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ABSTRACT OF THE DISSERTATION

The Development of a Hydrothermal Method for Slurry Feedstock Preparation for
Gasification Technology

by
Wei He
Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering

University of California, Riverside, August 2011
Dr Joseph M. Norbeck, Chairperson

Liquid fuels produced via the steam hydrogasification of biomass feedstock
followed by downstream gas to liquid processes appears to be a cost effective approach
to replace fossil fuels, to decrease the dependence of imported oil and to decrease
greenhouse gas emissions. A critical technical obstacle of using biomass feedstock
effectively in many gasification processes, including steam hydrogasification, is the need
to prepare a high carbon concentrated (i.e., high energy) slurry that can be introduced into
a pressurized reactor in a cost effective and energy efficient manner. Conventional dry
feeding systems, such as lock-hopper and pressurized pneumatic transport, are complex,
unreliable, and operationally expensive. An extra carrier gas is needed in some instances
or vibrators to avoid fluctuations in the quantity of feed introduced into the reactor.
Slurry feeding is a simpler, reliable, and inexpensive method of transporting and

pressurizing the feedstock into gasification reactors and has been demonstrated in



commercial scale application using 100% coal. Biomass slurries have less energy density
compared to coal and require high carbon content in order to be efficiently gasified. The
hygroscopic and hydrophilic nature of biomass results in a significantly reduced amount
of carbon in pumpable slurries. The main goal of this thesis was to develop, design, and
implement a Hydro-Thermal Pretreatment (HTP) process that will result in a pumpable
biomass slurry with high energy and carbon content for use in a commercial scale,
pressurized steam hydrogasification reactor.

The first objective of this thesis was to design, build and evaluate the performance
of a laboratory scale HTP process. Four carbonaceous feedstocks (coal-wood-water,
wood-water, wood-biosolids and wood-manure) were hydrothermally treated using a
procedure developed as part of this thesis. The viscosity, flow and energy content were
determined under various experimental conditions including: particle size; initial
composition of feedstocks (carbon/water ratio), thermal input (time and temperature of
the heating process) and head space gas composition as a consequence of heating. The
rheology properties and the settling velocities of the particles for the resultant slurries
were evaluated before and after HTP. An empirical model was developed to simulate the
rheology properties. The modeling work was necessary to assist with predicting flow
behavior of the slurry for commercial applications. The carbon balance for the
cumulative gas, liquid and solid phases of the feedstock slurry after HTP was analyzed to
determine the carbon recovery in the slurries and found to be greater than 98% recovery.
Finally, the heating value of pretreated wood particles was determined to estimate the

energy recovery in the slurries which was also found to be in excess of 98%.
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The second objective of this thesis focused on obtaining a better understanding of
the chemical mechanism of the formation of the biomass slurry as a consequence of the
HTP. Four mechanisms and analytical methods were utilized to assist in the explanation:
1. Surface charge alternation, zeta potentials of raw wood particle and pretreated wood
particle were analyzed and compared; 2. Particle shrink, Scanning Electron Microscopy
(SEM) comparison of wood particles before and after HTP were compared to visualize
this effect of HTP; 3. Free bulk water release from biomass microstructure, both SEM
observation and liquid-solid distribution of slurry were used to confirm porous site
generation and free water release into bulk phase.

The third objective of this thesis focused on the design and scale up of HTP at the
lab scale basis, a demonstration scale basis and a commercial scale basis. The lab scale
and demonstration scale HTP process was designed and tested in our laboratory.
Feedstocks production rates were targeted at 90g/hr and 8kg/hr on a wet basis for lab and
demonstration scales. Mass and energy balance of both processes were performed based
on experimental data. An ASPEN Plus simulation of a commercial scale HTP process
was done using a production rate of 16,700kg/hr on a wet basis. Comparison of economy
and energy efficiency was performed between biomass gasification with or without HTP

process using the ASPEN Plus results.
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1 Introduction

1.1 Development of Biomass Gasification
1.1.1 Energy from biomass

Biomass represents a broad selection of recent living organic matter, such as
forests trees, agricultural products and waste residues, and city and industry green wastes,
etc [1-3]. Biomass is produced by photosynthesis of photoautotrophs [4, 5]. In
photosynthesis, energy, in the form of solar radiation, is captured and stored by biomass
in its chemical bonds synthesized by reaction of Carbon Dioxide (CO;) with water (H,0).
Carbohydrates (C,H,0,), such as sugar, are produced [6-8]. The carbohydrates are used
as building blocks for the structural components of biomass and stored energy of biomass
[8-10]. When biomass is effectively processed, either in a single step of combustion or in
multiple steps processing, such as gasification, the stored energy is extracted in a way
that the carbohydrates are oxidized to CO, and H,O [1, 2, 9]. Theoretically, the life cycle
of biomass, from its growth toward utilization, has a net CO, production of zero [11-13],

as is shown in Figure 1.1.



Photosynthesis

Combustion :
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) Carbon )
Combustion Conversion

Fig 1.1 CO; Cycle in Biomass Growth and Utilization

Fossil energy (such as coal, petroleum and natural gas) also originated as biomass,
but after millions of years of storage within the earth [14-16]. In this sense, fossil fuels
are considered non-renewable within the time-scale that humans can use. The term “non-
renewable” here means: 1) fossil fuels cannot be reproduced within a time scale of human
use; 2) conversion of fossil fuels into other forms of chemical product, such as Carbon
Dioxide, is irreversible. The non-renewable nature of fossil fuel leads to two major
concerns: 1) the inevitable depletion of its reserve [17] and 2) the irreversible release of
Greenhouse Gas (GHG) emission, particularly carbon dioxide [18-20]. The urgency in
obtaining an alternative and renewable energy supply for global use has evolved in recent
years primarily because of the two concerns listed above [21, 22].

First and foremost concern of the utilization of fossil fuels as a primary energy
source is that the inevitable depletion and the mismatch between its geological
availability and demand patterns. The geographical concentration of finite petroleum

supplies challenge the economic viability and energy security in many parts of the world
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[23-25]. Petroleum reserves are concentrated in the Middle East, which accounts for 56%
of all the known petroleum reserves [26, 27]. Natural gas reserves are concentrated in
Middle East and Eurasia areas, accounting for over 74% of global reserves [28]. Coal is
relatively widely distributed compared with petroleum and natural gas [29], but would
need to be converted to other forms of usable energy to provide resources for the
transportation sector. As a result, energy security becomes a world-wide issue and the
continuous depletion of reserves only worsens the situation. For example, in year 2007 to
2010, imported petroleum in the US was over 55% of the total energy utilization [30, 31].
China also imported 50% of the oil it consumed [32]. Japan, Germany, and France, which
have very limited amount of domestic oil reservation [31, 33, 34], imported almost all
their crude oil. The constant increase of oil prices ($12/barrel in 1999 and $60/barrel in
2010, peaked at $145/barrel in July, 2008 [35]) provides a heavy deterrent to economic
growth. US imported over 3.58 billion barrels of crude oil in 2008 resulting in a trade
deficit of $327.5 billion. China in the same year imported 1.44 billion barrels of crude oil,
equal to $131.7 billion [36, 37]. Crude oil imports by China will be equal to the US by
2030 based on projections by the Energy Information Administration (EIA) [38]. Most
countries of the world have a high dependency on oil imports, and are vulnerable to
shocks in the energy supply and oil trade economics [39]. There is no long term solution
for this if no other alternative energy supply is available.

The other concern of fossil fuel usage is greenhouse gas emissions. The scientific
consensus is that anthropological fossil fuel combustion, causing release of CO,, has had

a significance impact in current and future global warming (GW) [40-42]. Global



warming, if left uncontrolled, would have a devastating effect on the natural and
ecological system [43]. The increase of meteorological occurrences of extreme weather
conditions, such as heat waves and hurricanes, are now attributed to global warming.
Ocean acidification by CO, dissolving in sea water has caused concerns of retreat of coral
reefs and damage to other ocean habitats [44, 45]. The melting of glaciers, permafrost
and sea ice would result in sea level rising, endangering coastal cities [46, 47]. There are
many more indirect threats to the global eco-system associated with global warming [48,
49] which are not discussed here but documented in the literature. The 15th UNFCCC
(United Nations Framework Convention on Climate Change) outlined a framework to
limit the future increase of global mean temperature to less than 2°C in an attempt to
prevent potential disastrous events such as discussed above [50-52]. The accord was later
ratified by 140 countries. This goal can never be fulfilled if there is not an immediate
stringent policy enacted to limit fossil fuels usage for electricity generation and
transportation.

Fuels and chemicals derived from biomass could be an interim solution to the
usage of fossil fuels [53, 54]. Biomass was the major source of energy before
industrialization and is still an important fuel today for cooking and home heating in
many parts of the world. Biomass accounts for approximately 14% of today’s world’s
primary energy production [55], but much of the biomass resources are largely
squandered by inefficient use and poor management [56]. Interest in biomass as an
alternative and renewable energy source has increased considerably, particularly in the

renewable transportation sector [57].



Biofuels could be an intermediate solution to building a fully carbon free
renewable transportation sector. Liquid biofuels would be a viable compliment to other
renewable fuels, such as solar electricity and hydrogen fuels [58]. New renewable vehicle
technologies such as fully electric and fuel cell vehicles are still expensive or at a nascent
stage of development. Unless technological breakthroughs happen in battery or fuel cell
technology, they are not economically competitive to replace liquid fuels powered
vehicles in the short term [59-62].

There are several benefits of using biomass as an energy supply. Firstly, biomass
is a carbon sink [12, 53, 63-67]. Carbon is removed from the atmosphere and fixed in the
biomass structure during its photosynthesis, and is later released back into the atmosphere
during biomass utilization, such as combustion. There is no net carbon emission in the
life cycle of biomass when utilized as an energy source [58, 64]. Moreover, biomass is
geographically available to the end user and in many circumstances, is otherwise wasted
or ignored in human activity [53, 68, 69]. Forestry wastes, agriculture wastes and green
city wastes are all examples of underutilized biomass that could be otherwise valuable
and renewable energy source if properly processed [70-73]. In this sense, biomass offers
an alternative option of energy supply to countries that are heavily dependent on foreign
trade for energy and are thus vulnerable to energy shocks. In addition, biomass is an
economically competitive energy source to fossil fuels and not subject to depletion in a
foreseeable future [73, 74]. Lastly, biomass is the major renewable resource that has high
concentrations of carbon [75, 76]. This renders it as an excellent renewable alternative to

liquid fossil fuels.



There is a wide range of biofuels that can be produced from biomass, including
ethanol, methanol, DME, synthetic gasoline, diesel fuel, and kerosene derivatives for
production of aviation fuel [53, 77, 78]. These biofuels produced have ultra-low sulfur
levels thanks to the conversion technology advancement [79, 80], and with proper fuel
synthesis technology, will meet Federal and California low carbon fuels standards [81-
83].

