

Greenhouse Gas Emissions

Cost of production Employment

Gross Regional Product(GRP) WETZ;FOOJ[P:;N Health & Safety
iodiversi

Figure 1.4. Flow chart for assessment methodology

The evaluation of the economic sustainability using the minimum selling price (MSP) of
the product or the net present value (NPV) of the production route using process simulation
is usually termed techno-economic assessment. The cost competitiveness of the production
route is assessed using different indicators such as examining the return on investment
(ROI), evaluating the discounted cash flow rate of return (DCFROR) among others. This
involves estimating the MSP from the estimated capital expenditure (CAPEX) and

operating expenditure (OPEX) of the process routes. CAPEX estimates of equipment
20



involved in the production pathway are obtained from vendors, process capital estimation
software or existing literature while the OPEX estimates are evaluated using mass and
energy balances obtained from the process simulation. The MSP serves as a measure of
cost-competitiveness of different production routes. The workflow in estimating the
minimum selling price of a product using the discounted cash flow economic model is

illustrated in Figure 1.5.

Process Flow Diagrams

Material & Energy
Balances
Capital and Operating
Costs
Discounted Cash Flow

Rate of Return (DCFROR)

Minimum Selling Price
(MSP)

Figure 1.5. Minimum selling price assessment flow chart using the discounted rate of return
(DCFROR) model. Adapted from Wooley et al.[24] Courtesy of Biotechnology Progress (See
Appendix E for documentation of permission to republish the material)
The life cycle carbon footprint is one of the environmental indicators used in evaluating
the potential greenhouse gas emissions from the production route. This involves estimating

the predicted CO:2 equivalent emissions released to the atmosphere over the life cycle of

the product which results in anthropogenic global warming. The assessment of the carbon
21



footprint of the production pathway over all the stages of a product’s life is usually termed
a “Life-cycle assessment (LCA)” Approach. The basic idea of LCA is that all
environmental burdens connected with a product or service have to be comprehensively
assessed, from cradle-to-grave.[25] Some studies in the literature have looked at the
techno-economic assessment of hydrocarbon biofuel production via fast pyrolysis while
some have used LCA methodology to evaluate the environmental impact of the fast

pyrolysis production pathway.[10, 26-33]

In the literature TEA studies, Badger et al. estimated a price of $0.94/gal for bio-oil
produced from a 100 dry-ton/day transportable fast pyrolysis plant.[28] Wright et al.
estimated a hydrocarbon biofuel price of $3.09 and $2.11 per gallon (2012 dollars) for
hydrogen production and hydrogen purchase, respectively for a 2000 metric/ton day
plant.[26] Jones et al. estimated a selling price of $2.04/gal hydrocarbon fuel (2007 dollars)
for a 2000 metric ton/day facility.[29] In a more recent study, Jones et al. estimated a
minimum selling price of $3.39/gallon gasoline equivalent (gge) (2011) for a 2000 dry
metric ton dry biomass/day facility.[27] Brown et al. in their study estimated a selling price
of $2.57/gal (2012 dollars) for a 2000 metric/ton facility that produces hydrocarbon

transportation biofuel and also supplies electricity to the electricity grid.[30]

In the LCA studies, Steele et al. estimated a 70% reduction in GHG emissions for bio-oil
produced through fast pyrolysis relative to residual fuel oil.[31] Fan et al. reported GHG
savings of about 77 — 99% for bio-oil combustion for power generation relative to fossil
fuel based electricity.[10] Peters et al. reported GHG savings of about 54% for a fuel mix

produced from poplar compared to conventional gasoline and diesel.[32] Dang et al.
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reported a reduction in net GWP of about 69.1% for hydrocarbon biofuel derived from corn
stover in contrast to conventional gasoline and diesel.[33] However, no reports or series of
articles to my knowledge have evaluated how the inclusion of a torrefaction step before
fast pyrolysis impacts the MSP of hydrocarbon fuel and the environment through C
footprint and energy analyses. This dissertation research is part of Thrust 4 of the
Sustainable Energy Pathways (SEP) Woods-to-Wheels: Forest-Based Biofuels project.
This project investigated sustainable hydrocarbon transportation biofuel from woody
biomass as shown in Figure 1.6. The project aims to develop new knowledge about
complex coupled natural/industrial/societal systems by addressing potential issues that will
span the entire value chain of biofuel production from biomass. The gained knowledge can
then be used in carrying out a systems-level sustainability analyses to provide a holistic
assessment of the Woods-to-Wheels project. To achieve this, the project aims to develop
improved and sustainable bioenergy plantations to supply biomass feedstock that is
converted to produce biofuel that is compatible with current technologies. This dissertation
contributes to the examination of the sustainability of forest-based hydrocarbon “drop-in”

biofuels.
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Figure 1.6. Relationship between thrusts in the SEP Woods-to-Wheels project

The research objectives for this dissertation are as follows

1. Understand and model the biomass to biofuel production pathway using a process
simulation software, Aspen Plus

2. Evaluate the minimum selling price (MSP) of produced biofuel, both pyrolysis bio-
oil and hydrocarbon biofuels, using simulation results

3. Evaluate the life cycle carbon footprint and energy balances of the biofuel

production pathways.
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4. Evaluate the effect of heat-integration on the minimum selling price and life cycle

carbon footprint of the hydrocarbon biofuel production pathways.

This dissertation is divided into 5 parts. The first part focuses on the assessment of the cost
of production of pyrolysis bio-oil produced from pine through one-step and two-step
pathways (Chapter 2). The second part focuses on the life cycle carbon footprint and energy
efficiency of producing pyrolysis bio-oil from pine through one-step and two-step
pathways (Chapter 3). Chapter 4 investigates the MSP of hydrocarbon biofuel produced
from pine through one-step and two-step pathways. Chapter 5 examines the life cycle
carbon footprint of hydrocarbon biofuel produced from pine through one-step and two-step
pathways. Chapter 6 examines the MSP and the life cycle carbon footprint of hydrocarbon
biofuel produced from poplar through one-step and two-step pathways. Finally, Chapter 7
concludes with a summary the result from the studies and highlights the key conclusions

of this dissertation.
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2. Techno-economic Assessment of Bio-o0il Production from
pine”

2.1 Abstract

Techno-economic assessment of bio-oil production from fast pyrolysis of pine was explored
through process simulation. In this work, bio-oil production via a one-step pyrolysis route
and a two-step pyrolysis which included a torrefaction step before fast pyrolysis were
modeled to process 1000 MT/day of dry feed through the pyrolyzer at a temperature of
530°C while two-step pyrolysis was investigated at 3 different torrefaction temperatures of

290, 310 and 330°C.

Different scenarios that included the use of fossil energy to produce process heat, as well
as the use of renewable energy either through the combustion of char or portion of the
condensates from torrefaction, were also investigated. Economic analysis indicates that a
torrefaction step results in a reduction in the minimum selling price of bio-oil produced
which reduced further with torrefaction temperature with the lowest bio-oil price of
81.04/gal obtained for a two-step pyrolysis at torrefaction temperature of 330°C in
comparison to 81.32/gal for a one-step process. The minimum selling price of bio-oil on
an energy basis, however, suggests a higher price of about $22.19/GJ for a two-step in

comparison to $16.89/GJ for a one-step. There could be trade-offs between the higher

: Reprinted with permission from WINJOBI O, SHONNARD D. R, EZRA B, AND ZHOU W.2016.
TECHNO-ECONOMIC ASSESSMENT OF THE EFFECT OF TORREFACTION ON FAST PYROLYSIS
OF PINE. BIOFUELS, BIOPRODUCTS BIOREFINING 10(2): 117 — 128. Copyright 2016
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quality and the higher selling price considering the downstream upgrade step to

hydrocarbon fuel.
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2.2 Introduction

Of all the energy consumed in the United States in 2013, renewable energy sources
contributed about 12.87%, with energy from biomass sources contributing about half of
the renewable energy consumed.)) Biomass is considered to have the highest potential of
all renewable energy sources to produce liquid transportation biofuels to partially offset

consumption of imported petroleum.®

Biomass is typically converted to biofuels via either a biochemical or a thermochemical
route.®) Biochemical conversions utilize enzymes to break down the biomass to monomer
sugars, then microorganisms to ferment the sugars to produce liquid biofuels, typically
oxygenated fuels such as ethanol or butanol. A thermochemical route utilizes high
temperatures, in some cases high pressure, and catalysts to degrade biomass and upgrade
intermediates to biofuel products, often hydrocarbon fuels. Examples of thermochemical
conversion include pyrolysis, gasification, and liquefaction, which all have great potential
for producing biofuels from sources, such as lignocellulosic biomass, which have lower
potential to compete with food sources compared to crop-based biofuels such as corn
ethanol. ¥ Fast pyrolysis of biomass is viewed as a very promising route to produce liquid

fuels and as a result is now widely studied.(¢®

Pyrolysis is normally carried out within a temperature range of 450 — 650°C at high heating
rates in the absence of oxygen. Pyrolysis bio-oil is the main product in the pyrolysis of
biomass in addition to the production of a solid co-product, char, and a non-condensable
gas stream. Bio-oil has advantages over raw biomass as an energy carrier because it has a

higher volumetric energy density and is more efficient to transport. A typical flow diagram
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of a one-step pyrolysis process is shown in Figure 2.1, showing the main conversion steps

and possible recycle of gaseous product to the reactor.
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Figure 2.1. Typical process flow diagram for bio-oil production via a one-step fast pyrolysis
pathway.

Bio-oil has disadvantages in that it contains water and oxygenated organic compounds
which give it a relatively low heating value compared with fossil fuel, and is also acidic
due to the presence of organic acids. A catalytic upgrade step (hydro-treatment) after
pyrolysis is typically carried out to reduce the oxygen content and to produce a drop-in

hydrocarbon biofuel.

To assess the economic viability of the conversion of biomass to bio-oil and eventual
upgrade to a drop-in fuel, some researchers have conducted techno-economic assessments
on the fast pyrolysis of biomass to produce bio-oil, while fewer researchers have conducted
assessments for a fast pyrolysis step followed by an upgrade process to hydrocarbon fuel.>:
%-13) These techno-economic studies looked at different biomass feedstocks on different
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scales of production with the feasibility of bio-oil production affirmed by currently existing
and operational processes such as that of Envergent using a circulating fluidized bed as

well as Biomass Technology Group (BTG) which utilizes a rotating cone reactor.

Results from these researches show that to be cost competitive, the energy intensity of the
process needs to be reduced. The high energy requirement for fast pyrolysis stems from
the fact that the optimal condition for the biomass feed entering the pyrolyzer should be of
particle size of about 2mm with a moisture content of about 8%. Biomass however
inherently contains high moisture content and this presents challenges for the conversion
process as it reduces the efficiency of conversion.®> 1419 Researchers have shown that the
addition of a torrefaction step prior to the size reduction can considerably reduce the energy
required for reducing the size of biomass prior to fast pyrolysis .17 ¥ Torrefaction is a
mild pyrolysis taking place at relatively lower temperatures of about 250 — 350°C over a
residence time of about 30 - 40 minutes, degrading mostly the hemicellulose portion of the

biomass.

During torrefaction, the degradation of chiefly the hemicellulose of the biomass is believed
to give off oxygenated volatiles as well as moisture contained in the biomass to produce a
torrefied biomass that is more hydrophobic than raw biomass and with a higher energy
density. Subsequent pyrolysis of this torrefied biomass was found by some researchers to
yield a better quality bio-oil (less corrosive, higher energy density) in comparison to that
obtained from a one-step pyrolysis conversion.!!”?) However, no studies have been
carried out on the techno-economic assessment of the proposed two-step pyrolysis process

to compare the cost of bio-oil production between a one-step and two-step pyrolysis
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process, which is the goal of this study. Another goal of this research is to gain a better
understanding of the relative importance of key unit operations on capital and operating
costs. Finally, this study investigates the effects of process data uncertainty in the techno-

economic assessment (TEA) results.

2.3 Material and Methods

2.3.1. Process Description

The bio-oil production process is assumed to convert 1000 dry metric tons of pine biomass
entering the pyrolyzer unit per day in both the one-step and two-step routes. Process
operations that were modeled in this study are drying, torrefaction (only for the two-step
route), size reduction, fast pyrolysis, combustion step (to estimate process heat produced
from combustion of char or condensed volatiles from torrefaction where applicable) as well
as the conveyance of biomass. Model description for the torrefaction, size reduction and
fast pyrolysis (the most important operations) are described below while the description of
the drying operation, combustion and conveyance can be found in section A of the

supplementary information.

Aspen Plus® (Aspen Technology Inc., Burlington, USA) was used for flowsheet
simulation in this study. Yield reactors were used to model the torrefaction and fast
pyrolysis steps in Aspen Plus®. Pine was modeled using its ultimate and proximate

analysis as shown in Table 2.1.
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Table 2.1. Ultimate and proximate analysis for raw pine chips.

Ultimate Analysis | Proximate Analysis
Component Wt % | Component Wt %
Ash 0.6 Ash 0.60
Carbon 50.45 | Moisture Content 25
Hydrogen 6.26 Volatile Matter 84.6
Chlorine - Fixed Carbon 14.8
Nitrogen 0.09
Sulfur -

Oxygen 42.6
Torrefaction

For the two-step fast pyrolysis route, a torrefaction step is included after the drying step
but before size reduction. Torrefaction is carried out in an inert atmosphere in an auger
reactor with a residence time of about 40 minutes as detailed in the literature and was
modeled as a yield reactor.®® Yield data used in the model was obtained from the work of
Westerhoff et al. as shown in Table 2.2.%% Torrefaction of biomass was investigated at
different torrefaction temperatures of 290, 310 and 330°C. Representative components in
the oil obtained from torrefaction were adapted from literature data as shown in Table Al
of Appendix A.%>2% For modeling purpose, the non-condensable gaseous product from

the torrefaction step was assumed in all cases to contain CO2 and CO in an 80 to 20 ratio.

Table 2.2. Torre faction yield data at different torrefaction temperatures.?” Torrefaction temperatures are

shown here

Material Yields (wt %)

Torrefaction Temperature 290°C 310°C 330°C
Gas 6 8 11
Condensed Liquid 17 33 46
Torrefied Solid 78 56 43
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This assumption is backed by the work of Tumuluru et al. which showed that though other
components such as acetic acid and, furfural may be present, CO2 and CO are essentially
the main components .!> Changes in the structure of biomass from raw pine to torrefied
pine at the different temperatures were accounted for by the changes to their ultimate and
proximate analyses using data based on literature values as shown in Tables A2 and A3 in
Appendix A.?» We made slight adjustments to literature values to ensure that the values
of proximate and ultimate analyses added up to 100% excluding the moisture content. Also,
torrefied pine moisture content in all scenarios was adjusted to zero. The thermal heat
required to be supplied for torrefaction is calculated by subtracting the heat of formation
of the reactants from the heat of formation of the products. The standard heats of formation
for pine and torrefied pine were calculated from their heats of combustion. The heat of
combustion was estimated from ultimate analysis data using the Bioe correlation an

established correlation used in coal analysis as shown in section A of Appendix A.
Size Reduction

A hammer mill is used to reduce the size of biomass particle from the delivered size of
about 25mm to about 2mm, which has been established as an optimal size for efficient heat
transfer for fast pyrolysis.®- !9 The energy requirement was estimated for raw pine for one
step and torrefied pine/ bio-coal for two-step conversion using correlations established by
Phanphanich et al.'” The size reduction step was modeled as a double pass through a
hammer mill. Equations used in modeling the size reduction step can be found in section

A of Appendix A.
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Fast Pyrolysis

Fast pyrolysis of pine/ torrefied solid was carried out in a fluidized bed reactor at a
temperature of 530°C and pressure of 1 bar in the absence of oxygen using nitrogen as the
fluidizing agent, and this was modeled as a yield reactor. Yield data utilized for the model
is based on literature data as shown in Table 2.3. The yields are based on the feed entering
the pyrolyzer on a dry ash free basis.*® For this study, a basis of 1000 dry metric tons per
day of feed entering the pyrolyzer was modeled for both one-step and two-step routes. Bio-
oil obtained from fast pyrolysis typically contains numerous products. This was modeled
using representative components based on literature data as shown in Table A4 in

Appendix A.®?

Table 2.3. Pyrolysis yield data at for one and two-step pyrolysis taking place at 530°C. (The yields are
based on the feed entering the pyrolyzer on a dry ash free basis-one step is raw pine; two-step is torrefied

pine)

Material yields (wt %)
One Step Two Step Two Step Two Step (330°C)
(290°C) (310°C)
Gas 28 24.4 26.8 233
Liquid 59 57.7 46.4 32.6
Solid/Char 10 12.8 23.2 39.5

The heat energy required to carry out pyrolysis was also estimated using the heat of
formations of reactants and products. Gaseous products were also assumed to be essentially
COz2 and CO also in an 80 to 20 ratio. Char produced from pyrolysis was modeled in Aspen
Plus® as an unconventional solid using its ultimate and proximate analysis shown in Table

A5 in Appendix A.
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2.3.2 Design Objectives

The economic viability of the conversion process of pine biomass to bio-oil was carried
out under different scenarios as shown in Table 2.4. Scenario 1 assesses the economics of
the conversion routes when fossil energy in the form of natural gas is combusted to supply
the process heat required by the main unit operations. Bio-oil yield from two-step pyrolysis
is also maximized by adding the condensed liquids from torrefaction to the condensed
liquid from pyrolysis as shown in Figure 2.2. Char produced from the pyrolysis step was

assumed to be sold as a substitute for coal in co-fired power plants.

Table 2.4. Design objectives for different analysis scenarios.

Scenarios Objective 1 Objective 2
Scenario 1 Fossil energy inputs Maximizing bio-oil yield
Scenario 2 Renewable energy inputs Maximizing bio-oil yield
Scenario 3 Renewable energy inputs Maximizing bio-oil quality

Scenario 2 assessed the economics of the conversion process by replacing fossil energy
usage with renewable energy inputs to provide process heat. The objective here was to
totally offset the use of natural gas by firstly combusting the char produced from pyrolysis
to provide process heat energy. Combustion of a portion of the condensed liquid from
torrefaction occurred only when the combustion of char did not sufficiently supply the
process heat energy required. This scenario also aims to maximize bio-oil yield by adding
torrefaction liquids not combusted to bio-oil obtained from pyrolysis as shown in Figure

A2 of Appendix A.
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Figure 2.2. Schematic diagram for scenario 1 of a two-step conversion route

Scenario 3 also aims at offsetting natural gas inputs with renewable energy. This is however
achieved by the combustion of the condensed liquid from torrefaction to provide process
heat energy. The bio-oil quality is maximized as only the portion of torrefaction liquids not
combusted is added to the liquid from pyrolysis. Combustion of char will be utilized to
make up for process energy when the combustion of torrefaction liquids does not fulfill
process heat energy requirements. Char not combusted was sold for revenue credit as

shown in Figure A2 in Appendix A.

The same process was assumed in all cases with changes between scenarios and conversion

routes being the size of the bio-oil storage units and size of the moving bed torrefier
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respectively. The density of bio-oil in this study was assumed to be about 4.55kg/gal based

on literature data.('?

2.3.3 Economics
2.3.3.1 Minimum Selling Price of Bio-oil

This study employs literature and vendor quotes for its equipment costs and uses Peters
and Timmerhaus installation factors based on the delivered equipment cost to estimate total
project costs.®> This approach is believed to be accurate within +/-30%. When sizes of

equipment was of a different scale, cost of equipment was estimated using

¢ = Cox (2) 1)

So

where So is initial equipment capacity (tonnes/hr), S1 is new equipment capacity
(tonnes/hr), Co is equipment cost at capacity So ($), C1 is equipment cost at capacity Si

($) and n is the scaling factor which is 0.7.

The IRS Modified Accelerated Cost Recovery System (MARCS) was used to evaluate the
federal tax with depreciation based on a Declining Balance (DB) method because it offered
the shortest recovery period and largest tax deductions.®® The plant depreciation was
assumed to be 7 years and uses a 200% DB method. Cost from previous years was escalated
to the base year of 2013 using the Chemical Engineering Plant Cost Index (CEPCI), which

is provided monthly by the journal Chemical Engineering.*”

A Discounted Cash Flow Rate of Return (DCFROR) table prepared was used in estimating

the minimum product value by setting the net present value (NPV) to zero as detailed in
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the literature.®® The cost of the fast pyrolysis unit was based on a quote given by Envergent
for its Rapid Thermal Processing (RTP) unit which operates in a similar manner to a
circulating fluidized bed modeled for this analysis and the method used by Jones et al. in
estimating this cost was also employed in this study.'?) The cost of the moving bed torrefier
was estimated using a quote given by Batidzirai et al. with the cost of bio-oil storage based
on the report by Ringer et al and, the cost of biomass feedstock handling are based on
quotes given by Badger.(!> 23D The costs for the dryer, hammer mills and after-cooler

(comes after torrefaction for two-step processes) were obtained from vendors.

The hypothetical plant is situated in the state of Georgia, USA, and hence cost of electricity
was based on delivered industrial electricity cost while the cost of natural gas was based
on a 5-year average industrial delivered cost. Employee requirements were structured
using the report by Ringer et al., while the wage rates were obtained from the Bureau of
Labor and Statistics as shown in Table A6 in Appendix A.(' The increase in labor
requirements for a two-step conversion pathway as a result of the addition of a torrefaction
pre-treatment step was not factored into the assessment, but this should however not
significantly affect our analysis since labor costs are a small factor having little impact on
the overall economics.®? Benefits and general overheads were taken to be about 90% of
the total salaries while maintenance was about 3% of the total project investment. Table
2.5 shows some of the other process inputs and assumptions utilized for the economic
assessment. The operating costs of the processes were estimated using the material and
energy balances obtained from the process flowsheet model. Return on investment was

calculated
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Table 2.5. Some input values and assumption used for the economic assessment.

Parameter Value

Pine chips cost ($/ton) dry 60
Electricity price (cents/kW) 5.77

Cost of natural gas ($/GJ) 5.04
Process Cooling water ($/GJ) 0.16
Internal rate of return (%) 10
Project economic life (year) 20
Working capital (%) 5 % of total capital investment
Depreciation method 7-year MACRS
Tax rate (%) 30

Base year 2013

on a per gallon basis as well as on an energy basis, and the income tax was averaged over

the plant life.

2.3.3.2 Energy Return on Energy Invested

The renewable energy return on fossil energy invested for all scenarios for one-step and
two-step conversion of pine to bio-oil was carried out to look at the efficiency of the

processes. Equations used in making estimates can be found in section A.5 of Appendix A.

2.3.4 Sensitivity Analysis

Some key model input variables were selected to look at how deviations from the inputs
utilized in economic assessment impact the cost of bio-oil produced. Variables such as the
fixed capital investment, the delivered cost of feedstock as well as cost of utilities such as
electricity and natural gas were analyzed to see their impact on the final cost of production

for a +/- 15% change in these variables.
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2.4 Results and discussion

2.4.1 Process modeling and simulation

Simulation results from our model estimated the energy required in reducing the moisture
content of pine chips from the delivered moisture content of about 25 % to the desired
moisture content of about 8% in all scenarios to be about 3.35 MJ/kg of moisture removed.
This value is a little lower than the value quoted by Wright et al; they stated that biomass
drying requires about 50% more energy than the theoretical minimum of 2442 KJ/kg which
translates to about 3663 KJ/kg of moisture removed.®® Fagernas et al. also reported a
higher value of 4.0MJ/kg of water removed as well as the Georgia Forestry Commission,
which stated that energy required to dry wood chips falls within the range of 3486 KJ/kg —

3719 KJ/kg of moisture removed from the wood chips.(¥

The energy required for torrefaction was estimated to be about 0.859MJ/kg of biomass
going into the torrefier at a moisture content of 8% by calculating the heat of reaction from
the heat of formations of products and reactants. Batidzirai et al. obtained a value of
1.04MJ/kg of biomass for eucalyptus (MC 40%) and 0.808MJ/kg of biomass for straw (MC

20%).G0

No literature values exist at the moment for the energy required in pyrolyzing torrefied
biomass. Hence the simulation results obtained hinges on that obtained for a one step
pyrolysis step. For a one step fast pyrolysis of pine, the heat of reaction estimated by our
model found the reaction to be endothermic. The heat of reaction includes the sensible heat
to raise the feed to the reaction temperature and the heat required for pyrolysis to take place

at about 530°C. The energy required was estimated to be about 1.907 MJ/kg of feed
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entering the pyrolysis unit, the heat solely for reaction was estimated based on the heat of
formation of the reactants and the heat of formation of the products. This value lies within
the range obtained from experimental results of Daugaard et al., where enthalpy for
pyrolysis of several types of biomass was carried out.®> They obtained values of about
1.04 MJ/kg (+/- 0.18) for oat hulls with a moisture content of 10.2%, 1.53 MJ/kg (+/- 0.26)
for corn stover with a moisture content of 8.8% and 1.77 MJ/kg (+/- 0.31) for pine with a
moisture content of about 7.5%, among other biomass. Yang et al. also estimated heat
required for the pyrolysis of pine to be about 1.5MJ/kg pine on a dry, ash-free basis.® As
a result of the good agreement between our simulation result and that from the literature,

we believe the extension of our simulation approach to torrefied biomass is appropriate.

The reduction in size reduction energy due to torrefaction is an integral part of this
economic assessment and is supported by other studies, such as reduction in grinding
energy from about 850kWh/t for untreated beech to about 100kWh/t after torrefaction at
260°C over 40 minutes.'> Bergman and Kiel also found similar reductions from about 70
- 90% for biomass such as willow, woodcuttings using heavy-duty cutting mill as well as

an increase of about 7.5 — 15% in mill capacity.!!®

The estimated energy from the combustion of condensates from torrefaction using the
method earlier outlined estimated the lower heating value of the condensates at torrefaction
temperatures of 290°C, 310°C and 330°C to be 11.4MJ/kg, 12.5MJ/kg and 13.1MJ/kg
respectively, and these values are higher than the values of about 4.9MlJ/kg for a
torrefaction process at 250°C over 30 minutes and 10.7 MJ/kg at 300°C over 10 minutes

found by Prins et al.*”) However this is expected because as torrefaction severity increases
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the degradation of cellulose and lignin also becomes more pronounced, leading to more

energy potentially being released from the combustion of the condensates from

torrefaction.

2.4.2 Economic Assessment
2.4.2.1 Minimum Selling Price of Bio-oil

The bio-oil product value at zero net present value (NPV) for the one-step and two-step
processes for the different scenarios are shown in Figures 2.9 and 2.10 on a $/gal and $/GJ
basis respectively. On a per gallon basis, the minimum selling price of bio-oil ranged from
about $1.04/gal for scenario 2 of a two-step process at torrefaction temperature of 330°C,
to about $1.94/gal for scenario 3 of a two-step process at torrefaction temperature of about

290°C, as shown in Figure 2.9. It can be seen here that when bio-oil yield is maximized,
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Figure 2.3. Product value of bio-oil on a gallon basis for one-step and two-step conversion processes.
Torrefaction temperatures are shown for two-step pathways.
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the use of renewable energy instead of fossil energy to fulfill process heating is a more
viable production pathway, even though lower revenue credits were generated by char
sales. Scenario 3 (maximize bio-oil quality while using renewable energy from torrefaction
liquids) at all torrefaction temperatures for a two-step conversion gave the highest
minimum selling price. This is because the yield of bio-oil produced is reduced. Though
char was exported for revenue credits, it was not enough to make up for the reduction in
bio-oil yield when bio-oil from torrefaction was used to offset natural gas. The minimum
selling price was also assessed on a per energy basis using the estimated lower heating
value (LHV) of the bio-oil produced. The lower heating value of the bio-oil, shown in
Table 2.6, was estimated using the lower heating value of the representative components

in the bio-oil and their relative mass yields in the bio-oil.

The LHV the bio-oil for a one-step conversion step was estimated to be about 17.14 MJ/kg
which is in agreement with the value obtained by Oasmma et al., for pine and is within
typical range for bio-oil from different biomass sources for one-step conversion to bio-oil

given by other literatures.(- 12:38:39)

Improved bio-oil quality was observed for the two-step conversion pathways in comparison
with a one-step pathway. However, the addition of condensed liquid from torrefaction
lowered the quality of the overall blended bio-oil produced. In scenario 3 of a two-step
process with torrefaction taking place at 290°C, all the condensed vapors (liquid) from
torrefaction was required to be combusted to fully offset use of natural gas to provide
process heat. Hence, this scenario had the highest quality of bio-oil produced because no

torrefaction condensed product was added to the pyrolysis bio-oil. Scenarios 3 in all two-
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step processes showed that the bio-oil quality was maximized in comparison with scenarios
1 and 2 of each two-step process as seen in Table 2.6. Meng et al. showed an increase in
the higher heating value (HHV) of bio-oil derived from fast pyrolysis of loblolly pine from
about 21 MJ/kg for a one-step pyrolysis to about 23.5 MJ/kg for a two-step with

torrefaction at 300°C, confirming our results.“?

Table 2.6. Estimated lower heating value (LHV) of bio-oil produced for different scenarios of the
conversion pathway. Torrefaction temperatures for two-step shown here

LHV (MJ/kg)
One-Step Two-Step
Scenario 290°C 310°C 330°C
1 17.14 16.33 14.95 13.93
2 17.14 16.36 14.95 13.92
3 19.22 16.04 14.27

Using these estimated lower heating values of bio-oil, the minimum selling price of
produced bio-oil on a per energy basis was estimated, and the results are as shown in Figure
2.4. Minimum selling price on an energy basis ranged from about $16.89/GJ to about
$22.47/GJ. Though scenario 2 of a two-step processes at 310°C and 330°C showed prices
comparable to a one-step process, the quality of bio-oil in these scenarios are lower than
that obtained from a one-step. The minimum selling price of bio-oil produced from
scenario 3 of a two-step process at 290°C though higher than that of one-step, the quality
of bio-oil is better than that obtained from a one-step based on the energy content. The

higher quality may be a good trade-off despite the slightly higher price.
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Figure 2.4. Product value of bio-oil on an energy basis for one-step and two-step conversion processes.
Torrefaction temperatures are shown for two-step pathways.

Estimates for some of the operating costs obtained and used in the economic assessment

are shown in Table 2.7.

Table 2.7. Some of the cost estimates for the one and two-step processes.

One-Step Two-Step

Torrefaction 290°C 310°C 330°C
temperature

Scenarios 1 2 1 2 3 1 2 3 1 2 3

Feedstock
(SMM/year) 2121212 (274|274 | 274 | 365|365 | 36.5 | 48.1 | 48.1 | 48.1

Electricity
(SMM/year) 9 9 14 | 14 | 14 | 08 | 08 | 0.8 | 04 | 04 | 04

Natural Gas

(SMM/year) 64 | 09 | 7.2 - - 8.2 - - 10.2

Char credit
(SMM/year) 1.8 - 24 - 2.2 4.2 1.4 4.2 7.1 3.7 7.1

Bio-oil
(IOSkg/year) 2.3 2.3 32 32 2.1 42 | 4.2 29 5.6 5.6 3.9

Total Project

Investment 132 | 132 | 238 | 238 | 236 | 278 | 278 | 276 | 327 | 327 | 325
(SMM)
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Product value of bio-oil on a volume basis was compared to values obtained from some
previous works, as shown in Table 2.8 with the cost in parenthesis being the adjustment
made for inflation. Except for rice husks, bio-oil MSP from this study are higher than
literature values after including effects of inflation on the literature values. It should also
be noted that if a 50:50 ratio of CO2 to CO in the non-condensable gases from fast pyrolysis
was utilized in our models instead of 80:20 used in this study (based on our experimental
result), the overall heat required for fast pyrolysis increased. This increase resulted in a

negligible increase of about $0.02 in the cost analysis carried out in this study.

Table2. 8. Comparison of estimated bio-oil cost with previous works for one-step only.

Plant Biomass Type Feed cost | Bio-oil cost | Year | Source
Size ($/dry ton) | ($/gal)
(MT/day)
24 Rice husk 22 1.73 (2.31) | 2000 (46)
100 Pine wood chips 50 0.94 (1.00) | 2010 13)
1000 unspecified 44 0.41 (0.69) | 1991 n/a
2000 Corn stover 83 0.83 (0.89) | 2010 9)
1000 Pine wood chips 60 139 This
(one-step: scenario 1) ) study
1000 Pine wood chips 60 132 This
(one-step: scenario 2) ) study

2.4.2.2 Energy Return on Energy Invested (EROEI)

EROETI analysis shows an increase from a one-step to a two-step conversion process. It
also shows that higher returns on energy were achieved when renewable energy was used
to provide process heat. Scenario 2, with the objective being maximum bio-oil yield while
offsetting the use of natural gas and scenario 3, with the objective of maximum bio-oil

yield while offsetting the use of natural gas as earlier discussed, showed almost equivalent
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results. EROEI increased with the inclusion of a torrefaction step and also with an increase

in torrefaction temperature as shown in Table 2.9.

Table 2.9. Energy Returns on Energy Invested analysis of the conversion pathways. Torrefaction
temperatures are shown for the two-step.

One-Step Two-Step
Scenarios 290°C 310°C 330°C
1 1.95 3.75 6.03 7.11
2 2.30 21.3 45.56 161.1
3 21.3 45.56 161.1

Scenario 1, where process heat was supplied by natural gas also showed an increase in
energy returns for a two-step process compared to one-step. Energy returns also increased
in this scenario with an increase in torrefaction temperature as shown in Table 2.9. For fair
comparison, scenarios 1 of our pathways shows higher EROEI when compared to biodiesel
which has an EROEI of 1.3, and corn-based ethanol with EROEI range of 0.8 to 1.6.41-4)
These EROEI values are however considerably lower than hydropower with EROEI over

100, coal (mine — mouth) with 80 and oil & gas with EROEI range of 11 to 18.(41:4%44)

2.4.3 Sensitivity Analysis

Sensitivity analysis was conducted on the scenarios looked at for the impact of a +/- 15%
deviation in some of the cost variables and TEA model inputs for the one-step and two-
step conversion processes. Sensitivity analysis for scenario 1 for a one-step conversion of
pine to bio-oil is shown in Figure 2.11. The cost of delivered feedstock, as well as estimated
total project investment, are almost equal and the most important. The highest sensitivity,
however, comes from the bio-oil yield; this is in line with the findings of Brown et al., that

also identified biomass pyrolysis yield as an important factor in the cost competitiveness
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of the process.*> If the conversion technology is improved and the yield of oil obtained
from the pyrolysis step is higher, then the economics can be improved. Based on the data
used in this study, the high sensitivity of the price of bio-oil to the change in yield
emphasizes the need for accurate yield data prior to commercialization of a pine-to-bio-oil
facility. It should, however, be noted that unlike variables which are independent of other
variables, change in the yield of bio-oil will have a resultant change in some variables such
as the amount of natural gas that will be utilized as well as the credits obtainable from char,
as changes in yield of bio-oil may translate to changes in amount of char produced. These
potential associated changes as a result of changes to bio-oil yield were not considered
when looking at how the change in bio-oil yield impacts cost of production. The minimum
selling price is also sensitive to the rate of return; although a reduction in the rate of return
will not be of benefit to potential investors, we still evaluated this variable, and the

minimum selling price showed a strong sensitivity to changes in this variable as well.

Change to the estimated selling price of char shows the weakest impact on the cost of bio-
oil produced. The cost of delivered electricity also show a mildly strong impact on the
minimum selling price of bio-oil but points to the fact that even for areas where pine may
be abundantly present, the minimum selling price may vary based on the cost of delivered
electricity used in reducing the size of the pine as this varies across the different states in
the United States. It should also be noted that the sensitivities of the yield of bio-oil and

credits from char sales swings in directions different from other variables assessed. They

vary

52



$/gal
(Favorable;Base Case; Unfavorable)

$1.09 S$1.14 $1.19 S$1.24 $1.29 S$1.34 S$1.39 S$1.44 S1.49 S$1.54 S1.59 $1.64 S$1.69

Feedstock cost ($51;560;569/ton) T

Total Project Investment

(SUZSILSISIMD [ —

Bio-Qil Yield

(5636676 wt% feed) | |
Char Credit Value ($57; $50; $42/ton) I

Rate of return

(8.5%;10%;11.5%) [

Electricity cost

(80.05;50.06;50.07/kW-hr) I |

Natural Gas cost

($4.3; $5.0;95.8/GJ ) '

Figure 2.5. Sensitivity result for a one-step pyrolysis of pine scenario 1.

inversely with the change to the minimum selling price of bio-oil; i.e. increase in these two
variables results in a decrease in estimated minimum selling price of bio-oil while increase
or decrease in other variable is directly proportional to the changes in the minimum selling
price of bio-oil produced. Some of the trends observed for this scenario for a one-step
process are also found in other scenarios. Changes in the yield of bio-oil have the largest
impact on the selling price of bio-oil and these results are shown as Figures A3 to A12 in

Appendix A.
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2.5 Conclusions

From the results of this study, a torrefaction step prior to fast pyrolysis of pine does not
increase the cost of production of bio-oil when the NPV is zero compared to a one-step
pyrolysis of raw pine. The use of char produced internally to provide process heat made a
more positive impact on lowering the selling price of bio-oil produced than the sale of
exported char to boost revenue credits. The addition of condensable volatiles from
torrefaction for two-step processes increased the overall yield of bio-oil resulting in the
lower selling price of bio-oil on a volume basis, with the lowest price of $1.04/ gal for a
two-step conversion with torrefaction taking places at 330°C. The addition of the
condensable volatiles however negatively impacted the quality of bio-oil produced (LHV).
The highest bio-oil quality of about 19.22 MJ/kg was obtained for a two-step process with
torrefaction taking place at 290°C when the volatiles was completely used up to supply
process heat. There could be a trade-off between the higher quality of bio-oil and higher
selling price considering the downstream upgrade step to hydrocarbon fuel due to the
possible reduction in the hydrogen required for upgrading. This consideration was beyond

the scope of this work, and will be addressed in future research.

Energy return on energy invested also increased from a one-step conversion process to a
two-step conversion step. This also increased with an increase in torrefaction temperature,
with the highest energy returns obtained when char is combusted to internally produce the
process heat required. From the sensitivity analysis, it can be seen that the yield of bio-oil

is the most sensitive parameter.
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It is worth mentioning that these results are based on loblolly pine as the biomass feedstock

and the data utilized in this study, and may not be typical for other biomass feedstocks.
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3. Life cycle greenhouse gas emissions of bio-oil from two-step
torrefaction and fast pyrolysis of pine’

3.1 Abstract

Life cycle assessment of bio-oil from woody biomass through two pathways was carried
out: a one-step pathway that utilizes fast pyrolysis of pine and a two-step pathway that
incorporates a torrefaction step prior to fast pyrolysis. A two-step pathway with
torrefaction at a temperature of 330°C and pyrolysis at 530°C had a global warming
potential of about 6g CO: equivalent per MJ of bio-oil compared to about 39g CO:
equivalent per MJ of bio-oil for a one-step pathway using an energy allocation-based
analysis. For a one-step pathway, the size reduction step made the highest contribution of
over 50% of the overall global warming potential. Greenhouse gas (GHG) savings of up
to 80% compared to heavy fuel oil (HFO) were achieved for a two-step pathway in
comparison to a one-step pathway due to savings in size reduction energy. The use of
renewable energy sources produced internally to provide process heat either by first
burning char, and then condensables from torrefaction (oil) or vice versa resulted in
similar global warming potential reduction in comparison to use of natural gas to provide
process heat. The bio-oil production pathways were found to be more sustainable in

comparison to HF O due to relying chiefly on renewable biomass rather than fossil energy.

"Reprinted with permission from WINJOBI O, SHONNARD D. R, EZRA B, AND ZHOU
W.2016. TECHNO-ECONOMIC ASSESSMENT OF THE EFFECT OF
TORREFACTION ON FAST PYROLYSIS OF PINE. BIOFUELS, BIOPRODUCTS
BIOREFINING 10(2): 117 — 128. Copyright 2016
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3.2 Introduction

Being a carbon carrier capable of storage and on-demand usage, biomass is deemed unique,
making it an attractive renewable energy source.” The ‘Billion Ton Study,' released
initially in 2005 and updated in 2011 by the United States Department of Energy, looked
at potentially producing at least one billion dry tons of biomass annually, in a sustainable
manner, enough to displace about 30% of the current petroleum consumption in the United
States.®) Fuels from biomass can be produced either through a biochemical pathway,
where biomass is degraded using enzymes and microbes, or a thermochemical pathway,
where biomass is thermally degraded. Fast pyrolysis, one of the thermochemical routes, is
believed to be one of the more promising options for producing liquid biofuels from

lignocellulosic biomass.®*)

Thermal degradation via fast pyrolysis is achieved by
subjecting biomass to high temperature, typically between 450 — 600°C, at atmospheric
pressure in the absence of oxygen and a short residence time of about one second. The
products from the fast pyrolysis include char (mostly carbon), bio-oil and gas (mostly CO
and CO2).1? The desired product from this process is the bio-oil, a liquid of moderate

heating value usable as fuel in boilers, but can be further upgraded via a hydroprocessing

step to hydrocarbon transportation fuel.

