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ABSTRACT

The objective of this study is to develop viable technologies to upgrade biocrude oil
converted from wet biowaste via hydrothermal liquefaction (HTL). Three types of feedstocks
(algae, swine manure, and food processing waste) were converted into biocrude oil via HTL for
upgradation processes, which includes pretreating feedstocks, separation, esterification and
neutralization of biocrude oil.

Previous studies have revealed that excessive ash content in mixed-culture algal biomass
(AW) appeared to reduce the higher heating value (HHV) and hydrocarbon compositions in the
biocrude oil. To resolve this issue, physical pretreatments on AW biomass were carried out to
decrease the ash content and improve the biocrude oil quality. AW biomass with different ash
content was converted into biocrude oil via HTL at 300°C for 1 h reaction time, which is the
previously determined optimum condition for producing biocrude oil. As the ash content of AW
biomass was decreased from 53.3 wt.% to 39.0-43.5 wt.% after screen pretreatments, the HHV
of the biocrude oil was substantially improved from 27.5 MJ/kg to 32.3 MJ/kg and the amounts
of the light oil (boiling point of 100-300°C) were increased from 31wt.% to 49 wt.%. In contrast,
GC-MS analyses of pretreated algal biocrude oil and aqueous products demonstrate that the ash
content promoted denitrogenation, catalyzed the formation of hydrocarbons, and mitigated the
recalcitrant compounds in aqueous products under the HTL processes. In order to elucidate the
role of the ash content under the HTL processes, model algae, Chlorella, with different amounts
of representative ash content (egg shells in this study) were converted into biocrude oil at the
same reaction condition (i.e., 300°C for 1 hr reaction time). Elemental and thermogravimetric
analyses of the biocrude oil both show that when the ash content in the algal feedstock was
below 40 wt.%, the HHV and boiling point distribution of the algal biocrude oil could be hardly
changed. This result signifies the feasibility of using ash-rich biomass as an HTL feedstock and
diminishes the necessity of multi-step pretreatments of ash-rich biomass for biofuel applications.

This study also demonstrates a proof-of-concept in the production of high quality
renewable biofuel from wet biowaste via hydrothermal liquefaction (HTL). Distillation was
employed to effectively separate the biocrude oil converted from swine manure (SW), food

processing waste (FPW), and Spirulina platensis (SP) via HTL into different fractions.



Distillation curves of different types of HTL biocrude oil were reported. Physicochemical
characterizations, including density, viscosity, elemental test, chemical compositions, and acidity,
were conducted on distillates separated from different feedstocks. SW-, FPW-, and SP-derived
biocrude respectively contains 15 wt.% , 56 wt.%, and 15 wt.% distillates with heating values of
43-46 MJ/kg and alkanes with carbon numbers ranging from C8 to C18. Compared to the
distillates from SW- and SP-derived biocrude oil, the distillates from FPW-derived biocrude
demonstrate the closest density and energy content to petroleum diesel, though this type of
distillates contained an excessively high acidity that needs to be reduced from 35.3 mg KOH/g to
< 3 mg/g (the requirements suggested by the ASTM standard for a 10 vol.% biodiesel).
Therefore, an orthogonal array design of esterification experiment was performed to optimize the
reaction temperature (50-70°C), reaction time (0.5 h-6 h), catalysts concentration (0.5 wt.%-2
wt.%), and the molar ratio of FPW-distillates to methanol (1:5-1:15), for achieving the lowest
acidity. Compared to other available methods to upgrade HTL biocrude oil, the integrative
upgrading approach proposed by this study (distillation plus esterification/neutralization)
demonstrates a competitive energy consumption ratio (0.03-0.06) to zeolite cracking (0.07),
supercritical fluid (SCF) treatment (0.17), and hydrotreating (0.24) (assuming 50% heat is
recovered from upgrading processes). Moreover, the reaction severity of the upgrading approach
used in this study (with log R of 5.9-9.5) is much lower than those of zeolite cracking (with log
R, of 11.0), SCF treatment (with log R, of 10.6), and hydrotreating (with log R, of 11.3), without
the consumption of high pressure hydrogen gas. Finally, the fuel specification analysis and
engine test were conducted with the drop-in biodiesel, which was prepared with 10 vol.%
(HTL210) and 20 vol.% (HTL20) upgraded distillates and 80-90 vol.% petroleum diesel.
According to the fuel specification analysis, HTL10 and HTL20 exhibited a qualified Cetane
number (>40 min), lubricity (<520 pum), and oxidation stability (>6 hr), as well as a comparable
viscosity (0.2%-19% lower) and net heat of combustion (3%-4% lower) to those of petroleum
diesel. Further, diesel engine tests demonstrated that HTL10 can lead to a superior power output
(8% higher) and lower emissions of NOx (3-7%), CO (1-44%), CO> (1-4%), and unburned
hydrocarbons (10-21%). The present study showcases an energy-efficient and technically
cohesive approach to produce renewable high-quality drop-in biofuels for demanding transport

applications.
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CHAPTER 1. INTRODUCTION

Conversion of wet biowaste into biofuel needs a comprehensive understanding in science
and engineering. As Figure 1-1 shows, biological digestions such as anaerobic digestions (AD),
biochemical processes such as oil extraction and thermochemical decomposition such as
pyrolysis all are possible conversion technologies for wet biowaste such as manure or mixed-
culture algae from wastewater treatment plants (AW). However, wet biowaste typically contains
high moisture contents (more than 50%) and thus they are not suitable for conventional oilseed
extraction processes (2012; Zhou et al., 2013). Traditionally, anaerobic digestion (AD) is the
dominant conversion technology used for wet biowaste. Despite the long history of applications,
AD generally suffers from poor conversion efficiencies (< 50%), slow reaction rates (> 1 month),
and high capital costs, all of which typically make it not economically viable without a subsidy
or regulatory imperative. Therefore, seeking an energetically feasible approach to convert wet
biowaste into biofuel and other valuable products remains as a critical issue. Among the current
available conversions for wet biowaste, hydrothermal liquefaction (HTL), involving direct
liquefaction of biomass with water, has been demonstrated as an energetically favorable
approach (Vardon et al., 2012; Yu, 2012). Previous studies have also proven that HTL can
effectively convert wet biowaste into biocrude oil, which contains closer higher heating values
(HHV) to heavy crude (Table 1-1) (Chen et al., 2014c; Zhou et al., 2013).