In summary, the benefits of biomass as an energy source are:

1. It is broadly available to regions where fossil energy is scarce and depends
heavily on foreign oil supply;

2. It is an inexpensive energy source and would have been wasted otherwise in
human activity;

3. It has net carbon footprint of low in its life cycle as compared with conventional
fossil fuels;

4. It is the only carbon concentrated renewable source and can be used as an
alternative source of liquid transportation fuels;

5. It contains ultra-low sulfur level and could meet the low carbon fuels standards
with proper synthesis technologies.

Biofuels technologies

Biofuels can be derived from a wide selection of living or recently living organic
materials. Various conversion technologies have been actively investigated in the last
century but, unfortunately, the intensity of these investigations usually follows some form

of global energy crisis and faded off quickly after the crisis was over [84].



It is generally recognized that the development of biofuels and the associate
technologies have been through two phases (generations) [85]. First generation biofuels
are derived from edible plants containing sugar, starch and vegetable oils. Bio-alcohols
(eg. ethanol) are produced by fermentation of sugar and starch, and biodiesels are
produced by trans-esterification of vegetable oils and animal fats [86]. The first
generation biofuels compete with land use for food supply [87, 88]. Thus, it is considered
less sustainable compared to biofuels derived from lingo-cellulosic biomass. Lingo-
cellulosic biomass is nonfood crops comprising of cellulose, hemicellulose and lignin.
Lingo-cellulosic biofuels are generally considered as the second generation biofuels [89].
Conversion technologies of lingo-cellulosic biomass to biofuels can be summarized in
two categories: biochemical conversion and thermochemical conversion [90].

Biochemical conversion of lingo-cellulosic biomass includes a hydrolysis of
lignocellulose to enhance the release of sugars and starches, and followed by an
enzymatic fermentation step to produce liquid alcoholic fuels [75, 91, 92]. Ethanol is the
major alcoholic fuel product and it can be combusted directly or co-mingled with other
liquid fuels (gasoline) for use in spark ignited engines. Little effort is required to modify
a gasoline powered engine to burn ethanol fuel or blends, which is one of the main
attractions of ethanol fuel [93, 94]. The hemicellulose and cellulose fractions of lingo-
cellulosic biomass are subject to hydrolytic reaction to yield sugars (pentose and hexose)
in the hydrolysis step [95]. Cellulose is resistant to hydrolysis, so it needs to be enhanced
by using special enzymatic catalysts [96]. The yield of sugar released from cellulose is

rather low. Thus, considerable research is now focused on investigating cost effective



technologies to release increased levels of sugar from lingo-cellulosic biomass [97]. The
lignin in lingo-cellulosic biomass is difficult to convert in biochemical conversion
processes, and in most bio-refinery processes is separated, dried and combusted as a
downstream process to provide heat and electricity for supply in the bio-refinery plant
[98, 99].

Thermochemical conversion technologies for lingo-cellulosic biomass include
pyrolysis, gasification and direct liquefaction [100, 101]. There are usually two types of
liquid fuels produced: heavy oil residuals and Fischer-Tropsch oils. Pyrolysis and
gasification both involve thermochemical conversion of carbonaceous material in a
reductive (no oxygen) or lean oxygen environment [102, 103]. The main difference is
that pyrolysis takes place at a temperature range of 200°C to 550°C depending on the
feedstock properties and technological requirements. The process temperature of
gasification is normally higher than 800°C. Products from pyrolysis and gasification both
contain gas products (CO, CO,, H,, CH,4 and tar) and unburned char, usually in different
mass fractions [100, 104]. Liquid biofuels are then generally produced by either Fischer-
Tropsch synthesis of the syngas produced in gasification or by refining purified pyrolysis
heavy oil residuals [105]. Liquefaction is another type of thermochemical technology
recently being commercialized in China with coal as the feedstock [106-108]. In
liquefaction, thermolysis of carbonaceous materials occur and liquid fuels form through
carbonation or hydrogenation of carbonaceous feedstocks. Solid char and ash are
separated from liquefaction products through distillation and the distillates contain

hydrocarbons which can be combusted as liquid fuels [109, 110]. Gaseous products are



produced in pyrolysis and hydrogenation, and this is why it was also categorized as
gasification technology in many other studies [100, 111].

This thesis will focus on biofuel production through biomass gasification. A
literature based review of biomass gasification technologies is presented in the next
section.

1.1.2 Introduction to Gasification

Carbonaceous materials can be converted into gaseous products with a useable
heating value sufficient for downstream liquid fuels production via chemical conversion
technologies [100, 102, 112-114]. These technologies are referred to as gasification. The
gaseous products in gasification processes normally include hydrogen, carbon monoxide,
methane and other volatile hydrocarbons. In this sense, gasification could be viewed as a
retained combustion process, yet is operated under reductive (no oxygen) or sub-
stoichiometry oxygen conditions. In gasification, syngas (carbon monoxide and hydrogen)
is produced instead of carbon dioxide and water as is in the combustion process [114]. It
is important to classify major chemical reactions in gasification, which has already been
depicted in great details in other studies [100]. Eq. 1.1 through 1.9 summarizes basic
chemical reactions involved in gasification [100, 115].

Combustion reactions:

C+1/20, - CO AH = —111MJ /Kmol (Eq. 1.1)
C+ 0, - CO, AH = —394MJ] /Kmol (Eq. 1.2)
CO +1/20, - CO, AH = —283MJ /Kmol (Eq. 1.3)
H, +1/20, - H,0 AH = —242M] /Kmol (Eq. 1.4)



Boudouard reaction [115]:

C+C0O, o 200 AH = +172M] /Kmol (Eq. 1.5)

Water gas reaction:

C+H,0 < (CO+H, AH = +131MJ /Kmol (Eq. 1.6)

Methanation reaction

C+2H, & CH, AH = —75M] /Kmol (Eq. 1.7)

CO shift reaction [115]

CO + H,0 < C0, + H, AH = —41M] /Kmol (Eq. 1.8)

Steam methane reforming reaction

CH, + H,0 < CO + 3H, AH = +206M]/Kmol (Eq. 1.9)

In the reactions above, a positive entropy value means an endothermic reaction
and a negative entropy value means an exothermic reaction. And it is worth noticing that
reaction (1.5) through (1.9) are reversible reactions in which chemical components reach
equilibrium at given pressure and temperature. Generally, oxidation are complete and
irreversible (reaction 1.1 to 1.5) while others (reaction 1.6 to 1.9) are incomplete and
reversible.

Gasification technology was developed initially for the industrial utilization of
town gas and used for purpose of illumination in the nineteenth century. Coke ovens were
used as the gasifier for town gas production. It was operated at ambient pressure of less
than 2bar. This resulted in voluminous equipment sizes and low volumetric heating value
of the gaseous products [100, 112, 116]. Later, more gasification agents, such as steam

and hydrogen, were added and many other gasification technologies were developed
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[100]. The following section summarizes several of these technologies related to the
gasification.
Partial Oxidation (POX)

Partial Oxidation (POX) is the most widely applied gasification technology to
date [100]. POX involves lean combustion of carbonaceous materials with oxygen.
Oxygen is supplied either by air or in the form of pure oxygen. Reactions (1.1), (1.2), (1.3)
and (1.5) describe the four reactions in which carbon is gasified in POX. Heat produced
from exothermic reaction (1.2) and (1.3) provide the necessary heat to maintain the
reaction temperature (850°C ~1600°C) in POX gasifier [116]. In practice, the feedstock is
more complex than pure carbon. It may contain other chemical compounds such as
hydrogen, sulfur, nitrogen and trace metals [68, 100]. The following reactions are

summarized with hydrocarbons in the feedstocks:

2n+m
4

CoH,y + 0, »nCO+ 2 H,0  without catalyst (Eq. 1.10)

CpHm + %0, > nCO +H, with catalyst (Eq. 1.11)
Where

For gas, such as methane, m=4 and n=1

For oil, m/n = 2, hence m=2 and n=1

For coal, m/n = 1, hence m=1 and n=1

Catalysts are used in some circumstances, to enhance the hydrogen production in
POX, but such practice would complicate the gasification system, and the decision is

made on the production yields and economic considerations [116].
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The POX process is one of the simplest gasification technologies to build and
implement. It is straightforward to scale to large size [117]. The potential lack of
sufficient hydrogen makes variation of the H,/CO ratio difficult in POX. Thus its
application has limits without additional technology. This is especially true if the desired
final products are ammonia and methanol in the downstream processes [116, 118, 119].

Steam is added when modification of the H,/CO ratio is required as required for
downstream processing of the syngas products. Reaction (1.6) plays the predominant role
in the addition of water. Steam has two functions in gasification [116, 120]: 1) it acts as a
moderator in the gasifier to control the reactor temperature and recycle the sensible heat;
2) it provides source of hydrogen in gasification scheme. Thus, the H,/CO ratio in the
product could be modified by adjusting the steam input. When steam is added as a
moderator in POX, pure oxygen, instead of air, is usually used as the oxygen source to
enhance the exothermic oxidation of carbon. This will provide heat to evaporate the water
and maintain the reaction temperature [116]. The use of pure oxygen was only available
when cryogenic air separation technology was developed [121]. The absence of nitrogen
in the gasifier results in a better efficiency of carbon conversion and consequently
reduces the size of gasifier. Air is not abandoned, however, especially in ammonia
production, where N, is a useful feedstock to maintain a stoichiometry balance between
Hj; and N, of 3:1 [122]. N, could also be compressed and mixed with gaseous products
after the gasifier, but has been shown to be inefficient compared to direct air use.
Additionally, an oxygen separator is expensive to build and operate [116]. In some

extreme cases, it can account for more than 1/3 of the total capital investment of the fully
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configured gasification plant [123-125]. To summary, it would be a decision based on the
specific application and economic consideration to choose either air or pure oxygen
injection in POX gasification processes.

Steam Gasification

Pure steam gasification is also possible. However, the reaction rates are orders of
magnitude lower than POX [126, 127]. This results in long feedstock residence time and
considerable increase of the equipment volume. The thermal efficiency of steam
gasification is low and an external heat source is always needed to compensate for the
latent heat required for water evaporation. Local variation in the temperature within the
reactor (cold spots) caused by water evaporation in contact with feedstock can result in an
unacceptable synthesis gas product quality for downstream applications [128, 129]. The
impurity level of such product gas can be so high that there are little or no economic
benefits in commercial applications.