Required size reduction and drying of biomass feedstock prior to fast pyrolysis makes the
production of bio-oil an energy intensive process.'"" 2 One recently proposed method to
address the energy intensity of pyrolysis is the introduction of a torrefaction step prior to
the size reduction step. Torrefaction is achieved at lower temperatures between 200 —
350°C in an inert environment over a residence time of about 30 minutes. The main

product is torrefied solid bio-coal, which is of higher energy density compared to raw
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biomass. The introduction of torrefaction prior to fast pyrolysis is believed to improve the
quality of the bio-oil produced from fast pyrolysis as well as reduce the energy
consumption associated with the size reduction of biomass to optimal pyrolysis size of
about 2mm.*1? Besides energy independence, biofuels can also help mitigate greenhouse
gas emissions by having a production and usage pathway that places a lower burden on the
environment when compared to fossil fuels. One way of assessing the environmental
impacts of the production and use of biofuels is by conducting a cradle-to-grave life cycle

assessment (LCA).

LCA is a standardized methodology used to study the potential environmental impacts
throughout a product’s or system’s life cycle from raw material acquisition through

(18, 19)

production, use, and disposal. It provides information on energy and material inputs

as well as waste and emission outputs of a product or system and their associated

environmental impacts.?)

In developing new process and retrofitting existing
technologies, LCA provides information that highlights processes that place negative

burdens on the environment. Such processes can be targeted for improvement or where

possible alternative processes utilized.

LCA has been used by several investigators to look at the environmental burdens of
bioenergy processes. Focusing on fast pyrolysis bioenergy pathways, Steele et al. in their
LCA study of bio-oil production via fast pyrolysis, reported a 70 percent reduction in
greenhouse gas emissions over residual fuel 0il.?" For power generation from biomass,
Zhong et al. used an LCA study to show that power generation through flash pyrolysis of

wood waste is environmentally friendly.?? Fan et al. showed GHG savings of 77 — 99%
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for power generation from pyrolysis oil combustion relative to fossil fuels combustion
using LCA. @223 Other LCA studies have also investigated transportation hydrocarbon
fuel production pathways via fast pyrolysis of biomass with the subsequent upgrade of bio-
0il.- 2+26 Though different biomass, reactor configurations, and functional units were
utilized in these studies, they all reported lower GHG emissions compared to gasoline.
This study will investigate the environmental impact of bio-oil production and use by
utilizing a two-step production pathway employing torrefaction as a pretreatment step prior

to fast pyrolysis using LCA.

The advantages and limitations of the two-step approach will be explored in this LCA using
chemical process simulation guided by experiments on product yields and compositions.
The effects of the type of renewable energy utilized i.e. either energy from solid or liquid
co-products from pyrolysis and torrefaction, respectively, to replace fossil inputs for

process heat will also be investigated.
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3.3 Materials and methods

3.3.1 Definition of the case study

This study is a comparative cradle-to-grave life cycle assessment of the production and
use of bio-oil from loblolly pine wood chips via one-step and two-step pyrolysis pathways.
The main operations in the biomass conversion pathway are shown in Figure 3.1. The
drying of biomass to reduce the moisture content is modeled here through an indirect
contact dryer with steam acting as the drying medium. The torrefaction of dried biomass
occurs within an auger reactor over a residence time of about 30 minutes. The torrefied
solid (bio-coal) then passes through hammer mills after cooling to room temperature to
reduce size from approximately 25 mm to the desired 2mm dimension. The fast pyrolysis
step is modeled as a “yield” reactor in the process simulator. Loblolly pine was selected
for this study as the biomass type because of its importance as a bioenergy feedstock, the
availability of torrefaction and pyrolysis data from the literature on yields and
compositions of the gas, liquid, and solid products, and also the availability of data on size
reduction for pine with and without torrefaction.!* 2728 The basis of the study is a 1000
metric tons of feed (dry basis) into the pyrolysis unit; for the one-step process, the feed is
raw loblolly pine wood chips, while for two-step process the feed is torrefied loblolly pine
wood chips. The processes analyzed are based on design cases modeled in Aspen Plus
using data from the literature.?”>)

This study carried out the life cycle assessment by investigating 3 different scenarios as

shown in Table 3.1. Objectives of scenario 1 referred to as FMBY, were met by utilizing

fossil energy inputs (i.e. natural gas) to meet the process heat requirements; and
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Table 3.1. Design objectives for different scenarios

Scenarios Design Objective 1 Design Objective 2
Scenario 1 — FMBY Fossil energy inputs Maximizing bio-oil
Fossil, Maximize Bio-oil Yield yield
Scenario 2 - RMBY Renewable energy Maximizing bio-oil
Renewable, Maximize Bio-oil inputs yield

Yield

Scenario 3 — RMBQ Renewable energy Maximizing bio-oil
Renewable, Maximize Bio-oil inputs quality
Quality

maximizing bio-oil yield by condensing the vapor portion from torrefaction and adding it
to the liquid yield from fast pyrolysis, as shown in Figure 3.1. The co-product char
produced from the pyrolysis step is carbon-rich and has a high energy content. For FMBY,
the char produced was assumed to be collected and sold to co-fire in power plants to
displace coal.

Scenario 2 referred to as RMBY, maximizes bio-oil yield while using renewable energy.
This scenario totally offsets fossil energy usage for process heat by first combusting the
char produced, then the condensed liquid from torrefaction if necessary. The objective of
maximizing bio-oil yield is met by the addition of the remaining condensed liquid from
torrefaction to the liquid yield from fast pyrolysis. Scenario 3 referred to as RMBQ also
investigates totally offsetting fossil fuel usage with the use of renewable energy. This was
however achieved by initially utilizing the condensed liquid from torrefaction, which is
normally of lower quality due to corrosivity and lowers heating value for process heat,
then char if necessary. Pyrolysis bio-oil from torrefied biomass is usually of higher quality

(less acidity, greater heating value), which is one key objective of RMBQ. Schematic
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diagrams for RMBY and RMBQ can be found as Figures B1 and B2 respectively in

Appendix B.
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Figure 3.1. Schematic diagram for scenario 1(FMBY) of a two-step conversion pathway.”
Courtesy of Biofuels, Bioproducts and Biorefining (See Appendix E for documentation of
permission to republish the material)

3.3.2 LCA framework, system definition, and modeling assumptions

The cradle-to-grave system boundary of this LCA study is shown in Figure 3.2 in which
the pyrolysis bio-oil pathway encompasses biomass supply logistics through biomass
conversion and the final combustion of produced bio-oil. Biomass logistics includes the
collection of biomass, coarse chipping of biomass in the forest, loading operations and

transport of chipped biomass to the conversion site. Due to the assumption that the biomass
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being converted is wood waste and logging residues, direct and indirect land use change
emissions of CO2 will not be considered in our assessment. Emission factors for biomass
logistics were based on values obtained from the Greenhouse Gases, Regulated Emissions,
and Energy Use in Transportation (GREET) model.?” Input data for the pyrolysis
conversion step were based on an Aspen Plus model of the biomass conversion processes.
Emissions from the final combustion of pyrolysis bio-oil would not be included in our
carbon accounting as these emissions are biogenic and are assumed to occur rapidly if the
residue were to remain on the forest floor instead. Therefore, only fossil carbon is included

in the COz accounting.
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Figure 3.2. Cradle-to-grave system boundary for two-step production of bio-oil.
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The functional unit (FU) defines the function of the product and further determines the
equivalence between products or processes being compared. For this study, the functional

unit was set to 1 MJ of energy content of the bio-oil produced and was used to compare to

fossil heavy fuel oil (HFO).

SimaPro® 8.0 is the LCA software used in this study. SimaPro® provides accessible
databases of environmental inventory data including the U.S. Life Cycle Inventory (US
LCI), the European Life cycle database (ELCD), ecoinvent™, etc. These databases were

used to define the inputs and outputs of the process.

3.3.3 Life Cycle Inventory

The life cycle inventory includes all material and energy inputs to each stage in the life
cycle as well as the cradle-to-gate inventory of greenhouse gas emissions and energy
demand for those inputs.?® The main processes that were inventoried for the LCA under
biomass supply logistics and biomass conversion are further described as follows, with

details provided in Appendix B.
3.3.3.1 Biomass supply logistics

Wood collection

The inventory of greenhouse gas emissions for wood residue collection was obtained from
the GREET 2014 model spreadsheet on the basis of 1 dry metric ton of biomass. The
greenhouse gases per dry ton of biomass collected include CO, CHs, N2O and COs..
Because the basis of 1,000 metric dry ton/day of feed into pyrolysis unit was used in this

study, the wood collected varied based on the yield of torrefied solids obtained from the
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torrefaction step. See Table B1 of Appendix B for the details on fuel use and emission

factors for this step.
Coarse chipping of biomass

Wood residue chipping for this study was assumed to occur onsite in the forest where the
residue was collected using a stationary reciprocating diesel-powered chipper machine. It
was assumed that 0.5 kg of diesel was combusted per dry ton of biomass chipped based on
the LCA by Maleche et al.®" The inventory of greenhouse gas emissions was obtained
from the GREET 2014 model for the production and combustion of diesel for the chipping
step. See Table B2 of Appendix B for the details on fuels use and emission factors of this

step.
Transport of wood residue chips

This study assumed two transport processes for the residue chips from the harvest site to
the plant location. A 90-mile transport of the coarse chips by trucks as well as a 490-mile
rail transport were assumed based on the GREET 2014 model. These distances are
considered representative of a logging residue collection scenario using multi-modal
transport. Emissions for the transportation step were obtained from the GREET 2014
model per dry ton of wood residue transported. When diesel was utilized such as in the
transport by rail, emissions for both production and combustion of diesel were included.

See Table B3 of Appendix B for the details on fuels use and emission factors of this step.
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Loading operations

Three loading operations were considered in the biomass supply chain. The first is the
loading of coarse chips in the forest onto trucks for transport to the rail landing, followed
by a second loading of chips from trucks onto rail cars. The final loading operation would
take place at the conversion plant location. A previous study by Handler et al. determined
that 0.5 kg diesel/dry short ton of forest woody biomass would be required for each loading
step, resulting in a total of about 1.5 kg diesel/dry short ton for the harvest site to plant site
supply chain.®? Emissions relating to the production and combustion of diesel were also
factored into this step and were also obtained from the GREET 2014 model using diesel
upstream and combustion emission factors. See Table B5 in Appendix B for the details on

fuel use and emission factors of this step.

3.3.3.2 Biomass conversion
Drying of biomass

Chipped pine delivered to the conversion plant is assumed to contain about 25% moisture
(dry basis). A previous study showed that optimal moisture content of pine chips fed into
the pyrolyzer should have a maximum feed moisture of 10%, with a moisture content of
7% preferred (dry basis).®® The amount of process heat required to achieve the drying step
was estimated using the sensible and latent heat model developed in Aspen Plus®. This
was estimated to be about 3.35 MJ/kg of moisture removed. Previous studies have put the
quantity of energy required for reducing moisture content in biomass to range from about
2.9 to 4.0 MJ/kg of water removed @437, For scenario 1, the drying energy was provided

by natural gas while other scenarios looked to partially or fully offset natural gas by
71



internally utilizing renewable energy in the form of char or condensable vapors from

torrefaction.
Size reduction

Initial forest coarse chipping found in biomass logistics was assumed to reduce collected
pine wood residue to chips with a particle size of about 25mm. The preferred particle size
of feed entering the pyrolyzer has been found to be about 2mm.®*» Energy required for
reducing the sizes of both the dried pine wood chips and torrefied chips were obtained from

the study by Phanphanich et al. using the correlation!>)

E, = —0.756T + 260.0 (1D

where Eg is the specific energy consumption for grinding in kW-hr/metric ton, and T is
torrefaction temperature in °C. Grinding energy for wood chips for one-step conversion
was estimated using equation 1 to be about 240 kW-hr/ton of wood chips while for two-
step conversion it was estimated as 40.8, 25.6, and 10.5 kW-hr/ton of torrefied chips at
torrefaction temperatures of 290, 310 and 330°C, respectively. The reduction in energy
required is in line with other studies such as a reduction from about 850 kW-hr/ton for
untreated beech to about 100 kW-hr/ton after torrefaction at 260°C over 40 minutes
observed by Tumuluru et al.!> Bergman and Kiel also found reductions of about 70 — 90%
for biomass such as willow and woodcuttings while an estimate of about 77 kW-hr/ton was
given by Batidzirai et al. for Scots pine torrefied at 250°C.'* !9 A double pass through the
hammer mill was assumed in this study. The hammer mill is assumed to be driven by

electricity delivered to the plant using the US grid electricity mix.®
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Torrefaction

Torrefaction is explored for the pretreatment of loblolly pine chips to expel the moisture
and some of the volatile substances mostly associated with thermal degradation of
hemicellulose. Torrefaction of loblolly pine chips was modeled in Aspen Plus at
temperatures of 290, 310 and 330°C.?” In the absence of oxygen at these torrefaction
temperatures and a residence time of about 30 minutes, a charcoal-like solid (bio-coal) is
produced. The bio-coal produced serves as feed for the fast pyrolysis unit in the two-step
pathways in this study. Mass and energy balances obtained from the model served as input
parameters for the LCA. This step was modeled as a yield reactor with the calculated
process heat energy required based on the heats of formation of the reactants and products,
as well as the sensible heat to raise the biomass temperature from room temperature to
torrefaction temperature. Yields of non-condensable gases, condensed liquid and torrefied
solid at different torrefaction temperatures, and the yield distribution of the oil and gas for
torrefaction obtained from literature are shown in Tables B6 and B7 respectively in
Appendix B. ?72® Change in the structure of torrefied solid, i.e. the ultimate and proximate
analysis after torrefaction at the different temperatures, were based on data from Park et al.
as shown in Tables B8 and B9, respectively in Appendix B.®” FMBY of the two-step
pathway satisfied the energy requirement for this step by using natural gas while RMBY
and RMBQ offset the natural gas by internally utilizing energy from co-products. The
energy required was estimated using the model developed in Aspen Plus® as shown in

section B of Appendix B.
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Fast pyrolysis

Fast pyrolysis of loblolly pine chips and torrefied pine chips for this study were modeled
in Aspen Plus using a yield reactor at 530°C and 1 bar with recycled inert gas to eliminate
oxygen from the reactor.?” Yields of gas, liquid, and char for the pyrolysis step and the
component distribution of organics in the bio-oil for one and two-step pathways were
obtained from literature are shown in Tables B10 and B11, respectively, in Appendix B.?”
28) A quick vapor quenching step after fast pyrolysis produces a liquid bio-oil, non-
condensable gases, and char. The energy required for fast pyrolysis was supplied by natural
gas for FMBY for all the cases while other scenarios utilized internally-generated
renewable energy to offset natural gas. The energy required was estimated using the model

developed in Aspen Plus® as shown in section B of Appendix B assuming adiabatic

operation.
Combustion of char and torrefaction condensable fraction

RMBY and RMBQ utilized internally-generated renewable energy to provide the process
heat. This was achieved either through the combustion of char, or the combustion of
condensable vapors from torrefaction or in some cases combustion of both to fully offset
natural gas. This study estimated energy from char based on its lower heating value (LHV)
using an established correlation as shown in section B of Appendix B. Energy from
condensable vapors from torrefaction was estimated based on the LHVs of the
representative compounds found in the condensables and their mass fraction in the
condensables. LHVs of the representative compounds were obtained from literature or

estimated as shown in section B of Appendix B.“% 4D A sample calculation is also shown
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in section E of Appendix B. An efficiency of 80% was assumed for all combustion steps

including when natural gas is utilized to supply process heat.

Emissions from the combustion step for char and torrefaction condensables were not
included in the GHG and COz accounting as they are biogenic. Based on the unit operation
for the conversion step described, an inventory table for the conversion step for FMBY of
a one-step bio-oil production pathway is shown in Table 3.2. Conversion inventory data

for other scenarios can be found in section D of Appendix B.

Table 3.2. Inventory inputs for scenario 1 of a one-step bio-oil production from fast pyrolysis of pine wood
chips.

Products

Bio-oil | MJ
Char (displaces coal) 0.009 kg
Material Inputs

Pine (8 % moisture content) 0.095 kg
Water, completely softened, at plant 9.4 kg
Process Inputs or Displaced Products (negative values)

Electricity, medium voltage US (size reduction) * 0.039 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW ? 0.072 Ml
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW ? 0.182 Ml
(pyrolysis)

Bituminous coal, combusted in industrial boiler NREL/US # -0.008 kg

3.3.3.3 Allocation

Allocation arises when a process produces more than one valuable output.“? The
conversion pathways studied here produce a valuable co-product, char, in addition to the
pyrolysis bio-oil. In carrying out an LCA for such systems, inventory data and associated

environmental burdens must be allocated to each co-product.*?) This study looked at
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allocation using two approaches: (1) a system expansion approach and (2) an energy
allocation approach. The system expansion approach (also referred to as a displacement
allocation) gives credits to the main pathway product (bio-oil) the avoided life cycle
impacts required to produce and use material that is displaced by the co-product.** > This
approach is the U.S. EPA’s preferred allocation method for life cycle energy and GHG
analyses for the Renewable Fuel Standard Program. The energy allocation method is an
appropriate choice for a system in which all the primary products and co-products can be
quantified on the basis of their energy content. Using the determined energy content, a
calculated allocation factor will be used to reflect the individual contribution of each

product and co-product.
3.4. Life Cycle Impact Assessment

An impact assessment converts the inventory of emissions and wastes into impacts to the
environment through a consideration of environmental damage mechanisms. This study
looked at the life cycle impact assessment using the global warming potential and the

cumulative energy demand.

3.4.1 Global Warming Potential (GWP)

The Global Warming Potential is an indicator of how much radiative heat a greenhouse gas
traps compared to an equivalent amount of carbon dioxide within a certain period of time.
This study analyzed the GWP over a period of 100 years using the guidelines of the
Intergovernmental Panel for Climate Change of the United Nations (IPCC).“® The GWP

IPCC 100a 2013 method in SimaPro was selected, in which the GWP for CO2 is 1, for CH4
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is 28, and for N20O is 265. GWP values for other greenhouse gases are included in this

method for refrigerants and solvents emitted due to certain inputs to the bio-oil pathway.

3.4.2 Cumulative Energy Demand (CED)

CED represents the direct and indirect energy use throughout the life cycle of the product,
i.e. the energy utilized during extraction, manufacturing, and disposal of the raw and
auxiliary materials.*’*? It has been widely used as an indicator of energy resource
consumption.®® Y CED includes the energy embodied in the material and energy inputs
to the bio-oil pathway as well as energy embodied in the forest biomass feedstock. The
CED method distinguishes between different primary energy types, such as fossil and

renewable energy.

3.5. Sensitivity Analysis

Using results from the baseline FMBY analysis, important LCA inputs were identified as
parameters for the sensitivity analysis. This study looked at the effects of +/- 20% changes
in selected parameters on LCA results. A 20% variation is an appropriate uncertainty
metric for a preliminary LCA that is based on laboratory experiments and process

simulation rather than commercial process data.
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3.4 Results

3.4 Global warming potential (GWP)

System Expansion Allocation: Global warming potential (GWP) results for the analysis of
fast pyrolysis of pine via one-step and two-step pathways for all scenarios are shown in
Figure 3.3 for system expansion allocation. The results highlight contributions from major
pathway stages where emissions are dominated by size reduction in the one-step pathway
and by char credits in the two-step pathway. It can be seen from the results that the two-
step pathway scenarios show a significant decrease in GWP compared to one-step, mostly
due to significantly lower size reduction impacts and char credits. Relative to FMBY of a
one-step conversion pathway, reduction in GHG emissions by 78%, 116%, and 155% was

observed for FMBY of two-step conversion pathways at torrefaction temperatures of 290,
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Figure 3.3. Global warming potential impacts for pine conversion to bio-oil via one-step and two-step
pathways (system expansion).
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310 and 330°C respectively. GHG emissions in all scenarios for one-step and two-step
pathways were lower in comparison with heavy fuel oil. Percent reduction in comparison
with heavy fuel oil ranged from about 55% for RMBY of a one-step conversion to about
168% for RMBQ of a two-step conversion with torrefaction taking place at 330°C. Size
reduction of untreated pine to the optimal operating size of about 2mm is the largest
contributor to the net emissions observed for a one-step pathway. Overall, as torrefaction
temperature increases in each scenario, the net global warming potential reduces as shown

in Figure 3.3. This trend is caused by the export of increasing amounts of co-product char

(based on the functional unit of 1 MJ of energy content of the bio-oil produced) from the
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Figure 3.4. Relative yield of oil to char for the fast pyrolysis step only?”

bio-oil pathway to displace coal emissions (cradle-to-grave) as torrefaction temperature
increases. From the data which was used for our analysis shown in Figure 3.4, an increase

in torrefaction temperature resulted in an increase in the ratio of the yield of char to the
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yield of oil. In addition, for each torrefaction temperature, the lowest emissions were
observed for RMBQ. An interesting and unexpected result is that emissions are slightly
higher for the use of renewable energy (RMBY) rather than fossil energy (FMBY) for two-
step conversion pathway. This is due to the use of a comparative clean energy source
(natural gas) and the avoiding of a highly impactful energy source (coal) in FMBY. The
net negative emissions observed for some of the scenarios implies that bio-oil and char
production will have the net effect of removing CO: from the atmosphere compared to the
current reliance on coal for much of society’s energy needs. It must also be acknowledged
that this consequential effect of coal displacement is uncertain and depends on market

forces and policy actions.

Energy Allocation: The system expansion allocation method used above places all the
environmental burden on the bio-oil, the desired product. However, energy allocation
distributes the pathway environmental impacts among all co-products according to their
energy flows. Allocation factors were calculated based on the lower heating values of the

bio-oil and char using the following equation:

(LHVbio—oil * mbio—oil)
(LHVbio—oil * mbio—oil) + (LHVchar * mchar)

Allocation factor =

where LHVbio-oil is the lower heating value of the bio-oil, LHVchar is the lower heating
value of char and m;,_,;; and M., are the mass flowrates of bio-oil produced and char
obtained from the process simulation model. The LHV of char was estimated using an
established correlation while the LHV of bio-oil was calculated based on the LHV of the
individual components in the bio-oil and their mass fraction in the bio-oil. LHV of the

components were obtained from literature and in cases where these values were not found
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in literature, they were estimated. Estimation methods used for char and bio-oil can be
found in section B of Appendix B. Calculated energy allocation factors and a sample

calculation for the LHV of bio-oil are is also shown in section E of Appendix B.

Figure 3.5 shows the GWP results obtained using energy allocation. Net emissions are
shown above each bar with the energy allocation factors in parentheses for each scenario.
Like Figure 3.3, two-step conversion pathways show significantly lower emissions in
comparison to one-step conversion. One-step pyrolysis exhibits the largest emissions
from the size reduction step, while in the two-step pathway for FMBY size reduction is
only a minor contribution. Emissions of fossil CO2 disappear for drying, torrefaction, and
pyrolysis in RMBY and RMBQ compared to FMBY for all two-step conversion pathways
due to substituting biomass-derived energy in place of imported natural gas. Relative to
FMBY of a one-step conversion pathway, reduction in GHG emissions by 47%, 54%, and
59% was observed for FMBY of two-step conversion pathways at torrefaction

temperatures of 290, 310 and 330°C respectively, for the size reduction step alone.
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Figure 3.5. Global warming potential impact for pine conversion to bio-oil via one-step and two-step
pathways based on energy allocation. Energy allocation factors are shown in parentheses.

As observed for system expansion (Fig. 3.3), all scenarios for one-step and two-step
pathways were lower in comparison with heavy fuel oil. Percent reduction here ranged
from about 45% for FMBY of a one-step pathway to about 93% for RMBY and RMBQ of

the two-step pathway with torrefaction taking place at a temperature of 330°C.

3.5 Cumulative Energy Demand

Figure 3.6 shows results for cumulative energy demand for one-step and two-step scenarios
using system expansion. Two-step conversion pathways exhibit lower net cumulative
energy results compared to one-step pathways due to the effect of decreased energy
demand for size reduction. In the two-step scenarios, RMBQ consumes more biomass
energy than FMBY and RMBY because the torrefaction condensable fraction is utilized
for energy process demands, thus reducing overall bio-oil yield in RMBQ but improving

bio-oil quality. Though a decrease in the net energy of about 22%, 20%, and 21% was
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observed for FMBY of two-step pathways at torrefaction temperature of 290, 310 and
330°C, respectively, compared to FMBY of a one-step pathway, the two-step pathways

show higher biomass energy demand.
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Figure 3.6. Cumulative energy demand for pine conversion to bio-oil via one-step and two-step pathways
based on system expansion allocation

This is because higher feed throughput is required by the two-step pathways to make up
for the loss of mass, because of the torrefaction step to ensure the basis of a 1,000-metric
ton/day of feed going into the pyrolysis unit. The production of bio-oil through both
pathways is, however, less efficient when compared to the cumulative energy demand
obtained for heavy fuel oil production (i.e. only 1.15 MJ energy demand per MJ heavy fuel
oil produced). Though less energy efficient, the major energy utilized by the bio-oil
conversion pathway is renewable biomass in comparison to heavy fuel oil that utilizes

mostly non-renewable fossil energy. It can, therefore, be inferred that the bio-oil production
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pathway is a more sustainable production pathway when compared with the production of
heavy fuel oil because it does not consume as much non-renewable energy. The results
also point out the need to improve bio-oil pathway energy efficiency by increasing product
yields and by waste energy recovery and use in the process (for example, no heat

integration was employed in the process simulations for this study).
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Figure 3.7. Cumulative energy demand for pine conversion to bio-oil via one-step and two-step pathways
based using energy allocation. Energy allocation factors are shown in parenthesis

Figure 3.7 shows the cumulative energy demand using energy allocation. The trend is like
that obtained using system expansion. However, the net cumulative energy demand results
are slightly lower. The net energy demand reduced by 19.5%, 21.5% and 25% for FMBY
of two-step pathways at torrefaction temperatures of 290, 310 and 330°C, respectively,
relative to FMBY of a one-step conversion pathway. The values are also higher than that

obtained for heavy fuel oil.
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4.3. Sensitivity Analysis - system expansion allocation case.

A sensitivity analysis was carried out to analyze how uncertainty in some of the LCA input
data affects GWP results. For the sensitivity analysis, some of the LCA model input
parameters were changed one at a time by a factor of +/- 20%. The sensitivity analysis was
carried out for the system expansion allocation only. This study also shows results for only
two scenarios; RMBY of a one-step conversion pathway and RMBQ of a two-step
conversion pathway with torrefaction taking place at 310°C. These scenarios are
interesting because they utilize renewable energy for internal process energy demands and

then are differentiated by bio-oil quality, which is higher for a two-step pathway, RMBQ.

(Favorable; Base case; Unfavorable)

Grinding energy required ‘
(14.7; 18.4; 22MW)

Process heat energy required
(96; 121; 145 Gl/hr)

LHV of char
(36; 30; 24 MJ/kg)

LHV of bio-oil produced
(20.57; 17.14; 13.71 MJ/kg )

24.00 29.00 34.00 39.00 44.00 49.00
GWP gC0,eq/MJ bio-oil

Figure 3.8. Sensitivity analysis for bio-oil production from pine for scenario two for a FMBY
conversion pathway for +/- 20% change in some input parameters (displacement allocation-
system expansion). About 88.5 gCOzeq/MJ for heavy fuel oil.

From Figure 3.8, for RMBY of a one-step conversion pathway, large changes in GHG

emissions of between 10-20% of base case values occurs for changes of 20% to input
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values. All the parameters are important, but LHV of bio-oil shows the greatest change
and is thus the most sensitive parameter. Uncertainties in the process heat energy required
can arise due to factors such as uncertainties in the calculated heat of formations of products
and reactants and uncertainties in the specific heat capacities calculated for biomass and
char. The upper limits of the uncertainties for the lower heating values of bio-oil and char
produced, though not physically feasible in all cases, were also included to understand

parameter sensitivities.

(Favorable, Base case, Unfavorable)

Grinding energy required i:l
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Figure 3.9. Sensitivity analysis for bio-oil production from pine for RMBQ of a two-step
conversion pathway at torrefaction temperature of 310°C for +/- 20% change in some input
parameters (displacement allocation - system expansion). About 88.5 gCOreq/MJ for heavy fuel
oil.

For RMBQ of a two-step conversion pathway with torrefaction taking place at a

temperature of 310°C, the sensitivity analysis results are shown in Figure 3.9. From the

figure, it can be observed that the impact of uncertainty in the energy required for size
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reduction is very low. This is due to the significant reduction in energy required because
of the torrefaction step. The LCA model parameters with the largest effect on GHG

emissions are the LHV of char and bio-oil.

3.5 Conclusions.

Our results show that the inclusion of a torrefaction step prior to the fast pyrolysis of pine
is expected to reduce environmental impacts from the production of bio-oil via fast
pyrolysis by reducing energy demand for size reduction. The environmental burdens
assessed in terms of the global warming potential were further reduced with an increase in
torrefaction temperature prior to fast pyrolysis. The effect of allocation method choice on
scenario results was important. For energy allocation, the use of renewable energy either
through the burning of char or the lower quality liquid fuel from torrefaction to fully satisfy
process heat energy requirements lowered greenhouse gas emissions compared to the use
of natural gas for process heat. For system expansion, emissions actually increased slightly
when burning char for internal process energy compared to using natural gas, due to
avoiding the beneficial coal displacement credit. The LCA results also show that use of
torrefaction condensables for process heat will yield a higher quality bio-oil product while
reducing GHG emissions, but it will consume more renewable energy resources. Based on
these LCA results, it is recommended to process woody biomass using a two-step
torrefaction and pyrolysis conversion pathway in order to produce bio-oil with minimal

environmental impacts compared to a one-step pyrolysis or fossil heavy fuel oil.
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4. Production of Hydrocarbon Fuel wusing Two-Step
Torrefaction and Fast Pyrolysis of Pine. Part 1: Techno-
economic Analysis.*

4.1. Abstract

As part I of two companion papers, the present paper evaluates the economic feasibility of
hydrocarbon biofuel production via two pathways: a one-step production pathway through
fast pyrolysis of biomass followed by the catalytic upgrade of bio-oil to a liquid
hydrocarbon biofuel, and a novel two-step pathway that includes a torrefaction
pretreatment step prior to fast pyrolysis and then the catalytic upgrade. These two
pathways were modeled using Aspen Plus® to process 1000 dry metric tons/day of feed
through the fast pyrolysis unit operating at 530°C while torrefaction for the two-step
pathway was investigated at three different torrefaction temperatures of 290, 310 and
330°C. Three scenarios of producing process heat from natural gas, internal by-products
biochar or torrefaction condensate were investigated, with additional heat integration
considered. Minimum selling price ranged from $4.01/gal to 34.78/gal for the heat-
integrated processes while the price ranged from $4.70/gal to $6.84/gal without heat
integration. Analysis indicated that a one-step pathway and a two-step pathway with
torrefaction taking place at 290°C yielded comparable least minimum selling price and it

increased with increasing torrefaction temperature. Sensitivity analysis showed that the

* Reprinted with permission from ACS SUSTAINBLE CHEMISTRY AND ENGINEERING
WINJOBI, O, SHONNARD, D, ZHOU W. PRODUCTION OF HYDROCARBON FUEL USING TWO-
STEP TORREFACTION AND FAST PYROLYSIS OF PINE. PART 1: TECHNO-ECONOMIC
ANALYSIS. Copyright (2017) American Chemical Society
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yield of hydrocarbon biofuel, total project investment and internal rate of return have the

greatest impact.
4.2 Introduction

An increasing global population constitutes a dual challenge of meeting rising energy
demands while also reducing environmental impacts associated with the production and
consumption of energy. The total world consumption of energy is projected to increase by
48% from 2012 to 2040, with petroleum remaining the largest source of energy despite
having a declining share of the total energy market.! Though advancements in technology
has improved energy efficiency, alternative and renewable energy sources are still needed
to address this dual challenge. In this regard, policies such as the Energy Independence and
Security Act of 2007 enacted by the U.S. government to increase biofuel production from
4.7 billion gallons per year in 2007 to 36 billion gallons per year by 2022, are geared
towards reducing fossil fuel consumption and greenhouse gas emissions while meeting
energy demand through increased production of clean renewable fuels.> To meet the
biofuel production target, there is a preference for production from lignocellulosic biomass

feedstock because they do not compete with food.

Fast pyrolysis of woody biomass has gained attention as a promising pathway for the
thermochemical conversion of biomass.> The development of a fast pyrolysis pathway is
believed to have advantages over conventional pyrolysis, flash pyrolysis and gasification
with respect to liquid product yield, quality, and flexibility.* The products from the fast
pyrolysis of biomass include a solid product often referred to as biochar, a gaseous product

often termed non-condensable gas comprised mainly of CO and CO2, and the desired liquid
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product, bio-oil which is a more energy-dense liquid product compared to raw wood chips.’
However, due to the properties of the bio-oil such as its high oxygen and water content,
corrosivity, and low heating value, bio-oil cannot be used as a drop-in hydrocarbon
transportation fuel. Upgrading of bio-oil to hydrocarbon transportation fuel can be
achieved via hydrotreatment, including hydrodeoxygenation (HDO). HDO of bio-oil to
totally or partially remove the oxygen content is analogous to hydrodesulfurization (HDS)
carried out in petroleum refineries to remove sulfur from crude oil and refined products.
The possibility of utilizing existing infrastructure for the HDO step due to its similarity to
HDS thereby potentially minimizing capital cost, is another factor that makes the biofuel

production pathway via fast pyrolysis attractive.

As an alternative transportation hydrocarbon fuel source to partially offset the use of fossil
fuel, biofuel needs to be cost competitive with fossil transportation fuel. Aside from being
cost competitive, it is also desired that the biofuel production pathway place a lower burden
on the environment compared with fossil fuel. These requirements of cost-competitiveness
and potential lower environmental impacts can be evaluated by carrying out techno-
economic and environmental life cycle assessments, respectively. Some previous works
have investigated the costs of production of biofuel via fast pyrolysis of biomass and
upgrading while some considered just the environmental impacts of the biofuel production

pathway.

From previous works, the minimum selling price of hydrocarbon fuel produced via fast
pyrolysis and upgrading ranged from $2.04/gal (2007) to $3.39/gal (2011).5° Jones et al.

estimated a selling price of $2.04/gal (2007) for a 2000 metric ton/day facility that produces
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biofuel by processing hybrid poplar chips.® Wright et al. estimated a minimum selling price
of $3.09 (2012) and $2.11/gal (2012) for a 2000 metric ton/day facility that produces
transportation fuels from corn stover for hydrogen producing and purchasing scenarios,
respectively.” Brown et al. estimated a selling price of $2.57/gal (2012) for a 2000 metric
ton/day facility that produces transportation fuel and also supplies electricity to the
electricity grid.® Jones et al. recently reported a minimum selling price of $3.39/gge (2011)
for a 2000 dry metric ton dry biomass /day facility.” Winjobi et al. investigated the effect
of torrefaction on the cost of pyrolysis bio-oil for a 1000 dry metric ton/day facility.!” They
reported a decreasing trend in price with an increase in torrefaction temperature, the selling
price of bio-oil decreased from about $1.32/gal (2013) for a one-step bio-oil production
pathway without torrefaction to about $1.04/gal (2013) for a two-step bio-oil production

pathway with torrefaction taking place at a temperature of 330°C."°

To our knowledge, no work has looked at the inclusion of torrefaction before fast pyrolysis
to investigate the trade-offs, cost implications, and uncertainty effects, both economically
and environmentally on the produced hydrocarbon biofuel. We address this challenge by
two companion papers. The present paper focuses entirely on the effect of torrefaction on
the minimum selling price of hydrocarbon biofuel. This study aims to investigate how the
benefits (improved pyrolysis oil quality and increase biomass grindability) and drawbacks
(reduction in biofuel yield and increased capital cost) from the inclusion of a torrefaction
step impact the economic assessments of the hydrocarbon biofuel production pathway. In
a companion article, we will present the effect of torrefaction on the greenhouse gas

emission from the hydrocarbon biofuel production pathway.'!
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4.3 Materials and Methods
Process description

The biofuel production process is assumed to convert 1000 dry metric tons of biomass
feedstock entering the pyrolyzer unit per day for both the one-step and two-step processes.
Loblolly pine is fed to the pyrolyzer for the one-step while bio-coal/torrefied biomass
obtained from the torrefaction of loblolly pine is fed to the pyrolyzer for the two-step

routes. Figure 4.1 shows a schematic diagram of the plant flowsheet for a two-step route.
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Figure 4.1. Schematic diagram for two-step hydrocarbon fuel production from pine biomass

Process operations that were modeled in this study include drying, torrefaction (only for
the two-step route), size reduction, fast pyrolysis, upgrade of pyrolysis bio-oil, on-site

hydrogen production, combustion of internal by-products for process heat (when
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applicable), heat exchangers as well as the conveyance of biomass. Model description for
the torrefaction, size reduction, fast pyrolysis, upgrade of bio-oil and hydrogen production
(the most important operations) are described below while the description of the drying
operation, combustion and conveyance can be found in section A of Appendix C. The
loblolly pine chips were assumed to be delivered at particle size of about 25mm and
moisture content of 25%. Aspen Plus® (Aspen Technology Inc., Burlington, USA) was

used for flowsheet simulation in this study.

Size reduction of dried wood chips

A further size reduction of delivered loblolly pine chips to the desired size of about 2mm
is required before fast pyrolysis. Due to the relatively small biomass size required, this size
reduction step is energy intensive. Besides potential improvement in the quality of
pyrolysis bio-oil, studies have established that torrefaction improves biomass
grindability.'?!> The inclusion of torrefaction before size reduction, as a result, has the
potential to reduce the energy intensity of the size reduction step. This study modeled the
effect of torrefaction on the energy required for grinding using correlations developed by
Mani et al. shown in section A of Appendix C .!> Hammer mill was modeled in Aspen

Plus® to carry out the size reduction step.

Fast Pyrolysis

For both one-step and two-step cases, fast pyrolysis was modeled to take place at one
atmospheric pressure in a fluidized bed reactor with an inert environment at 530°C and

with a residence time of 1 second. The pyrolysis reactor was modeled as a yield reactor
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with the yield factors for the bio-oil, char and non-condensable products obtained from

literature as shown in Table 4.1.1%17

Table 4.1. Pyrolysis yield data at for one and two-step pyrolysis taking place at 530°C. (The yields are
based on the feed entering the pyrolyzer on a dry ash free basis - raw pine for one-step, torrefied pine for
two-step)

Material yields (wt %)
One Step Two Step Two Step Two Step (330°C)
(290°C) (310°C)
Gas 28 244 26.8 233
Liquid 59 57.7 46.4 32.6
Solid/Char 10 12.8 232 39.5

Component product distribution of the bio-oil product was also based on literature data as
shown in Table C1 in Appendix C. An inert environment was modeled by using nitrogen
as a fluidizing agent in the reactor. The non-condensable gas generated from fast pyrolysis
in this study was diluted by the fluidizing gas (nitrogen) resulting in a low calorific value
of the overall gas.'® As a result, overall gas from the pyrolysis reaction was recirculated to
serve as the fluidizing media in the reactor. The loblolly pine and char product were
modeled using their ultimate and proximate analyses respectively as shown in Tables C2,
C3, and CS5 in section B of Appendix C. This study assumed that in all cases there would
be negligible difference in the properties of char as shown in Table C5 of Appendix C.

Chen et al. found no significant differences in the properties and energy content of char
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produced with and without torrefaction pretreatment prior to catalytic pyrolysis in their

work. "’

Torrefaction

Torrefaction is carried out in an inert environment at lower temperatures and with a longer
residence time than fast pyrolysis. It predominantly degrades the hemicellulose portion of
the biomass to yield mainly a solid termed torrefied biomass, often called bio-coal because
it is a replacement for fossil coal. Studies have investigated and observed the yield of better
quality bio-oil because of a torrefaction pretreatment of biomass prior to fast pyrolysis.?
Thermal degradation of hemicellulose is believed to yield mainly COz, water, and organic
acids; these products typically result in low energy content and acidity of pyrolysis bio-oil.
Subsequent fast pyrolysis of the torrefied biomass thus potentially produces higher quality

pyrolysis bio-oil with lower water content and lower acidic components.

The torrefaction step is assumed to be carried out in an auger reactor at atmospheric
condition, in an inert environment and with a residence time of about 40 minutes and was
modeled using a yield reactor in Aspen Plus®. The effect of torrefaction temperature was
investigated at 290, 310 and 330°C. The yield factors for the torrefied pine biomass,
condensed liquid and non-condensable gases based on literature are shown in Table 4.2.
Component product distribution of the condensable organics from torrefaction were also

based on literature data as shown in Table C4 in section b of Appendix C.'%!7
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Table 4.2. Torrefaction yield data at different torrefaction temperatures for pine.’