Anaerobic Digestion ] ——)> Methane, Hydrogen

Alcoholic Fermentation ] |::> Ethanol, Butanol

Biological
Digestion

Photobiological production | === Fuels, chemicals

Bioelectrochemical fuel cell l I:> Electricity

Biochemical

Biomass —> —)[ Oil extraction & conversion ] => Biodiesel

Process

—>{ Direct Combustion ]':> Electricity, Heat

~\
-ﬂ Gasification ]ll::> Syngas
- I
Pyrolysis

|
]: ——) Bio-crude oil, Biochar

|
b .
! j Thermochemical ~l>[ Direct Liquefaction ]: —p Bio-crude oil
\

|_ _ , conversion (TCC)

- -

Figure 1-1. Biomass conversion technologies and products (Yu, 2012)
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Table 1-1. Properties of bio-crude oil from liquefaction, fast pyrolysis and heavy fuel oil
from petroleum (Adapted from (Huber et al., 2006a; Peterson et al., 2008; Yu, 2012))

ah

Property Liquefaction oil Pyrolysis oil ™ Heavy fuel oil *

Moisture (wt%) 5-10 15-30 0.1

pH n.a. 2.5 n.a.

Specific gravity 1.1 1.2 0.94

Elemental composition (wt%)

C T70-77 54-58 85

H 8-10 5-7 11

0 10-16 35-40 1.0

N 5-7 0-0.2 0.3

Ash 5 0-0.2 0.1

Higher heating value (MJ/kg) 34-38 16-23 40-49

Viscosity (cps)” 15000 @ 61°C 40-100d 50°C 180
Distillation residue (wt%) * n.a. Up to 50 1

n.a.: not available; * (Huber et al., 2006): * (Peterson et al., 2008)

Researchers have proven that HTL can convert up to 70% volatile solids (dry mass basis)
of wet biowaste (e.g., swine manure) into biocrude oil with heating values between 32-38 MJ/kg,
which is 75-90% of petroleum crude heating value (He et al., 2000a; He et al., 2001a; He et al.,
2001b; He et al., 2000b). This conversion of swine manure to biocrude oil has been
accomplished at temperatures (< 305°C), retention times (30-60 min), water contents (80%), and
pressures of 10.5 MPa. In addition to biocrude oil, byproducts such as gas (~95-99% CO,),
aqueous products and solid residue are also generated simultaneously during the HTL process.

An example illustrating a typical HTL process and its associated products is listed in Figure 1-2.

H Mixed-culture Algae H,O

’ 100 ml Batch Reactor ‘—» Gas Product

Reaction Mixtures

v

Filtration
|

v

Water Insoluble

Moisture Measurement

f—}% "

. Raw Oil Agueous Aqueous Product 1
> Product 2
Toluene Extractlon m '

Bio- crude QOil | lid Residue

Figure 1-2. HTL of wet biowaste feedstock into biocrude oil and other byproducts (Chen
et al., 2014c)



Although HTL appears to serve as a promising integrated tool to treat the wet biowaste
and produce biofuel products at the same time, the practical application of biocrude oil and other
byproducts remains as a critical bottleneck to further promote this technique. Previous studies
have revealed that the HTL biocrude oil could be used as transportation fuel with proper refine
processes, such as hydrogenation or catalytic hydrocracking (Chen et al., 2014c; Duan & Savage,
2011c; Peterson et al., 2008). Duan and Savage has reported that HHV of algal biocrude oil can
be upgraded to closer to petroleum crude (42-43 MJ/kg) by catalytic treatment with 20% HZSM-
5 at 430°C for 6 hours reaction time under supercritical water (Duan & Savage, 2011c).
Hydrogenation and deoxygenation of biocrude oil were successfully carried out in this study.
Nevertheless, the nitrogen content of biocrude oil after catalytic treatment (~2.6%) was still
higher than that of petroleum crude oil (~0.5%). Denitrogenation appears to be a critical issue for
using biocrude oil as transportation fuel. Moreover, multiple previous studies have demonstrates
that catalysts (e.g., zeolites, Pt/C, Raney-Ni, Rh etc.) have little impact on upgrading the quality
of biocrude oil (e.g., deoxygenation) in one-step HTL reaction (Anastasakis & Ross, 2011;
Savage, 2009; Yu, 2012; Zhang et al., 2013a; Zhou et al., 2010; Zhou et al., 2012). In fact, it was
found that the deoxygenation and denitrogenation would be more effective when catalytic
hydroprocessing reacted directly to biocrude oil products (Cheng et al., 2014a; Duan & Savage,
2011c).

In addition to catalytic hydrprocessing, emulsification has been proposed as a milder
method to upgrade HTL biocrude oil, since emulsification can simply mix diesel and bio-oil
converted from pyrolysis, which is a thermochemical process similar to HTL (Chiaramonti et al.,
2003a; Chiaramonti et al., 2003b; Xiu & Shahbazi, 2012).

Pretreatment of the HTL feedstock has also been suggested for upgrading the quality of
HTL biocrude oil. It was reported that screening of mixed-culture algal biomass from wastewater
can improve the biocrude oil quality (Chen, 2013). Moreover, it has been proven that
ultrasonication of cellulose, rice husk, and corn stalk can greatly improve the corresponding
biocrude oil yields and energy recovery by 10-20% under HTL (Shi et al., 2013b). Strong
alkaline, such as NaOH or KOH, was also commonly used to decompose lignocelluloses or
proteins in the feedstocks to improve the quantity and quality of HTL biocrude oil (Anastasakis
& Ross, 2011; Yu et al., 2014). Figure 1-3 summarizes possible approaches to upgrade HTL
biocrude oil.