Active research has been observed in recent years on a steam gasification using
supercritical water technology [130]. Supercritical water gasification is performed in
supercritical water regime where process temperature ranges from 374°C to 775°C. The
pressure of supercritical waster gasification normally exceeds 22MPa [131]. Flowable
feedstocks, such as woody waste, agricultural waste, and organic waste from anaerobic
wastewater digester and black liquid from paper pulping process have been investigated
in the supercritical water gasification process [132]. Dilute acid is usually added as
catalyst to promote gas production and to inhibit liquid and char formation [133].

Hydrogen and carbon dioxide rich gas is produced in this process; other gaseous products
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include methane and trace carbon monoxide [130, 134]. For supercritical water
gasification to be economical viable in commercial scale, feed concentration in the would
need to be increase, where biomass loading in most reported supercritical research is
lower than 10wt.%. Other technical issues need to be tackled in supercritical water
gasification include improve catalyst reliability under high pressure conditions and
equipment corrosion resistance [135].
Hydrogasification

Hydrogen can be used as a gasification agent. Hydrogasification is defined as the
gasification process where carbon reacts with hydrogen. Methanation (reaction 1.7) is the
predominant reaction in hydrogasification [136]. The reaction rate of hydrogasification
(carbon and hydrogen) is considerably slower compared to the carbon-oxygen reaction
[137]. Thus, hydrogasification is usually done in the presence of a catalyst, usually Ni-
based [138, 139], or is combined with other reaction agents to increase the reaction rate,
such as in steam hydrogasification [140]. Additionally, heat produced from the
exothermic reaction (1.7) is not enough to maintain the gasification temperature, thus
heat has to be supplied externally in most, if not all, applications [116]. Hydrogenation is
more recently applied in the direct liquefaction of coal rather than hydrogasification itself
[106, 107].

Commercial gasification processes are usually a combination of several kinds of
technologies [100]. This is due to the complexity of processing the feedstock, and the
operational requirements of the integrated system, such as temperature and pressure

considerations of the gasifier, the quality and composition of the syngas, and the
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requirements for the downstream fuel production technology. In general, the overall
efficiency of the carbon conversion needs to be considered carefully and optimized in
gasification. There are two commonly used parameters encountered with gasification
efficiency: Cold Gas Efficiency (CGE) and Carbon Conversion (CC) [116].

The definitions of CGE and CC are:

) __ Heating value in product gas (MW)
- Heating value in feedstock (MW)

Cold Gas Ef ficiency (% x 100% (Eq.1.12)

. carbon in gasification residue (mol
Carbon conversion(%) = [1 — gasty (mol)

] x 100% (Eq. 1.13)

Carbon in feedstock (mol)

It is important to clarify that the heating value used in Eq. 1.11 is based on a
Higher Heating Value (HHV) or a Lower Heating Value (LHV). Cold Gas Efficiency is
inappropriate in use as criteria for syngas production where a calculation of syngas yield
would be a better guide. Carbon Conversion excludes nonfuel gas in the gaseous product,
such as carbon dioxide, and could be useless to exhibit gasification efficiency [116].

In summary, carbonaceous materials are gasified following a sequence of
pyrolysis, and then followed by an either gas phase reactions or char-gas reactions, as

shown in Figure 1.2.
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Gas (CO, H,,
CHy,, etc.)
Gas phase
reaction
Solid carbon . .
(coal Tar, oil residual Gas and cracking
biomass) Cracking, products
Pyrolysis reforming,
combustion, shift
Other oxygenated reactions
compounds
(Acid)
Char-gas
reactions
Gas (CO, H,,
Char CH,, etc.)
Gasification,
combustion, shift
reactions

Fig 1.2 Reaction in gasification of coal or biomass (oxidant based processes)

The theoretical rationale of the reaction sequence as shown in Figure 1.2 is based
on heat and mass diffusivity in a solid-gas system. Carbonaceous solid materials, such as
coal and biomass, contain volatile carbon, fixed carbon and ash fractions. At a
temperature range of 300°C to 500°C, pyrolysis happens with decomposition of volatile
compounds, resulting in gas, liquid residuals and char production. When the solid
particles reach a higher temperature of over 800°C, and sufficient gaseous oxidant is
available to be in contact with the carbon left in the solid, further gasification occurs,
resulting in further gaseous products production until gasification is complete [104, 141,
142]. If there is not sufficient resident time for the reaction to occur, tar is produced

[143]. All of these technical issues must be tackled and could be optimized by advanced
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practical design of gasification process. Several types of gasifiers to address these issues
have been developed and commercialized so far [101, 114, 144, 145]. Even though there
has been no successfully operated commercial scale pure biomass feedstock gasifier up to
date, its successful development would be confidently expected in near future. The design

specifications of these current commercially available gasifiers are listed in Table 1.1.
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Table 1.1 Overall Technical Specifications of Various Commercially Available Gasifiers

Gasifier Temperature | Feed Oxygen Pressure | Reactor Throughput | Product | Ash Commercial
b preference | demand wall gas removal | brand
BTU
Moving 425°C - Dry feed, | Low, air 1-100 bar | Water Low Lowto | Dryor Lurgi, BGL
Bed 650°C 6-50 mm & jacket ¥ median | slagging
5)
Fluidized | 900°C- Dry feed Moderate, | 3-30 bar | Refractory | High High Dry or Winkler,
Bed 1050°C or wet air or pure or agglomer | HTW, KBR,
feed, 6-10 | oxygen membrane ating U-Gas, HRL
mm wall ¥
Entrained | 1250°C- Dry feed High, pure | 20-70 bar | Refractory | High High Slagging | Koppers-
Flow 1600°C or wet oxygen or Totzek,
feed, <100 membrane Shell,
pm wall Prenflo,
GEE, E-gas,
MHI,
Siemens

Comments: 1) output gas temperature; 2) only two pilot plants, Ruhr 90 and Ruhr 100, are operated at 90bar and 100bar, respectively; 3) lagging version
had refractory lined design on the bottom part; 4) agglomerating version was design with membrane wall; 5) high CO, concentration.




The initial commercial coal gasification system was developed by Lurgi [146,
147]. It is a moving bed gasifier that is operated at a temperature of 800°C, and with a
pressure of 25-30bar. The feedstock is loaded from the top of the gasifier. Pyrolysis
reactions happen in the top portion of the gasifier by utilizing heat of the combusted gas
rising from the bottom. Such a design results in low temperature of the output gas (500°C
to 600°C) and allows unreacted volatile compounds escaping from the gasifier with the
product gas [148]. The slow motion of feedstock moving downwards and the product gas
moving upwards in the moving bed reactor requires distributors for the feedstock loader
on the top, and gas injecton at the bottom [149]. Such design results in extra mechanical
components installed in the reactor which requires frequent maintenance. The top portion
of the moving bed gasifier could be considered (and modeled) as a plug flow reactor
where pyrolysis occurs, and the bottom portion of the reactor where the complex drying,
devolatilization and combustion of carbonaceous materials would occur [150]. Fine
particles in the feedstock are not accepted in the moving bed design so low ash softening
feedstock is not ideal with this type reactor [116].

Fluidized bed gasifiers were developed because of their good mixing performance
with solid-gas systems and its potential for high throughput [151-153]. Gases are
introduced at the bottom of the gasifier. The system can be carefully controlled to achieve
three types of fluidization of the solid particles: stationary bubbling fluidization,
circulating fluidization and transport fluidization [154]. All three of these fluidization
regimes have been implemented in commercial designs [100]. The temperature profile

throughout the fluidized bed reactor is evenly distributed, allowing for lower
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concentrations of the lower volatile compounds in the outlet gas product compared to that
of a moving bed reactor. Pressure in the fluidized bed gasifier is determined to maintain
the fluidization regime, and is optimized to be conforming to the pressure requirement of
downstream processes. Ash slagging does not occur due to the high elevating gas velocity,
and the dry ash is disengaged from the gas moves upwards and collected from the bottom
of the gasifier. The most promising feature of fluidized bed reactor is that both fine and
coarse particles can used [116]. The unreacted fine particles are blasted upwards and
circulated back into the gasifier by a cyclone attached at the top of the gasifier. Coarse
(larger) particles disengage from gas stream and fall down back into the reactive region
of the gasifier. High conversion is achieved with high throughput and low reaction
temperature in a fluidized bed gasifier [155]. This characteristic is a critical and
promising feature for gasification of biomass because reducing the particle size
distribution of biomass is an energy demanding process.

The production of tar free syngas is one of the major advantages of entrained flow
reactors [156, 157]. Entrained flow gasifiers operate at high reaction temperatures
(1100°C~1600°C) and require high oxygen demand. Thus they are exclusively associated
with POX systems. An expensive membrane wall is needed for most entrained flow
gasifier because the high temperatures result in the ash slagging issues [113]. Dry feed is
preferred and particle size is restricted (normally less than 100um) because of the short
reaction time. Entrained flow reactors have the highest Cold Gas Efficiency (CGE)
compared with all the gasifiers discussed above and is considered the most robust gasifier

configuration [100, 116].
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1.1.3 CE-CERT Steam Hydrogasification

The College of Engineering Center for Environmental Research and Technology
(CE-CERT) at the University of California, Riverside (UCR) is developing a multi-step
thermal chemical process called steam hydrogasification (referred as the CE-CERT
process herein) which has been shown to convert carbonaceous feedstock into syngas
with high conversion and potentially a cost effective manner [140, 158, 159]. High
carbon conversions have been achieved in a lab scale Steam Hydrogasifcation Reaction
(SHR) using coal, woody biomass, agricultural waste and municipal waste. The US
National Energy Technology Laboratory (NETL), in an independent evaluation of this
technology, reported that the CE-CERT process has the potential to be 12% higher
efficiency with 18% lower capital cost than the most up-to-date conventional mainstream
gasification technologies [160]. These efficiencies need to be confirmed in a larger pilot
application.

A simplified schematic of the CE-CERT process is shown in Figure 1.3.