Material Yields (wt %)
Torrefaction Temperature 290°C 310°C 330°C
Gas 6 8 11
Condensed Liquid 17 33 46
Torretied Solid 78 56 43

Changes in the structure of the torrefied biomass at the different torrefaction temperatures
were modeled for energy content using their ultimate and proximate analyses obtained

from literature as shown in Tables C2 and C3 in section B of Appendix C.?!
Catalytic upgrading of bio-oil

The upgrading of pyrolysis bio-oil to hydrocarbon transportation fuel was achieved by the
hydrodeoxygenation of the model compounds contained in the bio-oil. Reaction pathways
for the different model compounds were obtained from the literature.?>> In a process
analogous to hydrodesulfurization used in removing sulfur in the refining of crude oil, the
oxygen in the pyrolysis bio-oil is removed via catalytic hydrodeoxygenation under high-
pressure hydrogen. A two-stage upgrade step consisting of a mild hydrotreatment step,
usually called a stabilization step, at lower temperatures followed by a more severe
hydrotreatment at a higher temperature as described in the literature was utilized.?*** Initial
conversion of acids, aldehydes to alcohols was modeled to occur during stabilization.?¢
Conversion of unreacted bio-oil components and the intermediate products from the

stabilization step then took place in the second hydrotreating step. The major reaction
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pathway for hydrocarbon fuel production in this study was assumed to be via
hydrodeoxygenation. Several other types of reactions such as hydrolysis, decarboxylation,
decarbonylation and dehydration were also assumed to take place to produce intermediates
that were subsequently converted via hydrodeoxygenation. Sugars such as levoglucosan
and cellobiose were first hydrolysed to glucose followed by the hydrogenation of glucose
to sorbitol. Sorbitol was subsequently converted to hexane as described by Huber et al.?’
The reaction pathways for each representative bio-oil compound can be found in Figure
4.2. Operating pressures and temperatures of 1200 psia, 140°C and 2000 psia, 410°C were
used in the stabilization and second hydrotreating steps respectively in our model.” The
reactors were modeled as yield reactors in Aspen Plus® and the hydrogen required was
estimated based on the amount required to convert the representative compounds in the
bio-oil to hydrocarbons. Reaction pathways for the remaining bio-oil representative
compounds modeled are shown in section F of Appendix C. Deoxygenated aromatic
hydrocarbon shown in Figure 4.2 were produced in a 0.55 to 0.45 ratio, for example, 55%
vinylbenzene and 45% ethylcylcohexane. This ratio is based on the overall ratio of
aliphatics to aromatics contained in the biofuel from the study of Jones et al.’ Yield factors
obtained using this approach were used to model the stabilization and hydrotreatment steps

in Aspen Plus®. The yield factors for the one-step and two-step hydrocarbon biofuel

production are shown in Tables C7 to C13 in section B of Appendix C.

104



Xylose Furfural

OH

Tetrahydrofuran Butane

0 o 3H,0 o H €O 0 2m, 0 2H,
0

OH

OH

Vanilin Vanillyl Alchol (Hydroxymethyl)phenol

Methylphenol Tolu Methylcyclohexane

ene

H__O HO OH
CH CH CH
H, 2H, H, } H 3 3H, 3
— — — —‘ —
Q Q OH OH

OH CH; OH CHj

2-Furanmethanol MethyIfuran

OH O,

Methyltetrahydrofuran Pentane

O H, 2H, O 2H,
(" 2 D 2 D2

2-Methoxy-4-methylphenol Methylcatechol

OH CH; OH

4-Methylphenol Tolu Methylcyclohexane

ene

OH
o] OH
H, Hy H, 3H,
— — —» —
CH, CH;
CH,

CH; CH;

2-methoxy-4-vinylphenol 4-vinylcatechol

4-vinylphenol vinylbenzene ethylcyclohexane

OH H2C\ OH
O.
~
CH, H, H, H, 4H,
— —_— — —
AN
CH, CH,
\CHZ HO OH \CHZ

Figure 4.2. Reaction pathway for representative components in pyrolysis bio-oil.



Hydrogen production via steam methane reforming

Hydrogen required for the hydrodeoxygenation reactions in the stabilizer and second
hydrotreater was obtained through steam reforming of the hydrocarbon gases produced
from the upgrade steps. Natural gas was used to complement the hydrogen demand not met
by the reforming of light hydrocarbons from the hydrotreatment stage. Onsite hydrogen
production instead of purchase was included in this study as it is considered to be more
economical due to the large amount of hydrogen required for the catalytic upgrade step.?
Steam methane reforming of the combined hydrocarbon gases and natural gas was
achieved through pre-reforming, reforming, and high-temperature water-gas shift (HTS)
reactions using operating conditions from the literature.”?’ Typically steam to carbon (S/C)
ratio of about 2.5 to 4 are utilized to limit coke formation from unwanted reactions.?%3!
This study used an S/C ratio of 3. Conversion of C2+ components into methane was
modeled to occur in the pre-reformer while the conversion of methane to hydrogen took
place in the reformer. The pre-reformer, reformer and HTS reactors were modeled as
equilibrium reactors in Aspen Plus. Operating conditions for these reactors are shown in

Table 4.3 while the composition of the make-up natural gas is shown in Table C14 in

section B of Appendix C.
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Table 4.3. Design operating basis for hydrogen production.’

Pre-reformer

Temperature 593°C
Pressure 24 bar
Steam-to-carbon ratio 3

Steam pressure 46.5 bar

Methane Reformer

Temperature 850°C

Pressure 22 bar
HTS

Temperature 358°C

Pressure 21 bar
PSA

Hydrogen delivery pressure | 19.5 bar

Hydrogen recovery 85%

Definition of case studies

The economic assessment for the hydrocarbon biofuel production was investigated under
different scenarios as shown in Table 4.4. Scenario 1 objectives include using fossil inputs
for process energy and maximizing biofuel yields by combining torrefaction and fast
pyrolysis bio-oil. As shown in Figure 4.1, for a two-step conversion pathway the non-
condensable gas from the torrefaction step (contains predominantly CO and CO2) as well
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as the off gas obtained from hydrogen production that contains Hz (about 2.5 wt. %), CO
(about 8.5 wt.%) and unreacted CHa4 (about 12 wt.%) are combusted to provide process
heat. The unsatisfied process heat requirement is then met by combusting natural gas.
Objective 2 of maximizing bio-oil yield in this scenario was achieved as lower quality
torrefaction condensed liquid was blended with the pyrolysis bio-oil and then upgraded to
maximize the yield of produced hydrocarbon biofuel. The char produced here was used in

generating revenue by selling to coal-fired power plants.

Table 4.4. Design objectives for different analysis scenarios.

Scenarios Objective 1 Objective 2

Scenario 1 Fossil energy inputs Maximizing bio-oil yield

Scenario 2 Minimize fossil energy Maximizing bio-oil yield
inputs

Scenario 3 Renewable energy inputs Maximizing bio-oil quality

Scenario 2 aims to minimize or totally offset fossil energy inputs by utilizing the char to
provide process heat instead of generating revenue through sales. As a result, process heat
in this scenario was provided through the combustion of non-condensable gas from
torrefaction, off gas from hydrogen production, and biochar. Any unmet heat requirements
will then be satisfied by utilizing natural gas, hence minimizing the fossil energy inputs.
Unused char leftover after process heat requirements is fully satisfied without utilizing
fossil energy inputs was sold to generate revenue. Torrefaction condensed liquid was
blended with pyrolysis bio-oil in this scenario, thus maximizing the yield of bio-oil that is

upgraded as shown in Figure c1 in section C of Appendix C.
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Scenario 3 aims to totally offset fossil energy inputs by combusting the non-condensable
gas from torrefaction, the off gas from hydrogen production, and either totally or partially
combust the torrefaction condensed liquid to satisfy process heat requirements. When
necessary, produced char is also combusted to ensure natural gas is not required to provide
process heat. Partial or total utilization of torrefaction condensed liquid for process heat
instead of blending with pyrolysis bio-oil results in a higher quality oil that is subsequently
upgraded to biofuel. However, upgrade of high-quality oil will result in a lower yield of
hydrocarbon fuel. Furthermore, this scenario may potentially have a benefit of requiring
less hydrogen for upgrade because of lower oxygen content, and may positively affect the
economic assessment. Revenue is also generated from unused biochar as shown in Figure

c2 in section C of Appendix C.

Techno-economic assessment of hydrocarbon fuel pathways

This analysis employed literature and vendor quotes for most of the equipment costs.
Purchase costs of major equipment are shown in Table C15 in section F of Appendix C.
The cost of heat exchangers was estimated using correlations from literature as shown in
section E of Appendix C. Total capital investment was then estimated from the total
equipment purchase cost using the capital cost methodology developed by Peters et al*? as

shown in Table 4.5.
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Table 4.5. Inputs for capital cost estimation.

Total Purchased Equipment Cost (TPEC) | 100%
Purchased Equipment Installation 39% Percent of TPEC
Instrumentation and Controls 26% Percent of TPEC
Piping 31% Percent of TPEC
Electrical Systems 10% Percent of TPEC
Buildings (including services) 29% Percent of TPEC
Yard Improvements 12% Percent of TPEC
Service Facilities 55% Percent of TPEC

Total Installed Cost (TIC) 3.02

Indirect Costs
Engineering 32% Percent of TPEC
Construction 34% Percent of TPEC
Legal and Contractors Fees 23% Percent of TPEC
Project Contingency 34.0% | Percent of TPEC
Total Indirect

Land 6.00% | Percent of TPEC

Working capital (WC) 5% of (TIC + TI)

Total Project Investment (TPI) TIC + TI + WC + Land
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For equipment sizes and costs obtained from literature, when sizes of equipment were of a
different scale than required in our design, cost of equipment was estimated using equation

1,

¢ = Cox (2) 1)

So

where So is initial equipment capacity (tonnes/hr), S1 is new equipment capacity
(tonnes/hr), C, is equipment cost at capacity So ($), C1 is equipment cost at capacity Si
($) and n is the scaling factor which is 0.7. Setting 2015 as the base year, equipment cost
from previous years were escalated using the Chemical Engineering Plant Cost Index

(CEPCI), which is provided monthly by the journal Chemical Engineering.>

A discounted cash flow rate of return (DCFROR) analysis spreadsheet is used in
calculating the minimum selling price of produced liquid hydrocarbon fuel. Major

economic assumptions used in the DCFROR analysis are shown in Table 4.6.

Table 4.6. Some input values and assumption used for the economic assessment.

Parameter Value

Pine chips cost ($/ton) dry'® 60

Electricity price (cents/kWh)** 5.77
Cost of natural gas ($/GJ)* 5.04
Process Cooling water ($/GJ)*¢ 0.16
Refrigerant cost ($/GJ)* 20

Price of residual fuel oil ($/tonne)?’ 600
Price of coal ($/1b)* 0.03
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Internal rate of return (%)
Project economic life (year)
Working capital (%)
Depreciation method

Tax rate (%)

Base year

10

20

5 % of total capital investment

7-year MACRS
35

2015

Heat Integration

This study looked at how energy recovery through heat integration affects the cost of
hydrocarbon fuel for the one- and two-step production pathways. The software Super
Target® was used in carrying out the heat integration process with inputs of source and
target stream temperatures, and heat exchanger duties. Overall heat-transfer coefficient
values between process streams and the utility streams for the shell and tube exchangers
were estimated as the average of the specified range suggested in literature were input into
the software, and are shown in Table C17 in section D of Appendix C.*° Hot utility fluid
was assumed as Dowtherm going from 1000°C to 900°C while the cold utility was assumed
to be cold water going from 20 to 30°C. With these parameters and a heat exchanger
minimum approach temperature (ATmin) constraint of 10°C, stream matches were made
by Super Target®. We selected one out of the different possible matches made by the
software for each scenario in carrying out the economic assessment for our scenarios with
heat integration. With the selected ATmin of 10°C, about 80% of the theoretical process
heat requirements was met with heat integration. Purchased cost of heat exchangers for the
scenarios was estimated using correlations from the literature as shown in section E of

Appendix C.%¢
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4.4 Results

Table 4.7 shows the biomass feedstock inputs and the major outputs from our simulations
for the cases without heat integration. Because of the basis of 1,000 tons into the pyrolysis
unit, more biomass feedstock is required as torrefaction temperature increases. The yield
of hydrocarbon fuel reduces with increase in torrefaction temperature due to the decrease
in the yield of pyrolysis bio-oil that is subsequently upgraded and an increase in the yield
of char. As observed by Boateng et al., the torrefaction step in the two-step processes
predisposed the biomass for the conversion to biochar instead of liquid pyrolysis bio-o0il.?
For scenario 3 of each two-step conversion pathway, maximizing the pyrolysis bio-oil
quality by either not blending in the torrefaction condensed liquid (torrefaction temperature
of 290°C), or partially blending in the torrefaction condensed liquid (torrefaction
temperatures of 310 and 330°C) with the pyrolysis bio-oil prior to upgrading, resulted in
the lowest yield of hydrocarbon fuel for each two-step process. In addition to the
torrefaction condensed liquid combusted internally for thermal heat for two-step pathway
with 290°C torrefaction, some of the produced biochar was also combusted to fully offset
natural gas requirements for process heat. Process heat requirements for scenario 3 at
torrefaction temperatures of 310°C and 330°C were fully satisfied with portions of the
torrefaction condensed liquid. Hence all the produced biochar was used to generate revenue

from sales to coal-fired power plants.
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Table 4.7. Feedstock input and some of the outputs from the biofuel production pathway for one-step and two-step processes without heat

integration.
One-step Two-step
Torrefaction temperature 290°C 310°C 330°C
Scl | S¢2 | Scl | S¢2 | S¢3 | Sc1 | S¢2 | Sc¢3 | Scl | Sc2 | Sc3

Input of Biomass
Biomass feedstock , 10°kg/yr 352.8 | 352.8 | 457.1 | 457.1 | 457.1 | 609 609 609 | 801.8 | 801.8 | 801.8
(dry basis)
Output of Biofuels
Hydrocarbon biofuel , 10%kg/yr 89.7 | 89.7 | 116.8 | 116.8 | 97.1 125 125 | 84.4 | 149.5 | 1495 | 89.2

(10°gal/yr) (31.8) | (31.8) | (41.4) | (41.4) | (34.5) | (44.3) | (44.3) | (29.9) | (53.0) | (53.0) | 31.7)
Hydrocarbon biofuel yield 254 | 254 | 255 | 255 | 21.2 | 205 | 205 | 139 | 18.6 | 18.6 | 11.1
( % wt/wt feed dry basis)
Bio-char , 10%kg/yr 36.4 - 47.3 - 16.1 84 - 84 | 144.8 - 144.8
Bio-char yield 10.3 - 10.3 - 3.5 13.8 - 13.8 | 18.1 - 18.1




STt

(% wt./wt. feed drybasis)

Torrefaction condensed liquid ,

10%kg/yr

Process Heat Inputs

Combustion energy, 10°GJ/yr 295 | 295 | 3.89 | 3.89 | 290 | 4.88 | 488 | 3.13 | 643 | 643 | 4.16
Combusted material

Natural Gas, 10°m3/yr 2265 | 1211 | 2889 | 1521 - 3569 | 1140 - 4792 | 605 -
Off-gas, 10%kg/yr 136.2 | 136.2 | 184.8 | 184.8 | 123.1 | 241.6 | 241.6 | 121.4 | 313.9 | 313.9 | 158
Char, 10°kg/yr - 36.4 - 473 | 31.2 - 84.0 - - 144.8 -
Torr. condensed liquid,10° kg/yr - - - - 119.3 - - 205.6 - - 270.4




Table 4.8 shows inputs and outputs for the cases with heat integration. Here, the objective
to offset natural gas requirements while maximizing bio-oil yield (i.e. scenario 1) was met
without the need to combust biochar, thus scenarios 1 and 2 are equivalent. The amount of
biochar or torrefaction condensed liquid required to be internally combusted to offset
natural gas for process heat decreased significantly. In Scenario 3, torrefaction condensed
liquid not combusted internally was not further blended in with the pyrolysis bio-oil but
was used to generate revenue from sales to displace heavy fuel oil. The net amounts of
torrefaction condensed liquid and biochar produced with heat integration are shown in

Table 4.8.

Table 4.8. Feedstock input and some of the outputs from the biofuel production pathway for one-
Step and two-step processes with heat integration.

One- Two-step

step

Torrefaction temperature 290°C 310°C 330°C

Sc1 Sc1 Sc 3 Sc1 Sc3 Sc1 Sc 3

Input of Biomass

Biomass feedstock, 10°%kg/yr | 352.8 | 457.1 | 457.1 | 609 609 | 801.8 | 801.8

(dry basis.)

Output of Biofuels

Hydrocarbon biofuel , 89.7 | 116.8 | 97.1 125 | 844 | 1495 | 89.2

10%kg/yr (31.8) | (41.4) | (34.5) | (44.3) | (29.9) | (53.0) | (31.7)
(10°gal/yr)

Hydrocarbon biofuel yield 254 | 255 | 21.2 | 205 | 139 | 18.6 | 11.1
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(% wt/wt feed dry basis.)

Bio-char , 10%kg/yr

36.4

47.3

47.3

84

84

144.8

144.8

Bio-char yield

(% wt./wt. feed, dry basis)

10.3

10.3

10.3

13.8

13.8

18.1

18.1

Torrefaction condensed

liquid , 10°kg/yr

525

153.0

194.6

(% wt./wt. feed, dry basis)

11.5

25.1

243

Process Heat Inputs

Combustion Energy,

10°GJ/yr

0.51

0.87

0.65

0.88

0.62

1.39

0.77

Combusted Material
Natural Gas, 10° m3/yr
Off-gas, 10%kg/yr

Char, 10%kg/yr

Torr. condensed liquid,10°

kg/yr

64.8

105.4

66.8

103.8

52.6

238.3

75.8

Hydrogen Consumption

Table 4.9 shows hydrogen consumption for different scenarios. The amount of hydrogen

required for the hydrotreatment of the bio-oil produced from fast pyrolysis was estimated

to be about 6.38% wt. per pyrolysis bio-oil for a one-step production pathway. This is

comparable to the experimental value of 5.8% wt. per pyrolysis oil obtained by Jones et
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al.” The results show a decrease in hydrogen consumption between one-step and two-step
conversion and a decrease with increasing severity of torrefaction. This trend occurs
because as torrefaction severity increases, the water content of the condensed liquid from
torrefaction increased. The higher water content does not consume hydrogen during the
upgrade step. Another interesting trend is the increase in hydrogen consumption for
scenario 3 of the two-step pathway with torrefaction at 290°C compared to scenarios 1 and
2 while a decrease in hydrogen consumption was observed for the two-step pathway at
higher torrefaction temperatures of 310 and 330°C for scenario 3 compared to 1 and 2. This
is because, at the lowest torrefaction temperature of 290°C, it is believed that the
hemicellulose portion of the wood is mainly degraded producing chiefly water, acetic acid,
and some furans. Maximizing the bio-oil quality at this temperature resulted in bio-oil of
lower yield due to the loss of compounds from hemicellulose but the relative higher
composition of sugars and phenolics in the bio-oil increased. Hydrogen consumption of
the sugars and phenolics are relatively higher than that of the acids, resulting in higher
relative hydrogen consumption for scenario 3. At higher torrefaction temperatures of 310
and 330°C, there is an increasing degradation of the cellulose and lignin portions of the
wood. As a result, maximizing the bio-oil quality at these temperatures also leads to loss
of some of the sugars and phenolics in addition to the water and acids from hemicellulose
degradation. This resulted in a decrease in relative hydrogen consumption for scenarios 3
at these temperatures. It should be noted that the hydrogen consumption for each scenario

does not change with or without heat integration.
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Table 4.9. Amount of hydrogen required for the upgrade of bio-oil to hydrocarbon fuel.

Hydrogen consumption (% wt. per upgraded bio-oil)
One-step Two-step
Scenario 290°C 310°C 330°C
1 6.38 6.17 5.91 5.05
2 6.38 6.17 5.91 5.05
3 6.66 5.84 4.86

Scenario 3 of a two-step production pathway with torrefaction taking place at 290°C
showed the highest hydrogen consumption per amount of bio-oil upgraded. This scenario
also showed the best quality of bio-oil based on the LHV of the bio-oil produced in the
different scenarios. The LHV of bio-oil for the scenario 3 of the two-step production
pathway at 290°C was estimated to be about 19.22 MJ/kg while LHV of about 17.4 MJ/kg
was estimated for the one-step pathway as shown in Table C16 in section D of Appendix
C. This is due to complete combustion of the condensed liquid from torrefaction for process
heat; thus, the lower quality torrefaction condensed liquid was not blended in with
pyrolysis bio-oil for further upgrading process. However, overall hydrogen consumed in
scenarios 1 and 2 for the two-step pathway at 290°C is higher due to much higher bio-oil
yield. At higher torrefaction temperatures of 310 and 330°C, the torrefaction condensed
liquid was not completely combusted for process heat, and the unused condensed liquid
was blended in with pyrolysis bio-oil lowering the LHV of the blended bio-oil. Estimation
of the LHV of the bio-oil was carried out using the LHV of the components found in the

bio-oil as shown in section D of Appendix C.
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Minimum Selling Price

The estimated minimum selling price (MSP) of the hydrocarbon fuel for all scenarios of
the one-step and two-step processes without heat integration are shown in Figure 4.3. The
MSP of the hydrocarbon biofuel produced via a two-step conversion pathway with 290°C
torrefaction is almost the same as the MSP estimated for the one-step pathway. The highest
price in both cases (one-step and two—step at 290°C) ranged from about $4.82/gal to about
$4.70/gal. The lowest MSP in both cases was obtained for scenario 2, which had the
objective of minimizing fossil energy inputs for process heat, by combusting biochar for
process energy while maximizing hydrocarbon fuel yield. In general, for all scenario 1, the
effect of torrefaction as a pretreatment step prior to pyrolysis has the effect of increasing
MSP of hydrocarbon fuels, and this is amplified with increased severity of torrefaction
compared to a one-step pathway. It is also observed that a small decrease in MSP occurs

for the use of renewable energy for process heat in Scenario 2 compared to 1.
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Figure 4.3. Minimum selling price of liquid hydrocarbon fuel for one-step and two-step pathways
without heat integration. Torrefaction temperatures are shown for two-step pathways.

The prices varied from about $4.70/gal for scenario 2 of the one-step production pathway
to about $6.84/gal for scenario 3 of the two-step pathway with 330°C. High MSP was
estimated for scenario 3 at higher torrefaction temperatures of 310 and 330°C in
comparison with other scenarios. This is because maximizing bio-oil quality at these
temperatures led to a relatively low yield of hydrocarbon fuel as earlier shown in Table
4.7. In contrast, a recent result in the literature shows favorable economics for two-step
pathways at higher torrefaction temperature when bio-oil is the final product instead of the
upgraded biofuel.!® This is because bio-oil contains water and low molecular weight
compounds which during the upgrading process were converted to gases such as ethane.

Thus they do not contribute to the yield of hydrocarbon biofuel.
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The effect of heat integration on the minimum selling price of biofuel can be seen in Figure

4.4. In all scenarios, the heat-integrated process has lower MSP of hydrocarbon biofuels

$7.00 6.84
$6.50
$6.00

$5.50

$/gal

$5.00

$4.50

$4.00

$3.50

Scl Scl|Scl Scl Sc3 Sc3|Scl Scl Sc¢3 Sc3|Scl Scl Sc3 Sc3
(HD) (HI) (HI) (HI) (HI) (HI) (HI)

290°C 310°C 330°C

One Step Two Step
Conversion pathway

Figure 4.4. Minimum selling price of liquid hydrocarbon fuel for one-step and two-step pathways
with and without heat integration. Torrefaction temperatures are shown for two-step pathways.
*HI shows results with heat integration. Note that Sc2 is equivalent to Scl for all heat-integrated
pathways

when compared to the scenarios without heat integration. The percentage reduction in
minimum selling price for the heat integrated scenarios increased as torrefaction severity
increased from about 14% at 290°C torrefaction to about 30% at 330°C torrefaction. With
heat integration, the MSP of hydrocarbon biofuel ranged from about $4.01/gal for scenario
1 of the one-step and scenario 3 of the two-step pathway with torrefaction taking place at

290°C to about $4.78/gal for scenario 3 of the two-step pathway at 310°C torrefaction.
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Reduced MSP of hydrocarbon biofuel with heat-integrated processes was due to the
reduction in utility costs as well as an increase in revenue generated from sales of unused
by-products biochar and torrefaction condensed liquid. Revenue was also generated from
the off gas obtained from hydrogen separation after the hydrogen production through SMR.
For all scenario 1 cases of the one—step and two-step pathways, we observed that heating
requirements not met with heat integration were totally satisfied with the combustion of
the off-gas from hydrogen separation. Because of fully offsetting natural gas for process
heat through heat integration without the need to combust biochar, scenario 2 with heat
integration would give rise to the same results as that of scenario 1 for all torrefaction
temperatures. Revenue was generated from the sale of surplus off-gas based on the cost of

natural gas on an energy basis, which we assumed to be displaced in this study.

Contributions of various costs and revenues to the minimum selling price of hydrocarbon
fuel for the one-step and two-step pathway 290°C torrefaction with almost the same prices
were investigated as shown in Figure 4.5. In general, the total project investment was the
greatest contributor, followed by the cost of biomass feedstock while depreciation cost was
the largest credit received. With heat integration, there was a trade-off between reduction
in utility costs and an increase in the total project investment cost. The benefit of reduced
utility cost outweighed the increase in the incurred total project investment resulting in

lower MSP for the heat-integrated process.

The amount of refrigerant required for the quick quench of hot vapor after pyrolysis and

torrefaction to a temperature of about 20°C was eliminated, resulting in a cost reduction of

$.50/gal. The cooling water utilized in this study is assumed to come in at 20°C and return
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at 30°C. With heat exchanger approach temperature of 10°C, it was required to utilize a

refrigerant to cool the cooling water required to quench the vapors to about 10°C.

Comparing the price of $4.01/gal calculated for the one-step pathway and scenario 3 of the
two-step pathway with torrefaction occurring at 290°C, there is a reduction in the cost of
electricity for the two-step pathway because of the torrefaction step prior to fast pyrolysis.
Though an increase in the total project investment is observed due to the torrefaction step,
its effect is offset by the revenue generated from the sales of the torrefaction condensed
liquid and the reduction in electricity requirements for size reduction. In comparison with
other studies, Wright et al. estimated MSP of $3.09 (2007) for hydrocarbon biofuel
produced via the fast pyrolysis of corn stover while Jones et al. estimated MSP of $3.39
(2011) for hydrocarbon biofuel from woody biomass.”® These prices are also based on a
hydrogen production scenario, however, both studies processed 2000 metric tons of
biomass per day in their assessments, which may account for some of the difference with
our study which was based on 1000 metric tons input to the pyrolysis unit (difference in

scale).
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Figure 4.5. Contribution of various operating costs and equipment cost to the minimum selling
price of liquid hydrocarbon fuel.

Sensitivity Analysis

The impact of a change of +/- 15% in some of the cost variables was investigated for the
heat-integrated processes. As shown in Figures 4.6, 4.7 and 4.8, the MSP is more sensitive

to variables such as the yield of hydrocarbon biofuel, total project investment cost, the
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assumed internal rate of return, and the cost of feedstock, in that order. Though natural gas
requirements for process heat was totally offset in these scenarios, sensitivity results are
due to the cost of natural gas for hydrogen production and revenue credits from the sale of

torrefaction condensed liquid.

The high sensitivity of the yield of hydrocarbon biofuel and the total project investment
costs emphasizes the need for accurate yield data and equipment cost quotes prior to
commercialization. It should also be noted that changes in the yield of hydrocarbon fuel
will typically have a chain effect on other variables such as the amount of process heat
requirements. These potential changes were not considered when investigating how
changes in the yield of hydrocarbon biofuel impact the calculated MSP. For the heat-
integrated one-step pathway, using a tax rate of 15% instead of 35% utilized in this study
resulted in a 7% reduction in the MSP of hydrocarbon biofuel to about $3.72/gal from

$4.01/gal.
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Figure 4.6. Sensitivity of the minimum selling price to some of the economic parameters. One-step conversion pathway scenario 1 with heat
integration.
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torrefaction temperature of 290°C with heat integration.
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In conclusion, from the results of this study, MSP of hydrocarbon biofuel estimated for a
one-step production pathway is almost the same with the MSP for a two-step pathway at
290°C torrefaction. Higher minimum selling prices were however estimated for
hydrocarbon biofuel produced through the two-step pathway at higher torrefaction
temperatures. The main conclusion of this study is the importance of heat integration for
more favorable economics of the hydrocarbon biofuel pathway. The inclusion of
torrefaction prior to pyrolysis showed almost the same MSP for two-step pathway at low
torrefaction temperature of about 290°C. However, torrefaction does not appear to be an
advantage on the cost of production for hydrocarbon fuels compared to a one-step process
at high torrefaction temperatures. With heat integration, reduction in the cost of utilities
outweighed the increase in capital cost, resulting in lower minimum selling price for the
heat-integrated processes in comparison with the base case without heat integration. With
heat integration, there is also an increase in revenue generated from the sale of unused co-
products such as char and torrefaction condensed liquid. From the sensitivity analysis, it

can be seen that the yield of bio-oil is the most sensitive parameter.

In a companion article, we will look at how the inclusion of torrefaction affects the
greenhouse gas emissions from the hydrocarbon biofuel production pathway.!'It is worth
mentioning that these results are based on loblolly pine as the biomass feedstock and for

the data utilized in this study and may not be typical for other biomass feedstocks.
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5. Production of Hydrocarbon Fuel wusing Two-Step
Torrefaction and Fast Pyrolysis of Pine. Part 2: Life Cycle
Carbon Footprint.}

5.1. Abstract

This study, as part Il of two companion papers, investigated the environmental
performance of liquid hydrocarbon biofuel production via fast pyrolysis of pine through
two pathways: a one-step pathway via fast pyrolysis only, and a two-step pathway that
includes a torrefaction step prior to fast pyrolysis. Fast pyrolysis in all cases took place at
a temperature of 530°C while for the two-step pathways, torrefaction was investigated at
temperatures of 290, 310 and 330°C. Bio-oil produced was then catalytically upgraded to
hydrocarbon biofuel. Different scenarios for providing the required process heat either by
using fossil energy or renewable energy, as well as the effect of heat integration, were also
investigated. Our life cycle analysis indicated that using the energy allocation approach,
a two-step heat integrated pathway with torrefaction taking place at 330°C had the lowest
global warming potential among all scenarios of about 29.0g CO: equivalent/MJ biofuel.
Using the system expansion approach, significantly higher reductions in GHG emissions
of about 56 to 265% relative to conventional gasoline were observed for the heat integrated
processes. More modest percentage reduction in emissions of about 34 to 67% was

observed across all scenarios using the energy allocation approach.

§ Reprinted with permission from WINJOBI, O, ZHOU W, KULAS D, NOWICKI J, SHONNARD D.
PRODUCTION OF HYDROCARBON FUEL USING TWO-STEP TORREFACTION AND FAST
PYROLYSIS OF PINE.PART 2: LIFE CYCLE CARBON FOOTPRINT. Copyright (2017) American
Chemical Society
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5.2. Introduction

Concerns about energy security due to depleting crude oil reserves and volatility of oil
prices, as well as global warming, have increased the focus on alternative energy sources
that are potentially more environmental friendly. A potential alternative energy source,
biomass is ubiquitous in nature ranging from woody biomass such as pine to agricultural
waste such as rice husks. As a result, studies such as ‘The Billion Ton Vision’, have looked
at potentially producing at least one billion dry tons of biomass annually in a sustainable
manner to serve as feedstock for the production of biofuel, either through biochemical or
thermochemical approaches to displace about 30% of the current petroleum consumption

in the United States.'

Of the various thermochemical conversion processes, fast pyrolysis is believed to offer
significant advantages over conventional pyrolysis, flash pyrolysis and gasification process
due to product yield quality and flexibility.? Fast pyrolysis thermally degrades biomass to
produce non-condensable gases, char and the main product, liquid bio-oil. The bio-oil
obtained from fast pyrolysis is typically chemically unstable, low in energy density, and
acidic requiring an upgrade/refining step to be suitable as a ‘drop-in’ replacement for
gasoline.’In order to make biofuel production through fast pyrolysis more favorable,
pretreatments such as torrefaction prior to fast pyrolysis are being investigated. The
torrefaction pretreatment can potentially reduce the energy required for grinding biomass
and improve the quality of the bio-0il.** The improved bio-oil may require less hydrogen
for the upgrade step, and by these steps potentially improve the economics and

environmental impacts of hydrocarbon biofuel production. Techno-economic and life cycle
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assessment can be used to evaluate the effect that the addition of torrefaction before fast
pyrolysis has on the economics and greenhouse gas emissions from producing hydrocarbon

biofuels.

While previously (Part ) we examined economic viability, here we will evaluate the
environmental impacts of biofuel production via fast pyrolysis through two pathways; i. A
one-step pathway with the loblolly pine undergoing fast pyrolysis followed by the upgrade
of the pyrolysis bio-oil to hydrocarbon transportation biofuel, and ii. a two-step pathway
with loblolly pine undergoing torrefaction then fast pyrolysis followed by the upgrade step

to hydrocarbon biofuel.®

To be deemed sustainable and eligible for incentives, some countries have imposed
minimum GHG emission levels for biofuels.”® As a result, this study aims to examine if
the hydrocarbon biofuel modeled here will meet such emissions level in addition to the
comparative assessment between one-step and two-step pathways. Using life cycle
assessment (LCA), potential reductions that can be achieved from the production and
combustion of biofuel can be evaluated. LCA is a standardized methodology used to study
the potential environmental impacts throughout a product’s or system’s life cycle from raw
material acquisition through production, use, and disposal.”!® Previous works have used

LCA to evaluate the environmental performance of bioenergy systems, as discussed next.

In their assessment of pyrolysis bio-oil from whole southern pine, Steele et al. achieved a
70 % reduction in emission compared to residual fuel oil based on equivalent energy
value.!" Winjobi et al. achieved an 80 % reduction in GHG relative to heavy fuel oil in

their assessment of the effect of torrefaction on the GHG emissions from the production of
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bio-oil from loblolly pine via fast pyrolysis.!? While in their assessment of hydrocarbon
transportation fuel from fast pyrolysis of short-rotation poplar biomass, Iribarren et al.
achieved a GHG saving of 72% over conventional fossil fuel.!* Hsu estimated about 75%
reduction in GHG emissions for biofuel produced via fast pyrolysis and hydroprocessing
of hybrid poplar over conventional fossil gasoline.'* In their assessment of electric power
generation from the combustion of pyrolysis oil, Fan et al. achieved GHG savings of 77 —
99% relative to combustion of fossil fuel for power generation. Also in the assessment of
the use of the heavy end fraction of bio-oil derived from the fast pyrolysis of corn stover
to co-fire with coal in power plants with biochar sequestration, Qi et al. achieved GHG
emissions reduction ranging from 2.9 to 74.9% compared to traditional coal power plants.'
The differences in the results of these assessments can be attributed to the a number of
factors such as differences in biomass feedstock utilized in these studies, the final primary
product and the use of the final product which varied from hydrocarbon biofuel used as a
transportation fuel, to pyrolysis bio-oil used in the generation of electric power among
others. As a result, the functional unit used in carrying out these assessments also differed.
To our knowledge, no work has investigated how the inclusion of torrefaction before fast
pyrolysis in the production of hydrocarbon transportation biofuel affects the environmental

performance of the production pathway.

This LCA study aims to carry out a comparative assessment to investigate how the
inclusion of a torrefaction step before the fast pyrolysis step impacts the life cycle
greenhouse gas emissions (carbon footprint) of hydrocarbon biofuel through the

conversion of loblolly pine by fast pyrolysis via two production pathways.
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5.3. Material and Methods

Process description

The biofuel production process is assumed to convert 1000 dry metric tons of biomass
feedstock entering the pyrolyzer unit per day for both the one-step and two-step processes.
For the one-step pathway, the feed is raw loblolly pine chips while for the two-step pathway
the feed is torrefied loblolly pine wood chips. The hydrocarbon biofuel production pathway
starts with the collection of the biomass, loblolly pine. A coarse size reduction step carried
out on the harvest site reduces the biomass to chips of approximately 2.5cm in dimension
before they are transported to the biofuel production facility. This study assumed the
transportation of the chips to the facility includes road and rail transport. These operations
before the delivery of the chips to the facility constitute the biomass logistic step in this

study.

A schematic diagram of the biomass conversion at the biorefinery is shown in Figure 1,
process conditions for the numbered streams are shown in Table DI in section A of
Appendix D. The received loblolly pine chips with an assumed moisture content of about
25% will be reduced to about 8% using an indirect contact rotary steam dryer. The dried
biomass is then processed through an auger bed torrefaction unit for about 40 minutes for
the two-step production pathway, producing non-condensable gases (NCQ), torrefaction
condensed liquid and bio-coal (torrefied biomass). Following the torrefaction step, the bio-
coal is processed through hammer mills for further size reduction to about 2mm or smaller.
For the one-step biofuel production pathway, the dried biomass exiting the dryer at 8%

moisture content is processed through the hammer mills for the size reduction to about
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2mm biomass size. Torrefied biomass from the size reduction step is processed through a
circulating fluidized bed pyrolyzer producing NCG, char and pyrolysis bio-oil. The
catalytic upgrade of the produced bio-oil to hydrocarbon fuel is achieved in two steps:
stabilization of bio-oil and hydrotreatment to biofuels using compressed hydrogen. The
high-pressure hydrogen required for the upgrade step is supplied in excess of the required
hydrogen. As a result, the hydrogen required will be produced by steam reforming of the
low molecular hydrocarbons produced from the upgrade of the bio-oil supplemented with
natural gas supplied to the facility. Pressure swing adsorption (PSA) with an assumed
recovery of about 85% will be used to produce a high purity hydrogen stream and an off-
gas stream. The off-gas will contain mainly COz (about 73 wt. %), with unreacted CHa
(about 12 wt. %), CO (about 8.5 wt. %), Hz (about 2.5 wt. %) and traces of other low
molecular hydrocarbons. All units operations shown in Figure 5.1 for the two-step biofuel
production pathway, are also present in the one-step pathway except the torrefaction step.
A more detailed description of the process units can be found in the companion article part
1.6 The processes analyzed are based on design cases modeled in Aspen Plus using yield

data from the literature.'6-1°
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Figure 5.1. Schematic diagram for scenario 1 of a two-step hydrocarbon biofuel production pathway.

The life cycle assessment for the biofuel production pathway was carried out by
investigating three scenarios. Each scenario has two objectives as shown in Table 5.1. The
objectives of scenario 1 were met by using fossil energy inputs (natural gas) to provide
the process heat required for the production pathway while the bio-oil yield was
maximized by blending the torrefaction condensed liquid with the pyrolysis bio-oil.
Process heat requirements were first satisfied by combusting the NCG from the
torrefaction step and off-gas from the hydrogen production. Unmet heat requirements
were then satisfied with natural gas. The blended bio-oil was then upgraded to the desired
hydrocarbon biofuel. The co-product char produced from the pyrolysis step is carbon-rich
and has a high-energy content. For this scenario, the char was exported to co-fire in coal

power plants to improve environmental impacts for coal power plants?**! The NCG from
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the pyrolysis step has low heating value due to its dilution by nitrogen which served as
the fluidizing agent. Thus, the NCG from pyrolysis was recirculated to the pyrolyzer rather

than being combusted.

Table 5.1. Design objectives for different scenarios

Scenarios Objective 1 Objective 2 Description

Scenario | Fossil energy inputs | Maximizing bio-oil | NCG and off-gas +NG,

1 yield export biochar.

Blend pyrolysis oil with
torrefaction condensed liquid
Scenario Minimize fossil Maximizing bio-oil | NCG and off-gas +NG,

2 energy inputs yield export biochar.

Blend pyrolysis oil with
torrefaction condensed liquid

Scenario Renewable energy | Maximizing bio-oil | NCG and off-gas +
3 inputs quality torrefaction condensed liquid
+biochar.

NCG: non-condensable gas, NG: natural gas

Objective 1 of scenario 2 to minimize fossil energy inputs, was achieved by internally
combusting the char produced from pyrolysis to meet some of the process heat required.
For this scenario, the NCG from torrefaction, off-gas from hydrogen production and char
from pyrolysis were first combusted to supply the process heat. Natural gas was then
combusted to satisfy unmet process heat requirement. The second objective of maximizing
bio-oil yield similarly to scenario 1 was achieved by blending the torrefaction condensed
liquid with the pyrolysis bio-oil and then upgraded to hydrocarbon biofuel. The schematic

diagram for this scenario is shown as Figure D1 in section A of Appendix D.

The objectives of scenario 3 of renewable energy inputs and maximizing bio-oil quality

were met by internally combusting the torrefaction condensed liquid so that the use of fossil
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energy inputs is totally offset. For this scenario, to entirely offset fossil energy inputs the
order for the combustion of renewable energy sources for process heat was NCG from
torrefaction, off-gas from hydrogen production, torrefaction condensed liquid and then
char from pyrolysis. Depending on the process heat requirements, when only a portion of
the torrefaction condensed liquid is required to be combusted to fully meet objective 1 of
scenario 3, unused torrefaction condensed liquid will be blended with the pyrolysis bio-oil.
Because the torrefaction condensed liquid was either not blended or partially blended with
the pyrolysis bio-oil, objective 2 of maximizing bio-oil quality was met. The bio-oil from
this scenario was then upgraded to hydrocarbon biofuel. Unused char from this scenario
was also exported to co-fire in coal power plants. The schematic diagram for this scenario

is shown as Figure D2 in section A of Appendix D.