. « Cracking heavy oil at temperature higher than 350
Thermal cracking °C without any addition of gas

: » Expose biocrude oil to hydrogen gas up to about
Hydrotreating 500 °C under atmospheric pressure

« Hydrogenation with simulatanous cracking with
o i catalysts at temperatures higher than 350 “C under
Hyd ro-cracki U pressure of 100-2000 psi

« Treat biocrude oil with supercritical fluid such as

SGle el e water, ethanol or glycerol

«Emulsify biocrude oil products into transportation fuels
(e.g. diesel or jet fuel) with surfactants

*Remove ash contents in algal feedstock cultured in
Pretreat Feedstocks wastewater environments

Figure 1-3. Possible approaches to upgrade HTL biocrude oil into transportation fuels



CHAPTER 2. LITERATURE REVIEW

In order to upgrade biocrude oil converted from wet biowaste via hydrothermal
liquefaction (HTL), a thorough review of HTL processes and HTL products characteristics must
be conducted so that effective upgrading mechanisms can be proposed. HTL, also refers to as
hydrous pyrolysis, is a thermochemical depolymerization process in an enclosed reactor to
convert wet biomass into biocude oil and chemicals at moderate temperature (typically 200—
400°C) and high pressure (typically 10-25 MPa). Wet biowaste such as food processing waste,
manure, and municipal sludge typically have high moisture content and thus make HTL an
appropriate process. In HTL processes, water serves as an important reactant. As the reaction
condition approaches to the critical point of water, several properties of water are drastically
changed and able to bring about fast, homogeneous, and efficient reactions (Calvo & Vallejo,
2002; Narayan et al., 2005; Savage, 2009). Because sub-critical water has a leading role as a heat
transfer and extracting medium, HTL is relatively independent of the size of biomass particles or
heating rates. The product yield and their chemical properties are primarily affected by the types
of feedstock, processing conditions, and existence of catalyst. HTL biocrude oil from wet
biowaste typically contains high nitrogen content and many types of aromatics. Upgrading of the
HTL biocrude is necessary for transportation grade fuel. Post hydrothermal wastewater (PHWW)
typically has a very high chemical oxygen demand (COD) and various nutrients (primarily
nitrogen) that need to be treated before discharge to waterways. Gaseous products of HTL
contain malodors thus must be treated before emit to atmosphere. In this chapter, important
factors influencing HTL, HTL products characteristics, and potential methods to upgrade HTL

biocrude oil are described.

2.1 Pretreatment of Feedstocks

Wet biowaste often require pretreatment prior to entering an HTL reactor. There are three
general pretreatment principles: physical (Biller et al., 2013; Chakraborty et al., 2013;
Chakraborty et al., 2012; Chen et al., 2014a; Cheng et al., 2014c; Costanzo et al., 2015; Eboibi et
al., 2015; Jazrawi et al., 2015; Miao et al., 2012; Miao et al., 2014; Minarick et al., 2011),
chemical (Barreiro et al., 2014; Jazrawi et al., 2015; Leng et al., 2016; Vardon et al., 2012) and
biological (Barreiro et al., 2014; Kaushik et al., 2014), and a combination of the three.

Pretreating HTL feedstocks has three general purposes: 1) extracting value-added products such



as polysaccharides and crude lipids (Barreiro et al., 2014; Biller et al., 2013; Chakraborty et al.,
2013; Chakraborty et al., 2012; Cheng et al., 2014c; Costanzo et al., 2015; Eboibi et al., 2015;
Jazrawi et al., 2015; Kaushik et al., 2014; Miao et al., 2012; Miao et al., 2014; Vardon et al.,
2012); 2) removing non-volatile components such as ash and metals (Chen et al., 2014a; Leng et
al., 2016); and 3) achieving reasonable properties such as solid contents suitable for an energy-
efficient HTL conversion (Minarick et al., 2011). Table 2-1 summarizes different pretreatment

methods for HTL of wet biowaste.



Table 2-1. Comparison of different pretreatment methods for HTL feedstocks that contains protein contents

Category

Feedstock

Pretreatment
Mechanism

Value-added Products
during Pretreatment

Pros

Cons

Physical Pretreatment

Maio et al., 2014
(Miao et al.,
2014)

Eboibi et al., 2015
(Eboibi et al.,
2015)

W. Costanzo et
al., 2015
(Costanzo et al.,
2015)
Chenetal., 2014
(Chenetal.,
2014a)

Cheng et al., 2014
(Cheng et al.,
2014c)

Biller et al., 2013
(Biller et al.,
2013)

Chakraborty et al.,
2012; Miao et al.,
2012
(Chakraborty et
al., 2012; Miao et
al., 2012)
Minarick et al.,
2011 (Minarick et
al., 2011)

Yeast (C. curvatus)

Microalgae
(Tetraselmis sp.)

Microalgae (Spirulina,
Nannochloropsis,
Chlorella, &
Scenedesmus)
Mixed-culture algal
biomass

Microalgae
(Nannochloropsis)

Microalgae
(Nannochloropsis,
Chlorogloeopsis,
Pseudochoricystis)
Microalgae (Chlorella)

Swine Manure

Low-temperature
liquefaction (160-
300°C)
Low-temperature
liquefaction (130-
200°C)

Low-temperature
liquefaction (125-
225°C)

Centrifugation &
ultrasonication

Microwave
irradiation

Microwave
irradiation

Low-temperature
liquefaction (140-
200°C)

Filtration &
centrifugation

Polysaccharides and
proteins derivatives

Protein derivatives

Nitrogen-rich nutrient
streams
N/A

Biodiesel

Lipids and phytochemicals

Polysaccharides

N/A

Produce value-added
chemical and biocrude oil
with lower nitrogen
Produce biocrude oil with
improved yields and lower
nitrogen

Produce nutrient streams
and biocrude oil with lower
nitrogen

Produce biocrude oil with
improved yields and heating
value
Produce biodiesel and
biocrude oil simultaneously

Produce biocrude oil with
lower nitrogen

Lower solid residue yield,;
produce biocrude oil with
lower nitrogen

Achieve a higher solid
content of feedstock;
improve the energy recovery
of HTL

Multi-step processes;
potential loss of
organic matter
Multi-step processes;
Organic carbon lost to
the pretreatment
process water; high
energy input
Multi-step processes;
Organic matter lost to
the pretreatment
process
Multi-step processes;
require additional
energy for pretreatment
Multi-step processes;
biocrude oil with lower
HHV
Multi-step processes;
Organic matter lost to
the pretreatment
process water.
Multi-step processes;
lost of organic matters

Require additional
energy for pretreatment




Table 2-1. Comparison of different pretreatment methods for HTL feedstocks that contains protein contents (cont.)