H2

Biomass

Liquid
Fuel
product

C
SMR

D
k Waste water
- H2/CO
Slurry

Fig 1.3 Diagram of CE-CERT process
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In the SHR, hydrogasification occurs in the presence of steam. The exact
chemical pathway when steam is introduced to the reaction scheme can be represented as
follows [158]:

C + H,0 + 2H, — CHy4 + H,O + others ( CO, CO,, C,,, etc) (Eq. 1.14)

After the SHR, the methane rich output gas is then subjected to cleanup of sulfur
species (H,S, COS, etc), tars (organic residual due to incomplete decomposition of large
organic molecules) and heavy metals. Warm gas cleanup is implemented to avoid
extensive heat lost during gas cooling and reheating. Scrubbed methane along with
excess steam is converted to syngas in the Steam Methane Reforming (SMR), through the
following reaction:

CH4+ H,0 < 3H,+ CO (Eq. 1.15)

The reformed syngas comprises of H, and CO with a ratio dependent on the initial
H,0 to C ratio input to the SHR. This ratio is usually optimized for a Fischer-Tropsch
Reactor (FTR) by separating and recycling of excess H, back into the SHR. An internal
self-sustaining source of H, could be achieved between the SHR and SMR, which means
no external H, source is required. This is one of the most unique features in CE-CERT
process (see Figure 1.3). The technical advantages of the CE-CERT process are
summarized as follows:

1. It utilizes a slurry feed, so wet feedstocks can be used which reduces cost of
drying the feedstock and offers the potential of more efficient handling of
feedstock;

2. Itentails a closed-loop H; cycle and is operated without external H, supply;
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It provides a high rate of methane which could be used as a source of clean
synthetic natural gas;

It operates under reductive conditions; hence no external O, supply is required.
The gaseous pollutants obtained from the nitrogen and sulfur in the feed are
mainly in the form of H,S and NH3, which are relatively easy to remove;

It operates under relatively lower temperature and lower pressure compared with
other gasification processes (e.g. Partial Oxidation) and offers versatility for both
small scale and large scale applications;

The optimum H; to CO ratio for efficient downstream production of fuel products
and chemicals can be achieved by controlling the initial H,O to C ratio input to
the SHR.

Like most nascent technologies, some unit operations of the CE-CERT process as

outlined in Figure 1.4 need to be improved for optimum performance and commercial

viability. These are listed below along with potential mitigation.

1.

Like most gasification technologies, the efficient minimization or removal of
produced tar and char from the SHR needs to be accomplished. This is being
accomplished by improved the overall design of the SHR and further technology
for downstream removal of tars;

The low reaction rate of hydrogasification in the SHR could result in large,
uneconomical gasifiers at the commercial scale, thus catalysts are being

investigated to increase the reaction rate in the SHR;
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3.

4,

Sulfur species and tars are poisonous to downstream catalytic reactions in both the
SMR and FT processes. Thus, median or high temperature gas cleanup
technologies are being developed;

Water consumption is a major concern in most alternative fuel processes. We
have found that the CE-CERT process can efficiently utilize the biosolids
discharged from wastewater treatment plants or water runoff from animal feedlots.
This effluent (and other grey water) can be used as alternative water supply.
Moreover, proper wastewater treatment and recycle systems need to be
implemented, so that net water consumption in the overall CE-CERT process is
minimized;

Efficient processing of the feedstock slurries, particularly biomass slurries, is a
major potential problem for scale-up of the CE-CERT process. This area is the

topic of this thesis.

1.1.4 The Transition from Coal to Biomass Gasification

The transition from coal to biomass gasification requires technical modifications

of the gasifier, a change in the physiochemical properties of the biomass, or both. The
overall goal is to optimize the Cold Gas Efficiency (CGE) for the biomass system. The
operating conditions to yield the optimum CGE in the gasifier depends on the feedstock
properties [161], as was discussed in the previous sections. Some worthwhile differences
between the feedstock properties of coal and biomass are given in Table 1.2. A discussion
as to how these properties affect the operation in the gasification process will be

discussed in the following paragraphs.
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Table 1.2 Feedstock-wise Comparison of Coal and Biomass

Feedstock

Coal

Biomass

Carbon content

High, ~75 wt.% in low rank coals

Low, less than 50 wt.% in most

biomass

Moisture Low, ~ 10 wt.% and easy to dry High, Up to 95 wt.%, and hard
to dry

Volatile compound Low High

H/C ratio Low, ~ 1:25 High, ~ 1:10

O/C ratio Low, < 1:3 High, > 1: 1.5

Heating value

high, > 26MJ/kg

Low, <20 MJ/kg

Grinding resistance

Low, Hardgrove Index >40

High, Hardgrove Index 0~30

Ash properties

High melting point due to high

Vanadium and Nickel composition

Low melting point due to high

potassium composition

Other chemicals

High Silicon composition results in

equipment attrition

High Halogen composition

results in fouling issues

Carbon, Hydrogen and Oxygen composition

In general, the chemical composition of biomass has a higher Hydrogen to Carbon

ratio compared to coal [162, 163]. Thus, at comparable gasification conditions, higher

CH4 concentration would be expected when biomass is gasified compared to coal. The

oxygen to carbon ratio is also higher in biomass which results in a lower heat of

combustion for biomass [164]. Consequently, more biomass is required to provide heat to

maintain a high reaction temperature. Therefore, biomass gasification, in general, yields

lower Cold Gas Efficiency when compared with coal gasification [68]. Moreover, the
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ability to modify the syngas composition is limited in biomass gasification, due to the
low carbon concentration in biomass feedstocks [165].
Level of Volatile Compounds

Biomass is highly volatile and very susceptible to thermal reactions [166]. Thus,
high carbon conversion efficiencies can be obtained at lower gasification temperatures.
High levels of tar can result as a consequence of the highly volatile nature of biomass
[167]. This could result in lower Cold Gas Efficiency and lower syngas production in the
product gas.
Hygroscopicity and Moisture Content

Biomass is highly hydrophilic and hygroscopic. The inherent moisture makes the
drying process costly for biomass, and can restrict the use of additional steam as an agent
for the modification of the syngas composition [168, 169]. Problems arise in slurry feeds
as the high hydropilicity and hygroscopicity nature of biomass results in too much water
in the feedstock and results in difficulty obtaining the appropriate water to carbon ratio
when biomass feedstocks are mixed to form a slurry [170]. A major focus of this thesis is
to develop an economically process to easily alter the hygroscopisity of biomass
feedstocks.
Grinding Resistance

The fiber structure of biomass makes biomass hard to be grinded efficiently [171].
The Hardgrove Index of biomass is approximately zero [116]. This is especially true for
agricultural wastes [172, 173]. A detailed discussion of the energy cost for biomass

grinding is provided in Chapter 5.
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Ash Properties

Potassium, calcium and phosphorous are main components in biomass ash [174].
The ash melting point of biomass is low as a consequence [175]. The potassium
composition in the ash, however, makes it extremely aggressive towards the production
of wall cracks, and can result in leaks or even mechanical fail within the gasifier [116].
Others

Nitrogen is high in some biomass but is inert in gasification. However, its
presence lowers the thermal efficiency of the gasification reactions [176]. Halogens, such
as chloride, when reacted with ammonia, can cause serious fouling problems in the
downstream pipe and equipment [177, 178].

It is proposed that a pretreatment stage for biomass feedstock be developed and
implemented prior to the introduction into the gasification reactor. The purpose of the
pretreatment is to modify the physiochemical properties of the biomass, so that it can be
treated similar to coal when it was fed into a coal based gasifier. In this manner, a
minimum of effort and cost would be required in modifying existing gasifies for biomass
applications and solves the problematic engineering issues that may arise with

gasification biomass feedstocks.

1.2 Introduction to Slurry Rheology and Feedstock Preparation
Commercial scale biofuels production processes, such as gasification, favor a

continuous feed system to introduce the feedstock into the gasifier at a high operating

pressure [100, 141, 179]. Unfortunately, the handling of biomass feedstock and its

subsequent injection into a pressurized reactor poses technical problems, which can be
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detrimental in practice [100, 180]. Based on the physical characteristics of the feedstock,
there are two types of feeding technologies to introduce material into a pressurized
gasifier: dry feed method and wet feed method. Dry feed method is achieved by
compression of solid feedstock with a carrier gas, or so-called auxiliary gas, which is
normally Nitrogen [181]. Wet feed is achieved by pumping a slurry formed with the
carbonaceous feedstock in water, in which water is used as a fluid agent. Commercialized
dry feed systems are based on using rotary feeders or lock-hoppers. Both of these feeding
methods have technical drawbacks. The pressure elevation with using a rotary feeder is
significantly limited due to the seal and attrition problems caused by dry particles [180].
The pressurization achieved by a rotary feeder is normally less than 10bar. Lock-Hopper
technology is much more broadly used in commercial applications. It is possible to
achieve a pressure increase of over 100bars by using a multiple stage lock-hopper system,
such as the feeder system used in the Lurgi Ruhr100 [112]. However, its operation is not
continuous, unless a rotary feeder is attached to the end as a transition to continuous
feeding [182, 183]. Additionally, maintenance and operation of Lock-Hopper systems
can be substantially expensive, due to its complex valve systems that have to provide a
gas-tight block in non-optimum environments [183]. In a lock-hopper system, the dry
feed is pressurized with auxiliary gas, which then requires cleaning and recycling from
the gasifier. The energy loss during the pressurization and depressurization of the
auxiliary gas is substantial; while cleaning adds to the operational cost of a lock-hopper

system.
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Slurry feeding is preferable because it is much simpler, more reliable and
economically more efficient than the dry feeding method [184, 185]. The pressure gain
by pumping slurry could be as high as 200bar. Previous studies show that, despite the
extra energy required for drying the wet feedstock in the gasifier, a slurry feed is 12%
more cost efficient when used in a POX coal gasification system [186]. Both dry feed and
wet feed systems have been successfully implemented in commercial scale gasification
plants and also with specific gasification technologies [187, 188]. Water is utilized within
the CE-CERT process as a steam source in the SHR and SMR. Thus, a slurry formed
liquid and solid feedstock mixture is obviously preferred [140, 170].

The flow properties of slurries vary according to the physical properties of its
solid suspension and fluid agent. Rheological properties of slurries have been
characterized to describe its flow behavior under pressure. There are five important
parameters to describe the flowability and pumpability of a slurry [189, 190] (see Table
1.3).

Table 1.3 Important parameters in slurry rheology

Rheology parameters Denotation Unit Definition

Shear rate Y s Rate of deformation

Shear stress T N/m*> | Force to attain deformation
Viscosity n Pa-s Ratio of shear stress over shear rate
Yield point Ty N/m*> | Shear stress when flow begins
Settling velocity A m/s Rate of settling

29



Shear rate describes the flow velocity in a pipeline or through a pump. Shear
stress is the corresponding force required to maintain such flow. The ratio of shear stress
over shear rate is denoted as viscosity, which also implies the energy required to deform a
flow at a certain speed. An elastic limit has to be overcome before flow could happen.
The force required to overcome the elastic limit is defined as the yield point. Particle
settlement and separation in a slurry is also an important factor. It is defined as the speed
that the solid-liquid interface drops when a slurry is undisturbed. It has to be minimized
in order to obtain a homogeneous flow, and to avoid solid agglomeration.