Heat Integration

The significance of having an energy optimized process was investigated by carrying out
heat integration on the biofuel production pathways described. Heat integration software
Super Target® was used in performing this optimization. Stream temperatures and heat
exchanger duties modeled in Aspen Plus® were input into the heat integration software to

identify matches as explained in the companion article part 1.°

LCA framework, system definition, and modeling assumptions

This study evaluates the ‘cradle-to-grave’ impact of hydrocarbon fuel production via fast
pyrolysis followed by an upgrade of the intermediate bio-oil to hydrocarbon biofuel.

SimaPro® version 8.0 is the LCA software used in this study. SimaPro® provides
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accessible databases of environmental inventory data including ecoprofiles specific to the

U.S.

Goal of the LCA study

The goal of this LCA study is to compare the greenhouse gas (GHG) emissions of
hydrocarbon biofuel production and use from the fast pyrolysis of loblolly pine via two
pathways, a one-step pathway and a two-step pathway using results obtained from process
simulation of the pathways. The carbon footprint for the pathways were calculated by
converting GHG emissions from the use of material and energy for the hydrocarbon biofuel
production to CO:2 equivalents. The impacts from these pathways will also be compared

with gasoline fuel produced from petroleum.

System boundary

The system boundary shows the sequence of unit processes in the pathway that is included
in the assessment as shown in Figure 5.2. The hydrocarbon biofuel production chain is
broken into two sections, biomass supply logistics, and biomass conversion. The biomass
supply logistics includes the collection of biomass, coarse chipping of biomass in the forest,
loading/unloading and transport of the biomass chips to the biofuel production site. This
study assumes the biomass being converted is wood waste and logging residues. Thus CO2
emissions due to direct and indirect land use changes are not considered in our assessment
because we assume that sustainable practices will be adopted by leaving a portion of the
logging residue in the forest to sustain soil C stocks. Emission factors for biomass logistics
were based on values from the Greenhouse Gases, Regulated Emissions, and Energy Use

in Transportation (GREET) model.?> Depending on the scenario being examined, the
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outputs from the system boundary varies as shown in Table 5.2. Inputs into the system are
similar in almost all scenarios except for scenario 3, where there is no input of natural gas
for process heat. As earlier explained, for this scenario process heat was totally supplied
internally by the combustion of renewable energy sources. Steam generated from the highly
exothermic hydrotreatment reaction, an output for the pathways without heat integration,

was utilized internally in the heat integrated processes.

Inputs ]_ _____________________ .

! . . | Outputs
| I Biomass supply logistics
i |
| .. . .
Natural | Wood waste Chipping Truck Loading Rail
g'g')l : collection operation Transport operations ] Transport |_> Steam
E : Moisture
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[
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Figure 5.2. Cradle to grave system boundary for scenario 2 of a two-step hydrocarbon biofuel
production.
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Table 5.2. Inputs and outputs from each scenario of the hydrocarbon biofuel production pathway.

Inputs Outputs
Scenario | Scenario Scenario 3
1 2

Loblolly pine Biofuel Biofuel Biofuel
Natural gas (for hydrogen Char Steam' Steam’
production) Steam’ | Off gas'™ Char
Cooling water Off gas'™ Off gas'™
Process water (for hydrogen Torr. condensed liquid'™
production)
*Natural gas (for process heat)

* Applies to scenarios 1 & 2 only.

1 Applies only to the scenarios without heat integration

11 Applies only to the heat integrated processes

Functional Unit

The functional unit provides the reference to which all results in the assessment are based.?

For this comparative environmental assessment of one and two-step biofuel production

pathways as well as the fossil gasoline pathway, the functional unit was set to 1 MJ of

energy content of the biofuel produced and combusted.

Allocation methods

The pathways investigated in this study are multi-output pathways. For the base case

without heat integration, co-products such as biochar and steam were produced and

exported in addition to the main product (hydrocarbon biofuel) when applicable as shown
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in Table 5.2. For such multi-output processes, allocation is carried out so that the
environmental loadings are allocated to each product. This study looked at allocation using
two approaches, a system expansion approach and an energy allocation approach. For the
base case scenarios without heat integration, using the system expansion approach, biochar
was assumed to displace coal to co-fire power plants while steam generated from cooling
the highly exothermic hydrotreatment reaction is not utilized internally but exported to get
credits for displacing the production of steam using natural gas. Torrefaction condensed
liquid will be assumed to displace heavy fuel oil. Inventories of GHG emissions for the
displaced product including their combustion emissions were obtained from ecoprofiles in

the ecoinvent™ database in SimaPro®.

For energy allocation, energy allocation factors were calculated using equation (1) and

were used to partition the environmental loading of the produced hydrocarbon biofuel.

Allocation factor

_ Mmain productLHVmain product (1)

Mmain productLHVmain product + Z mco—productlLHVco—product

In equation (1) LHVmain product = lower heating value of the main product under study,

LHVco-product = lower heating value of co-product and m = mass flowrates of the streams.

Due to the hydrocarbon biofuel and co-products existing at different stages of the
production pathway, two or in some cases three allocation factors were calculated. This
study applied the energy allocation approach to the heat integrated processes only. With
heat integration, some co-products that were internally combusted to provide process heat

in the base case scenarios were either partially combusted or not utilized internally at all.
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As a result, potential co-products from the hydrocarbon biofuel production pathway
includes torrefaction condensed liquid that is obtained from the torrefaction stage shown
in Figure 2, from the condensation of torrefaction vapors for scenario 3, biochar produced
from the fast pyrolysis stage, and unused off-gas produced from the hydrogen production
stage (part of upgrading). Though the hydrocarbon biofuel exited the production pathway
at the upgrade stage while unused off-gas exited from the hydrogen production stage, these
stages were treated as an integrated stage as shown in Figure D3 in section F of Appendix
D. The environmental burden from this integrated stage simply termed the hydrotreatment
stage in this study will be allocated to both the hydrocarbon biofuel and the unused off-

gas.

For the torrefaction, fast pyrolysis and the hydrotreatment stages, where the co-products
exit the hydrocarbon biofuel production pathway, stage-specific allocation factors were

calculated using equations (2) — (4).

Allocation faCtortorrefaction

mbio—coalLHVbio—coal

= - : (2)
mbio—coalLHVbio—coal + Meorr. oilLHVtorr.oil
Allocation factotyase pyrotysis
mbio—oilLHVbio—oil
= 3)

mbio—oilLHVbio—oil + mcharLHVchar
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Allocation factorhyarotreatment

_ mbiofuelLHVbiofuel (4)
mbiofuelLHVbiofuel + m'off—gasLHVoff—gas

LHVbiofuel is the LHV of hydrocarbon biofuel and is assumed to be the same as that of
conventional gasoline; 43.45 MJ/kg, LHVchar is the LHV of char produced estimated from
its ultimate analysis as 29.98 MIJ/kg using correlations as shown in section B of
AppendixD. LHVior. bio-oil 1s the LHV of the torrefaction condensed liquid, and was
estimated using the weight fractions and the LHV of the representative compounds in the
torrefaction condensed liquid as shown in section B of Appendix D. LHVbio-coal is the LHV
of the torrefied biomass/bio-coal, and was estimated from its ultimate analysis as outlined
for char and LHVofrgas is the LHV of the off-gas which was estimated from the weight

fractions and LHV of the low molecular hydrocarbon compounds in the off-gas.

An overall allocation factor, AF1 which was calculated as the product of all three stage-
specific allocation factor as shown in Equation 5, was applied to all input and output

streams up to and including the torrefaction step in Figure 5.2.

AF1 = Allocation factoriy,r XAllocation factor,yyriysis XAllocation factornyarotreatment
(5)

AF2, which is the product of the fast pyrolysis allocation factor and the hydrotreatment
allocation factor, was applied to the input and output streams for the size reduction and fast
pyrolysis stages. The overall allocation factor AF3, which is the calculated allocation factor

calculated for the hydrotreatment stage, was applied to the upgrade and hydrogen
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production streams. A sample calculation for the allocation factors can be found in section

F of Appendix D.

Life Cycle Inventory

The life cycle inventory includes all material and energy inputs to each stage in the life
cycle as well as the cradle-to-gate inventory of greenhouse gas emissions and energy
demand for those inputs. ?* The processes inventoried for the LCA in this study are
described here. A more detailed description of the processes involved in the conversion

step can be found in the companion article Part 1.°

Biomass supply logistics

Wood collection

The collection of loblolly pine was modeled in this study as the collection of wood residues.
Direct and indirect land use change emissions were not considered in this study. Emissions
due to wood residue collection were obtained from the 2014 GREET model spreadsheet
based on 1 dry metric ton of biomass. See section B of the Appendix D for the details on

fuels use and emission factors of this step.

Coarse chipping of wood

Coarse size reduction of the biomass to chips was assumed to be done on the harvest site
for easy transport of biomass to the biofuel facility. It was assumed that 0.5 kg of diesel
was combusted per dry ton of biomass chipped based on the study by Maleche et al.* The
inventory of greenhouse gas emissions was obtained from the GREET model for the
production and combustion of diesel for the chipping step. See section B of the Appendix
D for the details on fuels use and emission factors of this step.
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Transport of wood chips to biofuel facility

This study looked at a ‘worst-case scenario’ scenario for the transportation of the wood
chips to the biofuel facility. A 90-mile truck transport and a 490-mile rail transport was
assumed based on the default distance from the GREET model. Emissions for the
transportation step were obtained from the GREET model per dry ton of wood residue
transported. When diesel was utilized such as in the transport by rail, emissions for both
production and combustion of diesel were included. See section B of Appendix D for the

details on fuels use and emission factors of this step.

Loading operations

Due to our assumption of truck and rail transport, three loading operations was modeled to
take place for the forest-to-facility logistics. The loading operations include forest-to-truck,
truck-to-train and finally rail to the facility. Handler et al. determined that 0.5 kg diesel/dry
short ton of forest woody would be required for each loading step.?® Emissions relating to
the production and combustion of diesel were also factored into this step and were also
obtained from the GREET model using diesel upstream and combustion emission factors.

See section B of Appendix D for the details on fuels use and emission factors of this step.

Biomass conversion

Drying of biomass

Biomass received at the conversion facility is assumed to have a 25% moisture content. It
is typically desired to reduce the moisture content to about 10% for the smooth operations
of the hammer mills required for further size reduction step prior to fast pyrolysis.

Bridgwater et al. also established that for optimal fast pyrolysis, the moisture content of
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the biomass should be between 7 -10%.% This study assumed the drying operation reduced
the moisture content of the biomass to 8%. The emissions from the drying step is based on
the process heat required to generate the steam used in effecting the drying as explained in
companion article part 1.° The drying step was modeled in Aspen Plus, and the estimated
heat duty from the simulation was used to quantify the amount of either natural gas or
renewable fuels required to generate the required steam. Previous studies have established
the energy required for reducing the moisture content in biomass to range from about 2.9

to 4.0 MJ/kg of water removed.?3!

Size reduction of loblolly pine chips

Further reduction in the size of the pine chips to a size of about 2mm is required to ensure
that the biomass is processed in the pyrolyzer. The size reduction step for the dried loblolly
pine and torrefied pine (bio-coal) were modeled in Aspen Plus using correlations
established in the literature. 3> The correlation established the grinding energy required as
a function of torrefaction temperature. The size reduction was assumed to be carried out
using hammer mills as described in companion article part 1.° The emissions from the size
reduction step was quantified based on the estimated energy required to reduce the loblolly
pine chips. A double pass through the hammer mill was assumed in this study. The hammer
mill is assumed to be driven by electricity delivered to the plant using US grid electricity

mix.
Torrefaction of biomass

For the two-step hydrocarbon fuel production pathway, the torrefaction step comes before

the size reduction step. The effect of torrefaction on the fast pyrolysis of loblolly pine was
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investigated by Westerhof et al. at torrefaction temperatures of 290, 310 and 330°C.'® The
torrefaction step was modeled in Aspen Plus using a yield reactor based on literature data
as described in part A of this study.!®!®!” Yields of non-condensable gases, condensed
liquid and torrefied solid at different torrefaction temperatures and the yield distribution of
the oil and gas for torrefaction are shown as Tables D7 and DS in section C of Appendix
D. Change in the structure of torrefied solid i.e. the ultimate and proximate analysis after
torrefaction at the different temperatures based on literature data are shown in Tables D9
and D10, respectively, in section C of Appendix D.!"” The emissions from this step are
based on the estimated process heat required to effect the torrefaction at the different
torrefaction temperatures investigated. In addition to the process heat supplied by either
natural gas or renewable energy, emissions related to the amount of cooling water required

to condense the torrefaction condensed liquid was also inventoried.

Fast Pyrolysis

Fast pyrolysis of the raw pine/torrefied pine, which took place at a temperature of 530°C
was modeled using a yield reactor in Aspen Plus based on literature data.!®!®!? Yield data
and yield distribution of the representative compounds in the bio-oil used in the model are
as shown in Tables D11 and D12, respectively, in section C of Appendix D. A detailed
description of the modeling of this step can be found in companion article part 1.° The
emissions from this step are based on the amount of energy inputs (natural gas or renewable
energy) required to satisfy the estimated process heat requirements to carry out fast
pyrolysis. Cooling water required for quick quench of pyrolysis vapors is also inventoried

for this step.
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Upgrade of bio-oil

This study assumed whole bio-oil upgrade through catalytic hydrotreatment to remove the
oxygen contained in the bio-oil as water by phase separation.’* The upgrade of bio-oil to
hydrocarbon fuel was achieved by a two-step upgrade step; a stabilization step followed
by a hydrotreatment step. The upgrade steps were modeled in Aspen Plus using operating
conditions from the literature.!” The conversion of representative compounds in bio-oil to
hydrocarbon fuel by reacting with hydrogen were modeled using reaction pathways
suggested in literature. The reaction pathways for the upgrade step are discussed in detail
in companion article part 1.°The reaction pathways of the representative compounds are
shown in section D of Appendix D, and the yield factors for modeling the hydrotreaters are
shown as Tables D15 to D21 in Appendix D. The hydrotreatment is highly exothermic.?®
The emissions inventories for this step includes the process heat requirements by heat

exchangers in this step and cooling water used in taking heat away from the hydrotreater.

Hydrogen production

The hydrogen required for the upgrade of bio-oil to biofuel was produced in the facility by
steam methane reforming. The low molecular hydrocarbons such as ethane and propane
generated during the upgrade of some of the representative compounds in bio-oil were first
pre-reformed to methane followed by the steam reforming of methane to produce
hydrogen. The pre-reforming, reforming and water-gas shift reactors were modeled as
equilibrium reactors in Aspen Plus using operating conditions from literature.!” Natural gas
was used to complement the off-gas from hydrotreatment to provide the amount of excess
hydrogen required for the upgrade step. Pressure swing adsorption (PSA) operating at 85%

Ha recovery was used to separate the hydrogen from the unreacted methane as well as CO
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and COz produced during the pre-reforming and reforming steps. The off gas from the PSA
was combusted to provide some of the process heat required. The emissions inventoried
for this step includes the natural gas required to complement the off gas from
hydrotreatment, energy inputs (natural gas or renewable energy) combusted to provide
process heat for the highly endothermic pre-reforming and reforming reactions, cooling
water required for the water-gas shift reaction, process water required to generate steam
for the reactions, and CO:2 produced from the combustion of off-gas produced from the
natural gas input. The life cycle inventory of the catalyst utilized for the catalytic upgrade
was not accounted for in this study because previous studies have shown that the life cycle
inventory of the catalyst has negligible effect on the overall life cycle emission of the

pathway. 173435

Combustion of char, torrefaction condensed liquid, and off-gas

Scenarios 2 and 3 either partially or entirely offset fossil energy inputs by internally
combusting renewable energy sources to provide the process heat. These were achieved
either through the combustion of char, or the combustion of torrefaction condensed liquid
or in some cases combustion of both to fully offset natural gas. Combustion of off-gas from
hydrogen production also took place to provide process heat. This study estimated energy
from char based on its lower heating value (LHV) using an established correlation as shown
in section B of Appendix D. The structure of the char based on its ultimate and proximate
analysis shown in Table D14 of Appendix D. Energy from the combustion of torrefaction
condensed liquid was estimated based on the LHVs of the representative compounds found
in the oil and their mass fraction in the oil. LHVs of the representative compounds were

obtained from the literature or estimated as shown in section B of Appendix D.*¢37 A
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sample calculation is also shown in section E of Appendix D. Energy from the combustion
of off-gas was estimated using the LHVs of the combustible compounds in the off gas such
as CO, Hz and CHa4, and their mass fraction in the off gas. An efficiency of 80% was
assumed for all combustion steps including when natural gas is utilized to supply process
heat. Emissions from the combustion step for char and torrefaction condensed liquid were
not included in our COz accounting as they are biogenic. Only fossil carbon was included
in the GHG emissions inventory. Description and sample calculation for the method used
in evaluating the fossil carbon from the combustion of off-gas can be found in section G

of Appendix D.

An inventory table for the conversion step for scenario 1 of a one-step hydrocarbon biofuel
production pathway without heat integration is shown in Table 5.3. Inventory tables for
other scenarios without heat integration are shown as Tables D26 to D35 in section G of

Appendix D.

Table 5.3. Inputs including ecoprofile names, for scenario 1 of a one-step hydrocarbon biofuel
production from pine wood chips without heat integration.

Products

Hydrocarbon biofuel 1 MJ
Char (displaces coal) 0.009 | kg
Fossil COz (from combustion of off-gas) 0.019 | kg
Steam (displaces natural gas generated steam) 0.043 | kg
Material Inputs

Pine (8 % moisture content) 0.098 | kg
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Process water, ion exchange, production mix, at plant, from surface 0.037 | kg
water RER S? (to generate steam for hydrogen production)

Natural gas, from high pressure network (1-5 bar), at service 0.007 | kg
station/US* US-EI U? (for hydrogen production)

Water, completely softened, at plant® (cooling water, pyrolysis stage) 4.88 kg
Water, completely softened, at plant® (cooling water, hydrotreatment 5.56 kg
stage)

Water, completely softened, at plant® (cooling water, hydrogen 4.73 kg
production stage)

Process Inputs or Displaced products (negative values)

Electricity, medium voltage US? (size reduction) 0.039 | kWh
Electricity, medium voltage US? (hydrotreatment) 0.004 | kWh
Electricity, medium voltage US? (hydrogen production) 0.011 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW? 0.093 | MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW? 0.234 | MJ
(pyrolysis)

Natural gas, burned in industrial furnace low-NOx> 100kW? 0.056 | MJ
(hydrotreatment)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.400 | MJ
(hydrogen production)

Bituminous coal, combusted in industrial boiler NREL/US? -0.008 | kg
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Steam, for chemical processes, at plant/US-US-EI U* -0.043 | kg

a — These are names of ecoinvent profiles in SimaPro

Sensitivity Analysis

Using results from scenario 3 of the heat integrated two-step production pathway at
torrefaction temperature of 290°C, significant LCA inputs were identified as parameters
that can be varied for the sensitivity analysis. This study looked at the effects of +/- 15%
changes in selected parameters on LCA results. A 15% variation is an appropriate
uncertainty metric for a preliminary LCA that is based on laboratory experiments and

process simulation rather than commercial process data.

5.4. Results

Hydrocarbon biofuel produced from the pathways in this study contained a significant
amount of C6 (50%) and C7 (28%) range compounds which makes the modeled
hydrocarbon biofuel suitable to be blended with gasoline. Also, the LHV of the modeled
hydrocarbon biofuel ranged from 43.18 to 43.51 MJ/kg which is comparable to the LHV
of gasoline of about 43.45 MJ/kg. As a result, the life cycle GHG emissions from the
hydrocarbon biofuel was compared to that of gasoline. Typical composition of
hydrocarbon biofuel modeled in this study is shown in Table D22 in section D of Appendix

D.

Without Heat Integration

The GWP results for the hydrocarbon biofuel production pathways for the one-step and

two-step scenarios are shown in Figure 5.3 for system expansion allocation without heat
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integration. Net GHG emissions for the one-step scenarios are approximately equal to fossil
gasoline, but decrease in comparison for two-step scenarios as torrefaction temperature
increases. Among the two-step scenarios, scenario 3 exhibits the lowest emissions. In
general, emissions from the hydrogen production step and size reduction steps were the
major contributors to the net GWP for the one-step production pathway, while hydrogen
production and char credits dominated the emissions for the two-step pathways. The GWP
for the two-step pathway, at all torrefaction temperatures is lower than that of the one-step
pathway mainly due to the significant reduction in emissions from size reduction and an

increase in char credits.
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Figure 5.3. GWP of hydrocarbon fuel production pathway without heat integration (system
expansion). Torrefaction temperature is shown for the two-step production pathways
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A significant decrease in the net GWP was also observed as torrefaction temperature
increased. This trend is due to the increase in the co-product char with increase in
torrefaction temperature. Like other studies, the data used in our simulation shows that the
fast pyrolysis of torrefied biomass favors production of biochar.>*® A carbon conversion
efficiency analysis of the biofuel conversion pathway shows an increase in the carbon
conversion from biomass to biochar with increasing torrefaction temperature as shown in
Table D23 in section D of Appendix D. About 63% reduction in GWP was observed for
scenario 1 of a two-step production pathway with torrefaction taking place at 330 compared
to scenario 1 of a one-step production pathway. Scenario 1 with char displacing coal to co-
fire power plants achieved a more favorable result compared to scenario 2 where the char
was internally combusted for process heat. This is because the credits from displacing the
whole life cycle of a highly impactful energy source (coal) in scenario 1 outweigh the offset
of comparative clean energy source (natural gas) for process heat in scenario 2. In addition,
for each torrefaction temperature, the lowest emissions were observed for scenario 3 which
has the objectives of using renewable energy for process heat and maximizing bio-oil
quality, with export of maximum char In our previous study where we considered bio-oil
as the final product for these one and two-step pathways, similar trends of significant
reduction in potential GHG emission but lower net GHG values were observed (about 36.3
gC0O2eq/M1J of bio-oil for the one-step pathway).!? In comparison with gasoline, percent
reduction ranged from about 8% for scenario 2 of the two-step at torrefaction temperature

0f 290°C to about 176% for scenario 3 at torrefaction temperature of 330°C.
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With Heat Integration

With heat integration, a significant reduction in the net GWP can be achieved as shown in
Figure 5.4. The hydrogen production stage and the credits from char are still the more
dominant contributors to the overall net GWP for the heat integrated pathways. Though the
process heat requirements were the same, by matching hot and cold streams through heat
integration, fossil energy inputs for process heat were significantly reduced. Other

operations such as size reduction were unchanged with heat integration.

For the heat integration case compared to without heat integration, reduction in potential
GHG emission of about 56% for the one-step pathway to about 217% for the two-step
pathway with torrefaction taking place at 330°C can be achieved in comparison to scenario
1 of the one-step pathway. In general, the highest reduction percentage was observed
between scenario 1 of the one-step pathway without heat integration and scenario 3 of the

two-step pathway with heat integration.
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Figure 5.4. GWP comparison for base case and heat integrated hydrocarbon fuel production
pathways (System expansion). Torrefaction temperatures are shown for the two-step pathways. HI
denotes heat integrated process.

With increasing torrefaction temperature, there was an increase in credits from char and
torrefaction condensed liquid displacing coal and heavy fuel oil respectively. In
comparison with fossil gasoline, with heat integration percent reduction in GHG emissions
ranged from about 56% for the heat integrated one-step production pathway to about 265%

for the heat integrated two-step pathway at torrefaction temperature of 330°C.

Energy Allocation Cases

As shown in Figures 5.3 and 5.4, using system expansion, a large reduction in GHG
emissions can be achieved as torrefaction temperature increased because of the significant

amount of co-products. These co-products mitigate the release of large amount of GHGs
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that could be released by the fuels replaced (coal, natural gas, and heavy residual fuel).
With energy allocation, the input and output flows are partitioned between the main
product, hydrocarbon biofuel, and the co-products (char, torrefaction condensed liquid, and
off-gas). Calculated allocation factors are shown in Table 5.4 where subscripts 1, 2, and 3
refer to the torrefaction, fast pyrolysis and hydrotreatment stages respectively as described

in the methods section.

Table 5.4. Estimated allocation factors for the heat-integrated biofuel production pathways.

One Step Two Step
290°C 310°C 330°C
Scl Sc3 Sc 1 Sc3 Sc 1 Sc3
AF, 0.53 0.37 0.28
AF2 0.67 0.68 0.57 0.57 0.44 0.53 0.35
AF3 0.85 0.87 0.77 0.81 0.75 0.83 0.72

Figure 5.5 shows the result of the GWP with the energy allocation approach for the heat
integrated processes. As shown in the figure, modest reductions were achieved in
comparison with the system allocation approach for the one-step pathway with heat
integration. Similarly, to the system expansion approach, lower net GWP was achieved for
the two-step production pathway compared with the one step. The hydrogen production
and size reduction stages dominated the emissions for the one-step pathway while the main
contributor for the two-step pathway is the hydrogen production stage. Relative to scenario

1 of the one-step biofuel production pathway, reduction in GHG emissions by 4%, 35%,

164



and 38% was achieved for scenario 1 of the two-step production pathways at torrefaction

temperatures of 290, 310 and 330°C respectively.
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Figure 5.5. GWP for heat integrated hydrocarbon fuel production pathways (Energy allocation).
Torrefaction temperatures are shown for the two-step pathways.

Sensitivity analyses are shown in Figures 5.6 and 5.7 respectively for scenario 1 of the heat
integrated one-step biofuel production pathway and scenario 3 of the heat integrated two-
step biofuel production pathway at 290°C torrefaction respectively. For the heat-integrated
one-step pathway, the potential GWP was most sensitive to changes in the yield of
hydrocarbon biofuel of all the variables investigated for a +/- 15% change (Figure 5.6). An
increase in the yield resulted in lower GHG emissions in comparison with the base case. It

should be noted that though changes in the yield of the hydrocarbon biofuel will have a
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domino effect on other variables such as process heat requirements, the amount of char
produced, etc. these potential changes were not considered for the hydrocarbon biofuel
sensitivity in this study. The energy required for grinding of biomass supplied from the
electricity grid mix was also observed to be very sensitive to a +/- 15% change. The LHV
of char also showed significant sensitivity to a +/- 15 % change with higher values being
favorable since it implies more coal being displaced. Since no torrefaction step was
involved in the one-step pathway, changes in the estimated LHV of torrefaction condensed
liquid has no effect on potential GWP from the one-step hydrocarbon biofuel production

pathway.
(Favorable; Base case; Unfavorable)

LHYV of torrefaction condensed liquid
(not applicable)
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(147215 42w I
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Figure 5.6. Sensitivity analysis for heat integrated one-step hydrocarbon biofuel production
pathway. (System expansion)
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For the sensitivity of the two-step shown in Figure 5.7, the GWP was most sensitive to
changes in the LHV of the torrefaction condensed liquid of all the variables investigated.
The sensitivity of the GWP to the changes in the LHV of char is comparable to the
sensitivity observed for changes in the LHV of the torrefaction condensed liquid. The
sensitivity of the GWP to the LHV of off-gas is more modest in comparison to that
observed for the LHVs of the torrefaction condensed liquid and char. Though the flowrate
of the off-gas co-product exceeds that of the char co-product, the significant sensitivity of
the GWP to the LHV of char is because char displaces the more impactful coal energy
source while the off gas displaced natural gas. Unlike the heat-integrated one-step where
an increase in the hydrocarbon biofuel yield resulted in lower GHG emissions, for scenario
3 of the heat-integrated two-step pathway with 290°C torrefaction, increase in biofuel yield
resulted in higher GHG emissions compared to the base case. As earlier pointed out, the
change in biofuel yield was investigated without considering its effect on other variables.
As a result, the increase in biofuel yield reduced the time required in producing 1MJ of the
biofuel; this resulted in the reduction of potential credits from the export of biochar and
torrefaction condensed liquid. The GWP was least sensitive to the estimated grinding
energy for the two-step pathway. This may be because, with torrefaction, there is a

significant reduction in the grinding energy required.
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Figure 5.7. Sensitivity analysis for scenario 3 of heat integrated two-step pathway at torrefaction
temperature of 290°C. (System expansion)

In conclusion, this study demonstrated the potential to reduce greenhouse gas emissions
through a two-step hydrocarbon biofuel production pathway in comparison to a one-step
pathway mainly due to the significant reduction in the energy required for size reduction
prior to fast pyrolysis. Potential greenhouse gas emissions were reduced with increasing
torrefaction temperature, however, more significant reductions can be achieved with the
heat integrated processes. The trade of char to co-fire coal plants resulted in lower
emissions relative to internally combusting char for process heat due to the avoidance of

high impactful coal.

From our economic and environmental assessments, a two-step pathway at low torrefaction
temperature of about 290°C which achieves almost the same minimum selling price and
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significant GHG emission reduction relative to the one-step, will be the suggested pathway

to produce hydrocarbon biofuel via fast pyrolysis of biomass.
5.5. Acknowledgements.

Financial support was provided by a National Science Foundation MPS/CHE - ENG/ECCS
— 1230803 Sustainable Energy Pathways (SEP) grant and the Richard and Bonnie Robbins

Endowment at Michigan Technological University.

Supporting Information

Detailed description of the emission inventory for biomass logistics, size reduction and
combustion steps. Also contains the yield factors and representative compounds for
modeling the reactors, proposed reaction pathways for the upgrade of bio-oil and carbon

efficiency analysis.

169



5.6. References

(1)

2)

©)

(4)

)

(6)

(7

®)

Perlack, R. D.; Wright, L. L.; Turhollow, A. F.; Graham, R. L.; Stokes, B. J.;
Erbach, D. C. Biomass as feedstock for a bioenergy and bioproducts industry: the
technical feasibility of a billion-ton annual supply; Report No. 2005.

Graham, R.; Bergougnou, M.; Overend, R. Fast pyrolysis of biomass. Journal of
analytical and applied pyrolysis 1984, 6 (2), 95-135.

Regalbuto, J. R. Cellulosic biofuels—got gasoline? Science 2009, 325 (5942), 822-
824.

Neupane, S.; Adhikari, S.; Wang, Z.; Ragauskas, A.; Pu, Y. Effect of torrefaction
on biomass structure and hydrocarbon production from fast pyrolysis. Green
Chemistry 2015, 17 (4), 2406-2417.

Boateng, A.; Mullen, C. Fast pyrolysis of biomass thermally pretreated by
torrefaction. Journal of Analytical and Applied Pyrolysis 2013, 100, 95-102.
Winjobi O., S. D. R., and Zhou W. Production of Hydrocarbon Fuel using Two-
Step Torrefaction and Fast Pyrolysis of Pine. Part 1: Techno-economic Analysis.
ACS Sustainable Chemistry & Engineering In Review.

Van Dam, J.; Junginger, M.; Faaij, A.; Jiirgens, 1.; Best, G.; Fritsche, U. Overview
of recent developments in sustainable biomass certification. Biomass and
Bioenergy 2008, 32 (8), 749-780.

Escobar, J. C.; Lora, E. S.; Venturini, O. J.; Yafez, E. E.; Castillo, E. F.; Almazan,
O. Biofuels: environment, technology and food security. Renewable and
sustainable energy reviews 2009, 13 (6), 1275-1287.

170



)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

Standardization, 1. O. f. Environmental Management: Life Cycle Assessment:
Principles and Framework, ed.; ISO, 1997.

ISO, 1. 14044: environmental management—Ilife cycle assessment—requirements
and guidelines. International Organization for Standardization 2006.

Steele, P.; Puettmann, M. E.; Kanthi Penmetsa, V.; Cooper, J. E. Life-cycle
assessment of pyrolysis bio-oil production. Forest Products Journal 2012, 62 (4),
326.

Winjobi, O.; Shonnard, D. R.; Bar-Ziv, E.; Zhou, W. Life cycle greenhouse gas
emissions of bio-oil from two-step torrefaction and fast pyrolysis of pine. Biofuels,
Bioproducts and Biorefining 2016, 10 (5), 576-588.

Iribarren, D.; Peters, J. F.; Dufour, J. Life cycle assessment of transportation fuels
from biomass pyrolysis. Fuel 2012, 97, 812-821.

Hsu, D. D. Life cycle assessment of gasoline and diesel produced via fast pyrolysis
and hydroprocessing. Biomass and bioenergy 2012, 45, 41-47.

Dang, Q.; Mba Wright, M.; Brown, R. C. Ultra-low carbon emissions from coal-
fired power plants through bio-oil co-firing and biochar sequestration.
Environmental science & technology 2015, 49 (24), 14688-14695.

Westerhof, R. J.; Brilman, D. W. F.; Garcia-Perez, M.; Wang, Z.; Oudenhoven, S.
R.; Kersten, S. R. Stepwise fast pyrolysis of pine wood. Energy & fuels 2012, 26
(12), 7263-7273.

Jones, S.; Meyer, P.; Snowden-Swan, L.; Padmaperuma, A.; Tan, E.; Dutta, A.;

Jacobson, J.; Cafferty, K. Process design and economics for the conversion of

171



(18)

(19)

(20)

21)

(22)

(23)

(24)

(25)

(26)

lignocellulosic biomass to hydrocarbon fuels: fast pyrolysis and hydrotreating bio-
oil pathway; Report No. 2013.

Zheng, A.; Zhao, Z.; Chang, S.; Huang, Z.; He, F.; Li, H. Effect of torrefaction
temperature on product distribution from two-staged pyrolysis of biomass. Energy
& Fuels 2012, 26 (5), 2968-2974.

Park, J.; Meng, J.; Lim, K. H.; Rojas, O. J.; Park, S. Transformation of
lignocellulosic biomass during torrefaction. Journal of Analytical and Applied
Pyrolysis 2013, 100, 199-206.

Huang, Y.-F.; Syu, F.-S.; Chiueh, P.-T.; Lo, S.-L. Life cycle assessment of biochar
cofiring with coal. Bioresource technology 2013, 131, 166-171.

Peters, J. F.; Iribarren, D.; Dufour, J. Biomass pyrolysis for biochar or energy
applications? A life cycle assessment. Environmental science & technology 20185,
49 (8), 5195-5202.

Wang, M. Q. GREET 1.5-transportation fuel-cycle model-Vol. 1: methodology,
development, use, and results; Report No. 1999.

Weidema, B.; Wenzel, H.; Petersen, C.; Hansen, K. The product, functional unit
and reference flows in LCA. Environmental News 2004, 70.

Owents, J. Life-cycle assessment: Constraints on moving from inventory to impact
assessment. Journal of industrial ecology 1997, 1 (1), 37-49.

Maleche, E. Life cycle assessment of biofuels produced by the new integrated
hydropyrolysis-hydroconversion (IH 2) process. 2012.

Handler, R. M.; Shonnard, D. R.; Lautala, P.; Abbas, D.; Srivastava, A.

Environmental impacts of roundwood supply chain options in Michigan: Life-cycle

172



(27)

(28)

(29)

(30)

(1)

(32)

(33)

assessment of harvest and transport stages. Journal of Cleaner Production 2014,
76, 64-73.

Bridgwater, A.; Toft, A.; Brammer, J. A techno-economic comparison of power
production by biomass fast pyrolysis with gasification and combustion. Renewable
and Sustainable Energy Reviews 2002, 6 (3), 181-246.

Wright, M. M.; Daugaard, D. E.; Satrio, J. A.; Brown, R. C. Techno-economic
analysis of biomass fast pyrolysis to transportation fuels. Fuel 2010, 89, S2-S10.
Koppejan, J.; Sokhansanj, S.; Melin, S.; Madrali, S. IEA bioenergy task, 2012; p 1-
54.

Adams, P.; Shirley, J.; McManus, M. Comparative cradle-to-gate life cycle
assessment of wood pellet production with torrefaction. Applied Energy 2015, 138,
367-380.

Fagernis, L.; Brammer, J.; Wilén, C.; Lauer, M.; Verhoeff, F. Drying of biomass
for second generation synfuel production. Biomass and Bioenergy 2010, 34 (9),
1267-1277.

Phanphanich, M.; Mani, S. Impact of torrefaction on the grindability and fuel
characteristics of forest biomass. Bioresource technology 2011, 102 (2), 1246-
1253.

Wildschut, J.; Arentz, J.; Rasrendra, C.; Venderbosch, R.; Heeres, H. Catalytic
hydrotreatment of fast pyrolysis oil: model studies on reaction pathways for the
carbohydrate fraction. Environmental progress & sustainable energy 2009, 28 (3),

450-460.

173



(34)

(35)

(36)

(37)

(38)

Snowden-Swan, L. J.; Spies, K. A.; Lee, G.; Zhu, Y. Life cycle greenhouse gas
emissions analysis of catalysts for hydrotreating of fast pyrolysis bio-oil. Biomass
and Bioenergy 2016, 86, 136-145.

Benavides, P. T.; Cronauer, D. C.; Adom, F.; Wang, Z.; Dunn, J. B. The influence
of catalysts on biofuel life cycle analysis (LCA). Sustainable Materials and
Technologies 2017, 11, 53-59.

Perry, R. H.; Green, D. W.; Maloney, J. O.; Abbott, M. M.; Ambler, C. M.; Amero,
R. C. Perry's chemical engineers' handbook, ed.; McGraw-hill New York, 1997.
Domalski, E. S. Selected Values of Heats of Combustion and Heats of Formation
of Organic Compounds Containing the Elements C, H, N, O, P, and S. Journal of
Physical and Chemical Reference Data 1972, 1 (2), 221-277.

Cen, K.; Chen, D.; Wang, J.; Cai, Y.; Wang, L. Effects of water washing and
torrefaction pretreatments on corn stalk pyrolysis: A combined study using TG-

FTIR and a fixed bed reactor. Energy & Fuels 2016.

174



Chapter 6. TEA and LCA of hydrocarbon biofuel production

via fast pyrolysis of poplar feedstock and catalytic upgrade

6.1. Introduction

Biomass-derived transportation biofuels have been promoted as a way to diversify energy
supply, utilize indigenous and renewable resources, reduce reliance on imported oil, and
mitigate the impact of energy on climate and the environment.[1] Plausible routes for the
conversion biomass to biofuels includes biochemical, thermochemical and photobiological
means. While there are no significant advantages of one conversion approach over the
other, an added benefit of the thermochemical conversion approach is the ability to produce
longer chain hydrocarbons suitable for aviation, marine or heavy road freight
applications.[2] Among various thermochemical conversion methods, fast pyrolysis has
been investigated widely and has been demonstrated as a feasible method to convert
different biomass feedstocks to liquid biofuel.[3-6] Fast pyrolysis decomposes biomass
feedstocks at atmospheric pressure, temperatures of about 450 to 600°C and a short
residence time in an inert environment to produce vapors, permanent gases, and char.
Condensation of the vapors produces the desired liquid, bio-oil. Bio-oil is a versatile
feedstock that can be used as a substitute for heating oil, upgraded to hydrocarbon biofuel

or utilized in the production of specialty chemicals.[7, 8]

Bio-oil directly obtained from fast pyrolysis cannot be used as a ‘drop-in’ transportation
hydrocarbon fuel because it is corrosive, highly oxygenated and has a high-water content.

Through catalytic upgrading, the bio-oil can be converted to a transportation hydrocarbon
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biofuel. Due to the similarity between the removal of oxygen from bio-oil in the upgrade
step and removal of sulfur in the refining of petroleum, it is believed that existing refining,
and logistics infrastructure can be utilized in the upgrade of bio-oil. This adds to the

attractiveness of hydrocarbon biofuel production through fast pyrolysis of biomass.

The high-energy intensity of the fast pyrolysis production pathway however adversely
impacts the economics of the pathway. The high-energy intensity relates to the energy
required in reducing the size of the biomass feedstock before the fast pyrolysis step and the
energy required in removing the moisture contained in the biomass. To reduce the energy
intensity of the biofuel production process, a torrefaction step before fast pyrolysis is being
investigated. Torrefaction, another thermochemical conversion process like fast pyrolysis,
takes place at atmospheric pressure, temperatures of about 250 to 330°C, and residence
times of 20 to 40 minutes in an inert environment to produce bio-coal (torrefied biomass),
vapors, and permanent gases. The solid bio-coal can then be further pyrolyzed to produce
bio-oil, char, and permanent gases. Torrefaction potentially improves the grindability of
the bio-coal thereby reducing the energy required for the size reduction step.[9-11] Aside
from the improved grindability, torrefaction can also potentially improve the bio-oil
quality.[12, 13] The partial degradation of biomass that takes place during torrefaction
primarily degrades the hemicellulose portion of the biomass resulting in a lower yield of

acidic components in the bio-oil produced from the fast pyrolysis of bio-coal.