Category Feedstock

Pretreatment
Mechanism

Value-added Products
during Pretreatment

Pros

Cons

Chemical Pretreatment

C. Jazrawi et al., Microalgae (Chlorella)
2015 (Jazrawi et
al., 2015)

D. Barreiro et al., Microalgae
2014 (Barreiro et (Nannochloropsis &
al., 2014) Scenedesmus)
Vardon et al., Microalgae
2012 (Vardon et (Scenedesmus)
al., 2012)

Leng et al., 2016
(Leng et al., 2016)

Sewage sludge

Extraction with
sulphuric or formic
acids
Soxhlet extraction
with hexane

Soxhlet extraction
with hexane

Extraction with
organic solvents (e.g.,
acetic acid, hydrogen

peroxide, etc.)

Protein derivatives

Crude lipids

Crude lipids

Solid residue or biochar
containing metals

Produce biocrude oil with
lower nitrogen

Produce lipids and biocrude
oil simultaneously

Produce lipids and biocrude
oil simultaneously

Produce biocrude oil and
biochar with lower metal
concentrations

Unselective removal of
nitrogen-containing
compounds.
Produce biocrude oil
with higher N; lower
yield of biocrude oil
Produce biocrude oil
with higher N; lower
yield of biocrude oil
Require hazardous
chemicals for
demetalization; lower
biocrude oil yield

Biological pretreatment

R. Kaushik et al., Food Waste
2014 (Kaushik et

al., 2014)

D. Barreiro et al., Microalgae
2014 (Barreiro et (Nannochloropsis &
al., 2014) Scenedesmus)

Enzymatic hydrolysis

Enzymatic hydrolysis

Hydrochar

Amino acid concentrates

Produce hydrochar with
higher heating values

Produce biocrude oil with
lower N & higher heating
values

Require expensive
enzymes; difficult to
recycle enzymes
Loss of algal biomass;
unselective extraction
of amino acids




Extraction of value-added co-products from wet biowaste prior to HTL conversion has
been extensively studied for augmenting the overall economics of the process (Chakraborty et al.,
2013; Chakraborty et al., 2012; Miao et al., 2012; Miao et al., 2014). For example,
polysaccharides can be extracted at low liquefaction temperature (140-200°C), and produce
biocrude oil at medium liquefaction temperature (220-300°C) from microalgae (Chakraborty et
al., 2013; Chakraborty et al., 2012; Miao et al., 2012; Miao et al., 2014). Extraction of crude
lipids has also been investigated through microwave and Soxhlet extraction with hexane
(Barreiro et al., 2014; Biller et al., 2013; Cheng et al., 2014c; Vardon et al., 2012), while the
protein derivatives (e.g., amino acids and nitrogen-rich nutrient streams) have been extracted
with sulphuric or formic acids, enzymatic hydrolysis, at mild liquefaction (125-225°C)
(Costanzo et al., 2015; Eboibi et al., 2015; Jazrawi et al., 2015; Kaushik et al., 2014).
Pretreatment methods are often unselective for extracting polysaccharides and proteins. lonic
liquid extraction could be used for extracting proteins from wet biowaste with 75-100%
selectivity of proteins in a single-step extraction and reuse of the ionic liquid (Pei et al., 2009).
Pretreatment generally requires multi-step processes to extract different type of value-added
products, and the residual can be then subjected to HTL to produce biocrude oil. Such multi-step
processes often require multi-reactors thus complicating the overall process. A continuous HTL
reactor is critically needed for simultaneously obtaining value-added chemicals (at lower
liquefaction temperature) and biocrude oil (at higher liquefaction temperature). In such a
continuous reactor, the loss of organic matter during the pretreatment processes could be
prevented. Further biochemical characterizations of value-added products are also significantly
needed for different application potentials. For instance, the protein derivatives from algal
biomass could be used as pigments (Leema et al., 2010), building blocks for polymer synthesis
(Kumar et al., 2014), and food additives (Spolaore et al., 2006).

Removing non-volatile components from wet biowaste, such as ash content and metals, is
another focus in the feedstock pretreatment. Excessive ash content in mixed-culture algal
biomass would reduce the higher heating value (HHV) and hydrocarbon compositions in the
HTL biocrude oil (Chen et al., 2014a; Chen et al., 2014c). To resolve this issue, physical
pretreatments were carried out to reduce the ash content (from 28.6% to 18.6%) by
centrifugation and improve the HTL biocrude oil yield (from 30 wt.% to 55 wt.%) and quality by

centrifugation plus ultrasonication (Chen et al., 2014a). However, how the ash content interacts



with volatile components in the feedstock under HTL processes still remains unclear and
requires further investigation to elucidate the role of the ash content in HTL processes. Chemical
pretreatments on wet biowaste to remove the ash content have also been investigated. Leng et al.
(Leng et al., 2016) extracted metals from sewage sludge with acetic acid, hydroxylammonium
chloride, and hydrogen peroxide, and then converted the chemically pretreated sewage sludge via
HTL. Although the biochar and biocrude oil with lower metal concentrations were produced, the
chemical pretreatment led to a relatively lower biocrude oil yield, largely due to the loss of
organic matter during multi-step pretreatment processes. More selective method for extracting
metallic compounds has to be investigated. Adsorbents, such as resins, zeolites, and activated
carbon were used to extract ash content since these absorbents can be further modified to
mitigate specific metallic and mineral elements and recycled through phase separation (Chen &
Huang, 2007; Chen et al., 2012; Sprynskyy, 2009).