Extensive studies have focused on the rheology of coal-water slurries [191-198].
It was found that shear rate value of slurry flow varies during different stages of the
gasification processes. Typical shear rate ranges of coal-water slurry during feedstock
mixing, pipe flow and injection are 10-1000s™', 1-1000s™" and 1000-10000s™, respectively
[199]. Effective viscosity for slurry to be transported under such shear rate ranges needs
to be less than 1.5Pa-s, and more preferable when it is less than 1.0Pa-s [200, 201]. Other
studies addressed rheological properties of sewage sludge and corn stove slurry. It was
found there is a non-Newtonian flow behavior of biomass slurries [202, 203]. A shear
thinning property was also observed, which means the viscosity value of the slurry
decreased with increasing shear rate. However, few studies have been done focusing on
the rheological properties of comingled biomass and coal and water. An additional issue
is that a low solid content is expected in all biomass slurry applications which causes

issues related to the overall efficiencies of these applications.
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Several empirical models have been developed to describe and predict flow
properties of coal-water slurries. The Power law (or Ostwald model) and Sisko model
[189] are two commonly used shear thinning models for characterizing steady state
laminar flow. Equations of these two models are:

n="k-y*1 (Eq. 1.16): Ostwald Model

n=no+k- (%)m (Eq. 1.17): Sisko Model

Where

n is viscosity, in Pa-s;

y is shear rate, in s™;

Mo 1s viscosity at yield point, in Pa-s;

k, n, m are fitting constant.

The Sisko model is more accurate when yield point is observed, while Ostwald
model is more precise within the shear thinning regime.

Rheological properties, specially the fitting constant n and k are important
parameters in pipeline design and pump selection of slurry handling process [204, 205].
Both kinetic energy and friction energy are affected by the rheological properties of the

slurry. Eq. 1.16 shows modified Bernoulli equation:

— 2 — 2
%+’%+gzl+w=%+%+gzz+ZF (Eq. 1.18)
Where

S is pressure energy in the pipeline, in J/kg
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%2 is kinetic energy of fluid, in J/kg

gZ is the potential energy of fluid, in J/kg

. F is the summation of all friction energy loss, in J/kg

P is the fluid pressure at certain point of the pipe

u is the mean flow rate of the fluid at certain point of the pipe

p is the volume density of the fluid

o is a constant that is affected by flow rheology

Z is the potential height of the fluid at certain point of the pipe

o = 2.0 for turbulent flow of any fluid; a = 1 for Newtonian laminar flow of fluid;

and for laminar flow of power law fluid, a is determined by the following function:

__ 2(2n+1)(5n+3)
T 3(3n+1)2

(Eq. 1.19)

Whereas n is the constant in the rheological property of non-Newtonian fluid.
Friction energy ), F is always determined by fanning friction factor using
following equation:

_ 2fULe
T D

F (Eq. 1.20)

Where f is the fanning friction factor, which is also % of Darcy friction factor. Le
is equivalent length of pipe and D is the inner diameter of the pipe.

f = fn(Neeny) (Eq. 1.21)

This means the fanning friction factor is a function of Reynolds number of the
fluid, and the Reynolds number of non-Newtonian flow is further determined by its
rheological properties by several empirically derived equations. Details of the calculation
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about friction energy as a function of rheological properties are not within the scope of
this study, but maybe discussed in the future work to determine pump and pipe design of
the Process Demonstration Scale CE-CERT process.

With calculating the kinetic energy and friction energy of slurry flow at certain
point in the pipe, energy W that is required by the pump to flow the material could be

decided, which is a basis of pump selection.

1.3 Hydrothermal Process

As stated in the earlier discussion, the success of many future biomass
gasification processes relies on its adoption from existing coal gasification technologies.
Several technical adaptations are necessary. This is primarily the consequence of the
different physiochemical properties between biomass and coal. By definition, biomass
covers a wide range of materials. It can be subcategorized into woody biomass, grasses,
straws, agriculture leftovers, and animal manure, waste biomass (municipal solid or
sewage sludge) and refuse derived fuel (RDF) [206]. Its composition varies significantly
among each of these categories [207]. Table 1.4 shows the chemical composition of
biomass and coal. Generally speaking, biomass contains less carbon than coal and, most
important, is low in its volumetric energy density [174, 208, 209]. Additionally, biomass
is highly hygroscopic and hydrophilic, which gives rise to the difficulty to prepare
suitable biomass slurries [170]. Thus, a pretreatment step is highly recommended for pre-

processing of biomass feedstocks.
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Table 1.4 Chemical composition of biomass * and coal

Biomass sample C H 0 N S HHV *
wt. % wt. % wt. % wt. % wt. % Ml/kg
Woody biomass " 52.1 6.2 412 0.4 0.08 20.63
Grasses " 49.2 6.1 43.7 0.9 0.13 19.73
Straws " 49.4 6.1 43.2 0.7 0.17 19.77
Agriculture residue 50.2 6.3 41.9 1.4 0.16 20.12
Animal manure ° 58.9 7.4 23.1 9.2 1.45 n/a
Biosolids ° 50.9 7.3 334 6.1 2.33 n/a
Peat 56.3 5.8 36.2 1.5 0.2 21.51
Coal 78.2 5.2 13.6 1.3 1.7 27.24

a: mean value; b: measured as receive; c: dry base; d: by difference; e: High Heating Value, calculated
value.

Since the early 20" century, thermal treatment of wood has been developed to
alter wood surface properties in order to increase its resistance to biodegradation, and to
improve its dimensional stability [210-214]. Such processes comprise of a thermal
conditioning process and a drying process, e.g. the Plato process and the Thermowood
process [211]. Hydrothermal process (HTP) was developed afterwards as steam was
added externally. However, there is no rigorous definition for HTP. In general, HTP refers
to process with only water (or in form of steam) and the thermal energy involved. In
some cases, gas is also involved. Steam in HTP could be either from external water or
inherent moisture of biomass, depending on its water consumption and the desired solid
fraction in the products. HTP is usually operated under mild thermal condition (150—
300°C) and with a pressure of equal or less than water vapor pressure. Because there is
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no chemicals added in HTP, it is considered to offer environmental and economic benefit.
The physiochemical alternations of biomass structures provoked by HTP lead to a variety
of applications [214].

Thermal stability of cellulose, hemicellulose and lignin fractions in biomass has
been studied [215-218]. Pyrolitic decomposition of hemicellulose and hemicellulose
starts at 150°C. At temperatures lower than 300°C, pyrolysis of cellulosic
polysaccharides involves depolymerization, resulting in formation of carbonyl, carboxyl
and hydroperoxide groups. Water is consumed and carbon monoxide and carbon dioxide
are evolved, leaving the charred residue in solid [219, 220]. The degree of
depolymerization primarily depends on the thermal severity, including the treatment
temperature and operation duration. At temperatures above 300°C, pyrolysis of cellulose
leads to liquid product. Generally, cellulose will be decomposed to activated cellulose as
the first step of pyrolytic reaction, and then followed by depolymerization and
fragmentation pathways. Anhydro-oligosaccarides, levoglucosan and other monomeric
anhydrosugars, furans and other related derivatives will be generated from
depolymerization of cellulose. Defragmentation of cellulose, on the other hand, results in
the formation ofhydroxyacetaldehyde (HAA), acetol (HA), carbonyls, esters and other
products [221]. Pyrolysis of lignin happens at higher temperature than that of
holocellulose. This is due to the complex, heterogeneous polymers that form lignin [222].
Its depolymerization is limited at the HTP temeperatue range of up to 300°C.

A literature based summarization of existing HTP is listed in Table 1.5.
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Table 1.5 literature review of hydrothermal pretreatment technologies

process Purpose Conditions Mechanism Tech. Carrier
Torrefaction Biomass energy 200°C -300°C, a) Devolatilisation and carbonization of Energy research
with densification and atmospheric inert (argon) hemicelluloses; Centre of the
Pellestisation increase the biomass gas, dry condition (<10% b) volumetric density of biomass increases Netherlands
grindability, moisture content), for 1 hr, as raw materials are dehydrated; (ECN)
upgrading biomass heating rate <50 °C/min
suitability as co-firing c¢) energy densification: Less energy loss
fuel through gas phase than mass loss though
gas phase;
d) Pellestisation further condense volume
of biomass
Steam Defibration of lignin 160°C -260°C, in saturated | a) Steam is able to heat cellulosics rapidly Masonite plants,
explosion and solubilize steam, 10s-10min, after without excessive dilution of sugars; Stack II; Rapid
(autohydrolysis | hemicellulose to process, reactor is b) Hemicellulose was solubilized when Steam
explosion) improve cellulose explosively depressurized Hydrolysis/Contin

accessibility and its

enzymatic digestion

to atmospheric pressure
and cooled down to room

temp.

heated;

¢) Lignin was deformed by explosive force
and the microstructure of biomass is

interrupted.

uous Extraction;
Iotech process;

Siropulper process




LE

Hot To solubilize 150°C -250°C, for 1min- a) Pressurized hot water generate reactive

compressed hemicellulose, 2hours, water fraction of fiber, recover pentosans and produce

water resulting in particle 80% to 90%, in saturated hydrolysate;
shrinkage, pore steam. b) Organic compounds in biomass are
collapse and surface partially solvolyzed into monomeric
area decrease. Alter sugars:;
biomass
hygroscopicity ¢) Particle shrinkage, pore volume collapse

and surface area deceases as biomass is
thermalized under pressure, hygroscopic
property of biomass particles.

Fast pyrolysis Thermal 450°C-500°C in a) Organic compound in biomass BTG, Dynamotive
decomposition of atmospheric pressure. decompose under temperature, into gas,
organic compound in liquid and char.
biomass

Liquifaction Solvolysis of biomass | 350°C, 20Mp of inert gas a) Organic compound in biomass

compounds to form

bio crude oil

for 10 min.

decompose under temperature, into

biocrude
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Plato Upgrading wood 1.Hydro-thermolysis stage, | a) This first stage selectively converts two Plato International
technology durability and 150°C-180°C in an important components of wood (namely BV, The
(hydro- dimensional stability aqueous environment hemi cellulose and lignin) for processing in | Netherlands
thermolysis) above atmospheric the third stage. Polyposis is transformed
pressure into aldehydes and some organic acids are
2 Drying stage formed. The reactivity of lignin towards
alkylation is enhanced.
3.Curing stage: 150°C-
190°C b) The aldehydes formed react with the
activated lignin molecules to form non-
4.Conditioning stage .
polar (consequently water repelling)
compounds cross-linked into the structure
Thermal wood To swell and shrink 1.Drying as first stage; a) Decrease the moisture content in wood; Finnish
wood, improve the 2.Heating the wood under b) Breaking hemicellulose chain and thus Thermowood
biological durability, Association

lighten the wood and
improve thermal
durability, increase

brittleness of wood

185°C -215°C under steam

vapor for 2-3 hours;

3.Reconditioning in

moisture for 5-15 hours

improve the pressability of wood.
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LLNL
hydrothermal
(Taxaco

process)

Increase feedstock

energy density

250°C-350°C, at pressure
sufficient to maintain the

water phase

a) Remove oxygen from the solid to boost

its energy density;

b) Break down the physical cell structure
of MSW.