With the potential benefits of improved grindability and bio-oil quality, the proposed
torrefaction-fast pyrolysis (two-step) configuration needs to demonstrate competitive

economics with the single fast pyrolysis (one-step) route and ultimately with conventional
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hydrocarbon transportation fuel on a commercial scale. Techno-economic assessment
(TEA) can be used in assessing the cost-competitiveness of competing and parallel
production pathways. Researchers have utilized TEA to determine the minimum selling
price (MSP) of biofuels to evaluate their economic viability. In the TEA studies, Wright et
al. evaluated MSP of $3.09 and $2.11/gal (2012 dollars) for hydrocarbon biofuel produced
from corn stover for hydrogen production and purchase scenarios respectively for a 2000
metric ton/day facility.[14] Jones et al. estimated MSP of $2.04/gal (2007 dollars) for a
2000 metric ton/day plant processing hybrid poplar for hydrocarbon biofuel production.|8]
In a more recent literature, Jones et al. estimated MSP of $3.39 gallon gasoline equivalent

(gge) for hydrocarbon biofuel for a 2000 metric ton/day facility.[15]

In addition to evaluating the cost competitiveness of biofuel pathways, it is also important
to investigate the environmental impacts of biofuels. One of the most useful procedures for
evaluating environmental impact is life cycle assessment (LCA).[16, 17] LCA is widely
used to determine the environmental impacts of a product or system as it comprehensively
assesses the impacts of a process or product for a whole set of impact categories.[18] Some
studies, have used LCA to evaluate the environmental impact of hydrocarbon biofuel
production from biomass. Peters et al. reported GHG savings of about 54% for a fuel mix
produced from poplar compared to conventional gasoline and diesel.[19] Dang et al.
reported a reduction in net GWP of about 69.1% for hydrocarbon biofuel derived from corn

stover in contrast to conventional gasoline and diesel

The aim of this study is to carry out a comparative TEA and LCA study for a one-step and

two-step biofuel production pathway using poplar biomass feedstock. In our previous
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works, we investigated the one-step and two-step biofuel production pathway from loblolly
pine biomass feedstock.[20, 21] MSP of $4.82/gal was estimated for the one-step pathway
and two-step pathway at low torrefaction temperature of about 290°C without heat
integration and MSP of about $4.01/gal in both cases with heat integration.[20] About
63% reduction in GWP was observed for the one-step scenario with a two-step pathway at
torrefaction temperature at 330°C achieving a 176% reduction with heat integration.

Higher reductions were observed with heat-integrated pathways.[21]

In contrast to our previous work which examined loblolly pine, a softwood; this study aims
to investigate the one-step and two-step pathways using poplar, a hardwood as the biomass
feedstock. Hardwoods typically have a higher proportion of cellulose, hemicellulose, and
extractives than softwoods, but softwoods, as a result, have a high proportion of lignin.
Table 6.1 compares the typical percentage of these components in these different biomass

feedstocks.

Table 6.1. Typical content breakdown for softwood and hardwood

Softwood Hardwood
Cellulose 40 — 44% 43-47%
Lignin 25 -31% 16 —24%
Hemicellulose 25 -29% 25-35%
Extractives 1-5% 2-8%
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6.2 Materials and methods

Process Description

The material and method employed in this chapter are same as used in the previous chapters
in the production of hydrocarbon biofuel TEA (Chapter 4) and LCA (Chapter 5). The
biorefinery is assumed to process about 1000 metric ton per day of feedstock through the
pyrolysis unit. Poplar is processed through the pyrolysis unit for the one-step pathway

while torrefied poplar is processed through the pyrolysis unit for the two-step pathway.

Size reduction of dried wood chips

The size reduction of poplar chips from the delivered size of about 25 mm to a size of about
2mm was modeled in Aspen Plus as described in Chapter 4. This study assumes the
correlation used in Chapter 4 for loblolly pine chips will be applicable for the size reduction

of poplar.

Torrefaction

Torrefaction of the poplar chips for the two-step pathway is assumed to take place at a
temperature of 280°C. The description of the modeling of the torrefaction step is as
described in Chapter 4. The yield factors used in modeling the torrefaction step are shown
in Table 6.2. These yield factors were obtained using the mass yield of gases, bio-oil and
char from the breakdown of poplar were obtained from the works of Fivga.[26] The
speciation of the bio-oil into different compounds was carried out using the

characterization work of Klementsrud et al. [27]
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Table 6.2. Yield factors for the torrefaction of poplar at 280°C

% wt./wt. of biomass (dry basis

Water 10.13
Organics 8.35
Gases 5.35
Char 76.17
Total 100.00

Change in the structure of the poplar chips due to the torrefaction was accounted for

through changes to the ultimate and proximate analysis of the torrefied poplar as shown in

Table 6. 6. The breakdown of the representative compounds in the torrefaction organics

and the composition of the permanent gases are given in Table 6.3.

Table 6.3. Composition of representative components obtained from torrefaction of poplar

Component % wt./wt of biomass (dry basis)
CcoO 1.55
CO2 3.77
CH4 0.02
Water 10.13
Methanol 0.58
Acetic acid 4.08
Hydroxyacetaldhyde 0.78
Furanmethanol 0.78
Levoglucosan 0.00
Phenol 2.14
Char 76.17
Total 100.00
Fast Pyrolysis

For both the one-step and two-step pathway, fast pyrolysis was modeled to take place at

516°C according to literature data. The description of the modeling step is as described in

Chapter 4. The yield factors used in modeling the pyrolysis step are shown in Table 6.4.
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Raw and torrefied poplar processed through the pyrolyzer were modeled in Aspen Plus

using their ultimate and proximate analysis as shown in Table 6.6.

Table 6.4. Pyrolysis yield factors for the one-step and two-step biofuel production
pathways.

% wt./wt. of biomass (dry basis)

One-step Two-step
Reaction water 9.36 12.30
Organics 68.59 52.49
Gases 9.72 11.24
Char 12.34 23.97

The composition of the organics and gases produced from the fast pyrolysis of the raw
poplar (one-step) and the torrefied poplar (two-step) are shown in Table 6.5. The char
produced from the pyrolysis step was also modeled using its ultimate and proximate

analysis shown in Table 6.7.

Table 6.5. The composition of organics and gases produced from the one-step and two-
step pathways.

% wt./wt. of biomass (wet basis)
One-step Two-step

Hydrogen 0.09 0.11
CcO 3.78 4.56
CO2 4.05 4.89
CH4 0.72 0.87
C2H6 0.36 0.43
Water 16.07 15.22
Acetic acid 7.57 3.90
Acetaldehyde 1.30 0.64
Furfural 7.56 3.70
2-Furanmethanol 5.65 4.94
2-Methyl-2-cyclopenten-1-one 1.95 1.83
Hydroxyacetaldehyde 10.36 7.44
Vanillin 291 2.68
Levoglucosan 15.94 14.41
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Phenol 3.09 2.83
Guaiacol 3.06 2.83
Syringol 4.12 5.55
Char 11.42 23.16
Total 100 100

This study assumed same properties i.e. ultimate and proximate analysis for the char

produced from both the one-step and two-step pathways.

Table 6.6. Ultimate and proximate analysis of raw and torrefied poplar.

Ultimate Analysis Proximate Analysis
Wt. % Wt. %
Raw poplar | Torrefied Raw Torrefied
poplar poplar poplar
Carbon 46.8 54.96 Ash 1.16 2
Hydrogen | 5.99 6.28 Volatile matter | 98.84 98
Nitrogen - 0.10 Fixed carbon - -
Sulfur - - Moisture 25 3.45
Oxygen 46.05 36.66
Ash 1.16 2.00
Total 100 100 Total 100 100
(dry basis)

Table 6.7. Ultimate and proximate analysis of char.

Wt. %
Ash 4.6
Carbon 85.48
Hydrogen 0.76
Nitrogen 0.29
Chlorine 0
Sulfur 0
Oxygen 8.87
Total 100
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Catalytic upgrading of bio-oil

The upgrade of bio-oil to hydrocarbon biofuel is assumed to occur over two upgrade stages,
an initial stabilization step followed by the final hydrotreatment step. The catalytic upgrade

step was modeled as described in Chapter 4

Definition of case studies

The TEA and LCA assessments of the hydrocarbon biofuel production were investigated
under three scenarios as shown in Table 6.8. A detailed description of the scenarios and

objectives can be found in Chapter 4.

Table 6.8. Assessment scenarios and objectives

Scenarios Objective 1 Objective 2

Scenario 1 Fossil energy inputs Maximizing bio-oil yield

Scenario 2 Minimize fossil energy | Maximizing bio-oil yield
inputs

Scenario 3 Renewable energy inputs Maximizing bio-oil quality

Techno-economic assessment of hydrocarbon fuel pathways

The TEA was carried out using mass and energy balances obtained from the simulation.
The cost of most of the equipment was estimated from vendor quotes or literature data.
Total project investment (TPI) was estimated from the total purchased equipment cost

(TPEC) as described in Chapter 4.

LCA framework, system definition, and modeling assumptions

A functional unit of 1MJ of biofuel was used in carrying out the LCA. Framework, system
boundary, and assumptions utilized in the LCA are described in detail in Chapter 5 of this

dissertation.
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Heat Integration

The effect of heat integration on the TEA and LCA was also investigated. The heat
integration was carried out using the software, Super Target. A detailed description of the

heat integration methodology can be found in Chapter 4.

6.3 Results

Table 6.9 shows the dry biomass input and major outputs for the different one-step and
two-step scenarios of the biorefineries modeled. Based on the basis of 1000 dry metric tons
of feed into the pyrolysis unit, the required biomass for the two-step pathway is higher to
compensate for the mass loss due to the torrefaction step. Lower hydrocarbon biofuel yield

was observed for the two-step production pathway compared to the one-step pathway.

Table 6.9. Feedstock Input and major outputs from the biofuel production pathway for one-
step and two-step hydrocarbon biofuel production from poplar without heat integration.

One-step Two-step
Torrefaction temperature 280°C
Sc 1 Sc2 Sc 1 Sc2 Sc3

Input of Biomass
Biomass feedstock, 10%kg/yr | 352.8 352.8 459.3 459.3 459.3
(dry basis)

Output of Biofuels

Hydrocarbon biofuel, 10%kg/yr | 106.4 106.4 97.1 97.1 86.6
(10%gal/yr) 37.7) | (37.7) (34.5) (34.5) (30.7)

Hydrocarbon biofuel yield 30.2 30.2 21.1 21.1 18.9

( % wt/wt feed dry basis)’

Bio-char , 10%kg/yr 43.5 - 81.0 - 18.7

Bio-char yield 12.3 - 17.6 - 4.1

(% wt./wt. feed dry basis)’
Torrefaction condensed liquid , | - - - - -
10%kg/yr

Process Heat Inputs
Combustion energy, 10GJ/yr | 4.03 4.03 4.15 4.15 3.30
Combusted material
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Natural Gas, 10° m3/yr 3096 1839 3200 854 -
Off-gas, 10%kg/yr 193.4 193.4 173.8 173.8 137.7
Char, 10°%kg/yr - 34.5 - 81.0 62.4
Torr. condensed liquid,10° | - - - -

kg/yr

1 Based on dry biomass to the biorefinery

The lower yield of biofuel for the two-step pathway is believed to be due to the increase in
the yield of char, gases, and water for the two-step pathway which led to reduced yield of
organics that was upgraded. The high yield of char is in line with what is observed in the
literature.[22, 23] High char yield from the pyrolysis of torrefied biomass is believed to be
due to carbon-carbon crosslinks formed during the dehydration of carbohydrate polymers
during torrefaction.[22] Scenario 3 of the two-step production pathway has the lowest
overall yield of hydrocarbon biofuel because the torrefied condensed liquid was not
blended with the pyrolysis bio-oil. As a result, this scenario has the least amount of bio-oil
available to be upgraded to the hydrocarbon biofuel. The significant reduction in oil yield
for the two-step pathway compared to the one-step pathway is, however, different from
what is observed in the literature. Westerhof et al. found that the blended oil obtained from
scenario 1 of the two-step pathway was equal to the oil yield of raw pine when the

torrefaction temperature is below 290°C.[22, 24]

Similar yields were obtained in all cases for scenarios 1 and 2 of the one-step and two-step
pathways except for the yield of biochar and the amount of natural gas combusted. With
the design objective of minimizing the natural gas utilized for scenario 2, the combustion
of the biochar results in the reduction of natural gas required to be combusted to provide

process heat. In addition to the torrefaction condensed liquid combusted in scenario 3, bio-
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char was partly combusted to entirely offset natural gas requirements for process heat as

seen in Table 6.9.

With heat integration, it can be observed that the combustion energy, which is the energy
needed by the pathway at steady state is significantly reduced as seen in Table 6.10. With
or without heat integration, the yields of biofuel, char (when not used internally) remains
unchanged. The yield of biogenic off-gas for the heat integrated scenarios shown in Table
6.10 when added to the off-gas combusted shown in Table 6.10 does not add up to the total
off-gas combusted shown in Table 6.9 because the exported natural gas-derived off-gas

was not included in the off-gas accounting in Table 6.10.

Table 6.10. Feedstock Input and major outputs from the biofuel production pathway for
one-step and two-step hydrocarbon biofuel production from poplar with heat integration.

One-step | Two-step

Torrefaction temperature 280°C
Sc 1 Sc 1 Sc 3

Input of Biomass
Biomass feedstock, 10%kg/yr | 352.8 459.3 459.3
(dry basis)
Output of Biofuels
Hydrocarbon biofuel, 10%kg/yr | 106.4 97.1 86.6

(10°gal/yr) (37.7) (34.5) (30.7)
Hydrocarbon biofuel yield 30.2 21.1 18.9
( % wt/wt feed dry basis)’
Bio-char , 10%kg/yr 43.5 81.0 81.0
Bio-char yield 12.3 17.6 17.6

(% wt./wt. feed dry basis)'
Torrefaction condensed liquid , | - - --

10%kg/yr
Off-gas (biogenic), 10°kg/yr 12.8 24.1 46.1
Off-gas (biogenic) yield 4 5 10

(% wt./wt. feed, dry basis)’
Process Heat Inputs
Combustion energy, 10°GJ/yr | 1.28 1.13 0.98
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Combusted material
Natural Gas, 10° m3/yr - - -
Off-gas, 10%kg/yr 170.2 1203|356
Char, 10%kg/yr - - -
Torr. condensed liquid,10° | - - -
kg/yr

Hydrogen consumption

Table 6.11 shows the hydrogen consumed wt./wt. % of the bio-oil upgraded. The amount
of hydrogen consumed in the upgrade of bio-oil to hydrocarbon fuel for a one-step
hydrocarbon biofuel production pathway was estimated to be about 7.15 % wt./wt. of bio-
oil. This value is higher than the 5.8 % wt./wt. of bio-oil estimated by Jones et al. and 6.38
% wt./wt. of bio-oil estimated by Winjobi et al. in their different one-step production
pathway analyses.[15, 20] The result shows a higher hydrogen consumption for the one-
step production pathway than two-step production pathway. The reason for this trend is
believed to be because the water content of the blended bio-oil obtained from a two-step
production pathway is higher than that of the bio-oil derived from a one-step pathway. This
trend was also observed in the study done by Winjobi et al.[20] The higher water content
is mainly due to the high-water content of the torrefaction condensed liquid that was
blended with the pyrolysis bio-oil. Higher hydrogen consumption was also observed for
scenario 3 compared to scenario 1 of the two-step production pathway. This trend is also
mainly due to the water content of the upgraded oil, because the torrefaction condensed
liquid was not blended with the pyrolysis bio-oil in scenario 3; the upgraded bio-oil in this

scenario also has a relatively low water content.
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Table 6.11. Hydrogen consumed for the upgrade of bio-oil to hydrocarbon biofuel.

Hydrogen consumption (% wt./wt. of upgraded bio-oil)
Scenario One-step Two-step
1 7.15 5.30

2 7.15 5.30

3 6.86

Minimum Selling Price

The estimated minimum selling price (MSP) of the hydrocarbon biofuel is shown in Figure

6.1. In general, lower MSP was evaluated for the one-step biofuel pathway compared to

the two-step pathway for all scenarios. The lowest MSP of about $4.20/gal of hydrocarbon

biofuel was obtained for scenario 2 of the one-step production pathway, which had the

objective of minimizing fossil energy inputs for process heat, by combusting the produced

bio-char internally.

$6.00 591
5.67 5509
$5.50
£0$5.00
%]
$4.50 4.31 4.20
s400 — o
Scl Sc2 Scl Sc2 Sc 3
280°C
One Step Two Step
Conversion pathway

Figure 6.1. Minimum selling price of liquid hydrocarbon biofuel for one-step and two-step

pathways without heat integration.
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Higher MSP was estimated for the two-step pathway mainly due to the relatively low yield
of hydrocarbon biofuel as earlier shown in Table 6.9. For the two-step pathway, the least
MSP was observed for scenario 3. This scenario has the least throughput of bio-oil
upgraded of all the three scenarios of the two-step pathway. This resulted in the lowest
heating requirements as shown in Table 6.9, which was fully satisfied with some biochar
exported for revenue. In comparison to our previous study that investigated loblolly pine
at biomass feedstock, the one-step of the biofuel production pathway estimated more
favorable economics for a one-step biofuel production from poplar. However, for the two-
step pathways, loblolly pine feedstock demonstrated more favorable economics than the
two-step pathway with poplar feedstock. This result is in contrast to literature result that
shows favorable economics for two-step pathway where bio-oil is the final product.[25]
Another recent literature observed comparable MSP for the one-step pathway and the two-
step pathway at low torrefaction temperature of 290°C.[20] The main reason for this
contrast is due to the relatively low yield of oil for the two-step pathways with poplar
feedstocks compared to the yield obtained for the two-step pathway for loblolly pine

feedstock.

189



$6.00 591

5.59
$5.50

5.03
$5.00 4.88

$/gal

$4.50 431

$4.00
3.69

§3.50 B

Scl  Sel (HI)| Scl  Scl(HI) Sc3  Sc3(HI)
280°C

One Step _ Two Step
Conversion pathway

Figure 6.2. Minimum selling price comparison between heat-integrated and scenarios
without heat integration.

With heat integration, further reduction in MSP were estimated as shown in Figuyre 6.2.
The savings were mainly from the total offset of external natural gas requirements for
process heat and minimized refrigerant requirement. Overall heat integration amounted for
about $0.62 reduction in the MSP compared to the scenarios without heat integration.
Similar trends were observed in literature for the heat-integrated biofuel production

pathways.
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Life Cycle Carbon footprint

The GWP results for the biofuel production pathways without heat integration for the one-
step and two-step routes are shown in Figure 6.3. The net GHG emissions for the one-step
production pathways are slightly higher than GHG emissions from the utilization of fossil
gasoline for transportation. However, lower GHG emissions were observed for the two-
step pathways. In general, the emissions related to the hydrogen production step and credits
from char where applicable dominates the emissions over the life cycle of the hydrocarbon
biofuel.
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Figure 6.3. GWP pf the one-step and two-step pathways without heat integration.

The GWP for scenario one of the two-step pathway is lower than that of scenario one of
the one-step mainly due to the significant reduction in the emissions associated with size
reduction and the increase in credits from char displacing coal to co-fire power plants.

Relative to fossil gasoline, about 67% reduction in GHG can be achieved for scenario 3 of
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the two-step pathway. In line with trends found in the literature, the export of char to
displace coal as investigated in scenarios 1 estimates lower GHG emissions than scenarios

2 when the char was combusted internally for process heat.
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Figure 6.4. Comparison of GWP for hydrocarbon biofuel production pathway for the one-
step and two-step pathways with and without heat integration.

With heat integration as shown in Figure 6.4, higher reduction in the GHG emissions were
estimated. Scenario 3 of the heat integrated two-step pathway shows very low GWP and
can potentially act as a carbon sink. With heat integration, reduction in GHG emissions of
about 45%, 100% and 125% were estimated for the one-step, scenario 1 of the two-step

and scenario 3 of the two-step respectively.
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6.4 Conclusions

From the results of this study, MSP of hydrocarbon biofuel estimated for a one-step
production pathway is significantly lower than the MSP for a two-step pathway at 280°C
torrefaction. However, in terms of the environmental impacts, the two-step pathway has
lower impact on the environment. The main conclusion of this study is the importance of
heat integration for more favorable economics of the hydrocarbon biofuel pathway. Based
on the assumptions, designs and parameters used in this study, torrefaction does not appear
to be an advantage on the cost of production for hydrocarbon fuels compared to a one-step
process at high torrefaction temperatures however it demonstrates significant advantage on
the environmental impact of the biofuel production pathway. With heat integration,
reduction in the cost of utilities outweighed the increase in capital cost, resulting in lower
minimum selling price for the heat-integrated processes in comparison with the base case

without heat integration.
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Chapter 7. Conclusions and Recommendations for Future
Work

This dissertation research investigated the sustainability of biofuel production through two
routes: a one-step fast pyrolysis of biomass and a two-step torrefaction-fast pyrolysis of
biomass using the product’s minimum selling price and the life cycle GHG emissions of
the pathways as the indicators for sustainability. In addition, this research examined the

impact of heat integration on these sustainability indicators.

A good understanding of how design changes, use of by-products and other related factors
is necessary to establish a viable and sustainable biofuel production route. A proposed
torrefaction-fast pyrolysis design has the potential benefit of reducing the energy required
for size reduction and improving the quality of bio-oil. However, drawbacks such as
increased capital cost and loss of mass because of the torrefaction reinforces the need to
adequately understand and navigate the trade-offs prior to commercialization of such

design approaches.

In the production of bio-oil from pine, as shown in Figure 7.1, the two-step approach in
most cases exhibited better economics and lower environmental impacts compared to the
one-step approach. In Figure 7.1, a shift towards the red star designates approaches to the
worst-case scenario based on the trade-offs between the MSP and the GHG emissions while
the green star designates the best-case scenario. From Figure 7.1, if bio-oil is the final
product and used in boilers or as a substitute for heating oil, scenario 2 of a two-step
pathway at torrefaction temperature of 330°C designated as point ‘A’ will be the optimum

pathway to produce bio-oil from pyrolysis of loblolly pine. This scenario shows the closest
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approach to the best-case scenario based on the trade-offs between the MSP and the GHG

emissions.

2.0 1
m2.290sc 3

1.8 1

m2,310sc 3

N
o
1

m2,330sc 3

-
~
1

Hm1sc1

MSP($/gal)

M2,290 sc 1 m1sc?2
W2.290sc 2

m2,310sc 1
1.2 1

M2 310sc 2
W2, 330sc 2

m2,330sc 1
1.0 1

>

0 10 20 30 40 50
GHG(gCO0,eq/MJ bio-oil)

Figure 7.1. Minimum Selling Price vs Greenhouse gas emissions (energy allocation) for bio-oil
production from pine: one- and two-step pathways.

As observed in Figure 7.1, in general the two-step pathway resulted in the reduction of the
potential GHG emissions from the bio-oil production process relative to the one-step
pathway because of the significant reduction in the use of US average grid electricity for
the size reduction step as a result of the improved grindability of the torrefied biomass.
Comparing the different scenarios for the two-step pathways, generally scenarios 2 show
the closest approach to the best-case scenario for each torrefaction temperature because in
this scenario, renewable energy inputs were used to offset fossil energy inputs while

maximizing the yield of bio-oil. Because of the avoided cost of natural gas for process heat
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and maximized yield of bio-oil by combusting biochar to provide the process heat led to a
significant drop in the MSP and potential GHG emissions for this scenario. Scenario 3 for
the two-step pathway shows comparable GHG emissions to scenario 2 but higher MSP of
bio-oil. This is because the use of fossil energy inputs was totally offset with renewable
energy inputs in both scenarios. However, in scenario 3 the offset was achieved by utilizing
the oil from torrefaction. Because the same fossil energy inputs were avoided, GHG
emissions in scenarios 2 and 3 are similar, however the lower yield of bio-oil for scenario
3 (maximizing bio-oil quality), relative to scenario 2 (maximizing bio-oil yield) results in
significantly higher MSP for scenarios 3 relative to scenarios 2. In general, the highest
potential GHG emissions for the two-step pathways was obtained for scenario 1 because
of the fossil energy inputs required to satisfy process heat relative to scenarios 2 and 3
which used renewable energy inputs. The MSP of the bio-oil for these scenarios is however
not significantly higher than those obtained for scenarios 2 because both scenarios
maximized the yield of bio-oil. The main reason for the difference in MSP for these
scenarios can be attributed to the trade-off between generating revenue through the sale of
biochar to displace cheap coal as modeled in scenarios 1 and reducing the operating cost
associated with the purchase of fossil-derived natural gas for process heat by internally
combusting biochar. It can be inferred that minimizing the use of a slightly more expensive
natural gas relative to coal is the major driver for the difference in MSP between scenarios

1 and 2 of the two-step pathway.

If the production of hydrocarbon biofuel is the desired final product, as shown in Figure
7.2, scenario 3 of a heat-integrated two-step pathway at torrefaction temperature of 290°C,

designated as point A, and scenario 2 of a heat-integrated two-step pathway at torrefaction
200



temperature of 330°C are the closest approaches to the best-case scenario. Point A has the

lowest MSP while point B has the lowest GHG emissions.
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Figure 7.2. Minimum Selling Price vs Greenhouse gas emissions (energy allocation) for biofuel
production from pine with heat integration: one- and two-step pathways.

For the heat-integrated pathways to produce transportation hydrocarbon biofuel, the lowest
MSP was evaluated for the one-step pathway and scenario 3 of the two-step pathway at
290°C (point A) while the lowest potential GHG emissions was evaluated for scenario 3
of the two-step pathway at 330°C. In general, all the two-step pathways showed lower
potential GHG emissions relative to the one-step pathway. With heat-integration, process
heat requirements were satisfied by using renewable energy inputs and heat exchange,

resulting in zero emissions associated with process heat. However, the emissions related to
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size reduction and hydrotreatment (CO2 produced from combustion of off-gas from fossil-
derived natural gas) remain significant. The potential GHG emissions evaluated for
hydrotreatment step for the heat-integrated pathway using the energy allocation approach
is dictated by the amount of COz generated and the allocation factor for the hydrotreatment

step.

Comparing points A and B, both scenario 3 with objectives of utilizing renewable energy
inputs and maximizing bio-oil quality, a significant swing in MSP and GHG can be
observed. This is because as torrefaction temperature increased, the ratio of pyrolysis bio-
oil to torrefaction bio-oil produced from the pathway reduced from 1.72 to 1at torrefaction
temperature of 290°C to 0.26 to 1 at torrefaction temperature of 330°C. Due to maximizing
bio-oil quality for both points A and B, only the bio-oil from pyrolysis was upgraded
resulting in point A having more hydrocarbon biofuel produced compared to point B. With
heat-integration, the torrefaction bio-oil not utilized for process heat was assumed to be
sold to generate revenue in addition to the off-gas from hydrogen production and biochar.
The revenue generated from the sale of more of these by-products for point B however did
not fully offset the lower hydrocarbon biofuel yield compared to point A, resulting in the
lower MSP of point A. Because point B has a lower yield of bio-oil that is upgraded to
hydrocarbon biofuel, the natural gas required to generate hydrogen is lower compared to
point A. The lower fossil-derived natural gas requirement for hydrogen production for
point B relative to point A led to lower fossil associated CO2 from the potential combustion
of the off-gas from the hydrogen production stage. Also, due to the lower biofuel yield and

slightly higher off-gas produced from point B compared to point A, the allocation factor
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for point B is slightly lower, which combined with the lower fossil COz2 led to the lower

GHG of point B relative to A.

The largest swing in MSP and potential GHG emissions between different scenarios of a
two-step pathway at a specific temperature was observed at torrefaction temperature of
290°C as shown in Figure 7.2. Scenario 3 at this temperature (shown as point A) with the
objectives of utilizing renewable energy inputs and maximizing bio-oil quality showed a
significant reduction in potential GHG emissions and modest reduction in MSP relative to
scenario 1 at this temperature. Though a lower yield (about 20%) of hydrocarbon biofuel
was observed for scenario 3 relative to scenario 1, the lower throughput of bio-oil that was
upgraded in scenario 3 resulted in lower process heat requirement downstream of the
pyrolysis stage. Combined with heat-integration, the lower process heat requirement
resulted in scenario 3 having more revenue generated from the sale of by-products
compared to scenario 1. Because the process heat not satisfied through heat-integration was
first satisfied using the bio-oil from torrefaction in scenario 3, all the off-gas and biochar
produced in this scenario were totally sold to generate revenue in addition with unused
torrefaction bio-oil while only a portion of the off-gas and all of the char were sold to
generate revenue in scenario 1. Revenue generated from the sale of these by-products
totally off-set the lower yield of biofuel resulting in lower MSP for scenario 3 relative to
scenario 1. Because of maximizing the quality of bio-oil in scenario 3, a lower amount of
natural gas was required to produce the complementary hydrogen required for the upgrade
step leading to a lower CO2 production from the combustion of the off-gas from the
hydrogen production step. The higher yield of by-products, specifically off-gas from

hydrogen production for scenario 3 relative to scenario 1 of the heat-integrated pathway at
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290°C resulted in lower allocation factor for scenario 3. The combination of the lower CO2
produced and lower allocation factor resulted in the significantly lower GHG emission for

scenario 3 relative to scenario 1 at torrefaction temperature of 290°C.

From Figure 7.2, the optimum production pathway between points A and B cannot be
easily inferred however the MSP of point B, with the lower GHG emission and higher MSP
compared to point A, can be further reduced through incentives and tax credits because of
its lower GHG emissions. In general, changes that leads to lower CO: production and lower
allocation factor such as observed in scenario 3 can be achieved through pathways with
low natural gas requirements for hydrogen production and high yield of by-products
specifically off-gas resulting in low GHG emissions while low MSP is observed based on
the trade-off between lower yield of biofuel and revenue generated from sale of by-

products.

Results obtained for biofuel production from poplar highlight the sensitivity of the
economics and environmental impacts to yield of biofuel, showing the need for extensive
study and experiments on the fast pyrolysis of woody biomass before broad conclusions
can be drawn on the cost competitiveness of proposed innovative technologies. Further
reductions to the MSP of the biofuel can be achieved by utilizing the by-products from the
pathway to displace high-value products instead of low-value products. The use of the char
generated from the pathways for soil amendment or generating activated carbon are such
high-value products that can potentially reduce the MSP of the biofuel instead of the low-

value coal considered in this study. How displacing such high-value products potentially
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affects the GHG emissions from the pathways also needs to be investigated to determine

the trade-offs and an optimum production pathway.

To further improve the analysis done in this study, kinetic models that gives a better insight
into the processes in the reactor should be developed. The inclusion of kinetic models in
the torrefaction, fast pyrolysis, and hydrotreatment reactors, will give a better insight into
how variables like reaction temperature and solid or vapor residence time affect biofuel
product distribution and species concentrations, and as a result better economic and
environmental impact assessments. In this case, kinetic reactors within Aspen Plus will be
superior to the yield reactors used in this study. The kinetic models will also make it
possible to explore other opportunities for optimizing the processes beyond the heat-

integration that was examined in this study.

In general, the two-step production pathway offers more flexibility to either focus on
biofuel or biochar production depending on market forces. Also, the significant reduction
in energy required for the size reduction of the biomass results in significant reduction in
the GHG emissions from the two-step pathway relative to the one-step pathway. With heat
integration, the inclusion of a torrefaction step in the fast pyrolysis pathway results in
significant lowering of the carbon footprint with little (at torrefaction temperature of 310°C
and 330°C) to no (torrefaction temperature of 290°C) impact on the economic performance

of the process.
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Appendix A: Techno-economic assessment of the effect of
torrefaction on fast pyrolysis of pine Supplementary
Information

A.1. Supplementary material from Chapter 2

Section A. MODEL DESCRIPTION OF SOME UNIT OPERATIONS
A.1 Drying

Biomass inherently contains moisture, and it is assumed here that the delivered pine wood
has a moisture content of about 25% which will be dried to about 7% which is
recommended for fast pyrolysis. The set-up in this study has the drying step prior to size
reduction for a couple of reasons that includes being able to gain the benefit of reduced
energy requirement as a result of a torrefaction pre-treatment step and also prevent
plugging of screens. Moisture content higher than 15% may affect the size reduction step
due to plugging or blinding of the small diameter screen openings that would be employed
to attain the desired particle size. The drying step will be modeled in Aspen Plus using a
stoichiometric reactor and a STEAM thermodynamic package. This calculates the energy
required for drying by estimating the specific energy required to raise the temperature of
the biomass and its inherent moisture to the target temperature and also the latent heat

required to vaporize the moisture in the biomass.
A.2 Size Reduction

The correlation obtained from literature given as follows for pine was used in evaluating

the reduction in energy consumption to attain required size to effect fast pyrolysis.(")
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E, = —0.756T + 260.0 (1)

where Eg is specific energy consumption for grinding in kW-hr/ton, T is Temperature in
°C

The size reduction step was then modeled in Aspen Plus® as a hammer mill with the
estimated specific energy consumed for grinding estimated at different torrefaction
temperatures, while the untreated raw pine’s energy was estimated using ambient

temperature of 25°C. The work index required for grinding was also calculated using
1 1
Eg =10+ W;* (- 2 2)

where Eg Specific energy consumption for grinding in kW-hr/ton, Wi is work index in
kW-hr/ton, P is final particle size in microns and F is Initial particle size in microns

A.3 Combustion

Combustion of products, when considered in this study, was not modeled using the process
simulation software. However, the heat released during combustion was estimated from

correlations obtained from the literature as shown below:
A.3.1 Combustion of char

Heat released from the combustion of char was evaluated based on the lower heating value
of char, which was estimated from its higher heating value based on correlation from

literature given below:®

LHV = HHV (1 - 1”()"—0) — 2444 - — 2444 x =+ 8,936 (1 - %) [’:—;w b.]

€)
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Where

2.444 = enthalpy difference between gaseous and liquid water at 25°C
8.936 = Mu20/MHmz2; i.e. the molecular mass ratio between H20 and H>
LHV = lower heating value

HHYV = higher heating value

w = moisture content of the fuel in wt% (w.b.)

h = concentration of hydrogen in wt% (d.b.)

The higher value utilized in equation above was also estimated from empirical formula as

well as shown below.®

HHV = 0.3491X, + 1.1783X + 0.1005Xs — 0.0151X, — 0.1034X, —

0.0211Xgsn [12,d.b.| (4)

Where Xi is the content of carbon (C), hydrogen (H), etc. from the ultimate analysis of the

solid fuel.
A.3.2 Combustion of condensates from torrefaction

The energy released from the combustion of condensates from torrefaction when such step
takes place in this study was estimated by obtaining from the literature the lower heating
value of the individual components in the condensates.¥ Based on the lower heating value
of the individual components and their weight fraction in the liquid, the lower heating
value of the liquid was estimated. For high molecular compounds produced from either

the torrefaction or pyrolysis step whose lower heating values were not found in the
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literature, their lower heating values were estimated using correlation obtained from the

literature as shown below:®

For compounds containing only carbon, hydrogen and oxygen, general combustion

reaction was given as
C,H,0. + (a + —— E) 0,
- aC0,(g) + 5 H,0 1) ®)

The standard heat of combustion is then given as

AH’ = —abpH' (€O, g) — SbAH (H0,1) + ApH'(CoHyO,)

(6)
= 393.51a + 142.915b + AH (C,H,0,)
(7)

Where ArH * is the enthalpy of formation. When the heat of formation is not available from

literature, it was estimated based on the structure of the component by using the Joback

method which is based on group contribution. ©
A.3.3 Combustion of non-condensable gas from torrefaction

Heat generated from combustion of non-condensable gas from torrefaction was estimated
using the lower heating value of the components present in the non-condensable gas phase.
Severity of torrefaction usually determines the components contained in the non-

condensable gas. However, for this study the components were assumed to be essentially
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COzand CO in an 80 to 20 ratio. Hence heat released from combustion is due to the CO
component only. The assumption is supported by the report of Tumuluru et al which

showed energy released from the combustion of volatiles from torrefaction is mainly from

Cc0o.M
A.3.4 Bioe correlation for heat of combustion estimation

One of the correlations used in Aspen Plus® to estimate the heat of combustion of

unconventional solids such as biomass was based on the ultimate analysis is as shown:

A hI™ = [aliwgf[‘ + aziwgfi" + agiwg{" + a4iwg;ﬂ + asiwﬁff]lﬂz + ag; (8)
Where wc,i ™ is the weight fraction of carbon.

Values of the parameters as given by Aspen Plu® are as follows®

a1i=151.2, a2i=499.77, a3i = 45.0, a4i = -47.7, asi= 27.0 and asi = -189

A.4 Conveyance

Biomass movement across the plant is assumed to be carried out using conveyor belts, and
the energy required for this conveyance was estimated by firstly using the guidelines by
CEMA as shown by Couper et al.®- !9 The conveyance is assumed to be carried out using
a 24 inch, 45° troughed belt conveyor of length, 33.5m and up a longitudinal incline of 22°.
The running angle of repose of the woodchips is taken to be about 30° and the required

power is estimated by using equation 7.

Power (hp) = Phorizontal + Pvertical + Pempty (9)
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Where Phorizontal = (0.4+L/300)(W/100), Pverticat = 0.001HW, and Pempty obtained based on

desired conveyor length from the literature.!?

A.5 Energy Return on Energy Invested (EROEI)

Energy Epo+ E MpoLHV po+mm LHV
ER OEI — out _ bo char — bo bo char char (10)
Energyin EthermattEeietricity EthermaitEelectricity

Where Ebo is the energy obtainable from bio-oil estimated based on its lower heating value
(LHV); Echar is the energy obtainable from char also obtained from its lower heating value.
m is the mass flowrate while Etermal 1s the required process heat required over the whole
process and Eelectricity 1 the energy associated with size reduction and conveyance across
the process. Energy due to electricity was converted to thermal assuming an efficiency of

about 35% for the conversion of steam to electricity.
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SECTION B. INPUT DATA TABLES USED IN MODELING

Table Al. Torrefaction component distribution (Wt % organics) of organics from torrefaction of pine at

different torrefaction temperatures.

Torrefaction temperature

Component (wt/wt organics) 290°C 310°C 330°C
Acetic Acid 8.01 11.92 13.09
Propionic Acid 0.25 0.42 0.48
Acetol 2.47 5.08 6.43
Fufural 1.01 1.26 1.95
2-Furanmethanol 0.09 0.11 0.21
5-(hydroxymethyl)-2- 0.00 0.00 0.00
furancarboxaldehyde

Levoglucosan 0.40 2.43 3.00
Xylose 0.40 1.22 1.32
Hydrolysable Oligomers(cellobiose) 0.00 0.15 0.36
Glucose 0.10 0.61 0.60
Isoeugenol 0.33 0.76 1.83
Eugenol 0.05 0.13 0.27
Vanillin 0.21 0.32 0.31
2-methoxy-4-vinylphenol(p- 0.00 0.00 0.00
vinylguaiacol)

Catechol(benze-1,2-diol) 0.00 0.00 0.00
Phenol 0.00 0.00 0.00
2-methoxyphenol (guaiacol) 0.49 0.83 1.48
4-methylphenol(p-cresol) 0.00 0.00 0.00
3-methylphenol (m-cresol) 0.00 0.00 0.00
4-ethylphenol 0.00 0.00 0.00
2-methoxy-4-methylphenol (creosol) 0.00 0.00 0.00
Low MW Lignin-Derived Compound 0.95 1.24 1.87
A(Dimethoxy stilbenzene)

Low MW Lignin Derived Compound B 0.19 0.25 0.38
(Dibenzofuran)

High MW Lignin-Derived Compound A 0.79 1.04 1.56
High MW Lignin Derived Compound B 0.17 0.23 0.34
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Table A2. Ultimate analysis data (wt %) for torrefied pine chips at different torrefaction temperatures.

Torrefaction Temperature 290°C ‘ 310°C ‘ 330°C
Component Wt %
Ash 0.6 0.6 0.8
Carbon 55.05 57.27 65.75
Hydrogen 5.94 5.79 4.87
Chlorine - - -
Nitrogen 0.11 0.14 0.28
Sulfur - - -
Oxygen 38.3 36.0 27.6
Table A3. Proximate analysis data (wt %) for torrefied pine chips at different torrefaction temperatures.
Torrefaction Temperature 290°C 310°C 330°C
Component Wt %
Ash 0.60 0.80 1.4
Moisture Content 0 0 0
Volatile Matter 78.6 76.4 60
Fixed Carbon 20.8 22.8 38.6

Table A4. Pyrolysis component distribution of organics (wt/wt organics) for one step and two step pyrolysis

of pine.
One Step Two Step

Component | Torrefaction 290°C 310°C 330°C
(wt %) temperature
Acetic Acid 7.59 4.42 2.96 1.11
Propionic Acid 3.69 0.00 0.00 0.00
Acetol 3.11 3.28 2.39 0.85
Fufural 1.00 0.29 0.15 0.38
2-Furanmethanol 0.12 0.07 0.04 0.11
5-(hydroxymethyl)-2- 0.23 0.28 0.15 0.45
furancarboxaldehyde
Levoglucosan 7.24 7.91 6.04 8.45
Xylose 2.19 2.05 1.01 0.94
Cellobiose 3.29 5.28 4.70 0.00
Glucose 1.10 1.17 0.34 0.00
Isoeugenol 0.54 0.58 0.58 0.50
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Eugenol 0.12 0.36 0.20 0.17
Vanillin 0.42 0.14 0.15 0.12
P-vinylguaiacol 0.79 0.37 0.25 0.21
Catechol 2.53 4.88 2.32 2.08
Phenol 0.19 0.33 0.24 0.23
Guaiacol 0.46 0.46 0.37 0.30
P-cresol 0.06 0.12 0.10 0.06
M-cresol 0.02 0.06 0.13 0.09
4-ethylphenol 0.07 0.14 0.05 0.07
Creosol 0.46 0.85 0.50 0.59
Low MW Lignin-Derived Compound 7.11 6.50 6.00 3.05
A(Dimethoxy stilbenzene)

Low MW Lignin Derived Compound 1.43 1.31 1.21 0.62
B (Dibenzofuran)

High MW Lignin-Derived Compound 5.94 543 5.02 2.55
A

High MW Lignin Derived Compound 1.30 1.18 1.10 0.56
B

Table A5. Ultimate and proximate data (wt %) for char obtained after pyrolysis.