Achieving reasonable total solid contents for more efficient energy recovery in HTL
conversion is another driving force to pretreat wet biowaste. Oftentimes, the solid content in the
wet biowaste is less than 10 wt.% in reality. HTL process requires elevating the total feedstock
and water to desirable reaction temperature. Manure slurry from typical swine confinement
facilities contain 1-2 wt.% solids (Minarick et al., 2011), but HTL process requires a solid
content higher than 10 wt.% in order to obtain a positive energy balance (Chen et al., 2014b; He
et al., 2000a; He et al., 2001a; He et al., 2001b; He et al., 2000b). In order to produce biocrude
oil with reasonable quality and quantity (He et al., 2001b; Minarick et al., 2011; Zhang et al.,
2013b), the removal of moisture content is essential (Vardon et al., 2012). Minarick et al.
(Minarick et al., 2011) has dewatered swine manure using coarse filtration and centrifugation,
and thereby improve the energy recovery of HTL processes by 2-2.5 times. Additional costs and
energy consumptions for the dewatering pretreatment processes should be incorporated for

further up-scaled techno-economic analyses of the HTL process.

2.2 HTL Process

Key parameters affecting HTL processes include feedstock types, process modes (such as
batch and continuous), process conditions (such as temperature, retention time and pressure), and
catalysts. This section summarizes the HTL process of different feedstocks in terms of

conversion efficiency and product characteristics.
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2.2.1 Feedstock Type

Wet biowaste includes animal manure, municipal sludge, food processing waste and algal
biomass grown in wastewater environments. Their biochemical compositions are summarized in
Table 2-2 in terms of compounds (crude fat or lipid, protein, carbohydrate and ash) and major
elements (C, H, N, and O). These are the wet biowaste have been hydrothermally liquefied in the
past twenty years with some promising results in terms of biocrude yields and high-heating
values (HHV). Compositions of food processing wastes can vary widely among different plants
such as a slaughterhouse and a cheese plant. Typically, the higher the amounts of crude fat in the
feedstocks, the higher the biocrude oil yields (Biller & Ross, 2011a; Pavlovi¢ et al., 2013;
Vardon et al., 2011), while the presence of lignin generally leads to char formation under HTL
(Demirbas, 2000a; Zhong & Wei, 2004). The highest HTL biocrude oil yield occurred with
feedstocks containing high crude fat and non-fibrous carbohydrates at relatively lower
temperatures (250-300°C) and shorter retention time (5-30 min) due to the fast decompositions
of crude fat and non-fibrous carbohydrates (Pavlovi¢ et al., 2013; Peterson et al., 2008).
Kabyemela et al. observed a 55% conversion of glucose after 2 sec at 300°C (Kabyemela et al.,
1999). Triacylglycerides (TAGs) were readily hydrolyzed in hot compressed water without
catalysts (Peterson et al., 2008; Toor et al., 2011). Feedstocks containing more proteins or
fibrous carbohydrates require a higher reaction temperatures (300-350°C) and longer retention
time (30-120 min). Sasaki et al. reported that the reaction rate of cellulose begin to accelerate at
about 350°C at 25 MPa (Peterson et al., 2008). Rogalinski et al. (Rogalinski et al., 2005; Toor et
al., 2011) observed the decomposition of amino acids from bovine serum albumin in subcritical
water hydrolysis at 250-330°C and 4-180 s retention time, with an almost complete degradation
of all amino acids at 330°C and 200 s reaction time.

In addition to biocrude oil, other value-added chemicals can also be produced from HTL
of food processing waste. Yoshida et al. converted fish meat at 240-350°C with a 5-30 min
reaction time to produce biocrude oil and aqueous products containing value-added chemicals
such as amino acids, lactic acids, and phosphoric acids (Yoshida et al., 1999). Quitain et al.
hydrothermally treated shrimp shells at 250-400°C for a 5-60 min reaction time to produce
amino acids and glucosamine (Quitain et al., 2001). Changing World Technologies applied

hydrothermal process to convert turkey offal into biocrude oil and fertilizer (Adams et al., 2004).
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Table 2-2. Compositions of different feedstocks containing protein contents for HTL conversion (wt.%)

Category Crude
Fat

Crude
Protein

Carbohy-
drates®

Ash
Content

C

H

N

Optimum
Conditions for
Biocrude Oil
Production

Optimum
Biocrude Qil
Yieldsf

Optimum HHV
of Biocrude Oil

Food Processing Waste

Shrimp N/A®
shells

(Quitain et

al., 2001)

Fish meat N/A
(Yoshida et

al., 1999)

Swine 44.0
slaughterin

g house

waste?

Cheese 52.3
processing

waste?

Salad 40.8
dressing

processing

waste?

N/A

N/A

24.8

14.8

2.76

N/A

N/A

27.0

315

48.9

N/A

N/A

4.20

1.45

7.53

N/A

58.7

50.4

60.7

54.0

N/A

111

7.18

8.49

7.93

N/A

8.66

2.93

3.33

0.57

250°C/60 min

300°C/5 min

280°C/30 min

260°C/30 min

260°C/30 min

N/A

16

58

69

55

N/A

N/A

39

40

40

Animal Manure

Swine 20.3
Manured
(Chen et
al., 2014b;
Dong et al.,
2009; He et
al., 2000a;
Heetal.,
2001a;
Wang,
2011b;
Zhang,
2010)

245

38.9

16.3

411

5.42

3.36

295-305°C/15-30
min

39
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Table 2-2. Compositions of different feedstocks containing protein contents for HTL conversion (wt.%) (cont.)

Category  Crude Crude Carbohy- Ash C H N Optimum Optimum Optimum HHV
Fat Protein drates® Content Conditions for Biocrude Oil of Biocrude Oil
Biocrude Oil Yields'
Production

Animal Manure (cont.)