Taxaco Inc.




HTP was broadly studied as a pretreatment step of biochemical conversion of
biomass [223, 224]. Many processes have been developed for such applications. For
instance, hydrothermolysis is developed in which hot compressed water at 180-230°C
Passes through biomass. After hydrothermolysis, sugar is released from cellulose and
hemicelluloses, which leads to higher efficiency in enzymatic fermentation [225].
However, because most carbon is solvolyzed into liquid, the solid content in the product
is less than 10%, mainly unsolvolyzed lignite. Another HTP process, steam explosion,
refers to thermal treatment of biomass with a high pressure steam, followed by an
explosive depressurization. In steam explosion, biomass is subjected to high pressure
steam at 210°C to 290°C before steam is rapidly vented. Hydrolysis of hemicellulose and
defiberation of lignin occur and cellulose accessibility for enzymatic fermentation is
improved. However, because of the rapid decompression, more than 10% of total mass is
lost in various forms of volatile matter [226-228]. Steam explosion has been applied in
the paper pulping industry. Commercial technologies have been developed, such as
Masonite Process, Stake II and lotech process, etc [214, 229]. More recently, HTP is
applied to pretreat biomass as a pre-processing step before thermochemical biomass
conversion [181, 214, 230]. Energy research Centre of the Netherlands (ECN) has
developed a torrefaction process to increase energy density of biomass [231]. In
torrefaction, biomass with inherent moisture of less than 10% is heated to 200-300°C in
an inert gas (argon) [232, 233]. After the process, volumetric density of biomass
increases, and inherent moisture is driven out from biomass. It is reported that torrefied

biomass has an energy density of about 20.4MJ/kg. This is primarily due to decrease of
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oxygen content in biomass, which is about 30wt.% lower after torrefaction than prior to
torrefaction [142, 231, 234-237]. Additionally, it is found that the torrefied wood is prone
to grinding, which may reduce its grinding cost [238]. The product of torrefaction is a
black carbonized solid. When torrefaction is applied to pretreat biosolids or animal
manure, a drying or dewatering step is required. This requires a lot of energy input. More
stringent HTP, such as steam pyrolysis [239, 240], was also studied as a pretreatment
process for biomass. JGC Corporation in Japan has developed a process to produce high
solid content biomass slurry. In the JGC process, biomass and water is subject to 270-
380°C under saturated vapor pressure, and then the mixture is dewatered to obtain
pumpable slurry with a desired solid content [200]. Carbon recovery is not reported in the
JGC process, but a slurry with up to 60wt.% of solid is produced. The slurry has oxygen
to carbon ratio as low as 0.38 and its high heating value is around 25MlJ/kg [241-243], a
number that is comparable to high rank coals. Another cooperative development by
Texaco and Lawrence Livermore National Laboratory (LLNL) has demonstrated HTP
with a water separation unit for a densification of biosolids (Dissolved Air Floatation
Thickener: DAFT from municipal wastewater treatment plant). This process is operated
at 300°C in the absence of oxygen. A pumpable biosolids slurry is produced with a low
heating value of 13-15MJ/Kg, which is comparable to low rank coal [244, 245]. A similar
process, named SlurryCarb™, was also developed by EnerTech to prepare solid
feedstock from biosolids [246]. HTPs with comparison of their operation condition,
proposed mechanism and application are reviewed. There is no commercial plant that has

applied HTP in biomass gasification, because no commercial scale biomass gasification
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is available, and a thorough understanding and systematic design of large scale HTP has
never been done to date.

To summarize, HTP has been actively investigated on its ability to boost biomass
energy density thru hydrothermal treatment and dewaterization of its inherent moisture.
However, no research has yet focused on applying HTP to prepare pumpable high energy
content biomass slurry from a variety of biomass combinations. And, a systematic
investigation of the pumpability of hydrothermal treated biomass slurry is needed.
Furthermore, the mechanism of HTP on biomass slurry formation needs to be
investigated so as to predict products and to optimize HTP conditions. These inspired the
development of a low temperature CE-CERT HydroThermal Pretreatment (CE-CERT
HTP). This process is aimed at continuously providing a high energy and high carbon

content slurry feed at low cost.

1.4 Thesis Objectives
Due of the obstacles described above, this thesis is aimed at developing and
systematically investigating a CE-CERT HTP to prepare a pumpable biomass or
comingled biomass and coal slurry with a high carbon content that could be efficiently
gasified using the CE-CERT Steam Hydrogasification technology. The ultimate goal of
this thesis is to provide the technical foundation for a commercial scale CE-CERT HTP.
The following objectives will be accomplished:
1. Develop and evaluate the performance of a laboratory scale HTP process. Four
carbonaceous feedstocks (coal-biomass-water, biomass-water and biomass-
biosolids) will be hydrothermally treated using a procedure developed in our
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laboratory. The viscosity, flow and energy content will be determined under
various experimental conditions including: particle size; initial composition of
feedstock (carbon to water ratio), thermal input (time and temperature of the
heating process) and head space gas composition as a consequence of heating.
The performance of the HTP will be evaluated for the rheological properties of
the resultant slurries, and settling velocity of the particles. Moreover, the carbon
balance among gas, liquid and solid phase of product after HTP is analyzed to
evaluate the carbon recovery in the slurries. Finally, the heating value of
pretreated wood particles is analyzed to estimate energy recovery in the slurries.
Investigate the potential mechanism of the formation of the biomass slurry as a
consequence of the HTP. Four mechanisms and analytical methods will be
proposed to assist in the explanation: 1. Surface charge alternation, zeta potentials
of raw wood particle and pretreated wood particle will be analyzed and compared;
2. Particle shrink, Scanning Electron Microscopy (SEM) comparison of wood
particles before and after HTP will be compared to visualize this effect; 3. Free
bulk water release from biomass microstructure, both SEM observation and
liquid-solid distribution of slurry is tested to confirm porous site generation and
free water release into bulk phase.

Provide the initial design and scale up of the HTP on a lab scale basis, a
demonstration scale basis and a commercial scale basis. The lab scale and
demonstration scale HTP process will be designed and tested in our lab.

Feedstock production rates will be 90g/hr and 8kg/hr on a wet basis for lab and
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demonstration scales. Mass and energy balance of both processes is performed
based on experimental data. Furthermore, an ASPEN Plus simulation of a
commercial scale HTP process will be done using a production rate of
16,700kg/hr on a wet basis. Comparison of economy and energy efficiency will
be performed between biomass gasification with or without HTP process using

the ASPEN Plus results.
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2. Rheological Properties of Slurry Products

Rheology is defined as “the study of deformations and flow of matter”. It deals
with the phenomenological observation that flowable matter deforms when an external
force is applied and such force, if not in balance with internal force, causes deformation

[247], as is shown in Figure 2.1.

A:
/ v: velocity
\ A
] v \\~ ‘
F: T
_ \
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m—
h: height

Fig 2.1 Deformation of Flowable Matters due to Applied Force

Rheology, in practice, relates to much broader subjects than just physical response

to deformation. Several special features of rheology should to be emphasized:
1. Rheology investigates the property of matter determining its flow behavior rather
than its flow and deformation. In other words, it is the internal response of

materials to an external force;
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2. Rheological properties are non-linear dependencies between forces and
deformations or rates of deformations. They are affected by possible impacts,
such as time, temperature and magnetic field applied;

3. Rheological properties are measured by the structural change of materials under
the influence of an applied force.

The rheology study of slurries is also about its physical properties of resistance to
deformation caused by an external force. Several rheological properties that are important
in determining the flowability and pumpability of slurries include shear force, shear rate,
viscosity and yield stress [248]. The relationship of these parameters is shown in Figure

2.2.

Real Curve

u= At/ Ay, cP -

t=F/A, Pa

T=UY+T

To

vy=v/h

W: viscosity, T: shear stress, to: yield stress, F: force
applied, A: cross sectional area, y: shear rate, v: velocity
of moving, h: distance between moving plates.

Fig 2.2 Important Parameter in Rheology Theory and Their Relationship
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As can be seen in Figure 2.2, the relationship between shear force and shear rate
usually follow a linear relationship, which renders a constant viscosity value at that shear
rate value. But, in practice, such a linear relationship does not exist. The viscosity value
deviates from its theoretical curve within a certain shear rate range. Such deviation is
defined as the non-linear dependency of shear force on shear rate. Previous studies have
revealed both coal and biomass (agricultural waste) slurries showed a tendency of
decreasing viscosity with an increase in shear rate. The variation in rheological properties
was measured for comingled coal and biomass slurries, and the effect of HTP on the
rheological properties was investigated. The viscosity determines the pumpability of
slurry. This was discussed in the previous chapter. In the chapter that follows, results of

experiments will be presented that show the change of viscosity of slurries after HTP.

2.1 Experimental procedure
The following feedstocks were analyzed for their rheological properties:
1. Coal water mixture;
2. Biomass and water mixture;
3. Comingled coal, biomass and water mixture;
4. Comingled biomass and biosolids mixture.
The rheological properties of the biomass and water mixture were determined
before and after HTP. A portion of the biomass water slurry after pretreatment was then
mixed with coal to form a comingled coal, biomass and water slurry. Several comingled

biomass and biosolids slurries were prepared by pretreating biomass and biosolids
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mixtures under different conditions. The rheological properties of these slurries were

determined in a rheometer. The experiment procedure is shown in Figure 2.3.