Ultimate Analysis Proximate Analysis
Components Wt. % Components Wt. %
Ash 7.67 Ash 4.60
Carbon 83.03 Moisture Content -
Hydrogen 1.14 Volatile matter 7.40
Nitrogen 1.37 Fixed carbon 88.0
Chlorine -
Sulfur -
Oxygen 6.56

214




Table A6. Estimated number of employees and their wages rate.

Employee Annual Salary Number Required
Plant/General Manager $136,830.00 1
Plant Engineer $108,630.00 1
Maintenance Supervisor $76,480.00 1
Lab Manager/Chemist $77,970.00 1
Shift Supervisor $74,470.00 5
Maintenance Tech $70,450.00 6
Shift Operators $55,980.00 23
Admin Assistants $43,440.00 2

SECTION C. SCHEMATIC DIAGRAMS FOR SCENARIOS 2 & 3 OF THE DESIGN

OBJECTIVES.
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Figure Al. Schematic diagram for scenario 2 of a two-step conversion route.
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Figure A2. Schematic diagram for scenario 3 of a two-step conversion route for pine biomass to bio-oil.
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SECTION D.  FIGURES FOR SENSITIVITY ANALYSIS RESULTS.
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($4.3; $5.0;85.8/GJ)

Figure A3. Sensitivity analysis for scenario 2 of a one-step conversion of pine to bio-oil
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Figure A4. Sensitivity analysis for scenario 1 of a two-step conversion process of pine to bio-oil at
torrefaction temperature of 290°C.
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Figure A5. Sensitivity analysis for scenario 2 of a two-step conversion process of pine to bio-oil at
torrefaction temperature of 290°C.
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Figure A6. Sensitivity analysis for scenario 3 of a two-step conversion process of pine to bio-oil at
torrefaction temperature of 290°C.
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Figure A7. Sensitivity analysis for scenario 1 of a two-step conversion process of pine to bio-oil at
torrefaction temperature of 310°C.
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Figure AS8. Sensitivity analysis for scenario 2 of a two-step conversion process of pine to bio-oil at
torrefaction temperature of 310°C.
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Figure A9. Sensitivity analysis for scenario 3 of a two-step conversion process of pine to bio-oil at
torrefaction temperature of 310°C.
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Figure A10. Sensitivity analysis for scenario 1 of a two-step conversion process of pine to bio-oil at
torrefaction temperature of 330°C.
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Figure Al1. Sensitivity analysis for scenario 2 of a two-step conversion process of pine to bio-oil at
torrefaction temperature of 330°C.
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Figure A12. Sensitivity analysis for scenario 3 of a two-step conversion process of pine to bio-oil at
torrefaction temperature of 330°C.
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Appendix B: Life cycle assessment for greenhouse gas emissions
of two-step torrefaction and fast pyrolysis of pine
supplementary information

B.1 Supplementary material from Chapter 3

Section A. SCHEMATIC DIAGRAMS FOR RMBY & RMBQ OF THE DESIGN
OBJECTIVES.
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Figure Bl. Schematic diagram for RMBY of a two-step conversion route.
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Figure B2. Schematic diagram for RMBQ of a two-step conversion route for pine biomass to bio-oil.

Section B. BIOMASS SUPPLY CHAIN EMISSIONS USING GREET MODEL 2014.
B.1 Wood collection

The emissions due to the collection of wood were obtained from the EtOH tab of the
GREET model as shown below.(1) The emission factors given in grams/dry ton were input

into SimaPro®.

Table Bl. GREET emission factors for wood collection.(1)

Wood collection

grams/dry ton EtOH tab
DU 454:464

VOC 11.803

CO 60.833

CHa4 18.67
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N20 0.156
CO2 12009

B.2 Biomass chipping

For the coarse chipping of biomass at the forest, emission factors were determined for the
production of diesel used in running the stationary reciprocating diesel engine. The factors
obtained from the GREET model as shown in Table below were given in grams/mmBtu of

diesel burned.(1)

Table B2. GREET emission factors for coarse chipping at forest.(1)

Chipping- Stationary Reciprocating Diesel Engine

grams/mmBtu Diesel burned Petroleum tab | EF tab
BI 127:140 | R6:16
Production Combustion

vVOC 0.978 2.027

CcoO 2.873 657.005

CH4 18.406 4.221

N20 0.1 0.6

CO2 2485 77149

These factors were converted to grams/ short ton by multiplying by 0.129488 mmBtu/gal
LSD (Fuel Specs tab B18), the lower heating value (LHV) of diesel. Then divided by 3.206
kg LSD/ gal LSD (Fuel Specs tab E18), the density of low sulfur diesel. This was then
multiplied by a factor of 0.5 kg LSD combusted/ dry short ton of biomass, based on the

amount of diesel required per dry ton of biomass given by Maleche et al.(2)
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B.3 Truck Transport

Emission factors for truck transport obtained from the GREET model are shown below for

a 90-mile truck transport (T&D tab GP 107).(1)

Table B3. GREET emission factors for truck transport of biomass.(1)

Truck transport (90 miles)

grams/dry short ton EtOH tab
DV 454:464

vVOC 8.993

CcO 30.676

CH4 53.645

N20 0.486

CcO2 32626

B.4 Loading operations

Three loading operations were considered in the biomass supply chain. The loading
operations were achieved using front loading trucks. The emission factors obtained from
the GREET database includes the emissions for the production of diesel and combustion

of diesel in the front loading trucks.(1)

Table B4. GREET emission factors for loading operations of biomass.(1)

Loading operations

grams/mmBtu Diesel burned Petroleum tab | EF tab
K 265:275 | AD37:47
Production Combustion

vVOC 4.156 16.785

Cco 7.021 69.368

CH4 19.18 19.224

N20 0.16 0.083

CcO2 8125 77985
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These factors were converted to grams/ short ton by multiplying by 0.129488 mmBtu/gal
LSD (Fuel Specs tab B18), the lower heating value (LHV) of diesel. Then divided by 3.206
kg LSD/ gal LSD (Fuel Specs tab E18), the density of low sulfur diesel. Then multiplied
by 1.5 kg/short ton, based on 0.5 kg diesel/ dry short ton reported for each loading

operations by Handler et al.(3)
B.5 Rail transport

Table B5. GREET emission factors for rail transport of biomass.(1)

Rail transport (490 miles)

grams/mmBtu Diesel burned T&D tab | EF tab
J 181:191 | S37:J47
Production Combustion

VOC 0.241 58.388

CO 0.805 206.53

CH4 0.532 6.825

N20 0.009 2.132

CO2 329 77674

A distance of 490 miles (T&D tab J16) was assumed for rail transport. Emissions were
evaluated for the production and consumption of diesel. To convert the factors given in
grams/mmBtu Diesel burned to grams/dry ton of biomass, the factors were multiplied by
the rail intensity 274 Btu/ton-mile (T&D tab E122) and then multiplied by the distance of

156 traveled.
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B.6 Size reduction

The energy required to reduce the pine chips to the required size for pyrolysis was

evaluated using a correlation obtained from the literature given as follows:(4)

E, = —0.756T +260.0 (1)

where Eg is specific energy consumption for grinding in kW-hr/ton, T is Temperature in
°C

The size reduction step was then modeled in Aspen Plus® as a hammer mill with the
estimated specific energy consumed for grinding estimated at different torrefaction

temperatures, while the untreated raw pine’s energy was estimated using ambient

temperature of 25°C. The work index required for grinding was also calculated using

1 1
Eg=10+Wi*(5— 52 )

where Eg Specific energy consumption for grinding in kW-hr/ton, Wi is work index in
kW-hr/ton, P is final particle size in microns and F is Initial particle size in microns

B.7 Combustion

Combustion of products, when considered in this study, was not modeled using the process
simulation software. However, the heat released during combustion were estimated from

correlations obtained from literature as shown below:
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B.7.1 Combustion of char

Heat released from the combustion of char was evaluated based on the lower heating value
of char, which was estimated from its higher heating value based on correlation from

literature given below:®

LHV = HHV (1 — %) ~ 24445 2=~ 24445 258936 (1 - %) [’:—;w b.]
3)
Where

2.444 = enthalpy difference between gaseous and liquid water at 25°C
8.936 = Mu20/Mm2; 1.e. the molecular mass ratio between H>O and H2
LHV = lower heating value in MJ/kg fuel (w.b.)

HHYV = higher heating value in MJ/kg fuel (d.b.)

w = moisture content of the fuel in wt% (w.b.)

h = concentration of hydrogen in wt% (d.b.)

The higher value utilized in equation above was also estimated from empirical formula as

well as shown below.©®

HHV = 0.3491X, + 1.1783Xy + 0.1005Xs — 0.0151X, — 0.1034X, —

0.0211Xgen [32,d.b. | (4)

Where Xi is the content of carbon (C), hydrogen (H), etc. from the ultimate analysis of the
solid fuel.
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B.7.2 Combustion of condensates from torrefaction

The energy released from the combustion of condensates from torrefaction when such step
takes place in this study was estimated by obtaining from the literature the lower heating
value of the individual components in the condensates.” Based on the lower heating value
of the individual components and their weight fraction in the liquid, the lower heating
value of the liquid was estimated. For high molecular compounds produced from either
the torrefaction or pyrolysis step whose lower heating values were not found in the
literature, their lower heating values were estimated using correlation obtained from the

literature as shown below:®
For compounds containing only carbon, hydrogen and oxygen, general combustion

reaction was given as

b ¢
CaHbOC + (a+ Z— E) 02

b
= aC0x(g) + 5 H0 (D )
The standard heat of combustion is then given as

AH = —alsH (COy, 9) — %bAfHO(HZO, D+ AsH'(C.H,O,)
(0)
= 393.51a + 142.915b + AH (C,H,0,)

(7)
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where AfH * is the enthalpy of formation. When the heat of formation is not available from

the literature, it was estimated based on the structure of the component by using the Joback

method which is based on group contribution.”-*
B.7.3 Combustion of non-condensable gas from torrefaction

Heat generated from combustion of non-condensable gas from torrefaction was estimated
using the lower heating value of the components present in the non-condensable gas phase.
Severity of torrefaction usually determines the components contained in the non-
condensable gas. However, for this study the components were assumed to be essentially
COz and CO in an 80 to 20 ratio hence heat released from combustion is due to the CO
component only. This assumption is supported by the report of Tumuluru et al. which
showed energy released from the combustion of volatiles from torrefaction is mainly from

C0.19
B.7.4 Bioe correlation for heat of combustion estimation

One of the correlations used in Aspen Plus® to estimate the heat of combustion of

unconventional solids such as biomass based on the ultimate analysis is as shown:

A hI™ = [aliwg’i” + aziwg,’i” + asiwg{" + a4iwg§” + asiwﬁfi"]lOz + ag; (8)
Where wc,i ™ is the weight fraction of carbon.

Values of the parameters as given by Aspen Plu® are as follows!)

a1i=151.2, a2i=499.77, a3i = 45.0, a4i = -47.7, asi= 27.0 and asi = -189

B. 8 Enthalpy of reaction (torrefaction & pyrolysis)

233



The heat of reaction for both processes modeled using a yield reactor was calculated using

equation

—n

reactants

ARreaction = hf

products

Where h' is the heat of formation.

Qreaction = Ah'reaction + hsensible

Where hsensible 1 the heat required to raise feed to reactor temperature.

SECTION C. INPUT DATA TABLES USED IN MODELING

Table B6. Torrefaction yield data (kg/kg intake pine x 100 %) at different torrefaction temperatures.'?

Torrefaction Temperature 290°C | 310°C | 330°C
Material Wt %

Gas 6 8 11
Condensed Liquid 17 33 46
Torrefied Solid 78 56 43

Table B7. Torrefaction component distribution (wt % organics) of organics from torrefaction of pine at
different torrefaction temperatures.!'> ¥

Torrefaction temperature

Component (wt/wt organics) 290°C 310°C 330°C
Acetic Acid 8.01 11.92 13.09
Propionic Acid 0.25 0.42 0.48
Acetol 2.47 5.08 6.43
Fufural 1.01 1.26 1.95
2-Furanmethanol 0.09 0.11 0.21
5-(hydroxymethyl)-2- 0.00 0.00 0.00
furancarboxaldehyde

Levoglucosan 0.40 2.43 3.00
Xylose 0.40 1.22 1.32
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Hydrolysable Oligomers(cellobiose) 0.00 0.15 0.36
Glucose 0.10 0.61 0.60
Isoeugenol 0.33 0.76 1.83
Eugenol 0.05 0.13 0.27
Vanillin 0.21 0.32 0.31
2-methoxy-4-vinylphenol(p- 0.00 0.00 0.00
vinylguaiacol)

Catechol(benze-1,2-diol) 0.00 0.00 0.00
Phenol 0.00 0.00 0.00
2-methoxyphenol (guaiacol) 0.49 0.83 1.48
4-methylphenol(p-cresol) 0.00 0.00 0.00
3-methylphenol (m-cresol) 0.00 0.00 0.00
4-ethylphenol 0.00 0.00 0.00
2-methoxy-4-methylphenol (creosol) 0.00 0.00 0.00
Low MW Lignin-Derived Compound 0.95 1.24 1.87
A(Dimethoxy stilbene

Low MW Lignin Derived Compound B 0.19 0.25 0.38
(Dibenzofuran)

High MW Lignin-Derived Compound A 0.79 1.04 1.56
High MW Lignin Derived Compound B 0.17 0.23 0.34

Table BS. Ultimate analysis data (wt %) for torrefied pine chips at different torrefaction temperatures in

(14)

Torrefaction Temperature 2900C | 310°C |  330°C
Element Value (wt %)

Ash 0.6 0.6 0.8
Carbon 55.05 57.27 65.75
Hydrogen 5.94 5.79 4.87
Chlorine - - -
Nitrogen 0.11 0.14 0.28
Sulfur - - -
Oxygen 383 36.0 27.6
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Table B9. Proximate analysis data (wt %) for torrefied pine chips at different torrefaction temperatures in
(14)

Torrefaction Temperature 290°C ‘ 310°C ‘ 330°C
Element Value (wt %)

Ash 0.60 0.80 1.4
Moisture Content 0 0 0
Volatile Matter 78.6 76.4 60
Fixed Carbon 20.8 22.8 38.6

Table B10. Pyrolysis yield data (kg/ kg pyrolyzer feed intake x 100 %) for one and two-step pyrolysis
taking place at 530°C. (The yields are based on the feed entering the pyrolyzer on a dry ash free basis-one
step is raw pine; two-step is torrefied pine)'?

Material Wt %
One Step Two Step Two Step Two Step (330°C)
(290°C) (310°C)
Gas 28 24.4 26.8 233
Liquid 59 57.7 46.4 32.6
Solid/Char 10 12.8 23.2 39.5

Table B11. Pyrolysis bio-oil component distribution of organics (wt/wt organics) for one step and two step
pyrolysis of pine.02 19

One Step Two Step
(wt/wt (wt/wt organics)

organics)

Component | Torrefaction 290°C 310°C 330°C
temperature

Acetic Acid 7.59 4.42 2.96 1.11
Propionic Acid 3.69 0.00 0.00 0.00
Acetol 3.11 3.28 2.39 0.85
Fufural 1.00 0.29 0.15 0.38
2-Furanmethanol 0.12 0.07 0.04 0.11
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5-(hydroxymethyl)-2- 0.23 0.28 0.15 0.45
furancarboxaldehyde
Levoglucosan 7.24 7.91 6.04 8.45
Xylose 2.19 2.05 1.01 0.94
Cellobiose 3.29 5.28 4.70 0.00
Glucose 1.10 1.17 0.34 0.00
Isoeugenol 0.54 0.58 0.58 0.50
Eugenol 0.12 0.36 0.20 0.17
Vanillin 0.42 0.14 0.15 0.12
P-vinylguaiacol 0.79 0.37 0.25 0.21
Catechol 2.53 4.88 2.32 2.08
Phenol 0.19 0.33 0.24 0.23
Guaiacol 0.46 0.46 0.37 0.30
P-cresol 0.06 0.12 0.10 0.06
M-cresol 0.02 0.06 0.13 0.09
4-ethylphenol 0.07 0.14 0.05 0.07
Creosol 0.46 0.85 0.50 0.59
Low MW Lignin-Derived 7.11 6.50 6.00 3.05
Compound A(Dimethoxy stilbene)
Low MW Lignin Derived 1.43 1.31 1.21 0.62
Compound B (Dibenzofuran)
High MW Lignin-Derived 5.94 543 5.02 2.55
Compound A
High MW Lignin Derived 1.30 1.18 1.10 0.56
Compound B
Table B12. Ultimate and proximate analysis (wt %) for raw pine chips.
Ultimate Analysis | Proximate Analysis (wet basis)
Element Value | Element Value
(wt %) (wt %)
Ash 0.6 Ash 0.60
Carbon 50.45 | Moisture Content 25
Hydrogen 6.26 Volatile Matter 84.6
Chlorine - Fixed Carbon 14.8
Nitrogen 0.09
Sulfur -
Oxygen 42.6
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Table B13. Ultimate and proximate data (wt %) for char obtained after pyrolysis.

Ultimate Analysis Proximate Analysis
Components Wt. % Components Wt. %
Ash 7.67 Ash 4.60
Carbon 83.03 Moisture Content -
Hydrogen 1.14 Volatile matter 7.40
Nitrogen 1.37 Fixed carbon 88.0
Chlorine -
Sulfur -
Oxygen 6.56

SECTION D: INVENTORY DATA TABLE FOR BIOMASS CONVERSION

Table Bi4. Life cycle inventory to produce IMJ of bio-oil for RMBY of a one-step
conversion

Products

Bio-oil 1 MJ
Char (combusted in the process) 0.09 kg
Material Inputs

Pine (8% moisture content) 0.095 kg
Water, completely softened, at plant 9.4 kg
Process Inputs or Displaced Products (negative values)

Electricity, medium voltage US (size reduction) 0.039 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW 0.035 MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW 0 MJ
(pyrolysis)

Bituminous coal, combusted in industrial boiler NREL/US 0 kg
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Table B15. Life cycle inventory to produce 1MJ of bio-oil for a two-step conversion, FMBY at

torrefaction temperature of 290°C (biomass conversion step)

Products

Bio-oil (pyrolysis) 0.745 MJ
Bio-oil (torrefaction) 0.255 MJ
Char (exported to displace coal) 0.009 kg
Non-condensable gases (pyrolysis — recycled for fluidizing)

Non-condensable gases (torrefaction — combusted internally) 0.015 kg
Material Inputs

Pine (8% moisture content) 0.094 Kg
Water, completely softened, at plant (pyrolysis) 6.1 Kg
Water, completely softened, at plant (torrefaction) 2.02 Kg
Process Inputs or Displaced Products (negative values)

Electricity, medium voltage US (size reduction) 0.004 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW 0.089 MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW 0.094 MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW 0.099 MJ
(pyrolysis)

Bituminous coal, combusted in industrial boiler NREL/US -0.008 Kg

Table B16. Life cycle inventory to produce 1MJ of bio-oil for a two-step conversion, RMBY at

torrefaction temperature of 290°C (biomass conversion step)

Products

Bio-oil (pyrolysis) 0.747 MJ
Bio-oil (torrefaction) 0.253 MJ
Char (combusted in the process) 0.009 Kg
Non-condensable gases (pyrolysis — recycled for fluidizing)

Non-condensable gases (torrefaction — combusted internally) 0.015 Kg
Material Inputs

Pine (8% moisture content) 0.094 Kg
Water, completely softened, at plant (pyrolysis) 6.1 Kg
Water, completely softened, at plant (torrefaction) 2.02 Kg
Process Inputs or Displaced Products (negative values)

Electricity, medium voltage US (size reduction) 0.004 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW 0 MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW 0 MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW 0.079 MJ
(pyrolysis)

Bituminous coal, combusted in industrial boiler NREL/US 0 Kg
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Table B17. Life cycle inventory to produce 1MJ of bio-oil for a two-step conversion, RMBQ at

torrefaction temperature of 290°C (biomass conversion step)

Products

Bio-oil (pyrolysis) 1 MJ
Bio-oil (torrefaction) - MJ
Char (exported to displace coal) 0.011 Kg
Non-condensable gases (pyrolysis — recycled for fluidizing)

Non-condensable gases (torrefaction — combusted internally) 0.021 Kg
Material Inputs

Pine (8% moisture content) 0.126 Kg
Water, completely softened, at plant (pyrolysis) 8.31 Kg
Water, completely softened, at plant (torrefaction) 2.71 Kg
Process Inputs or Displaced Products (negative values)

Electricity, medium voltage US (size reduction) 0.006 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW 0 MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW 0 MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW 0 MJ
(pyrolysis)

Bituminous coal, combusted in industrial boiler NREL/US -0.010 Kg

Table B18. Life cycle inventory to produce 1MJ of bio-oil for a two-step conversion, FMBY at

torrefaction temperature of 310°C (biomass conversion step)

Products

Bio-oil (pyrolysis) 0.486 MJ
Bio-oil (torrefaction) 0.514 MJ
Char (exported to displace coal) 0.013 Kg
Non-condensable gases (pyrolysis — recycled for fluidizing)

Non-condensable gases (torrefaction — combusted internally) 0.020 Kg
Material Inputs

Pine (8% moisture content) 0.105 Kg
Water, completely softened, at plant (pyrolysis) 4.78 Kg
Water, completely softened, at plant (torrefaction) 3.40 Kg
Process Inputs or Displaced Products (negative values)

Electricity, medium voltage US (size reduction) 0.002 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW 0.1 MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW 0.063 MJ

(torrefaction)
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Natural gas, burned in industrial furnace low-NOx> 100kW 0.115 Ml
(pyrolysis)
Bituminous coal, combusted in industrial boiler NREL/US -0.012 Kg

Table B19. Life cycle inventory to produce 1MJ of bio-oil for a two-step conversion, RMBY at

torrefaction temperature of 310°C (biomass conversion step)

Products

Bio-oil (pyrolysis) 0.486 MJ
Bio-oil (torrefaction) 0.514 MJ
Char (Combusted, with excess exported to displace coal) 0.013 Kg
Non-condensable gases (pyrolysis — recycled for fluidizing)

Non-condensable gases (torrefaction — combusted internally) 0.020 Kg
Material Inputs

Pine (8% moisture content) 0.105 Kg
Water, completely softened, at plant (pyrolysis) 4.78 Kg
Water, completely softened, at plant (torrefaction) 3.40 Kg
Process Inputs or Displaced Products (negative values)

Electricity, medium voltage US (size reduction) 0.002 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW 0 Ml
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW 0 Ml
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW 0 Ml
(pyrolysis)

Bituminous coal, combusted in industrial boiler NREL/US -0.004 Kg

Table B20. Life cycle inventory to produce 1MJ of bio-oil for a two-step conversion, RMBQ at

torrefaction temperature of 310°C (biomass conversion step)

Products

Bio-oil (pyrolysis) 0.657 MJ
Bio-oil (torrefaction) 0.343 MJ
Char (Combusted, with excess exported to displace coal) 0.018 Kg
Non-condensable gases (pyrolysis — recycled for fluidizing)

Non-condensable gases (torrefaction — combusted internally) 0.027 Kg
Material Inputs

Pine (8% moisture content) 0.142 Kg
Water, completely softened, at plant (pyrolysis) 6.45 Kg
Water, completely softened, at plant (torrefaction) 4.59 Kg
Process Inputs or Displaced Products (negative values)

Electricity, medium voltage US (size reduction) 0.003 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW 0 Ml

(biomass drying)
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Natural gas, burned in industrial furnace low-NOx> 100kW 0 Ml
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW 0 MJ
(pyrolysis)

Bituminous coal, combusted in industrial boiler NREL/US -0.017 Kg

Table B21. Life cycle inventory to produce 1MJ of bio-oil for a two-step conversion, FMBY at

torrefaction temperature of 330°C (biomass conversion step)

Products

Bio-oil (pyrolysis) 0.251 MJ
Bio-oil (torrefaction) 0.749 MJ
Char (exported to displace coal) 0.019 Kg
Non-condensable gases (pyrolysis — recycled for fluidizing)

Non-condensable gases (torrefaction — combusted internally) 0.016 Kg
Material Inputs

Pine (8% moisture content) 0.113 Kg
Water, completely softened, at plant (pyrolysis) 3.50 Kg
Water, completely softened, at plant (torrefaction) 4.60 Kg
Process Inputs or Displaced Products (negative values)

Electricity, medium voltage US (size reduction) 0.001 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW 0.104 Ml
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW 0.125 Ml
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW 0.058 MJ
(pyrolysis)

Bituminous coal, combusted in industrial boiler NREL/US -0.017 Kg

Table B22. Life cycle inventory to produce 1MJ of bio-oil for a two-step conversion, RMBY at

torrefaction temperature of 330°C (biomass conversion step)

Products

Bio-oil (pyrolysis) 0.251 MJ
Bio-oil (torrefaction) 0.749 MJ
Char (Combusted, with excess exported to displace coal) 0.019 Kg
Non-condensable gases (pyrolysis — recycled for fluidizing)

Non-condensable gases (torrefaction — combusted internally) 0.016 Kg
Material Inputs

Pine (8% moisture content) 0.113 Kg
Water, completely softened, at plant (pyrolysis) 3.50 Kg
Water, completely softened, at plant (torrefaction) 4.60 Kg
Process Inputs or Displaced Products (negative values)

Electricity, medium voltage US (size reduction) 0.001 | kWh
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Natural gas, burned in industrial furnace low-NOx> 100kW 0 Ml
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW 0 MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW 0 MJ
(pyrolysis)

Bituminous coal, combusted in industrial boiler NREL/US -0.009 Kg

Table B23. Life cycle inventory to produce 1MJ of bio-oil for a two-step conversion, RMBQ at
torrefaction temperature of 330°C (biomass conversion step)

Products

Bio-oil (pyrolysis) 0.345 | MJ
Bio-oil (torrefaction) 0.655 | MJ
Char (Combusted, with excess exported to displace coal) 0.026 | Kg
Non-condensable gases (pyrolysis — recycled for fluidizing)

Non-condensable gases (torrefaction — combusted internally) 0.022 | Kg
Material Inputs

Pine (8% moisture content) 0.156 | Kg
Water, completely softened, at plant (pyrolysis) 4.80 Kg
Water, completely softened, at plant (torrefaction) 6.32 Kg
Process Inputs or Displaced Products (negative values)

Electricity, medium voltage US (size reduction) 0.001 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW 0 Ml
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW 0 MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW 0 MJ
(pyrolysis)

Bituminous coal, combusted in industrial boiler NREL/US -0.023 | Kg

SECTION E: SAMPLE CALCULATION OF THE LHV OF BIO-OIL OBTAINED
FROM SIMULATION FOR A ONE-STEP PYROLYSIS PATHWAY

Table B24. Calculated allocation factors for energy allocation approach. Torrefaction temperatures shown
for two-step processes

One-step Two-step
Scenario 290°C 310°C 330°C
1 0.785 0.789 0.713 0.641
2 1.000 1.000 0.874 0.777
3 0.747 0.647 0.566
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Table B25. Sample calculation of the LHV of bio-oil for one-step conversion pathway using the heat of
combustion of representative compounds found in the literature.

wt frac Heat of Heat of Sourc
combustion combustion e
(MJ/kg)

N2 0.00039 - 0

CcO2 0.00103 - 0
9

CcO 0.00011 - 0
7

H2 0 - 0

CH4 0 - 0

C2H6 0 - 0

H20 0.22153 - 0 (7
3

ACETIC ACID 0.10907 -13.5647 -1.47961 @)
8

PROPINIONIC ACID 0.05622 -18.8312 -1.05883 (7)
7

ACETOL 0.04726 -22.5708 -1.06686 *
7

ISOEUGENOL 0.00831 -32.6024 -0.27095 (15)
1

EUGENOL 0.00181 -32.8317 -0.05969 (15)
8

VANILLIN 0.00649 -25.1678 -0.16341 (15)
3

P-VINYLGUAIACOL 0.01220
6

CATECHOL 0.03752 -26.03 -0.97685

(BENZE-1,2 DIOL) 8

PHENOL 0.00298 -31.0372 -0.0927 7
7

GUAIACOL 0.00714
2

P-CRESOL 0.00103 -32.5741 -0.03384 7
9

M-CRESOL 0.00026 -32.6228 -0.00847 @)

4-ETYLPHENOL 0.00103 -35.6322 -0.03702 (16)
9

O-CRESOL 0.00727 -32.6244 -0.23724 7
2

FUFURAL 0.01415 -24.3674 -0.3449 (16)
4

2-FURANMETHANOL 0.00181 -26.0091 -0.04728 (16)
8
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5-(HYDROXYMETHYL)-2- 0.00350 0

FURANCARBOXALDEHYD 6

E

LEVOGLUCOSAN 0.11219 -17.4747 -1.96056 (16)
5

XYLOSE 0.03402 -15.5924 -0.53048 (16)
2

CELLBOISE 0.05103 -16.4864 -0.84135 (16)
3

GLUCOSE 0.01701 -15.6072 -0.26549 (16)
1

LOW MW LIGNIN DERIVED | 0.11024 -35.4908 -3.91275 *

COMPOUND A 7

(DIMETHOXY

STILBENZENE)

LOW MW LIGNIN DERIVED | 0.02220 -35.2318 -0.78233 *

COMPOUND B 5

(DIBENZOFURANN)

HIGH MW LIGNIN 0.09206 -26.4613 -2.43622 *

DERIVED COMPONUD A 7

HIGH MW LIGNIN 0.01999 -26.6643 -0.53322 *

DERIVED COMPOUND B 8

Total 1 LHV -17.1401

e Calculated based on the composition of carbon, hydrogen, and oxygen using the
method described in section B above.

AH® = 393.51a + 142.915b + A:H (C,H,0,)

Acetol — C3HeO2 (74.049g/mol)
A.H® (Acetol) = (393.51 = 3) + (142.915 = 6) + (—366)
=-1672.02kJ/mol
=-22.57 MJ/kg
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Appendix C: Production of Hydrocarbon Fuel using Two-Step
Torrefaction and Fast Pyrolysis of Pine. Part 1: Techno-
economic Analysis

C.1 Supplementary material from Chapter 4

Section A. MODEL DESCRIPTION OF SOME UNIT OPERATIONS
This section and its sub-sections were presented in our prior study.'
A.1 Drying

Biomass inherently contains moisture, and it is assumed here that the delivered pine wood
has a moisture content of about 25% which will be dried to about 7% which is
recommended for fast pyrolysis. The set-up in this study has the drying step prior to size
reduction for a couple of reasons that includes being able to gain the benefit of reduced
energy requirement as a result of a torrefaction pre-treatment step and also prevent
plugging of screens. Moisture content higher than 15% may affect the size reduction step
due to plugging or blinding of the small diameter screen openings that would be employed
to attain the desired particle size. The drying step will be modeled in Aspen Plus using a
stoichiometric reactor and a STEAM thermodynamic package. This calculates the energy
required for drying by estimating the specific energy required to raise the temperature of
the biomass and its inherent moisture to the target temperature, and also the latent heat

required to vaporize the moisture in the biomass.
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A.2 Size Reduction

The correlation obtained from literature given as follows for pine was used in evaluating

the reduction in energy consumption to attain required size to effect fast pyrolysis.>

E, = —0.756T +260.0 (1)

where Eg is specific energy consumption for grinding in kW-hr/ton, T is Temperature in
°C

The size reduction step was then modeled in Aspen Plus® as a hammer mill with the
estimated specific energy consumed for grinding estimated at different torrefaction

temperatures, while the untreated raw pine’s energy was estimated using ambient

temperature of 25°C.

Work index, a function of the specific energy consumption, as well as the initial and final
biomass particle size is required to model the size reduction step. The work index required
for grinding was calculated from the specific energy (calculated in equation 1) and size of

initial and final biomass particle using equation 2.
1 1
Eg=10*Wi*(\/—F—ﬁ) (2)

where E; is specific energy consumption for grinding in kW-hr/ton, Wi is work index in

kW-hr/ton, P is final particle size in microns and F is Initial particle size in microns
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A.3 Combustion

Combustion of products, when considered in this study, was not modeled using the process
simulation software. However, the heat released during combustion were estimated from

correlations obtained from the literature as shown below:

A.3.1 Combustion of char

Heat released from the combustion of char was evaluated based on the lower heating value
of char, which was estimated from its higher heating value based on correlation from

literature given below:?

LHV = HHV (1 —l) 2444 x 2 _ 2444+ " 48936 (1 _ i) ﬂ,w.b.]
100 100 100 100 kg

(3)

Where

2.444 = enthalpy difference between gaseous and liquid water at 25°C

8.936 = Mu20/Mm2; 1.e. the molecular mass ratio between H>O and H2

LHV = lower heating value

HHYV = higher heating value

w = moisture content of the fuel in wt% (wet basis)

h = concentration of hydrogen in wt% (dry basis)
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The higher heating value utilized in the equation above was also estimated from empirical

formula as well as shown below.*

HHV = 0.3491X. + 1.1783Xy + 0.1005Xs — 0.0151Xy — 0.1034X, —

0.0211Xgen [12,d.b.] 4)

Xi is the content of carbon (C), hydrogen (H), sulfur (S), nitrogen (N), oxygen (O), etc.

from the ultimate analysis of the solid fuel.
A.3.2 Combustion of condensates from torrefaction

The energy released from the combustion of condensates from torrefaction when such
steps take place in this study was estimated by obtaining from literature the lower heating
value of the individual components in the condensates.’ Based on the lower heating value
of the individual components and their weight fraction in the liquid, the lower heating
value of the liquid was estimated. For high molecular compounds produced from either
the torrefaction or pyrolysis step whose lower heating values were not found in the
literature, their lower heating values were estimated using correlation obtained from the

literature as shown below:®

For compounds containing only carbon, hydrogen and oxygen, a general combustion

reaction was given as

b ¢
CaHbOC + (a+ Z— E) 02

- aC0,(g) + 5 H,0 () ©

The standard heat of combustion is then given as

251



AH® = —alsH'(COy, g) — %bAfH°(H20, 1) + A:H'(CoH,O0,)
(6)
=393.51a + 142.915b + ApH'(C,H,0,)

(7

where ArH * is the enthalpy of formation. When the heat of formation is not available from

literature, it was estimated based on the structure of the component by using the Joback

method which is based on group contribution.>’
A.3.3 Combustion of non-condensable gas from torrefaction

Heat generated from combustion of non-condensable gas from torrefaction was estimated
using the lower heating value of the components present in the non-condensable gas phase.
Severity of torrefaction usually determines the components contained in the non-
condensable gas. However for this study, the components were assumed to be essentially
COz, and CO in an 80 to 20 ratio hence heat released from combustion is due to the CO
component only, and this assumption is supported by the report of Tumuluru et al. which

showed energy released from the combustion of volatiles from torrefaction is mainly from

co.?
A.3.4 Boie correlation for heat of combustion estimation

One of the correlations used in Aspen Plus® to estimate the heat of combustion of

unconventional solids such as biomass based on the ultimate analysis is as shown’:
dm _ dm dm am am am 2
AhI™ = [aywll + agwii? + agwil* + auwi + as,wi[10% + ag (8)
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Where wc,i 9™ is the weight fraction of carbon.

Values of the parameters as given by Aspen Plu® are as follows'®
ali=151.2, a2i=499.77, a3i = 45.0, a4i = -47.7, asi= 27.0 and asi = -189
A .4 Conveyance

Biomass movement across the plant is assumed to be carried out using conveyor belts, and
the energy required for this conveyance was estimated by firstly using the guidelines as
shown by Couper et al.''"'> The conveyance is assumed to be carried out using a 24 inch,
45° troughed belt conveyor of length, 33.5m and up a longitudinal incline of 22°. The
running angle of repose of the woodchips is taken to be about 30° and the required power

is estimated by using equation 7.

Power (hp) = Phorizontal + Pvertical + Pempty (9)

Where Phorizontal = (0.4+L/300)(W/100), Pverticat = 0.001HW, and Pempty obtained based on
desired conveyor length from literature.'?

SECTION B. INPUT DATA TABLES USED IN MODELING

Tables C1 to C7 found in this section were presented in our prior study, but repeated here

for completeness.'

Table C1. Component distribution of organics for one step and two step pyrolysis of pine.’>'*

One Step Two Step
Component (wt | Torrefaction 290°C 310°C 330°C
%) temperature
Acetic Acid 7.59 4.42 2.96 1.11
Propionic Acid 3.69 0.00 0.00 0.00
Acetol 3.11 3.28 2.39 0.85

253



Fufural 1.00 0.29 0.15 0.38
2-Furanmethanol 0.12 0.07 0.04 0.11
5-(hydroxymethyl)-2- 0.23 0.28 0.15 0.45
furancarboxaldehyde

Levoglucosan 7.24 7.91 6.04 8.45
Xylose 2.19 2.05 1.01 0.94
Cellobiose 3.29 5.28 4.70 0.00
Glucose 1.10 1.17 0.34 0.00
Isoeugenol 0.54 0.58 0.58 0.50
Eugenol 0.12 0.36 0.20 0.17
Vanillin 0.42 0.14 0.15 0.12
P-vinylguaiacol 0.79 0.37 0.25 0.21
Catechol 2.53 4.88 2.32 2.08
Phenol 0.19 0.33 0.24 0.23
Guaiacol 0.46 0.46 0.37 0.30
P-cresol 0.06 0.12 0.10 0.06
M-cresol 0.02 0.06 0.13 0.09
4-ethylphenol 0.07 0.14 0.05 0.07
Creosol 0.46 0.85 0.50 0.59
Low MW Lignin Derived Compound 7.11 6.50 6.00 3.05
A (Dimethoxy stilbenzene)

Low MW Lignin Derived Compound 1.43 1.31 1.21 0.62
B (Dibenzofuran)

High MW Lignin Derived Compound 5.94 5.43 5.02 2.55
A

High MW Lignin Derived Compound 1.30 1.18 1.10 0.56
B

Table C2. Ultimate analysis data for torrefied pine chips at different torrefaction temperatures.’

Torrefaction Raw pine 290°C 310°C 330°C
Temperature

Component Wt %

Ash 0.6 0.6 0.6 0.8
Carbon 50.45 55.05 57.27 65.75
Hydrogen 6.26 5.94 5.79 4.87
Chlorine - - - -
Nitrogen 0.09 0.11 0.14 0.28
Sulfur - - - -
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Oxygen 42.6 38.3 36.0 27.6

Table C3. Proximate analysis data for torrefied pine chips at different torrefaction temperatures.’”

Torrefaction Raw pine 290°C 310°C 330°C
Temperature

Component Wt %

Ash 0.6 0.60 0.80 1.4
Moisture Content 25 0 0 0
Volatile Matter 84.6 78.6 76.4 60
Fixed Carbon 14.8 20.8 22.8 38.6

Table C4. Product distribution for organics from torrefaction of pine at different torrefaction
temperatures.'>1*

Component (wt %) 290°C 310°C 330°C
Acetic Acid 8.01 11.92 13.09
Propionic Acid 0.25 0.42 0.48
Acetol 2.47 5.08 6.43
Fufural 1.01 1.26 1.95
2-Furanmethanol 0.09 0.11 0.21
5-(hydroxymethyl)-2- 0.00 0.00 0.00
furancarboxaldehyde

Levoglucosan 0.40 2.43 3.00
Xylose 0.40 1.22 1.32
Hydrolysable Oligomers(cellobiose) 0.00 0.15 0.36
Glucose 0.10 0.61 0.60
Isoeugenol 0.33 0.76 1.83
Eugenol 0.05 0.13 0.27
Vanillin 0.21 0.32 0.31
2-methoxy-4-vinylphenol(p- 0.00 0.00 0.00
vinylguaiacol)

Catechol(benze-1,2-diol) 0.00 0.00 0.00
Phenol 0.00 0.00 0.00
2-methoxyphenol (guaiacol) 0.49 0.83 1.48
4-methylphenol(p-cresol) 0.00 0.00 0.00
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3-methylphenol (m-cresol) 0.00 0.00 0.00
4-ethylphenol 0.00 0.00 0.00
2-methoxy-4-methylphenol (creosol) 0.00 0.00 0.00
Low MW Lignin Derived Compound 0.95 1.24 1.87
A(Dimethoxy stilbenzene)

Low MW Lignin Derived Compound B 0.19 0.25 0.38
(Dibenzofuran)

High MW Lignin Derived Compound A 0.79 1.04 1.56
High MW Lignin Derived Compound B 0.17 0.23 0.34

Table C5. Ultimate and proximate data for char obtained after pyrolysis.