Swine 16.7 37.9 27.1 18.3 N/A N/A N/A 305°C/30 min 40 N/A
Manure-14

day (G-F)®

(Wang,

2011b)

Swine 17.9 43.3 20.5 18.3 N/A N/A N/A 305°C/30 min 38 N/A
Manure-21

day (G-F)®

(Wang,

2011b)

Swine 4.86 171 55.7 22.3 335 6.16 2.81 340°C/15min 24 36
Manure

(Xiu et al.,

2010; Xiu

etal.,

2011b)

Cattle N/A N/A N/A 7.16 35.4 473 2.38 310°C/15 min 49 36
Manure

(Yinetal.,

2010)

Separated N/A N/A N/A 16.8 N/A N/A N/A 350°C/15 min N/A 33
Dairy

Manure

(Theegala

& Midgett,

2012)

Human 24.4 34.5 25.0 16.0 455 6.5 5.7 340°C/10-30min 34 41
Feces?

13



Table 2-2. Compositions of different feedstocks containing protein contents for HTL conversion (wt.%) (cont.)

Category  Crude  Crude Carbohy- Ash C H N Optimum Optimum Optimum HHV
Fat Protein drates® Content Conditions for Biocrude Oil of Biocrude Oil
Biocrude Qil Yieldsf
Production
Algae
Microalgae
Tetraselmis 14 58 22 6 42.0 6.8 8.0 350°C/5 min 659 35-39
(Eboibi et
al., 2014a)
Nannochlor 28 52 12 8 43.3 6.0 6.4 350°C/60 min 43 39
-0psis
(Brown et
al., 2010)
Dunaliella 22.2 32.1 335 12.2 40.3 5.41 9.22 360°C/30 min 37 27
(Zou et al.,
2010)
Chlorella 0.10 71.3 23.0 5.6 51.4 6.6 11.1 280-300°C/60-120 39-43 37-39
(Gaietal., min
2014a; Yu
etal.,
2011a)
Spirulina 5.10 64.4 21.0 9.5 49.3 6.4 11.0 280°C /120 min 45-50 33-37
(Yu, 2012)
Diatom 5.57 40.0 10.0 32.6 33.7 4.90 5.51 320°C/45 min 33 33
(Yu, 2012;
Zhang,
2014)
Macroalgae
Laminaria N/A® N/A® N/A® 24.2 31.3 3.7 24 350°C/15 min 19.3 37
(Anastasaki
s & Ross,
2011)
Alaria <0.7 15.0 <50.7 33.6 33.0 4.4 2.5 360°C/15 min 29.4 35
(Ldpez
Barreiro et
al., 2015)
Enteromor- N/A® N/A® N/A® 30.1 28.8 5.2 3.7 300°C/30 min 20.4 29
pha (Zhou
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etal.,
2010)

Table 2-2. Compositions of different feedstocks containing protein contents for HTL conversion (wt.%0) (cont.)

Category Crude Crude Carbohy- Ash C H N Optimum Optimum Optimum HHV
Fat Protein drates® Content Conditions for Biocrude Qil of Biocrude Oil
Biocrude Oil Yields
Production

Mixed-culture Algae

Mixed- 1.70 27.2 23.6 475 27.9 3.0 3.9 300°C/60 min 49.99 33
culture

algae from

wastewater

(Chen et

al., 2014c)

Wastewater ~ 14.09 N/A® N/A® 29.0¢ 48.99  7.18 8.49 350°C/60 min 44,59 39
-fed algae

(Roberts et

al., 2013)

High-ash 1.04 135 40.0 41.6 23.7 4.5 3.3 300°C/60 min 18.49 37
algae from

Dianchi

Lake (Tian

etal.,

2015)

Sewage Sludge

Sewage 0.10 41.6 32.0 26.3 38.0 7.8 7.3 N/A® 33-35" N/A®
Sludge
(Yu, 2012)
Anaerobic <1 15.0 54.0 31.0 N/A®  N/A®  N/A® N/A® 9.4 32
sludge
(Vardon et
al., 2011)
Sludge (Li N/AC N/AC N/AC N/AC 41.7 5.8 3.2 380-400°C/10 min 50-55 40
etal.,
2010a)
aUnpublished data from our own laboratory; ®Calculated by difference (i.e., carbohydrate (wt.%)=100-%Crude Fat-%Protein-%Ash);
°N/A: Not Available; “Fresh swine manure ;*Grower-finisher pig stored for different days; ‘Based on dry weight of feedstock; 9Based on dry ash free of feedstock;
PHTL was carried out at 280°C for a 30 min reaction time; 'HTL was carried out at 300°C for a 30 min reaction time.
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Compared to food processing waste, animal manure contains less crude fat and more
crude proteins and carbohydrates. This results in a higher HTL reaction temperature to achieve
an optimum biocrude oil yield. HTL of swine manure were reported at 240-350°C at reaction
time of 5-180 min in batch reactor system (Chen et al., 2014b; Dong et al., 2009; He et al., 2000a;
He et al., 2001a; He et al., 2001b; He et al., 2000b; Vardon et al., 2011). The HTL biocrude from
swine manure was found to have HHV of 35-39 MJ/kg with 71-78% carbon, 7-14% oxygen, 8.9-
9.4% hydrogen, and 3.9-4.6% nitrogen. Different process gases (e.g., CO, N2, and CO>) were
also tested, with a CO as a reducing gas that improves the biocrude oil yield and quality. One
study showed that the storage time changed the manure biochemical composition but did not
affect the HTL biocrude oil yield (Wang, 2011b). Similar to swine manure, human feces have
been demonstrated as a promising HTL feedstock (Table 2-2). An additional benefit of HTL of
human feces is it completely destroys pathogens. However, HTL biocrude converted from swine
manure and human feces contains higher amounts of nitrogen and oxygen compared to
petroleum, thus further upgrading is needed if used for transportation fuel.

Swine manure and crude glycerol was co-liquefied under hydrothermal conditions (Xiu et
al., 2011b). However, HHV of the co-liquefied HTL biocrude oil was drastically decreased from
36 to 25 MJ/kg due to its dominant esterification that results in high oxygen content in the
biocrude oil.

HTL of cattle manure was investigated with the presence of NaOH as catalyst and initial
process gas (air, N2, CO, and H>), for a 500 ml of cattle manure slurry (solid content was 23.6
wt.%). The higher initial pressure, longer reaction time, and high solids content of the cattle
manure led to the production of gases and char/tar instead of biocrude (Yin et al., 2010). Dairy
manure was studied as HTL feedstock at 250-350°C and 15 min reaction time with carbon
monoxide as the process gas (Theegala & Midgett, 2012). The highest energy recovery (68%),
defined as the energy in the biocrude oil divided by that of raw manure, was achieved at 350°C
(Theegala & Midgett, 2012).