® >
i ® Exhaust
Z—\ Pressure and

temp sensor Gas & Cl

Batch ] I
Temp vessel
controller
@—‘ Rheometer

Fig 2.3 Experiment Procedure of Slurry Rheology Tests

]

Preparation of coal particles

Sub-bituminous coal from southern Utah was used as the coal sample in this study.
Lumps of the coal were initially crushed in a laboratory mill (model number: Thomas—
Willey model 4, Arthur H. Thomas Company) to reduce the particle size. The particle
size of the coal after the initial crush was around Imm. The mill grind crushed coal
particles were pulverized in a grinder (model number: Braun KSM-2W) to obtain fine
particles with the particle size smaller than 500 um. The pulverized particles were sieved
into three particle size ranges: 0-150 um, 150 -250 um and 250-500 um. The sieved coal
particles were dried in a vacuum oven at 105°C for 3 hours for vaporization of its

moisture content.
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Preparation of wood particles

Pine wood sawdust was used as a representative for biomass in this study. The
sawdust wood particles were first crushed in a laboratory mill (model number: Thomas—
Willey model 4, Arthur H. Thomas Company) to reduce the size of the particles. The
particle size of wood obtained after the initial crush was around 1mm. Then, following
the mill grind, the crushed wood particles were pulverized in a grinder (model number:
Braun KSM-2W) to obtain fine particles with a particle size smaller than 500 um. Then
the pulverized particles were sieved into three particle size ranges: 0-150 pm, 150 -250
um and 250-500 um. After being sieved, the wood particles were dried in a vacuum oven
at 105°C for 3 hours for vaporization of its moisture content.
Preparation of biosolids

Biosolids was obtained from the City of Riverside Wastewater Treatment Facility.
They were stored in sealed jar before tests in order to avoid moisture evaporation.
Preparation of coal water mixture

Coal particles were mixed with water to form numerous coal water slurries. The
solid loading of these coal water slurries ranged from 40 wt.% to 65 wt.% 1in increments
of 5%.
Preparation of biomass and water mixture

Wood particles were mixed with water to form numerous biomass water slurries.
The solid loading of the biomass water slurries ranged from 5 wt.% to 12.5 wt.% in

increments of 2.5 wt.%.
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Preparation of biomass and water slurry

A portion of the prepared wood particles with the particle size range of 0 pm-150
pm was hydrothermally treated to obtain biomass water slurry. The wood particles were
mixed with water, before the pretreatment process, in weight ratios of 1:5, 3:7 and 2:5.
The wood and water mixtures were then hydrothermally treated at 240 °C in a hydrogen
gas environment pressurized at 100psi for 30min. The solid loading in the slurry products
were 20 wt. %, 30 wt.%, and 40 wt.%, respectively.

Preparation of comingled coal, biomass and water slurry

The biomass water slurry obtained from HTP with a solid loading of 20wt.% was
mixed with coal with a particle size of Oum-150um to form several comingled coal,
biomass and water slurries. The weight percentage of coal in the slurries ranged from
Owt.% to 35wt.% in increments of Swt.%.

Preparation of comingled biomass and biosolids slurry

Wood particles with particle size of Oum-150pum were mixed with the biosolids in
wood to biosolid weight ratios of 1:3, 1:2, 1:1.5 and 1:1.4. The solid loading in these
mixtures were 28.75wt.%, 36.67wt.%, 43wt.% and 44.58wt.%, respectively.

All slurry mixtures, after preparation, were stored in glass beakers overnight to
allow for complete mixing of solid and liquid. The mixtures were gently stirred
immediately before the rheological tests were performed in order to avoid particle
settlement. Harsh stirring was avoided to prevent generating small air bubbles in slurries

which would impact the rheological test results.
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Determination of solid content in comingled feedstocks
Feedstocks were weighted before being comingled. The solid loading in the

mixture was calculated by the following equation:

Ws
Ws+W,

wt.% =

x 100% (Eq. 2.1)

Where

Wi is the weight of solid fraction;

Wi is the weight of liquid fraction.

The approximate analysis of the solids in the coal, wood and biosolids samples
was obtained by Huffman Laboratory Approximate analysis. Table 2.1 shows the results
of Huffman Approximate Aanalysis. Notice that the biosolids had a very large
percentage of moisture compared to the coal and wood samples. The coal and wood
samples accounted for the major source of carbon solid material, as expected.

Table 2.1 Huffman Approximate Analysis of Feedstocks

Fraction (%) Coal Pine wood Biosolids
Moisture 4.0 10.7 92.9
Volatile matter 36.2 74.5 4.9
Fixed carbon 52.2 13.6 0.6

Ash 7.6 0.4 1.6

Total 100 100 100
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Rheology test procedure

The rheological properties of the various slurries described above were measured
by using an Anton Paar Reolab QC rotational rheometer. This is a coaxial-cylinder type
rheometer with a center rotor rotating at a predetermined speed or torque. A six-blade
vane spinner with 1 inch outside diameter was used as the center rotor. A picture of the
rotor and configuration is shown in Figure 2.4. The vane spinner type center rotor was
used for the rheology tests because the vane-cup configuration causes much less error
when large particles are present in the test material. There is less impact on the slurry
structure compared to cone plate or other rheometer configurations. Consequently, this

configuration provides more consistent and reproducible results.

Fig 2.4 Vane-cup System with Six Blade Vane Spinner

The handling of slurries and selection of slurry pumps for industry applications
are based on rheological data that are obtained from slurry rheology tests. The crucial

parameters for pump selection are the shear stress at certain shear rates, the viscosity of
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the slurry, the yield point, and the settlement rate of the slurry. Other physical properties
such as attrition and the friction of particles inside the slurry may also need to be
considered for selection of the pump. The shear rate and shear stress curve of coal-water
and biomass-water slurry coordinates can be characterized by the Generalized Bingham
Plastic model as given in Eq. 2.2, where 1 is shear stress applied to the system when the
shear rate of y is maintained. Ty is the yield stress of the starting slurry. K and n are
empirical parameters determined by fitting the equation with experimental data. The
correlation between shear rate and shear stress corresponds to a power law with a
constant coefficient of K. Thus, the viscosity of the slurry is defined as the slope of
change in shear rate with a change in shear stress as given by Eq. 2.3. A change in
viscosity can be obtained by either shear thinning or shear thickening. The viscosity
decreases with increasing shear rate in a shear thinning flow. The viscosity increases

with increasing shear rate in a shear thickening flow.

T=7,+Ky (Eq. 2.2)
AT

== Eq. 2.3

u Ay (Eq. 2.3)

One concern is settling of the particles over the time of the experiment and the
consistency of the test results. A pretreated biomass water slurry with 20 wt.% solid
loading was continuously tested 3 times in a reciprocative manner to evaluate the
consistency of data collected during the rheology tests. The results are shown in Figure
2.5. The biomass slurry was first sheared with a shear rate increase of 35'1; followed by a

reciprocal step, at which the shear rate decreased with a rate of 3s”. The sample was
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sheared again, with an increase shear rate of 3s"l, when shear rate reached zero. The
apparent viscosity to shear rate profile of the 3 consecutive test runs is shown in Figure
2.5. The direction of the arrows shown in the figure indicates the relative direction of the
shear rate. The results exhibited good consistent apparent viscosity values with shear
rates of over 60s. However, an error of £10% was observed at shear rates below 275'1,

which is probably the result of the settlement of particles at low shear rate.
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Fig 2.5 Data Consistency of Rheology Test of 20wt.% Pretreated Biomass Water Slurry
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2.2 Results and Discussion
2.2.1 Rheological Properties of Coal-Biomass-Slurry
Rheological properties of coal water and biomass water slurries

The effect of an increase in shear rate on slurry viscosity was evaluated for
different particle sizes and solid loading for both coal-water and biomass-water slurries.
The relationship between shear rate and viscosity was obtained for different particle sizes
for coal-water and biomass-water slurries. The results are shown in Figure 2.6 and Figure
2.7, respectively. The solid loading in the coal-water and biomass-water slurries was

fixed at 60 wt.% and 10 wt.%, respectively.
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Fig 2.7 Effect of particle size in wood-water slurries (solid loading 10%)

Non-Newtonian shear thinning was observed for both coal-water and biomass-
water slurries. The viscosity of the coal-water slurries, shown in Figure 2.6, decreased
rapidly with increased shear rate of up to 200s™ but then reduced at a slower rate beyond
200s™". Also, larger particle sizes had lower slurry viscosity. A similar trend was observed
in biomass-water slurries as seen in Figure 2.7. The viscosity of biomass-water slurries
decreased rapidly with increased shear rates of up to 100s” but decreased at a slower rate

beyond 100s”'. The viscosity decreased with increasing particle size; similar to that
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observed for the coal-water slurries. A comparison of these two figures shows that much

higher shear thinning properties were observed for biomass-water slurries. This may be a

consequence that water is highly hydrogen bonded with biomass particles, thus higher

shear stress was needed for the biomass-water slurries to maintain a same shear rate

compared to coal-water slurries.

The maximum solid loading in coal-water and biomass-water slurries varied for

different particle sizes. The mixture was not uniform as slurry and particles bound

together to form larger particles when the maximum solid loading was exceeded. Table

2.2 shows the maximum solid loading for coal-water and biomass-water slurries.

Table 2.2 Maximum Solid Loading in Biomass-Water and Coal-Water Slurries

Maximum biomass loading in

Maximum coal loading in

slurry (wt.%) slurry (wt.%)
0-150 um 13 65
150 pm-250 pm 13.5 66.5
250 um-500 pm 15 68

Experimental results for different solid loading on coal-water and biomass-water

slurries are shown in Figure 2.8 and Figure 2.9, respectively.
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It can be seen from Figure 2.8 that the coal-water slurries changed from a shear
thinning property to a shear thickening property as the coal-loading decreased from 50wt.%
to 45wt.%. The shear thickening property of coal-water slurry was rarely observed by
other studies. Majumder reported that the reason for the thickening was due to the
emulsion-solids exhibiting dilatants flow behavior with low solid loading range. It is also
seen that the viscosity of coal-water slurries increased with increasing solid loading.

There was not much difference between slurries with solid loading of less than 55wt.%
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for shear rates over 150s™". Similar to the coal-water slurries, the viscosity of biomass-
water slurries also increased with increasing solid loading. However, at a shear rate over
100s™', Newtonian fluid properties were observed at a solid loading less than 7.5wt.%
and the viscosity increased slightly with increasing shear rate. This is shown in Figure 2.9.

The effect of shear rate on viscosity in pretreated biomass-water slurry was also
evaluated. Figure 2.10 shows the shear rate to viscosity profile of pretreated biomass
slurries with solid loading of 20wt.%, 30wt.% and 40wt%. Unlike the biomass-water
slurry before pretreatment, the viscosity profile of pretreated biomass-water slurry
dropped rapidly as shear rate increased from 10s” to 200s”, then decreased slightly
beyond 200s™". The viscosity increased with increasing solid loading which is consistent
with the biomass-water slurry before pretreatment.

The important result is that with pretreatment there is an increase in the solid
loading of a biomass-water slurry to 40wt.% as compared to 12.5wt.% before
pretreatment. It is believed that the treatment in the presence of hydrogen under 230°C
and 100psi help break down the cellulose and semi-cellulose structure of the biomass
which resulted in breaking the hydrogen bond between the biomass and water. This will

be further discussed in following chapters.