Ultimate Analysis Proximate Analysis
Components Wt. % Components Wt. %
Ash 7.67 Ash 4.60
Carbon 83.03 Moisture Content -
Hydrogen 1.14 Volatile matter 7.40
Nitrogen 1.37 Fixed carbon 88.0
Chlorine -
Sulfur -
Oxygen 6.56
Table C6. Estimated number of employees and their wages rate.
Employee Annual Salary Number Required
Plant/General Manager $136,830.00 1
Plant Engineer $108,630.00 1
Maintenance Supervisor $76,480.00 1
Lab Manager/Chemist $77,970.00 1
Shift Supervisor $74,470.00 5
Maintenance Tech $70,450.00 6
Shift Operators $55,980.00 23
Admin Assistants $43,440.00 2
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Table C7. Yield factors for upgrade step for the one-step pathway.

Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.03 | N2 0.03
3 3
CO2 0.06 | CO2 0.06
8 8
CcO 0.00 | CO 0.89
1 5
H2 14.7 | H2 9.74
08 3
H20 21.2 | CH4 2.63
47 7
Acetaldehyde 6.57 | C2H6 5.09
4 8
Propanal 3.78 | H20 45.2
4 27
Propylene Glycol 4.17 | Propane 5.47
0 5
Isoeugenol 0.72 | Butane 1.85
4 1
Eugenol 0.15 | Pentane 0.29
8 1
Vanillyl alcohol 0.57 | Hexane 8.18
5 6
Vinylguaiacol 1.07 | Cyclohexane | 3.89
1 5
Catechol 3.29 | Methylcycloh | 5.95
4 exane 4
Phenol 0.25 | Ethylcyclohex | 0.75
7 ane 5
Guaiacol 0.62 | Propylcyclohe | 1.79
8 xane 4
4-methylphenol 0.08 | Benzene 1.47
7 7
3-methylphenol 0.02 | Toulene 4.57
6 3
4-ethylphenol 0.09 | Propylbenzen | 1.10
6 e 7
2-methoxy-4-methylphenol 0.63 | Vinylbenzene | 0.33
6 4
Furfural 1.15 | Propenylbenz | 0.30
5 ene 1
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2-Furanmethanol 0.15 | Ethylbenzene | 0.24

2 4
5-Hydromethylfufural 0.31
3
Levoglucosan 9.84
1
Xylose 2.98
2
Cellobiose 4.47
3
Glucose 1.49

Low MW Lignin Derived Compound A(Dimethoxy 9.66

stilbene C16H1602) 9

Low MW Lignin Derived Compound B 1.95

(Dibenzofuran) 1

High MW Lignin Derived Compound A 8.07

(C20H2608)* 9

High MW Lignin Derived Compound B (C21H2608)* | 1.75
7

¥ Chemical structure obtained from literature

Table C8. Yield factors for upgrade step for scenario 1 of a two-step pathway at torrefaction temperature of
290°C.

Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.03 | N2 0.03
8 8
CO2 0.17 | CO 0.93
4 0
CcO 0.00 | CO2 0.17
3 4
H2 14.6 | H2 9.99
47 6
H20 249 | CH4 2.12
78 4
Acetaldehyde 9.61 | C2H6 7.02
0 1
Propanal 0.23 | H20 48.1
2 29
Propylene Glycol 6.10 | Propane 3.85
6 6
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Isoeugenol 0.94 | Butane 1.79
2 9
Eugenol 0.40 | Pentane 0.27
1 6
Vanillyl alcohol 0.36 | Hexane 7.43
3 5
Vinylguaiacol 0.35 | Cyclohexane | 4.14
4 0
Catechol 4.69 | Methylcycloh | 4.67
3 exane 6
Phenol 0.31 | Ethylcyclohex | 0.41
3 ane 4
Guaiacol 1.01 | Propylcyclohe | 1.64
4 xane 9
4-methylphenol 0.11 | Benzene 2.01
1 7
3-methylphenol 0.05 | Toulene 3.59
5 2
4-ethylphenol 0.13 | Propylbenzen | 0.82
0 e 9
2-methoxy-4-methylphenol 0.81 | Vinylbenzene | 0.11
6 0
Furfural 1.41 | propenylbenze | 0.43
5 ne 5
2-Furanmethanol 0.16 | Ethylbenzene | 0.20
9 8
5-Hydromethylfufural 0.26
5
Levoglucosan 8.07
9
Xylose 244
1
Cellobiose 5.07
4
Glucose 1.24
5
Low MW Lignin Derived Compound A(Dimethoxy 7.36
stilbene C16H1602) 0
Low MW Lignin Derived Compound B 1.48
(Dibenzofuran) 5
High MW Lignin Derived Compound A (C20H2608) | 6.15
0
High MW Lignin Derived Compound B (C21H2608) | 1.33
8
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Table C9. Yield factors for upgrade step for scenario 3 of a two-step pathway at torrefaction temperature of

290°C.
Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.02 | N2 0.02
7 7
CO2 0.06 | CO 0.79
1 4
CcO 0.00 | CO2 0.06
1 1
H2 149 | H2 9.56
19 1
H20 15.2 | CH4 2.73
24 2
Acetaldehyde 444 | C2H6 3.65
1 6
Propanal 0.00 | H20 42.4
0 42
Propylene Glycol 4.96 | Propane 3.07
9 1
Isoeugenol 0.88 | Butane 1.45
5 0
Eugenol 0.54 | Pentane 0.31
8 5
Vanillyl alcohol 0.21 | Hexane 11.2
3 67
Vinylguaiacol 0.55 | Cyclohexane | 5.81
9 5
Catechol 7.41 | Methylcycloh | 6.27
4 exane 6
Phenol 0.49 | Ethylcyclohex | 0.60
5 ane 6
Guaiacol 0.69 | Propylcyclohe | 2.05
9 xane 7
4-methylphenol 0.17 | Benzene 2.90
5 3
3-methylphenol 0.08 | Toulene 4.82
8 0
4-ethylphenol 0.20 | Propylbenzen | 1.11
5 e 2
2-methoxy-4-methylphenol 1.29 | Vinylbenzene | 0.17
0 4
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Furfural 0.40 | propenylbenze | 0.46

5 ne 4
2-Furanmethanol 0.10 | Ethylbenzene | 0.29
3 1
5-Hydromethylfufural 0.41
8
Levoglucosan 12.0
25
Xylose 3.11
8
Cellobiose 8.01
7
Glucose 1.78

Low MW Lignin Derived Compound A(Dimethoxy 9.87

stilbene C16H1602) 9

Low MW Lignin Derived Compound B 1.99

(Dibenzofuran) 4

High MW Lignin Derived Compound A (C20H2608) | 8.25
5

High MW Lignin Derived Compound B (C21H2608) | 1.79
5

Table C10. Yield factors for upgrade step for scenario 1 of a two-step pathway at torrefaction temperature
of 310°C.

Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.03 | N2 0.03
9 9
CO2 0.27 | CO 0.94
0 6
CO 0.00 | CO2 0.27
5 0
H2 14.4 | H2 10.0
48 31
H20 28.0 | CH4 1.83
86 7
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Acetaldehyde 12.4 | C2H6 8.85
23 1
Propanal 0.42 | H20 50.5
2 46
Propylene Glycol 8.36 | Propane 5.27
3 9
Isoeugenol 1.39 | Butane 1.90
7 1
Eugenol 0.30 | Pentane 0.18
6 0
Vanillyl alcohol 0.52 | Hexane 6.31
2 1
Vinylguaiacol 0.18 | Cyclohexane | 2.62
2 6
Catechol 1.70 | Methylcycloh | 3.80
5 exane 8
Phenol 0.17 | Ethylcyclohex | 0.25
4 ane 7
Guaiacol 1.32 | Propylcyclohe | 1.59
5 xane 9
4-methylphenol 0.07 | Benzene 1.07
3 8
3-methylphenol 0.09 | Toulene 2.92
2 5
4-ethylphenol 0.03 | Propylbenzen | 0.67
4 e 4
2-methoxy-4-methylphenol 0.43 | Vinylbenzene | 0.05
9 7
Furfural 1.68 | propenylbenze | 0.55
4 ne 2
2-Furanmethanol 0.16 | Ethylbenzene | 0.14
2 1
5-Hydromethylfufural 0.10
6
Levoglucosan 7.52
2
Xylose 2.28
3
Cellobiose 3.64
1
Glucose 1.01
9
Low MW Lignin Derived Compound A(Dimethoxy 5.98
stilbene C16H1602) 3
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Low MW Lignin Derived Compound B 1.20

(Dibenzofuran) 7

High MW Lignin Derived Compound A (C20H2608) | 4.99
9

High MW Lignin Derived Compound B (C21H2608) | 1.08
7

Table Cl11. Yield factors for upgrade step for scenario 3 of a two-step pathway at torrefaction temperature
of 310°C.

Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.03 | N2 0.03
4 4
CO2 0.15 | CO 0.66
1 7
CcO 0.00 | CO2 0.15
3 1
H2 14.7 | H2 9.88
65 6
H20 222 | CH4 2.58
39 9
Acetaldehyde 7.05 | C2H6 5.40
7 3
Propanal 0.16 | H20 46.4
3 08
Propylene Glycol 6.00 | Propane 3.78
2 2
Isoeugenol 1.21 | Butane 1.27
9 9
Eugenol 0.34 | Pentane 0.19
7 9
Vanillyl alcohol 0.38 | Hexane 9.10
1 0
Vinylguaiacol 0.35 | Cyclohexane | 3.99
8 9
Catechol 3.35 | Methylcycloh | 5.87
8 exane 0
Phenol 0.34 | Ethylcyclohex | 0.43
3 ane 7
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Guaiacol 0.94 | Propylcyclohe | 2.02
7 xane 7
4-methylphenol 0.14 | Benzene 1.61
4 4
3-methylphenol 0.18 | Toulene 4.50
2 9
4-ethylphenol 0.06 | Propylbenzen | 1.04
7 e 6
2-methoxy-4-methylphenol 0.86 | Vinylbenzene | 0.11
5 2
Furfural 0.80 | propenylbenze | 0.50
4 ne 7
2-Furanmethanol 0.10 | Ethylbenzene | 0.22
7 5
5-Hydromethylfufural 0.20
9
Levoglucosan 9.92
9
Xylose 2.05
3
Cellobiose 6.86
8
Glucose 0.78
4
Low MW Lignin Derived Compound A(Dimethoxy 9.29
stilbene C16H1602) 2
Low MW Lignin Derived Compound B 1.87
(Dibenzofuran) 5
High MW Lignin Derived Compound A (C20H2608) | 7.76
5
High MW Lignin Derived Compound B (C21H2608) | 1.68
9
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Table C12. Yield factors for upgrade step for scenario 1 of a two-step pathway at torrefaction temperature

of 330°C.
Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.03 | N2 0.03
8 8
CcOo2 039 | CO 1.26
1 8
CcO 0.00 | CO2 0.39
7 1
H2 144 | H2 10.2
11 27
H20 30.5 | CH4 1.62
92 9
Acetaldehyde 12.8 | C2H6 8.99
12 9
Propanal 0.49 | H20 51.7
1 47
Propylene Glycol 9.04 | Propane 5.69
8 3
Isoeugenol 2.66 | Butane 2.49
8 7
Eugenol 0.45 | Pentane 0.38
1 9
Vanillyl alcohol 0.48 | Hexane 5.20
0 6
Vinylguaiacol 0.11 | Cyclohexane | 2.25
8 9
Catechol 1.17 | Methylcycloh | 2.67
| exane 7
Phenol 0.12 | Ethylcyclohex | 0.18
7 ane 2
Guaiacol 2.09 | Propylcyclohe | 1.92
8 xane 7
4-methylphenol 0.03 | Benzene 1.08
5 0
3-methylphenol 0.05 | Toulene 2.05
1 6
4-ethylphenol 0.03 | Propylbenzen | 0.46
9 e 7
2-methoxy-4-methylphenol 0.33 | Vinylbenzene | 0.03
0 7
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Furfural 2.69 | propenylbenze | 1.01
5 ne 0
2-Furanmethanol 0.33 | Ethylbenzene | 0.10
4 4
5-Hydromethylfufural 0.25
0
Levoglucosan 8.65
9
Xylose 2.24
8
Cellobiose 0.46
9
Glucose 0.78
2
Low MW Lignin Derived Compound A(Dimethoxy 4.14
stilbene C16H1602) 7
Low MW Lignin Derived Compound B 0.83
(Dibenzofuran) 7
High MW Lignin Derived Compound A (C20H2608) | 3.46
6
High MW Lignin Derived Compound B (C21H2608) | 0.75
4

Table C13. Yield factors for upgrade step for scenario 3 of a two-step pathway at torrefaction temperature
of 330°C.

Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.03 | N2 0.03
8 8
CO2 031 | CO 1.20
3 3
CO 0.00 | CO2 0.31
5 3
H2 14.5 | H2 10.2
80 04
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H20 28.3 | CH4 1.84
56 3
Acetaldehyde 10.1 | C2H6 7.25
51 2
Propanal 0.37 | H20 50.2
1 64
Propylene Glycol 7.38 | Propane 4.66
6 0
Isoeugenol 2.35 | Butane 2.25
0 5
Eugenol 0.45 | Pentane 0.52
5 0
Vanillyl alchol 0.44 | Hexane 6.96
5 0
Vinylguaiacol 0.23 | Cyclohexane | 2.90
1 6
Catechol 2.29 | Methylcycloh | 3.41
3 exane 8
Phenol 0.25 | Ethylcyclohex | 0.27
0 ane 7
Guaiacol 1.78 | Propylcyclohe | 1.94
5 xane 8
4-methylphenol 0.06 | Benzene 1.41
9 2
3-methylphenol 0.10 | Toulene 2.62
1 6
4-ethylphenol 0.07 | Propylbenzen | 0.58
6 e 5
2-methoxy-4-methylphenol 0.64 | Vinylbenzene | 0.07
6 2
Furfural 2.24 | propenylbenze | 0.90
1 ne 8
2-Furanmethanol 0.32 | Ethylbenzene | 0.14
6 1
5-Hydromethylfufural 0.49
0
Levoglucosan 12.2
46
Xylose 2.33
0
Cellobiose 0.35
4
Glucose 0.59
0
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Low MW Lignin Derived Compound A(Dimethoxy 5.19

stilbene C16H1602) 2

Low MW Lignin Derived Compound B 1.04

(Dibenzofuran) 8

High MW Lignin Derived Compound A (C20H2608) | 4.33
8

High MW Lignin Derived Compound B (C21H2608) | 0.94
4

Table C14. Natural Gas composition

Component Mole
fraction.

Methane 0.95
Ethane 0.032
Propane 0.002
Nitrogen 0.01
Carbon dioxide 0.005
n-Butane 0.0003
1-Butane 0.0003
n-Pentane 0.0001
n-Hexane 0.0001
Oxygen 0.0002
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SECTION C. SCHEMATIC DIAGRAMS FOR SCENARIOS 2 & 3 OF THE DESIGN OBJECTIVES.
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Figure Cl. Schematic diagram for scenario 2 of a two-step conversion route for pine biomass to hydrocarbon biofuel.
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Figure C2. Schematic diagram for scenario 3 of a two-step conversion route for pine biomass to hydrocarbon biofuel.



SECTION D: SAMPLE CALCULATION OF THE LHV OF BIO-OIL OBTAINED
FROM SIMULATION FOR A ONE-STEP PYROLYSIS PATHWAY

Table C15. Sample calculation of the LHV of bio-oil for one-step conversion pathway using the heat of
combustion of representative compounds found in literature.

Wt. frac Heat of Heat of Sourc
combustion combustion e
(MJ/kg)

N2 0.00039 - 0

CcO2 0.00103 - 0
9

CcO 0.00011 - 0
7

H2 0 - 0

CH4 0 - 0

C2H6 0 - 0

H20 0.22153 - 0 3
3

ACETIC ACID 0.10907 -13.5647 -1.47961 5
8

PROPINIONIC ACID 0.05622 -18.8312 -1.05883 3
7

ACETOL 0.04726 -22.5708 -1.06686 *
7

ISOEUGENOL 0.00831 -32.6024 -0.27095 16
1

EUGENOL 0.00181 -32.8317 -0.05969 16
8

VANILLIN 0.00649 -25.1678 -0.16341 16
3

P-VINYLGUAIACOL 0.01220 0
6

CATECHOL 0.03752 -26.03 -0.97685

(BENZE-1,2 DIOL) 8

PHENOL 0.00298 -31.0372 -0.0927 5
7

GUAIACOL 0.00714 0
2

P-CRESOL 0.00103 -32.5741 -0.03384 5
9

M-CRESOL 0.00026 -32.6228 -0.00847 3

4-ETYLPHENOL 0.00103 -35.6322 -0.03702 17
9

O-CRESOL 0.00727 -32.6244 -0.23724 3
2

FUFURAL 0.01415 -24.3674 -0.3449 17
4

271




2-FURANMETHANOL 0.00181 -26.0091 -0.04728 17
8

5-(HYDROXYMETHYL)-2- 0.00350 0

FURANCARBOXALDEHYD 6

E

LEVOGLUCOSAN 0.11219 -17.4747 -1.96056 17
5

XYLOSE 0.03402 -15.5924 -0.53048 17
2

CELLBOISE 0.05103 -16.4864 -0.84135 17
3

GLUCOSE 0.01701 -15.6072 -0.26549 17
1

LOW MW LIGNIN DERIVED | 0.11024 -35.4908 -3.91275 *

COMPOUND A 7

(DIMETHOXY

STILBENZENE)

LOW MW LIGNIN DERIVED | 0.02220 -35.2318 -0.78233 *

COMPOUND B 5

(DIBENZOFURANN)

HIGH MW LIGNIN 0.09206 -26.4613 -2.43622 *

DERIVED COMPONUD A 7

HIGH MW LIGNIN 0.01999 -26.6643 -0.53322 *

DERIVED COMPOUND B 8

Total 1 LHV -17.1401

e (Calculated based on the composition of carbon, hydrogen, and oxygen using the
method described in section B above.

AH® = 393.51a + 142.915b + AsH (C,H,0,)

Acetol — C3HeO2 (74.049g/mol)
A H® (Acetol) = (393.51 = 3) + (142.915 * 6) + (—366)
=-1672.02kJ/mol
=-22.57 MJ/kg
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Table C16. LHV of bio-oil from one-stage and two-stage processes.

LHV (MJ/kg)
Scenario One-step Two-step
290°C 310°C 330°C
1 17.14 16.33 14.95 13.93
17.14 16.33 14.95 13.93
3 19.22 17.30 14.76
Table C17. Overall heat-transfer coefficients.’
Process stream U (W/m?°C)
Bio-oil (¢) 255
Water-gas shift product stream (h) 160
Torrefaction feed stream (c) 500
Pyrolysis feed stream (c) 500
PSA-1 feed stream (c) 110
Stabilizer product stream (h) 255
Hydrotreater feed stream (c) 175
Pre-reformer feed stream (c) 65
Recycled hydrogen feed stream (h) 160
Pyrolysis vapor (h) 600
Hydrotreater product stream (h) 60
Reformer product stream (h) 160
Stabilizer feed stream (c) 255
Reformer feed stream (¢) 65
Generated steam stream (h) 2750
SMR steam stream (c) 65
Dryer effluent steam stream (c) 65
Torrefaction vapor (h) 600

(h) denotes hot stream being cooled by cold utility while (c ) denotes

cold utility heated by hot fluid.
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SECTION E: CORRELATION FOR PURCHASED COST OF HEAT EXCHANGERS"

Purchase cost of heat exchangers in 2001 dollars was estimated using correlation below
lOgloC,? = K; + Kzlog,0(A) + K3[10910(A)]2 (10)

Where Ki1=4.1884, K2 =-0.2503, K3 = 0.1974 and A = calculated heat exchanger area in

m2

Pressure effect on the cost of heat exchanger was accounted for using the correlation
logioFp = C; + C3log1o(P) + Cs[logso(P)]? (11)
Where Ki1=4.1884, K2 =-0.2503, K3 = 0.1974 and P = operating pressure in bar guage

Cost of heat exchanger with pressure effects in 2001 dollars = CJ X Fp (12)
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SECTION F: REACTION PATHWAYS FOR BIO-OIL MODEL COMPOUNDS

UPGRADE
3-methylphenol Toluene Methylcyclohexane
OH
H, 3H,
— —
CH; CH;
CH;
4-Ethylphenol Ethylbenzene Ethylcyclohxane
CH;
CH; CH;
H, 3H,
— —
OH
4-methylphenol Toluene Methylcyclohexane

OH
H, 3H,
— —
CHj; CH;
CH;,

5-(hydroxymethyl)-
2-furancarboxaldehyde

OH OH
H,C H,C
o) -CO> 0 E> \EO} E‘ \£(>42H N
L/ L/

0]

Methyltetrahydrofuran

2_Furanmethanol Methylfuran Pentane
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Acetol Propylene glycol n-Propanol Propane
HO 0 CH HsC
& B OH B
> > NS
CH; HO OH CH;
Acetic Acid Acetaldehyde Ethanol Ethane
0 H, 0 H, H,
} } } CH.
)k )k /\OH H3C/ 3
OH H
Catechol Phenol Benzene Cyel
ohex
ane
OH OH
OH H, H, 3
—> —>» —>
Cellobiose Glucose Sorbitol Hexane
HO. oH
. o oL OH O  OH "
n, . H1,0 oH, o
e —> — AN
HO ; OH
Ho ; : OH  OH  OH
oH O o
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Dibenzofuran Cyclohexane

Ly == C

Dimethoxy Stilbene Trans-Stilbene Toluene Methylcyclohexane
! 0 CH3 CH3
lH 4H, 2H, 6H,
CH e P F — —
| 3
| ‘
Dimethoxy Stilbene Trans-Stilbene Toluene Methylcyclohexane

O o) CH3 CH,
(|:H 4H, 2H, 6H,
CH, F P — F — —>
CL O
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Butane

Furfural Furan Tetrahydrofuran
(o) H o) 0
-CO 2H
2 2H.
) L)t ) e
o
Glucose Sorbitol Hexane
OH
HO OH
HO, l
O. \\\\\\
A H, o 6H,
HO'
HO' v OH
= HO
OH
OH
Guaiacol Catechol Phenol Benzene Cyclohexane
o Chs OH
OH
on oH M o 3t
Propanal Propanol Propane

Propionic Acid

i H i H H
\)J\ _2> \)J\ _2> \/\OH —2> \/\
OH H

Phenol Benzene Cyclohexane

H, 3H,
— —
OH
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OH

HO
Q OH
HO, ‘
° \\\\\\\
+H,0 " H, OH 6H,
: HO
S K/
HO OH HO : OH
OH = HO
OH
OH
Isoeugenol 4-(2-propenyl)-1,2-benzenediol Propenylphenol Propylb Propylcyclohexane
enzene
CHj
CH, CHs

OH

High MW Lignin Derived Compound A (C20H2608)

CHy
OH o~
Hy
0. —
HO. OH
\/\0 Ho
(o}
e

CHs CHs
G G
H, H, H, 4H,
— > —» —
o/ OH
OH OH

4-(hydroxymethyl)-2-methoxyphenol
ne

Tolue Methylcyclohexane

o0—CHs

HO. 4H,
—>
OH

1-(4-(2-hydroxyethoxy)-
3-methoxyphenyl)propane-1,3-diol

3H,
—_—
CHy CHy

Propylbe Propylcyclohexane

nzene

OH
OH 7H, 3H,
HO. — — >
N
HC™ 0
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High MW Lignin
Derived Compoind B (C21H2608)

H,

—>>

2-methoxyphenol

pyrocatechol

Phenol

Benzene

Cyclohexane

o oH o
Ho b o t H, i
— > —> —» —>

C14H20006

CI2H1604

3H,

OH
Ho
ch, 4
—> >
0 0
OH

CI2H
160

Benzofuran  Ethylbenzene

Ethylcyclohexane

—y —>
Table C18. Purchase cost of major equipment.
Equipment name Stream | Stream flow | Original base Cost Source
flow units year (2015 U.S.
dollars)
CFB Pyrolyzer, | 1000 Metric 2009 24,055,830.11 20
quench and tons/day
auxiliaries
Torrefaction reactor 5 Metric 2012 22,667,380.24 2
tons/hr
Steam Reformer | 31.27 | MMscfd Ho 2007 27,568,866.19 20
System
Hammer Mill 42 Metric 2013 130,000.00 *
tons/hr
Biomass dryer + | 1000 Metric 2013 954,264.15 *
Exhaust fan tons/day
Stabilization bed 1653 Liquid scth 2011 7,052,876.18 20
Hydrotreater 1271 Liquid scth 2011 3,318,730.08 20

* Vendor quotes
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Appendix D: Production of Hydrocarbon Fuel using Two-Step
Torrefaction and Fast Pyrolysis of Pine. Part 2: Life Cycle
Carbon Footprint

D.1 Supplementary material from Chapter 5

The present document is prepared to complement the manuscript and provide
additional information. The features of interest include the process description of other

unit operations and the flow diagrams of the scenarios described in the manuscript.

Section A. SCHEMATIC DIAGRAMS FOR SCENARIOS 2 &3 OF THE DESIGN

OBJECTIVES.
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Figure D1. Schematic diagram for scenario 2 of a two-step conversion route.
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Figure D2. Schematic diagram for scenario 3 of a two-step conversion pathway.

Table D1. Process conditions of some selected streams for the two-step pathway at 290°C, scenario 3.

Stream Pressure (bar) Temperature (°C) Flowrate (kg/hr)
1 25 72560.00
110 59152.17
20 14206.27
20 9661.99
290 41655.92
530 5629.18
20 24482.98
82.7 65.6 4406.94
52 34.9 11564.013
1.4 35 2790.44
20.2 65.6 22295.21
28.6 337.8 4237.75

—_— | | | | —

[Sy —
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Section B. BIOMASS SUPPLY CHAIN EMISSIONS USING GREET MODEL 2014.

This section was presented in our prior study, but repeated here for completeness.!

B.1 Wood collection

The emissions due to the collection of wood was obtained from the EtOH tab of the GREET

model as shown below.? The emission factors given in grams/dry ton were input into

SimaPro®.
Table D2. GREET emission factors for wood collection.’
Wood collection
grams/dry ton EtOH tab
DU 454:464
VOC 11.803
CO 60.833
CH4 18.67
N20 0.156
CO2 12009
B.2 Biomass chipping

For the coarse chipping of biomass at the forest, emission factors were determined for the
production of diesel used in running the stationary reciprocating diesel engine. The factors

obtained from the GREET model as shown in Table below were given in grams/mmBtu of

diesel burned.?
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Table D3. GREET emission factors for coarse chipping at forest.”

Chipping- Stationary Reciprocating Diesel Engine

grams/mmBtu Diesel burned Petroleum tab | EF tab
BI 127:140 | R6:16
Production Combustion

vVOC 0.978 2.027

CcoO 2.873 657.005

CH4 18.406 4.221

N20 0.1 0.6

CcOo2 2485 77149

These factors were converted to grams/ short ton by multiplying by 0.129488 mmBtu/gal
LSD (Fuel Specs tab B18), the lower heating value (LHV) of diesel. Then divided by 3.206
kg LSD/ gal LSD (Fuel Specs tab E18), the density of low sulfur diesel. This was then
multiplied by a factor of 0.5 kg LSD combusted/ dry short ton of biomass, based on the

amount of diesel required per dry ton of biomass given by Maleche et al.?

B.3 Truck Transport

Emission factors for truck transport obtained from the GREET model are shown below for

a 90 mile truck transport (T&D tab GP 107).2

Table D4. GREET emission factors for truck transport of biomass.’

Truck transport (90 miles)

grams/dry short ton EtOH tab
DV 454:464

vVOC 8.993

CcoO 30.676

CH4 53.645

N20 0.486

CO2 32626
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B.4 Loading operations

Three loading operations were considered in the biomass supply chain. The loading
operations were achieved using front loading trucks. The emission factors obtained from
the GREET database includes the emissions for the production of diesel and combustion

of diesel in the front loading trucks.?

Table D5. GREET emission factors for loading operations of biomass.?

Loading operations

grams/mmBtu Diesel burned Petroleum tab | EF tab
K 265:275 | AD37:47
Production Combustion

VOC 4.156 16.785

CcO 7.021 69.368

CH4 19.18 19.224

N20 0.16 0.083

CO2 8125 77985

These factors were converted to grams/ short ton by multiplying by 0.129488 mmBtu/gal
LSD (Fuel Specs tab B18), the lower heating value (LHV) of diesel. Then divided by 3.206
kg LSD/ gal LSD (Fuel Specs tab E18), the density of low sulfur diesel. Then multiplied
by 1.5 kg/short ton, based on 0.5 kg diesel/ dry short ton reported for each loading

operations by Handler et al.*
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B.5 Rail transport

Table D6. GREET emission factors for rail transport of biomass.’

Rail transport (490 miles)

grams/mmBtu Diesel burned T&D tab | EF tab
J 181:191 | S37:J47
Production Combustion

vVOC 0.241 58.388

CcoO 0.805 206.53

CH4 0.532 6.825

N20 0.009 2.132

CO2 329 77674

A distance of 490 miles (T&D tab J16) was assumed for rail transport. Emissions were
evaluated for the production and consumption of diesel. To convert the factors given in
grams/mmBtu Diesel burned to grams/dry ton of biomass, the factors were multiplied by
the rail intensity 274 Btu/ton-mile (T&D tab E122) and then multiplied by the distance of

156 travelled.

B.6 Size reduction

The correlation obtained from literature given as follows for pine was used in evaluating

the reduction in energy consumption to attain required size to effect fast pyrolysis.’

E, = —0.756T + 260.0 (1)

where Eg is specific energy consumption for grinding in kW-hr/ton, T is Temperature in
°C
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The size reduction step was then modeled in Aspen Plus® as a hammer mill with the
estimated specific energy consumed for grinding estimated at different torrefaction
temperatures while the untreated raw pine’s energy was estimated using ambient

temperature of 25°C.

Work index, a function of the specific energy consumption, as well as the initial and final
biomass particle size is required to model the size reduction step. The work index required
for grinding was calculated from the specific energy (calculated in equation 1) and size of

initial and final biomass particle using equation 2.
1 1
Eg=10+W;* (55— 7) (2)

where Eg Specific energy consumption for grinding in kW-hr/ton, Wi is work index in
kW-hr/ton, P is final particle size in microns and F is Initial particle size in microns

B.7 Combustion

Combustion of products when considered in this study was not modeled using the process
simulation software, however the heat released during combustion were estimated from

correlations obtained from literature as shown below:

B.7.1 Combustion of char

Heat released from the combustion of char was evaluated based on the lower heating value
of char, which was estimated from its higher heating value based on correlation from

literature given below:®
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LHV = HHV (1= 155) = 2444 « 2 — 2,444 » 70228936 (1 - 55) [, w.b. |
3)

Where

2.444 = enthalpy difference between gaseous and liquid water at 25°C

8.936 = Mu20/Mm2; 1.e. the molecular mass ratio between H>O and H2

LHYV = lower heating value in MJ/kg fuel (w.b.)

HHYV = higher heating value in MJ/kg fuel (d.b.)

w = moisture content of the fuel in wt% (w.b.)

h = concentration of hydrogen in wt% (d.b.)

The higher value utilized in equation above was also estimated from empirical formula as

well as shown below.’

HHV = 0.3491X, + 1.1783X + 0.1005Xs — 0.0151X, — 0.1034X, —

0.0211Xg5n [12,d.b.| (4)

Where Xi is the content of carbon (C), hydrogen (H), etc. from the ultimate analysis of the

solid fuel.
B.7.2 Combustion of condensates from torrefaction

Energy released from the combustion of condensates from torrefaction when such step
takes place in this study was estimated by obtaining from literature the lower heating value
of the individual components in the condensates.® Based on the lower heating value of the
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individual components and their weight fraction in the liquid, the lower heating value of
the liquid was estimated. For high molecular compounds produced from either the
torrefaction or pyrolysis step whose lower heating values were not found in literature,
their lower heating values were estimated using correlation obtained from literature as

shown below:’

For compounds containing only carbon, hydrogen and oxygen, general combustion

reaction was given as

b ¢
CaHbOC + (a+ Z— E) 02

- aC0,(g) + 5 H,0 ) ©
The standard heat of combustion is then given as
AH = —alsH (COy, g) — %bAfH°(H20, 1) + ArH(C4H,0,)
(6)
= 393.51a + 142.915b + ArH (C,H,0,)
(7

where AsH * is the enthalpy of formation. When the heat of formation is not available from
literature, it was estimated based on the structure of the component by using the Joback

method which is based on group contribution.®!°

B.7.3 Combustion of non-condensable gas from torrefaction
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Heat generated from combustion of non-condensable gas from torrefaction was estimated
using the lower heating value of the components present in the non-condensable gas phase.
Severity of torrefaction usually determines the components contained in the non-
condensable gas, however for this study, the components were assumed to be essentially
CO2 and CO in a 80 to 20 ratio hence heat released from combustion is due to the CO
component only, this assumption is supported by the report of Tumuluru et al which

showed energy released from the combustion of volatiles from torrefaction is mainly from

co.!

B.7.4 Bioe correlation for heat of combustion estimation

One of the correlation used in Aspen Plus® to estimate the heat of combustion of

unconventional solids such as biomass based on the ultimate analysis is as shown:

A hI™ = [aling + azl-ng + a3iw§1}n + a4iwgfl7‘ + aSiWﬁ"i”]lOz + ag; (8)
Where wc,i ™ is the weight fraction of carbon.

Values of the parameters as given by Aspen Plu® are as follows'?

a1i=151.2, a2i =499.77, a3i = 45.0, a4i = -47.7, asi= 27.0 and asi = -189

B. 8 Enthalpy of reaction (torrefaction & pyrolysis)

The heat of reaction for both processes modeled using a yield reactor was calculated using

equation

f
- hreactants (9)
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Where h' is the heat of formation.

Qreaction = Ahreaction + hsensible (10)

Where hsensible 1s the heat required to raise feed to reactor temperature.

SECTION C. INPUT DATA TABLES USED IN MODELING

Tables D7 to 8c found in this section were presented in our prior study, but repeated here

for completeness.'

Table D7. Torrefaction yield data (kg/kg intake pine x 100 %) at different torrefaction temperatures.’’

Torrefaction Temperature 290°C \ 310°C \ 330°C
Material Wt %

Gas 6 8 11
Condensed Liquid 17 33 46
Torrefied Solid 78 56 43

TableDS. Torrefaction component distribution (wt % organics) of organics from torrefaction of pine at
different torrefaction temperatures.'>'*

Torrefaction temperature

Component (wt/wt organics) 290°C 310°C 330°C
Acetic Acid 8.01 11.92 13.09
Propionic Acid 0.25 0.42 0.48
Acetol 2.47 5.08 6.43
Fufural 1.01 1.26 1.95
2-Furanmethanol 0.09 0.11 0.21
5-(hydroxymethyl)-2- 0.00 0.00 0.00
furancarboxaldehyde

Levoglucosan 0.40 243 3.00
Xylose 0.40 1.22 1.32
Hydrolysable Oligomers(cellobiose) 0.00 0.15 0.36
Glucose 0.10 0.61 0.60
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Isoeugenol 0.33 0.76 1.83
Eugenol 0.05 0.13 0.27
Vanillin 0.21 0.32 0.31
2-methoxy-4-vinylphenol(p- 0.00 0.00 0.00
vinylguaiacol)

Catechol(benze-1,2-diol) 0.00 0.00 0.00
Phenol 0.00 0.00 0.00
2-methoxyphenol (guaiacol) 0.49 0.83 1.48
4-methylphenol(p-cresol) 0.00 0.00 0.00
3-methylphenol (m-cresol) 0.00 0.00 0.00
4-ethylphenol 0.00 0.00 0.00
2-methoxy-4-methylphenol (creosol) 0.00 0.00 0.00
Low MW Lignin-Derived Compound 0.95 1.24 1.87
A(Dimethoxy stilbene)

Low MW Lignin Derived Compound B 0.19 0.25 0.38
(Dibenzofuran)

High MW Lignin-Derived Compound A 0.79 1.04 1.56
High MW Lignin Derived Compound B 0.17 0.23 0.34

Table DY. Ultimate analysis data (wt %) for torrefied pine chips at different torrefaction temperatures in .!

Torrefaction Temperature 290°C ‘ 310°C ‘ 330°C
Element Value (wt %)

Ash 0.6 0.6 0.8
Carbon 55.05 57.27 65.75
Hydrogen 5.94 5.79 4.87
Chlorine - - -
Nitrogen 0.11 0.14 0.28
Sulfur - - -
Oxygen 38.3 36.0 27.6

5

Table D10. Proximate analysis data (wt %) for torrefied pine chips at different torrefaction temperatures in

15

Torrefaction Temperature 290°C ‘ 310°C ‘ 330°C
Element Value (wt %)

Ash 0.60 0.80 1.4
Moisture Content 0 0 0
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Volatile Matter 78.6 76.4 60
Fixed Carbon 20.8 22.8 38.6

Table D11. Pyrolysis yield data (kg/ kg pyrolyzer feed intake x 100 %) for one and two-step pyrolysis
taking place at 530°C. (The yields are based on the feed entering the pyrolyzer on a dry ash free basis-one
step is raw pine; two-step is torrefied pine)’?

Material Wt %
One Step Two Step Two Step Two Step (330°C)
(290°C) (310°C)
Gas 28 24.4 26.8 23.3
Liquid 59 57.7 46.4 32.6
Solid/Char 10 12.8 23.2 39.5

TableD12. Pyrolysis bio-oil component distribution of organics (wt/wt organics) for one step and two step
pyrolysis of pine.’>!*

One Step Two Step
(wt/wt (wt/wt organics)
organics)
Component | Torrefaction 290°C 310°C 330°C
temperature

Acetic Acid 7.59 4.42 2.96 1.11
Propionic Acid 3.69 0.00 0.00 0.00
Acetol 3.11 3.28 2.39 0.85
Fufural 1.00 0.29 0.15 0.38
2-Furanmethanol 0.12 0.07 0.04 0.11
5-(hydroxymethyl)-2- 0.23 0.28 0.15 0.45
furancarboxaldehyde

Levoglucosan 7.24 7.91 6.04 8.45
Xylose 2.19 2.05 1.01 0.94
Cellobiose 3.29 5.28 4.70 0.00
Glucose 1.10 1.17 0.34 0.00
Isoeugenol 0.54 0.58 0.58 0.50
Eugenol 0.12 0.36 0.20 0.17
Vanillin 0.42 0.14 0.15 0.12
P-vinylguaiacol 0.79 0.37 0.25 0.21
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Catechol 2.53 4.88 2.32 2.08
Phenol 0.19 0.33 0.24 0.23
Guaiacol 0.46 0.46 0.37 0.30
P-cresol 0.06 0.12 0.10 0.06
M-cresol 0.02 0.06 0.13 0.09
4-ethylphenol 0.07 0.14 0.05 0.07
Creosol 0.46 0.85 0.50 0.59
Low MW Lignin-Derived 7.11 6.50 6.00 3.05
Compound A(Dimethoxy stilbene)
Low MW Lignin Derived 1.43 1.31 1.21 0.62
Compound B (Dibenzofuran)
High MW Lignin-Derived 5.94 543 5.02 2.55
Compound A
High MW Lignin Derived 1.30 1.18 1.10 0.56
Compound B
TableD13. Ultimate and proximate analysis (wt %) for raw pine chips.
Ultimate Analysis | Proximate Analysis (wet basis)
Element Value | Element Value
(wt %) (wt %)
Ash 0.6 Ash 0.60
Carbon 50.45 Moisture Content 25
Hydrogen 6.26 Volatile Matter 84.6
Chlorine - Fixed Carbon 14.8
Nitrogen 0.09
Sulfur -
Oxygen 42.6

TableD14. Ultimate and proximate data (wt %) for char obtained after pyrolysis.

Ultimate Analysis Proximate Analysis
Components Wt. % Components Wt. %
Ash 7.67 Ash 4.60
Carbon 83.03 Moisture Content -
Hydrogen 1.14 Volatile matter 7.40
Nitrogen 1.37 Fixed carbon 88.0
Chlorine -
Sulfur -
Oxygen 6.56
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SECTION D: REACTION PATHWAYS FOR BIO-OIL MODEL COMPOUNDS

UPGRADE
Xylose Furfural Furan Tetrahydrofuran Butane
OH
H H
0 3H,0 8 o o 2m, O, 2H,
OH Y
OH
Vanilin Vanillyl Alchol (Hydroxymethyl)phenol =~ Methylphenol Tolu Methylcyclohexane

ene

H 0] HO OH
CH CH CH
H2 2H'_) Hz 3 H, 3 3H2 3
— — — — —
Q ? OH OH

OH CHj OH CH;
2-Furanmethanol Methylfuran Methyltetrahydrofuran Pentane

o OH 1, 0, oM, O, 2H,
@_/ E— | / CH, — CH; —» /\/\
2-Methoxy-4-methylphenol Methylcatechol 4-Methylphenol Tolu Methylcyclohexane

ene

OH CH; OH OH
o) OH
H, H, H, 3H,
— — — —
CH; CH;
CH; CH; CH;
2-methoxy-4-vinylphenol 4-vinylcatechol 4-vinylphenol vinylbenzene ethylcyclohexane

H,C

OH OH
o A
N
CH H, H, 4H,
— — — —
A
CH, CH,4
\CHZ HO OH \CHZ
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3-methylphenol Toluene

OH
H,
—
CH,
CH.