Algae is considered as one of the promising HTL feedstocks for next generation biofuel
because of their superior photosynthetic efficiency and lower crop-land demand (Tsukahara &
Sawayama, 2005). Algae can be classified as microalgae, macroalgae, and mixed-culture algae
that may contain both micro- and macroalgae (Table 2-2). High-lipid microalgae has been

favored as HTL feedstocks (Yu et al., 2011a). Dote converted Botryococcus branunii into
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biocrude oil via HTL with biocrude oil yield higher than the original oil content in the algal
biomass (Dote et al., 1994), indicating non-lipid fraction in algae contributed to the biocrude oil
formation under HTL [2].

In contrast to high-lipid algae, low-lipid high-protein algae species, such as Chlorella and
Spirulina, typically have higher biomass productivity under stressed environment such as
wastewater (Chen et al., 2002; Sheehan et al., 1998). Therefore, HTL of low-lipid algae have
been an increasing interest in the past five years (Eboibi et al., 2014a; Gai et al., 2014a; Vardon
etal., 2012; Yuetal.,, 2011a; Yu et al., 2011b; Zhang et al., 2013b). HTL parameters including
reaction temperature, reaction time, initial pressure, biomass to water ratio, total volume of
feedstocks, heating rate, reaction mode, catalysts, and reaction solvents were studied to enhance
the algal biocrude oil yield and/or improve its heating value (Anastasakis & Ross, 2011; Brown
etal., 2010; Chen et al., 2014c; Duan & Savage, 2010; Elliott et al., 2013; Faeth et al., 2013; Gai
et al., 2014a; Jazrawi et al., 2013; Yu et al., 2014; Yu et al., 2011a; Yu et al., 2011b; Zhang et al.,
2013a; Zhang et al., 2013b; Zou et al., 2010). Among all the HTL parameters investigated,
reaction temperature and reaction time are recognized as the two dominant factors affecting algal
biocrude oil yield and biocrude oil quality (e.g., heating value and elemental compositions).

Macroalgae were also investigated as HTL feedstocks due to their fast-growing rates and
large quantity (Anastasakis & Ross, 2011; Cole et al., 2016; Elliott et al., 2014; He et al., 2016;
Zhou et al., 2010). However, macroalgae generally has high contents of lignocellulose and ash,
both adversely affect the HTL conversion efficiency (Yu, 2012) (Table 2-2).

Mixed-culture algae from wastewater environment have attracted increasing attention for
HTL conversion. Coupling algal bioenergy production with wastewater treatment can alleviate
the burden of nutrients in algae growing by uptaking nutrients from wastewaters instead of
petroleum-based fertilizers (Clarens et al., 2010; Zhou et al., 2013). In an Environment-
Enhancing Energy paradigm centered on HTL, nutrients in wastewater from post HTL can be
reused three times (through laboratory study) to ten times (through modeling) to amplify algae
growth and biocrude oil production (Figure 2-1) (Chen et al., 2014b; Chen et al., 2014c; Zhou et
al., 2013). Wastewater algae was proved to be a promising HTL feedstock in a separate study
(Roberts et al., 2013). In addition to mitigate eutrophication, high-ash low-lipid algal biomass
from lakes were harvested for HTL (Tian et al., 2015).
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Municipal sludge is another promising feedstock and present comparable heating value of
the HTL biocrude oil as those from animal manure and algae (Vardon et al., 2011; Yu, 2012).
The SlurryCarb™ process reported that a scaled-up (a 20 ton per day facility) HTL conversion
of sewage sludge could produce a biofuel product up to 22 MJ/kg (dry basis) and can be utilized
in conventional combustion infrastructure with less than 20% excess air (Bolin, 2001). However,
the pretreatment processes for the municipal sludge in a wastewater treatment plant can
substantially alter the biochemical compositions of the harvested sludge, which in turn impact
the resulting HTL biocrude oil yield and quality. Vardon et al converted anaerobic sludge from a
wastewater treatment plant into biocrude oil via HTL, but the biocrude oil yield was much lower
than other types of sludge (Vardon et al., 2011; Yu, 2012). Systematic studies regarding HTL of
different types of sewage sludge and process parameters such as reaction temperature and
reaction time are identified as a research gap in the area of HTL of municipal waste (Leng et al.,
2015; Leng et al., 2016; Zhao et al., 2014).
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Figure 2-1. A schematic Environment-Enhancing Energy (E2-Energy) system that can
simultaneously produce biocrude oil and treat wastewater by reusing nutrients (Chen et al.,
2014c).
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2.2.2 Process mode
Hydrothermal liquefaction (HTL) of protein-containing biomass has been mostly
investigated in a batch mode. There is only limited information yet available on continuous-flow

HTL reactor design and experiment, even fewer studies on scale-up reactors (Elliott et al., 2015).
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Discussion about the reactor design and scale-up implementation is provided in later section (2.4
Examples of plants/implementations).

Continuous HTL conversion has been investigated with algae and swine manure (Elliott
et al., 2014; Elliott et al., 2013; Jazrawi et al., 2013; Ocfemia et al., 2006a; Ocfemia et al.,
2006b). Comparisons of the yields and quality of biocrude oil converted from different
feedstocks in continuous and batch modes are summarized in Table 2-3. According to currently
available literature (Table 2-3), the algal biocrude oil yields with continuous plug-flow mode are
usually higher than those with batch modes, while the carbon, hydrogen, nitrogen contents and
heating values of the algal biocrude oil are the same (Elliott et al., 2013; Jazrawi et al., 2013).
This reveals that the continuous plug-flow HTL systems can produce algal biocrude oil with the
same quality as those from batch reactors. In another study, it is reported that the biocrude oil
yields converted from swine manure under continuous modes are closely resemble to those under
batch modes, but the energy contents and elemental compositions are slightly lower than those
from batch modes. This may be that the swine manure was hydrothermally processed in a
continuous-stirred reactor (CSTR), rather than a plug-flow reactor (PFR) (Ocfemia et al., 2006a).
Considering a reactor with the same volume, PFR typically can achieve a higher conversion
yields than CSTR. Although CSTR systems could be more easily operated and maintained
(Fogler, 2016), it bears an inherent disadvantage of mixing mode compared with plug-flow
system as part of the feedstock will always subjected to undesirable reaction time — some
undercooked, and some overcooked. Comparing continuous HTL systems with batch HTL
systems are difficult as the products from the batch are often equilibrium limited (Elliott et al.,
2015).
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Table 2-3. Comparison of batch and continuous HTL conversions of wet biowaste
Feedstocks Batch Continuous
Algae (Anastasakis & Ross, 2011; Brown et al., 2010; Elliott et al., 2015; Elliott et al., 2014;
Elliott et al., 2013; Jazrawi et al., 2013; Jena et al., 2011b; Vardon et al., 2011; Yu et al.,
2011a; Zhou et al., 2010)

Yields (d.a.f.%) 21-43 27(macroalgae)-
64(microalgae)

C in Biocrude oil (wt.%) 64-82 69(macroalgae)-
79(microalgae)

H in Biocrude oil (wt.%) 7-11 8(macroalgae)-11(microalgae)

N in Biocrude oil (wt.%) 4-6 3(macroalgae)-8(microalgae)

HHV of Biocrude oil (MJ/Kg) 29-39 28-40

Swine Manure (He et al., 2000a; Ocfemia et al., 2006a; Ocfemia et al., 2006b)

Yields (d.a.f.%) 59-70 62-70

C in Biocrude oil (wt.%) 71-78 66-74

H in Biocrude oil (wt.%) 8.9-9.4 9.2-10

N in Biocrude oil (wt.%) 3.9-4.6 3.7-4.5

HHV of Biocrude oil (MJ/Kg) 34-39 25-31

Although the yields and heating values of the biocrude oil converted from algae and
swine manure are similar under continuous modes, the optimum reaction conditions are
significantly different for these two feedstocks in a continuous HTL reactor. For algal biomass, it
is generally agreed that more severe reaction conditions can lead to higher yields, lower oxygen
but increased nitrogen contents in the HTL biocrude (Elliott et al., 2015; Elliott et al., 2013;
Jazrawi et al., 2013). In addition, very short residence time (e.g., 1-5 min) in a continuous reactor
can produce algal biocrude oil yields similar to that of longer residence time under batch modes
(e.g., 60-120 min) (Elliott et al., 2015; Elliott et al., 2013; Jazrawi et al., 2013). Both recent batch
and continuous HTL studies also suggest that higher heating rate and lower residence time favor
the production of biocrude. This feature would also help improve the energy efficiency and
techno-economic feasibility of algal biomass to fuel systems via a continuous HTL (Elliott et al.,
2015; Faeth et al., 2013).

Continuous HTL of swine manure requires a longer retention time compared to algal
feedstocks. Ocfemia et al. has conducted a continuous HTL of swine manure with a CSTR
reactor at 285-325°C for 40-80 min. The highest oil yield was achieved at about 285-305°C for a
60 min retention time, which is very similar to those obtained at a batch reactor (He et al., 2000g;
He et al., 2000b). In this continuous HTL study, it was reported that increasing the reaction
temperature from 305°C to 325°C decreased the oil yield by 22-25 wt.% at the same residence
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time, while extending the residence time from 60 min to 80 min only increased the oil yield by 1-
2 wt.% at 285°C-325°C (Ocfemia et al., 2006b). According to the literature, swine manure is
composed of 25 wt.% proteins and 35 wt.% of carbohydrate, while the algal feedstocks used in
these continuous HTL studies contain much more proteins (e.g., 60-68 wt.% in Chlorella and
Spirulina) (Chen et al., 2014b; He et al., 2000a; He et al., 2000b; Jazrawi et al., 2013; Ocfemia et
al., 2006a; Vardon et al., 2011). Moreover, the continuous HTL of swine manure has been
examined in a CSTR, but the continuous HTL of algal biomass has been investigated in a PFR or
the combinations of CSTR and PFR.

2.2.3 Process Conditions

Process conditions of HTL include reaction temperature, reaction (also refers to as
retention) time, pressure, feedstock/water ratio (solid content) and catalyst applications. Figure 2-
2 summarizes the effects of major process parameters (reaction temperature, reaction time, and
total solid content of feedstocks) on the distribution of HTL product yields converted from algal
biomass based on a number of studies.

Reaction temperature has been identified as the most significant factor affecting HTL
product yields and the quality of biocrude oil converted from wet biowaste such as animal
manure, algae, and food processing waste (He et al., 2000b; Yoshida et al., 1999; Yu et al.,
2011b). In general, reaction temperatures from 250-375°C were used for biocrude oil production
from protein-containing biomass. Reaction temperature varies largely depending on feedstock
species. Yu et al. (2011) and Gai et al. (2014) converted microalgae (Chlorella) into biocrude oil
via HTL without catalyst and suggested that 280-300°C are the optimal reaction temperature to
achieve the highest biocrude oil yield, heating value, and energy recovery (Gai et al., 2014a; Yu
et al., 2011b). Brown et al (2010) and Valdez et al (2012) converted Nannochloropsis into
biocrude oil via HTL and concluded that 300-350°C is the best reaction temperature to reach the
highest biocrude oil yield (Brown et al., 2010; Valdez et al., 2012). Considering heating rates,
mixing versus non-mixing, and reactor systems (e.g., batch versus continuous), optimal reaction
temperatures are quite different. Therefore, it is important to elucidate the reaction mechanisms
of HTL in terms of feedstock composition, reaction temperature, reaction time and catalyst.
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Gaseous products (daf %)

Aqueous products (daf %)

Biocrude oil (daf %)

Solid residue (daf %)
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Figure 2-2. Effects of major operational parameters on distribution of product yields
converted from algae via HTL (Tian et al., 2014) (The blue dot is from Li et al., 2012 (L. et