3

4-Ethylphenol Ethylbenzene
CHj;
CHj
Hy
—
OH
4-methylphenol Toluene

Methylcyclohexane

CHj

Ethylcyclohxane

Methylcyclohexane

OH
H, 3H,
CH; CH;

CH;

5-(hydroxymethyl)-

2-furancarboxaldehyde 2_Furanmethanol

O

Methylfuran
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Acetol Propylene glycol n-Propanol Propane
HO 0 CH HsC
& B OH B
> > NS
CH; HO OH CH;
Acetic Acid Acetaldehyde Ethanol Ethane
0 H, 0 H, H,
} } } CH.
)k )k /\OH H3C/ 3
OH H
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OH OH
OH H, H, 3
—> —>» —>
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HO. oH
. o oL OH O  OH "
n, . H1,0 oH, o
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Ho ; : OH  OH  OH
oH O o
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Dibenzofuran Cyclohexane

Ly = C

Dimethoxy Stilbene Trans-Stilbene Toluene Methylcyclohexane
‘ o CH, CHs
|H 4H, 2H, 6H,
w Z T 7 —
| 3
| ‘
Dimethoxy Stilbene Trans-Stilbene Toluene Methylcyclohexane
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3
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Butane

Furfural Furan Tetrahydrofuran
(o) H o) 0
-CO 2H
2 2H.
) L)t ) e
o
Glucose Sorbitol Hexane
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HO OH
HO, l
O. \\\\\\
A H, o 6H,
HO'
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OH
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N //
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o OH HO - OH
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OH
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High MW Lignin 2-methoxyphenol pyrocatechol
Derived Compoind B (C21H2608)

H,
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o~ OH OH
Ho. H ty i 3H,
—> —> —> —>

Benzofuran ~ Ethylbenzene
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OH OH
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0
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Table D15. Yield factors for upgrade step for the one-step pathway.

Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.03 | N2 0.03
3 3
CO2 0.06 | CO2 0.06
8 8
CcO 0.00 | CO 0.89
1 5
H2 14.7 | H2 9.74
08 3
H20 21.2 | CH4 2.63
47 7
Acetaldehyde 6.57 | C2H6 5.09
4 8
Propanal 3.78 | H20 45.2
4 27
Propylene Glycol 4.17 | Propane 5.47
0 5
Isoeugenol 0.72 | Butane 1.85
4 1
Eugenol 0.15 | Pentane 0.29
8 1
Vanillyl alcohol 0.57 | Hexane 8.18
5 6
Vinylguaiacol 1.07 | Cyclohexane | 3.89
1 5
Catechol 3.29 | Methylcycloh | 5.95
4 exane 4
Phenol 0.25 | Ethylcyclohex | 0.75
7 ane 5
Guaiacol 0.62 | Propylcyclohe | 1.79
8 xane 4
4-methylphenol 0.08 | Benzene 1.47
7 7
3-methylphenol 0.02 | Toulene 4.57
6 3
4-ethylphenol 0.09 | Propylbenzen | 1.10
6 e 7
2-methoxy-4-methylphenol 0.63 | Vinylbenzene | 0.33
6 4
Furfural 1.15 | Propenylbenz | 0.30
5 ene 1
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2-Furanmethanol 0.15 | Ethylbenzene | 0.24
2 4
5-Hydromethylfufural 0.31
3
Levoglucosan 9.84
1
Xylose 2.98
2
Cellobiose 4.47
3
Glucose 1.49
1
Low MW Lignin-Derived Compound A(Dimethoxy 9.66
stilbene C16H1602) 9
Low MW Lignin-Derived Compound B 1.95
(Dibenzofuran) 1
High MW Lignin-Derived Compound A 8.07
(C20H2608)* 9
High MW Lignin-Derived Compound B 1.75
(C21H2608)* 7

¥ Chemical structure obtained from literature'®

Table D16. Yield factors for upgrade step for scenario 1 of a two-step pathway at torrefaction temperature
of 290°C.

Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.03 | N2 0.03
8 8
CcO2 0.17 | CO 0.93
4 0
CcO 0.00 | CO2 0.17
3 4
H2 14.6 | H2 9.99
47 6
H20 249 | CH4 2.12
78 4
Acetaldehyde 9.61 | C2H6 7.02
0 1

306



Propanal 0.23 | H20 48.1
2 29
Propylene Glycol 6.10 | Propane 3.85
6 6
Isoeugenol 0.94 | Butane 1.79
2 9
Eugenol 0.40 | Pentane 0.27
1 6
Vanillyl alcohol 0.36 | Hexane 7.43
3 5
Vinylguaiacol 0.35 | Cyclohexane |4.14
4 0
Catechol 4.69 | Methylcycloh | 4.67
3 exane 6
Phenol 0.31 | Ethylcyclohex | 0.41
3 ane 4
Guaiacol 1.01 | Propylcyclohe | 1.64
4 xane 9
4-methylphenol 0.11 | Benzene 2.01
1 7
3-methylphenol 0.05 | Toulene 3.59
5 2
4-ethylphenol 0.13 | Propylbenzen | 0.82
0 e 9
2-methoxy-4-methylphenol 0.81 | Vinylbenzene | 0.11
6 0
Furfural 1.41 | propenylbenze | 0.43
5 ne 5
2-Furanmethanol 0.16 | Ethylbenzene | 0.20
9 8
5-Hydromethylfufural 0.26
5
Levoglucosan 8.07
9
Xylose 2.44
1
Cellobiose 5.07
4
Glucose 1.24
5
Low MW Lignin-Derived Compound A(Dimethoxy 7.36
stilbene C16H1602) 0
Low MW Lignin-Derived Compound B 1.48
(Dibenzofuran) 5
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High MW Lignin-Derived Compound A (C20H2608)

6.15

High MW Lignin-Derived Compound B (C21H2608)

1.33

Table D17. Yield factors for upgrade step for scenario 3 of a two-step pathway at torrefaction temperature

of 290°C.
Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.02 | N2 0.02
7 7
CcOo2 0.06 | CO 0.79
1 4
CcoO 0.00 | CO2 0.06
1 1
H2 149 | H2 9.56
19 1
H20 15.2 | CH4 2.73
24 2
Acetaldehyde 4.44 | C2H6 3.65
1 6
Propanal 0.00 | H20 42.4
0 42
Propylene Glycol 4.96 | Propane 3.07
9 1
Isoeugenol 0.88 | Butane 1.45
5 0
Eugenol 0.54 | Pentane 0.31
8 5
Vanillyl alcohol 0.21 | Hexane 11.2
3 67
Vinylguaiacol 0.55 | Cyclohexane | 5.81
9 5
Catechol 7.41 | Methylcycloh | 6.27
4 exane 6
Phenol 0.49 | Ethylcyclohex | 0.60
5 ane 6
Guaiacol 0.69 | Propylcyclohe | 2.05
9 xane 7
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4-methylphenol 0.17 | Benzene 2.90
5 3
3-methylphenol 0.08 | Toulene 4.82
8 0
4-ethylphenol 0.20 | Propylbenzen | 1.11
5 e 2
2-methoxy-4-methylphenol 1.29 | Vinylbenzene | 0.17
0 4
Furfural 0.40 | propenylbenze | 0.46
5 ne 4
2-Furanmethanol 0.10 | Ethylbenzene | 0.29
3 1
5-Hydromethylfufural 0.41
8
Levoglucosan 12.0
25
Xylose 3.11
8
Cellobiose 8.01
7
Glucose 1.78
1
Low MW Lignin-Derived Compound A(Dimethoxy 9.87
stilbene C16H1602) 9
Low MW Lignin-Derived Compound B 1.99
(Dibenzofuran) 4
High MW Lignin-Derived Compound A (C20H2608) | 8.25
5
High MW Lignin-Derived Compound B (C21H2608) | 1.79
5
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Table D18. Yield factors for upgrade step for scenario 1 of a two-step pathway at torrefaction temperature

of 310°C.
Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.03 | N2 0.03
9 9
CcOo2 0.27 | CO 0.94
0 6
CcO 0.00 | CO2 0.27
5 0
H2 144 | H2 10.0
48 31
H20 28.0 | CH4 1.83
86 7
Acetaldehyde 12.4 | C2H6 8.85
23 1
Propanal 0.42 | H20 50.5
2 46
Propylene Glycol 8.36 | Propane 5.27
3 9
Isoeugenol 1.39 | Butane 1.90
7 1
Eugenol 0.30 | Pentane 0.18
6 0
Vanillyl alcohol 0.52 | Hexane 6.31
2 1
Vinylguaiacol 0.18 | Cyclohexane | 2.62
2 6
Catechol 1.70 | Methylcycloh | 3.80
5 exane 8
Phenol 0.17 | Ethylcyclohex | 0.25
4 ane 7
Guaiacol 1.32 | Propylcyclohe | 1.59
5 xane 9
4-methylphenol 0.07 | Benzene 1.07
3 8
3-methylphenol 0.09 | Toulene 2.92
2 5
4-ethylphenol 0.03 | Propylbenzen | 0.67
4 e 4
2-methoxy-4-methylphenol 0.43 | Vinylbenzene | 0.05
9 7
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Furfural 1.68 | propenylbenze | 0.55
4 ne 2
2-Furanmethanol 0.16 | Ethylbenzene | 0.14
2 1
5-Hydromethylfufural 0.10
6
Levoglucosan 7.52
2
Xylose 2.28
3
Cellobiose 3.64
1
Glucose 1.01
9
Low MW Lignin-Derived Compound A(Dimethoxy 5.98
stilbene C16H1602) 3
Low MW Lignin-Derived Compound B 1.20
(Dibenzofuran) 7
High MW Lignin-Derived Compound A (C20H2608) | 4.99
9
High MW Lignin-Derived Compound B (C21H2608) | 1.08
7

Table D19. Yield factors for upgrade step for scenario 3 of a two-step pathway at torrefaction temperature
of 310°C.

Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.03 | N2 0.03
4 4
CcOo2 0.15 | CO 0.66
1 7
CcoO 0.00 | CO2 0.15
3 1
H2 14.7 | H2 9.88
65 6
H20 22.2 | CH4 2.58
39 9
Acetaldehyde 7.05 | C2H6 5.40
7 3
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Propanal 0.16 | H20 46.4
3 08
Propylene Glycol 6.00 | Propane 3.78
2 2
Isoeugenol 1.21 | Butane 1.27
9 9
Eugenol 0.34 | Pentane 0.19
7 9
Vanillyl alcohol 0.38 | Hexane 9.10
1 0
Vinylguaiacol 0.35 | Cyclohexane | 3.99
8 9
Catechol 3.35 | Methylcycloh | 5.87
8 exane 0
Phenol 0.34 | Ethylcyclohex | 0.43
3 ane 7
Guaiacol 0.94 | Propylcyclohe | 2.02
7 xane 7
4-methylphenol 0.14 | Benzene 1.61
4 4
3-methylphenol 0.18 | Toulene 4.50
2 9
4-ethylphenol 0.06 | Propylbenzen | 1.04
7 e 6
2-methoxy-4-methylphenol 0.86 | Vinylbenzene | 0.11
5 2
Furfural 0.80 | propenylbenze | 0.50
4 ne 7
2-Furanmethanol 0.10 | Ethylbenzene | 0.22
7 5
5-Hydromethylfufural 0.20
9
Levoglucosan 9.92
9
Xylose 2.05
3
Cellobiose 6.86
8
Glucose 0.78
4
Low MW Lignin-Derived Compound A(Dimethoxy 9.29
stilbene C16H1602) 2
Low MW Lignin-Derived Compound B 1.87
(Dibenzofuran) 5
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High MW Lignin-Derived Compound A (C20H2608) | 7.76

High MW Lignin-Derived Compound B (C21H2608) | 1.68

Table D20. Yield factors for upgrade step for scenario 1 of a two-step pathway at torrefaction temperature
of 330°C.

Stabilizer Hydrotreater
Component (wt. | Component (wt.
%) %)
N2 0.03 | N2 0.03
8 8
CO2 039 | CO 1.26
1 8
CcO 0.00 | CO2 0.39
7 1
H2 14.4 | H2 10.2
11 27
H20 30.5 | CH4 1.62
92 9
Acetaldehyde 12.8 | C2H6 8.99
12 9
Propanal 0.49 | H20 51.7
1 47
Propylene Glycol 9.04 | Propane 5.69
8 3
Isoeugenol 2.66 | Butane 2.49
8 7
Eugenol 0.45 | Pentane 0.38
1 9
Vanillyl alcohol 0.48 | Hexane 5.20
0 6
Vinylguaiacol 0.11 | Cyclohexane | 2.25
8 9
Catechol 1.17 | Methylcycloh | 2.67
1 exane 7
Phenol 0.12 | Ethylcyclohex | 0.18
7 ane 2
Guaiacol 2.09 | Propylcyclohe | 1.92
8 xane 7
4-methylphenol 0.03 | Benzene 1.08
5 0
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3-methylphenol 0.05 | Toulene 2.05
1 6
4-ethylphenol 0.03 | Propylbenzen | 0.46
9 e 7
2-methoxy-4-methylphenol 0.33 | Vinylbenzene | 0.03
0 7
Furfural 2.69 | propenylbenze | 1.01
5 ne 0
2-Furanmethanol 0.33 | Ethylbenzene | 0.10
4 4
5-Hydromethylfufural 0.25
0
Levoglucosan 8.65
9
Xylose 2.24
8
Cellobiose 0.46
9
Glucose 0.78
2
Low MW Lignin-Derived Compound A(Dimethoxy 4.14
stilbene C16H1602) 7
Low MW Lignin-Derived Compound B 0.83
(Dibenzofuran) 7
High MW Lignin-Derived Compound A (C20H2608) | 3.46
6
High MW Lignin-Derived Compound B (C21H2608) | 0.75
4

Table D21. Yield factors for upgrade step for scenario 3 of a two-step pathway at torrefaction temperature
of 330°C.

Stabilizer Hydrotreater

Component (wt. | Component (wt.
%) %)

N2 0.03 | N2 0.03
8 8
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CO2 031 |CO 1.20
3 3
CcO 0.00 | CO2 0.31
5 3
H2 14.5 | H2 10.2
80 04
H20 28.3 | CH4 1.84
56 3
Acetaldehyde 10.1 | C2H6 7.25
51 2
Propanal 0.37 | H20 50.2
1 64
Propylene Glycol 7.38 | Propane 4.66
6 0
Isoeugenol 2.35 | Butane 2.25
0 5
Eugenol 0.45 | Pentane 0.52
5 0
Vanillyl alcohol 0.44 | Hexane 6.96
5 0
Vinylguaiacol 0.23 | Cyclohexane | 2.90
1 6
Catechol 2.29 | Methylcycloh | 3.41
3 exane 8
Phenol 0.25 | Ethylcyclohex | 0.27
0 ane 7
Guaiacol 1.78 | Propylcyclohe | 1.94
5 xane 8
4-methylphenol 0.06 | Benzene 1.41
9 2
3-methylphenol 0.10 | Toulene 2.62
1 6
4-ethylphenol 0.07 | Propylbenzen | 0.58
6 e 5
2-methoxy-4-methylphenol 0.64 | Vinylbenzene | 0.07
6 2
Furfural 2.24 | propenylbenze | 0.90
| ne 8
2-Furanmethanol 0.32 | Ethylbenzene | 0.14
6 1
5-Hydromethylfufural 0.49
0
Levoglucosan 12.2
46
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Xylose 2.33
0
Cellobiose 0.35
4
Glucose 0.59
0
Low MW Lignin-Derived Compound A(Dimethoxy 5.19
stilbene C16H1602) 2
Low MW Lignin-Derived Compound B 1.04
(Dibenzofuran) 8
High MW Lignin-Derived Compound A (C20H2608) | 4.33
8
High MW Lignin-Derived Compound B (C21H2608) | 0.94
4

Table D22. Typical weight fractions of components in the modeled hydrocarbon biofuel.

Nitrogen N2 0%
Carbon Monoxide | CO 0%
Carbon Dioxide CcO2 0%
Hydrogen H2 0%
Methane CH4 0%
Ethane C2H6 2%
Water H20 1%
Propane C3H8 4%
Butane C4H10 | 3%
Pentane C5H12 1%
Hexane Co6H14 | 28%
Cyclohexane C6H12 | 15%

Methylcyclohexane | C7TH14 | 16%
Ethylcyclohexane | C8H16 | 2%
Propylcyclohexane | COH18 | 5%

Benzene C6H6 7%
Toulene CT7H8 12%
Propylbenzene CO9H12 | 3%
Vinylbenzene C8HS 0%
propenylbenzene CO9HI10 | 1%
Ethylbenzene C8HIO | 1%
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Table D23. % carbon conversion of biomass to hydrocarbon biofuel and co-products

One -step Two-step

Scl Scl | Sc3 | Scl | Sc3 | Scl | Sc3
Hydrocarbon biofuel 43% 43% | 36% | 35% | 24% | 31% | 19%
Biochar 17% 17% | 17% | 23% | 23% | 29% | 29%
Low molecular HC 14% 14% | 6% | 18% | 6% | 18% | 8%
NCGtorrefaction - 4% 4% 5% 5% 7% 7%
Wastewater 0% 0% | 0% | 0% | 0% | 0% | 0%
NCGpyrolysis 18% 12% [ 12% | 10% | 10% | 6% | 6%
Torrefaction condensed liquid - - [ 15% | - [22% | - |23%
Total C Closure 92% 90% | 90% | 90% | 90% | 92% | 92%

HC = hydrocarbons from hydrotreatment, NCG = non-condensable gas from torrefaction

or pyrolysis.

C closure is achieved to >90% in all scenarios. Total closure of carbon is not achieved due

to the assumed bio-oil compounds in the unidentified fraction of the bio-oil in the literature

source used in this study of conversion of pine.'* Considering this, overall mass balance

closure of streams was achieved in our Aspen simulations.

SECTION E: SAMPLE CALCULATION OF THE LHV OF BIO-OIL OBTAINED
FROM SIMULATION FOR A ONE-STEP PYROLYSIS PATHWAY

This section and its sub-sections were presented in our prior study.'

Table D24. Sample calculation of the LHV of bio-oil for one-step conversion pathway using the heat of
combustion of representative compounds found in literature.

Wt. frac Heat of Heat of Sourc
combustion combustion e
(MJ/kg)
N2 0.00039 - 0
CcO2 0.00103 - 0
9
CcO 0.00011 - 0
7
H2 0 - 0
CH4 0 - 0
C2H6 0 - 0
H20 0.22153 - 0 8
3
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ACETIC ACID 0.10907 -13.5647 -1.47961
8

PROPINIONIC ACID 0.05622 -18.8312 -1.05883 8
7

ACETOL 0.04726 -22.5708 -1.06686 *
7

ISOEUGENOL 0.00831 -32.6024 -0.27095 17
1

EUGENOL 0.00181 -32.8317 -0.05969 17
8

VANILLIN 0.00649 -25.1678 -0.16341 17
3

P-VINYLGUAIACOL 0.01220
6

CATECHOL 0.03752 -26.03 -0.97685

(BENZE-1,2 DIOL) 8

PHENOL 0.00298 -31.0372 -0.0927 8
7

GUAIACOL 0.00714
2

P-CRESOL 0.00103 -32.5741 -0.03384 8
9

M-CRESOL 0.00026 -32.6228 -0.00847 8

4-ETYLPHENOL 0.00103 -35.6322 -0.03702 18
9

O-CRESOL 0.00727 -32.6244 -0.23724 8
2

FUFURAL 0.01415 -24.3674 -0.3449 18
4

2-FURANMETHANOL 0.00181 -26.0091 -0.04728 18
8

5-(HYDROXYMETHYL)-2- 0.00350 0

FURANCARBOXALDEHYD 6

E

LEVOGLUCOSAN 0.11219 -17.4747 -1.96056 18
5

XYLOSE 0.03402 -15.5924 -0.53048 18
2

CELLBOISE 0.05103 -16.4864 -0.84135 18
3

GLUCOSE 0.01701 -15.6072 -0.26549 18
1

LOW MW LIGNIN DERIVED | 0.11024 -35.4908 -3.91275 *

COMPOUND A 7

(DIMETHOXY

STILBENZENE)

LOW MW LIGNIN DERIVED | 0.02220 -35.2318 -0.78233 *

COMPOUND B 5

(DIBENZOFURANN)
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HIGH MW LIGNIN 0.09206 -26.4613 -2.43622 *
DERIVED COMPONUD A 7

HIGH MW LIGNIN 0.01999 -26.6643 -0.53322 *
DERIVED COMPOUND B 8

Total 1 LHV -17.1401

e (alculated based on the composition of carbon, hydrogen, and oxygen using the
method described in section B above.

AH® = 393.51a + 142.915b + AsH (C,H,0,)

Acetol — C3HeO2 (74.049g/mol)

(11)

AH® (Acetol) = (393.51 % 3) + (142.915 * 6) + (—366)

=-1672.02kJ/mol

=-22.57 MJ/kg

SECTION F: SAMPLE CALCULATION OF THE ENERGY ALLOCATION

FACTORS

The allocation factors used in our study were calculated as shown in the sample calculation

below for scenario 3 of a heat integrated two-step hydrocarbon biofuel production pathway

with torrefaction taking place at 290°C. Figure D3 is a simplified schematic for the

production pathway. Co-products torrefaction bio-oil, char, and off-gas exited the

production pathway at the torrefaction, fast pyrolysis, and hydrogen production stages

respectively.
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Figure D3. Simple schematic diagram for a two-step production pathway

Stage-specific allocation factors were calculated for these three stages using equations 12
-14. Mass flowrates and the LHV of the main product, biofuel and the co-products obtained
from the model simulation for scenario 3 of a two-step pathway at torrefaction temperature
of 290°C are shown in Table D25. The calculated stage-specific allocation factor for the

three stages are also shown in Table D25.

mbio—coaleio—coal

(12)

Allocation factotiprrefaction = = T g T
Mpio—coatflpio-coal Meorr. oillltorr.oil

mbio—oileio—oil

Allocation factoryase pyrotysis =

(13)

mbio—oileio—oil + mcharHchar
Allocation faCtorhydrogen production

_ mbiofueleiofuel (14)
mbiofueleiofuel + moff—gasHoff—gas

Overall allocation factor AF1 shown in Table D25 obtained as the product of all three
stage-wise allocation factors was applied to all the inputs and outputs for all the stages prior

to and including the torrefaction stage as shown in Figure F1. Overall allocation factor AF2
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shown in Table 16a obtained as the product of the fast pyrolysis and hydrogen production
stage-wise allocation factors was applied to all the inputs and outputs from the size
reduction and fast pyrolysis stages. Allocation factor AF3 is the allocation factor for the
hydrogen production stage was applied to the inputs and outputs from the hydrotreatment

and hydrogen production stages.

Table D25. Flow rates and LHV values for scenario 3 of a heat integrated two-step hydrocarbon biofuel
production pathway at torrefaction temperature of 290°C

Mass flowrate LHV
(kg/hr) (MJ/kg)
Volatiles 6252 11.362
Torrefied pine/bio-coal 41655 24.537
Biochar 5629 29.988
Bio-oil 24482 19.216
Off-gas 20206 7.498
Hydrocarbon biofuel 11564 43.448
Allocation factor

Allocation factoriorrefaction 0.935016
Allocation factorfast pyrolysis 0.735936
Allocation factorhydrotreatment 0.768319
AF1 0.52869
AF2 0.565434
AF3 0.768319
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SECTION G: LCA INVENTORY TABLES FOR ONE AND TWO-STEP PATHWAYS
WITHOUT HEAT INTEGRATION

Table D26. Inputs including ecoprofile names, for scenario 2 of a one-step hydrocarbon biofuel production
from pine wood chips without heat integration

Products

Hydrocarbon biofuel 1 MJ
Char (displaces coal) - kg
Fossil CO2 (from combustion of off-gas) 0.019 | kg
Steam (displaces natural gas generated steam) 0.043 kg
Material Inputs

Pine (8 % moisture content) 0.098 | kg
Process water, ion exchange, production mix, at plant, from surface 0.037 | kg
water RER S? (to generate steam for hydrogen production)

Natural gas, from high pressure network (1-5 bar), at service 0.007 | kg

station/US* US-EI U* (for hydrogen production)

Water, completely softened, at plant* (cooling water, pyrolysis stage) 4.88 kg

Water, completely softened, at plant® (cooling water, hydrotreatment 5.56 kg
stage)

Water, completely softened, at plant® (cooling water, hydrogen 4.73 kg
production stage)

Process Inputs or Displaced products (negative values)

Electricity, medium voltage US? (size reduction) 0.04 | kWh
Electricity, medium voltage US? (hydrotreatment) 0.004 | kWh
Electricity, medium voltage US? (hydrogen production) 0.011 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW? 0.093 | MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.230 | MJ
(pyrolysis)

Natural gas, burned in industrial furnace low-NOx> 100kW* - Ml
(hydrotreatment)

Natural gas, burned in industrial furnace low-NOx> 100kW* - Ml
(hydrogen production)

Bituminous coal, combusted in industrial boiler NREL/US? - kg
Steam, for chemical processes, at plant/US-US-EI U* -0.043 | kg
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Table D27. Inputs including ecoprofile names, for scenario 1 of a two-step hydrocarbon biofuel production
from pine wood chips without heat integration at 290°C without heat integration

Products

Hydrocarbon biofuel 1 MJ
Char (displaces coal) 0.009 | kg
Fossil CO2 (from combustion of off-gas) 0.019 | kg
Steam (displaces natural gas generated steam) 0.046 | kg
Material Inputs

Pine (8 % moisture content) 0.097 | kg
Process water, ion exchange, production mix, at plant, from surface 0.039 | kg
water RER S? (to generate steam for hydrogen production)

Natural gas, from high pressure network (1-5 bar), at service 0.007 | kg
station/US* US-EI U* (for hydrogen production)

Water, completely softened, at plant® (cooling water, torrefaction 1.07 kg
stage)

Water, completely softened, at plant* (cooling water, pyrolysis stage) 3.27 kg

Water, completely softened, at plant® (cooling water, hydrotreatment 6.03 kg
stage)

Water, completely softened, at plant* (cooling water, hydrogen 4.97 kg
production stage)

Process Inputs or Displaced products (negative values)

Electricity, medium voltage US? (size reduction) 0.005 | kWh
Electricity, medium voltage US? (hydrotreatment) 0.004 | kWh
Electricity, medium voltage US? (hydrogen production) 0.012 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW* 0.093 | MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.10 MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.10 MJ
(pyrolysis)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.24 MJ
(hydrotreatment)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.05 MJ
(hydrogen production)

Bituminous coal, combusted in industrial boiler NREL/US? -0.008 | kg
Steam, for chemical processes, at plant/US-US-EI U? -0.046 | kg

323



Table D28. Inputs including ecoprofile names, for scenario 2 of a two-step hydrocarbon biofuel production
from pine wood chips without heat integration at 290°C without heat integration

Products

Hydrocarbon biofuel 1 MJ
Char (displaces coal) - kg
Fossil CO2 (from combustion of off-gas) 0.019 | kg
Steam (displaces natural gas generated steam) 0.046 | kg
Material Inputs

Pine (8 % moisture content) 0.097 | kg
Process water, ion exchange, production mix, at plant, from surface 0.039 | kg
water RER S? (to generate steam for hydrogen production)

Natural gas, from high pressure network (1-5 bar), at service 0.007 | kg
station/US* US-EI U* (for hydrogen production)

Water, completely softened, at plant® (cooling water, torrefaction 1.07 kg
stage)

Water, completely softened, at plant* (cooling water, pyrolysis stage) 3.27 kg

Water, completely softened, at plant® (cooling water, hydrotreatment 6.03 kg
stage)

Water, completely softened, at plant* (cooling water, hydrogen 4.97 kg
production stage)

Process Inputs or Displaced products (negative values)

Electricity, medium voltage US? (size reduction) 0.005 | kWh
Electricity, medium voltage US? (hydrotreatment) 0.004 | kWh
Electricity, medium voltage US? (hydrogen production) 0.012 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW* 0.093 | MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.10 MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.10 MJ
(pyrolysis)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.016 | MJ
(hydrotreatment)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(hydrogen production)

Bituminous coal, combusted in industrial boiler NREL/US? - kg
Steam, for chemical processes, at plant/US-US-EI U? -0.046 | kg
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Table D29. Inputs including ecoprofile names, for scenario 3 of a two-step hydrocarbon biofuel production
from pine wood chips without heat integration at 290°C without heat integration

Products

Hydrocarbon biofuel 1 MJ
Char (displaces coal) 0.004 | kg
Fossil CO2 (from combustion of off-gas) 0.03 kg
Steam (displaces natural gas generated steam) 0.038 | kg
Material Inputs

Pine (8 % moisture content) 0.097 | kg
Process water, ion exchange, production mix, at plant, from surface 0.030 | kg
water RER S? (to generate steam for hydrogen production)

Natural gas, from high pressure network (1-5 bar), at service 0.008 | kg
station/US* US-EI U* (for hydrogen production)

Water, completely softened, at plant® (cooling water, torrefaction 1.28 kg
stage)

Water, completely softened, at plant* (cooling water, pyrolysis stage) 3.93 kg

Water, completely softened, at plant® (cooling water, hydrotreatment 4.38 kg
stage)

Water, completely softened, at plant* (cooling water, hydrogen 3.91 kg
production stage)

Process Inputs or Displaced products (negative values)

Electricity, medium voltage US? (size reduction) 0.006 | kWh
Electricity, medium voltage US? (hydrotreatment) 0.003 | kWh
Electricity, medium voltage US? (hydrogen production) 0.009 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW* - Ml

(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ

(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ

(pyrolysis)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ

(hydrotreatment)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ

(hydrogen production)

Bituminous coal, combusted in industrial boiler NREL/US? -0.003 | kg

Steam, for chemical processes, at plant/US-US-EI U? -0.038 | kg
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Table D30. Inputs including ecoprofile names, for scenario 1 of a two-step hydrocarbon biofuel production
from pine wood chips without heat integration at 310°C without heat integration

Products

Hydrocarbon biofuel 1 MJ
Char (displaces coal) 0.015 kg
Fossil CO2 (from combustion of off-gas) 0.017 | kg
Steam (displaces natural gas generated steam) 0.053 kg
Material Inputs

Pine (8 % moisture content) 0.121 | kg
Process water, ion exchange, production mix, at plant, from surface 0.048 | kg
water RER S? (to generate steam for hydrogen production)

Natural gas, from high pressure network (1-5 bar), at service 0.006 | kg
station/US* US-EI U* (for hydrogen production)

Water, completely softened, at plant® (cooling water, torrefaction 1.97 kg
stage)

Water, completely softened, at plant* (cooling water, pyrolysis stage) 2.77 kg

Water, completely softened, at plant® (cooling water, hydrotreatment 7.33 kg
stage)

Water, completely softened, at plant* (cooling water, hydrogen 5.97 kg
production stage)

Process Inputs or Displaced products (negative values)

Electricity, medium voltage US? (size reduction) 0.002 | kWh
Electricity, medium voltage US? (hydrotreatment) 0.004 | kWh
Electricity, medium voltage US? (hydrogen production) 0.014 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW* 0.115 | MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.072 | MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.133 | MJ
(pyrolysis)

Natural gas, burned in industrial furnace low-NOx> 100kW* 030 | MJ
(hydrotreatment)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.062 | MJ
(hydrogen production)

Bituminous coal, combusted in industrial boiler NREL/US? -0.014 | kg
Steam, for chemical processes, at plant/US-US-EI U? -0.053 | kg
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Table D31. Inputs including ecoprofile names, for scenario 2 of a two-step hydrocarbon biofuel production
from pine wood chips without heat integration at 310°C without heat integration

Products

Hydrocarbon biofuel 1 MJ
Char (displaces coal) - kg
Fossil CO2 (from combustion of off-gas) 0.017 | kg
Steam (displaces natural gas generated steam) 0.053 kg
Material Inputs

Pine (8 % moisture content) 0.121 | kg
Process water, ion exchange, production mix, at plant, from surface 0.048 | kg
water RER S? (to generate steam for hydrogen production)

Natural gas, from high pressure network (1-5 bar), at service 0.006 | kg
station/US* US-EI U* (for hydrogen production)

Water, completely softened, at plant® (cooling water, torrefaction 1.97 kg
stage)

Water, completely softened, at plant* (cooling water, pyrolysis stage) 2.77 kg

Water, completely softened, at plant® (cooling water, hydrotreatment 7.33 kg
stage)

Water, completely softened, at plant* (cooling water, hydrogen 5.97 kg
production stage)

Process Inputs or Displaced products (negative values)

Electricity, medium voltage US? (size reduction) 0.002 | kWh
Electricity, medium voltage US? (hydrotreatment) 0.004 | kWh
Electricity, medium voltage US? (hydrogen production) 0.014 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW* 0.115 | MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.072 | MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.031 | MJ
(pyrolysis)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(hydrotreatment)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(hydrogen production)

Bituminous coal, combusted in industrial boiler NREL/US? - kg
Steam, for chemical processes, at plant/US-US-EI U? -0.053 | kg
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Table D32. Inputs including ecoprofile names, for scenario 1 of a two-step hydrocarbon biofuel production
from pine wood chips without heat integration at 310°C without heat integration

Products

Hydrocarbon biofuel 1 MJ
Char (displaces coal) 0.023 kg
Fossil CO2 (from combustion of off-gas) 0.016 | kg
Steam (displaces natural gas generated steam) 0.041 kg
Material Inputs

Pine (8 % moisture content) 0.179 | kg
Process water, ion exchange, production mix, at plant, from surface 0.035 kg
water RER S? (to generate steam for hydrogen production)

Natural gas, from high pressure network (1-5 bar), at service 0.008 | kg
station/US* US-EI U* (for hydrogen production)

Water, completely softened, at plant® (cooling water, torrefaction 2.92 kg
stage)

Water, completely softened, at plant* (cooling water, pyrolysis stage) 4.10 kg

Water, completely softened, at plant® (cooling water, hydrotreatment 5.40 kg
stage)

Water, completely softened, at plant* (cooling water, hydrogen 4.49 kg
production stage)

Process Inputs or Displaced products (negative values)

Electricity, medium voltage US? (size reduction) 0.004 | kWh
Electricity, medium voltage US? (hydrotreatment) 0.004 | kWh
Electricity, medium voltage US? (hydrogen production) 0.012 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW* - Ml
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(pyrolysis)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(hydrotreatment)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(hydrogen production)

Bituminous coal, combusted in industrial boiler NREL/US? -0.021 | kg
Steam, for chemical processes, at plant/US-US-EI U? -0.041 | kg
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Table D33. Inputs including ecoprofile names, for scenario 1 of a two-step hydrocarbon biofuel production
from pine wood chips without heat integration at 330°C without heat integration

Products

Hydrocarbon biofuel 1 MJ
Char (displaces coal) 0.022 | kg
Fossil CO2 (from combustion of off-gas) 0.015 | kg
Steam (displaces natural gas generated steam) 0.057 | kg
Material Inputs

Pine (8 % moisture content) 0.133 | kg
Process water, ion exchange, production mix, at plant, from surface 0.053 kg
water RER S? (to generate steam for hydrogen production)

Natural gas, from high pressure network (1-5 bar), at service 0.006 | kg
station/US* US-EI U* (for hydrogen production)

Water, completely softened, at plant® (cooling water, torrefaction 2.88 kg
stage)

Water, completely softened, at plant* (cooling water, pyrolysis stage) 2.10 kg

Water, completely softened, at plant®* (cooling water, hydrotreatment 8.13 kg
stage)

Water, completely softened, at plant* (cooling water, hydrogen 6.50 kg
production stage)

Process Inputs or Displaced products (negative values)

Electricity, medium voltage US? (size reduction) 0.001 | kWh
Electricity, medium voltage US? (hydrotreatment) 0.005 | kWh
Electricity, medium voltage US? (hydrogen production) 0.015 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW* 0.129 | MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.151
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.070 | MJ
(pyrolysis)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.344 | MJ
(hydrotreatment)

Natural gas, burned in industrial furnace low-NOx> 100kW* 0.072 | MJ
(hydrogen production)

Bituminous coal, combusted in industrial boiler NREL/US? -0.020 | kg
Steam, for chemical processes, at plant/US-US-EI U* -0.057 | kg
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Table D34. Inputs including ecoprofile names, for scenario 1 of a two-step hydrocarbon biofuel production
from pine wood chips without heat integration at 310°C without heat integration

Products

Hydrocarbon biofuel 1 MJ
Char (displaces coal) - kg
Fossil CO2 (from combustion of off-gas) 0.015 | kg
Steam (displaces natural gas generated steam) 0.057 | kg
Material Inputs

Pine (8 % moisture content) 0.133 | kg
Process water, ion exchange, production mix, at plant, from surface 0.053 kg
water RER S? (to generate steam for hydrogen production)

Natural gas, from high pressure network (1-5 bar), at service 0.006 | kg
station/US* US-EI U* (for hydrogen production)

Water, completely softened, at plant® (cooling water, torrefaction 2.88 kg
stage)

Water, completely softened, at plant* (cooling water, pyrolysis stage) 2.10 kg

Water, completely softened, at plant® (cooling water, hydrotreatment 8.13 kg
stage)

Water, completely softened, at plant* (cooling water, hydrogen 6.50 kg
production stage)

Process Inputs or Displaced products (negative values)

Electricity, medium voltage US? (size reduction) 0.001 | kWh
Electricity, medium voltage US? (hydrotreatment) 0.005 | kWh
Electricity, medium voltage US? (hydrogen production) 0.015 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW* 0.097 | MJ
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(pyrolysis)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(hydrotreatment)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(hydrogen production)

Bituminous coal, combusted in industrial boiler NREL/US? - kg
Steam, for chemical processes, at plant/US-US-EI U? -0.057 | kg
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Table D35. Inputs including ecoprofile names, for scenario 1 of a two-step hydrocarbon biofuel production
from pine wood chips without heat integration at 310°C without heat integration

Products

Hydrocarbon biofuel 1 MJ
Char (displaces coal) 0.037 | kg
Fossil CO2 (from combustion of off-gas) 0.012 | kg
Steam (displaces natural gas generated steam) 0.049 | kg
Material Inputs

Pine (8 % moisture content) 0.223 | kg
Process water, ion exchange, production mix, at plant, from surface 0.039 | kg
water RER S? (to generate steam for hydrogen production)

Natural gas, from high pressure network (1-5 bar), at service 0.007 | kg
station/US* US-EI U* (for hydrogen production)

Water, completely softened, at plant® (cooling water, torrefaction 4.82 kg
stage)

Water, completely softened, at plant* (cooling water, pyrolysis stage) 3.52 kg

Water, completely softened, at plant® (cooling water, hydrotreatment 6.91 kg
stage)

Water, completely softened, at plant* (cooling water, hydrogen 5.52 kg
production stage)

Process Inputs or Displaced products (negative values)

Electricity, medium voltage US? (size reduction) 0.002 | kWh
Electricity, medium voltage US? (hydrotreatment) 0.004 | kWh
Electricity, medium voltage US? (hydrogen production) 0.013 | kWh
Natural gas, burned in industrial furnace low-NOx> 100kW* - Ml
(biomass drying)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(torrefaction)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(pyrolysis)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(hydrotreatment)

Natural gas, burned in industrial furnace low-NOx> 100kW* - MJ
(hydrogen production)

Bituminous coal, combusted in industrial boiler NREL/US? -0.034 | kg
Steam, for chemical processes, at plant/US-US-EI U* -0.049 | kg
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SECTION H: FOSSIL CARBON ACCOUNTING FROM COMBUSTION OF OFF-
GAS

Off-gas produced from the hydrogen production step utilizes biogenic low molecular
weight hydrocarbons from hydrotreatment step and fossil natural gas. To partition the CO2
produced from the combustion of the off-gas to biogenic and fossil-derived COz2, our initial
simulation run evaluated the biogenic COz2 by having the biogenic low molecular and steam
in a steam to carbon ratio of 3:1 be the feed into the hydrogen production stage starting
from the pre-reformer for run 1. A sample calculation using flows from the one step is

shown in Table Slg.

Assuming 100% conversion of off-gas components to CO2 during combustion, total CO2
produced was estimated to be about 10,518kg/hr as shown in Table S1h. With run 2, natural
gas was added to the hydrogen production inlet feed and the steam flowrate was adjusted
to maintain a 3:1 steam to carbon ratio. Total CO2 produced from complete combustion
was estimated to be about 19,552kg/hr as shown in Table S1h. Fossil derived CO2 was then
evaluated by subtracting total COz produced from run 1 from the total CO2 produced from

run 2.
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Table D36. Sample calculation for fossil derived CO; from combustion of off-gas from H, production

Biogenic Natural Steam Off-gas (kg/hr) Total
hydrocarbons gas (kg/hr) | (kg/hr) CO;
(kg/hr) produced
(kg/hr)
Run Component | Flowrate
(kg/hr)
1 4273.89 - 10509.56 N2 10.66 10517.95
cO2 6779.30
CO 671.22
H2 238.49
CH4 975.70
C2H6 0.23
2 4273.89 3360 17229.56 N2 66.53 19551.51
CcO2 11989.88
CO 1400.32
H2 401.77
CH4 1948.97
C2H6 0.50
9033.56
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