61



10 T T T 171

1 A kx|

o) N
L{

Apparent viscosity (Pa-s)

DT]
N

2
0 i

10 100 1,000

Shear rate (s)

Fig 2.10 Shear rate vs. viscosity of pretreated wood slurry

Figure 2.11 shows the comparison of the viscosity of the various slurries with
increasing solid loading. It is obvious that the pretreatment process greatly helped
increase the solid content in biomass-water slurry at a similar viscosity. The coal-water
slurry had the highest solid content at the same viscosity; followed by the co-mingled
biomass and coal slurry. The pretreated biomass-water slurry has significantly higher

solid content compared to the biomass-water mixture without pretreatment. The 20 wt.%
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of pretreated biomass commingled with 35 wt.% of coal produces a biomass and coal

slurry with solid loading of 55 wt.% at the same viscosity.
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Fig 2.11 Comparison of viscosity of slurries as increasing solid loading (shear rate 102s™)

Earlier in this thesis we suggested that the maximum viscosity of a pumpable

slurry is 1.0Pa-s [200, 201], thereby. We have set a target of a viscosity of less than
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0.7Pa-s for safely pumping of slurries to our reactor. The pretreatment process outlined
herein successfully increased the solid loading in the biomass-water slurry while
maintaining the target viscosity. We co-mingled the pretreated biomass-water slurry with
coal to increase its solid loading and carbon content. The results of viscosity with
increased solid loading of coal-water, biomass-water, pretreated biomass-water and co-
mingled biomass and coal slurries are shown in Figure 2.11. It is shown that at 0.7Pa-s
viscosity, coal-water slurry had the highest solid loading of up to 65wt.%, and biomass-
water slurry before pretreatment had the lowest solid loading of less than 12.5wt.%. After
pretreatment, the solid loading in biomass-water slurry of 0.7Pa-s increased to nearly
35wt.% and when commingled with coal, the solid loading increased to nearly 45wt.%.
Closer investigation of the water to carbon ratio of these slurries further suggested that
the co-mingled biomass and coal slurry provided a water to carbon ratio of 2:1. The
optimized water to carbon ratio is 3:1 when using our gasification process. Thus, with
pretreatment, the rheological properties of the co-mingled biomass and coal slurry are
improved for use as a feedstock for effective steam hydrogasification. Table 2.3 shows
the results of mass based on the water to carbon ratio of different slurries at a viscosity of
0.7Pa-s.

Table 2.3 Mass based water to carbon ratio of slurries (under 0.7Pa-s)

coal-water biomass-water pretreated biomass- | co-mingled  biomass
slurry slurry water slurry and coal slurry
Ratio 0.78 13.82 3.67 2.01
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The viscosity plot of different water to carbon ratio in co-mingled biomass and
coal slurry is shown in Figure 2.12. Under optimized water to carbon feed ratio of 3:1
which is preferred in our gasification process, the slurry viscosity is less than 0.45Pa-s

and provides good pumpability.
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Fig 2.12 Viscosity of Co-Mingled Biomass and Coal Slurries with Different Water to
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2.2.2 Rheological properties of biomass biosolids slurry
Rheological properties of biosolids slurries

The effect of an increase in shear rate on the apparent viscosity was evaluated
with biosolids with and without pretreatment and at different pretreatment temperatures.
The results are shown in Figure 2.13. The pretreatment temperature was set at 180°C,

210°C and 240°C, respectively.
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Fig 2.13 Apparent Viscosity to Shear Rate Profile of Biosolids With or Without

Pretreatment
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Figure 2.13 shows a comparison of the shear rate to viscosity profiles of biosolids
with and without HTP at different pretreatment temperatures. It can be observed that
without HTP the biosolids slurry exhibited non-Newtonian shear thinning property. The
viscosity of biosolids decreased with an increase of shear rate up to 200s™, but then
reduced at a slower rate beyond 200s™. HTP significantly reduced the apparent viscosity
of biosolids in all ranges of shear rate. It was found that the biosolids exhibited a
homogenous appearance before being pretreated, however, after being pretreated, the
biosolids separated into a solid suspension and a liquid fraction when settled. The volume
fraction of the solid suspension in the pretreated biosolids decreased with an increase in
the pretreatment temperature. The biosolids exhibited Newtonian flow behavior when
being hydrothermally pretreated at 240°C and its viscosity value stayed constant at a low
shear rate range of less than 100s™'. This is due to that the large portion of liquid was
freed into the bulk phase after HTP. Same apparent viscosity values were observed at
higher shear rate of over 200s” when the biosolids were thermally treated at 180°C,
210°C and 240°C. The volume fraction of the solid suspension in the biosolids was less
than 20% after HTP.

Experiments were attempted to mix wood particles with both fine and coarse
particle size with biosolids. These mixtures failed to form a flowable suspension when
the wood loading exceeded 1wt.%. HTP was required for biomass and biosolids mixtures
to form a flowable slurry. It was also found that after being pretreated at temperatures of
180°C and 210°C flowable slurries were only occurred with a wood solid loading of less

than 10wt.%. When the pretreatment temperature was set at 240°C, a flowable slurry was

67



produced with a wood loading of up to 41.7wt.%. Rheology tests were performed with
biomass-biosolids slurries pretreated at 240°C. The influence of the initial solid content
and biomass particle size on the rheological properties of biomass and biosolids slurries

was investigated. The results are shown in Figure 2.14 and Figure 2.15, respectively.
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It was found that biomass and biosolids slurries after HTP exhibited shear thining
properties. The viscosity value rapidly decreased with increased shear rate up to 200s™
but then reduced at a slower rate beyond 200s"'. The viscosity value increased with an
increase of initial solid loading in the slurries, as shown in Figure 2.14, and decreased
with an increase of initial biomass particle size in the slurries, as shown in Figure 2.15.

This is due to the fact that less free liquid in the bulk phase was available when more
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solids were added. The important result is that at a shear rate of 102s™, a slurry with a
solid loading of 43wt.% and a viscosity value of less than 0.7pa-s was produced. The
rheological properties of pretreated biomass-biosolids slurry were similar to that of
pretreated biomass water slurry. The comparison of viscosity of slurries as increasing
solid loading is shown in Figure 2.16.
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Fig 2.16 Comparison of viscosity of slurries as increasing solid loading (shear rate 102 s™)
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It can be concluded that replacing water with biosolids increased the solid content
in slurry products at a same viscosity value. This is due to the contribution of solid
fraction in biosolids. At the threshold of pumpable slurry visocisty value of 0.7pa-s, the
solid loading of biomass biosolids slurry was 38wt.%, compared with 34wt.% of solid in

biomass water slurry at the same viscosity value.
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3. Carbon Redistribution in Products

It was shown in the previous chapter that after being hydrothermally pretreated
the solid loading of wood and water slurries can be increased up to 35wt.% and its
viscosity value was maintained at less than 0.7pa-s. It was also found that some material
loss and carbon redistribution in the gas, liquid and solid products occurred due to
hydrolysis and pyrolysis reactions involved in the HTP. The minimization of carbon loss
through gas phase and the maximization of carbon conservation in the slurry are
essentially important in increasing the overall carbon conversion in downstream
gasification. In other studies, it was reported that elevated fixed carbon content in the
feedstock has a positive impact on increasing steam reactivity and suppression of tar
formation in gasification processes. Other studies have investigated the material recovery
in wood or biosolids using different hydrothermal treatment technologies. It was reported
that a total mass loss of 10wt.% have happened in a hydrothermal pretreatment of
agricultural wastes by using steam explosion. Another study concluded that the solid
recovery after pretreatment of wood by using Torrefaction was from 73% to 90%,
depending on the wood species and pretreatment conditions, such as temperature.
However, the initial moisture content of wood in this study was less than 11 wt.%, and
the pretreatment temperature was set at 270-350°C. In a similar study, torrified wood
product was reported to have a carbon to oxygen ratio of 0.38, which meant more oxygen
was lost during the HTP than carbon. Another study on HTP of biosolids showed an
increase of solid content to 25wt.% by vaporizing moisture from biosolids. There is yet a

lack of studies on examining the carbon redistribution in the resultant products of the
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comingled biomass after hydrothermal pretreatment, especially when the biomass is
comingled with high moisture content, such as biosolids.

An analysis of the carbon redistribution in the gas, liquid and solid phase after
HTP for comingled biomass and biosolids feedstock was done and the results are
reported here. The impact of process conditions on the redistribution of carbon
composition in the gaseous, liquid and solid products, as well as the carbon recovery in

the slurry, was examined

3.1 Experimental Procedure

The samples were quenched to ambient temperature after HTP. The exhaust gas
was collected in a Tedler bag. The gas sample was then analyzed of its carbon
components by using a Gas Chromatography (GC). The slurry product was then
separated of its liquid and solid fraction by vacuum filtration. Polytetrafluoroethylene
(PTFE) filters were used in the vacuum filtration in order to avoid absorption of organic
compounds. The pressure difference was set at 1 atm in the vacuum filtration process.
Preparation of gaseous, liquid and solid products

The biomass feedstock was prepared using pine wood sawdust. The pine wood
was initially crushed in a laboratory mill (model number: Thomas—Willey model 4,
Arthur H. Thomas Company) for purpose of particle size reduction. The particle size of
wood obtained after the initial crush was approximately 1mm. Following the mill grind,
crushed wood particles were pulverized in a grinder (model number: Braun KSM-2W) to
obtain fine particles with an average particle size smaller than 500 pum. The pulverized
particles were sieved into three particle size ranges 75um-90um, 150pm-180um and
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355um-425um. The wood particles were dried in a vacuum oven at 105°C for 3 hours to
remove the moisture content. Dissolved Air Floatation Thickener (DAFT: discharged
from the Wastewater Treatment Plant, Riverside, CA) was used as a representative of

biosolids.

A batch type vessel made of Inconel was used as a hydrothermal reactor in the
HTP process. The reactor is heated by an electrical heater. The heating rate was measured
to be 20°C/min. The initial headspace gas was controlled by pressuring 100psi hydrogen.
The reactor was sealed and heated up to the operation temperature and kept at that
temperature for 30min. The reactor was convectively quenched to ambient temperature
after the HTP by forcing compressed air through. A cooling rate of 42.5°C/min was
achieved by using this specific equipment setup. When the temperature in the reactor
reached ambient temperature, the exhaust gas was collected in a Tedler bag and the
remaining slurry was collected and sealed in glass jars. The pressure in the reactor
reached 1420psi when the temperature approached 240°C.
Operation conditions of HTP

A series of experiments were performed to investigate the impact of experimental
conditions on the carbon redistribution in gaseous, liquid and solid products. The impact
of the initial mass ratio of biomass to biosolids on the carbon redistribution was
investigated. In these tests, the prepared wood particles in the particle size of 75pum-90um
were mixed with biosolids to a weight ratio of 1:3, 1:2 and 1:1.5, and were
hydrothermally treated at 240°C. The initial carbon to water ratio in such comingled

mixtures were 1:5, 1:3.5 and 1:2, respectively. The impact of the initial wood particle
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sizes on the carbon redistribution was also investigated. In these tests, the prepared wood
particles with particle sizes of 75um-90um, 355um-425pum and 1.18mm-1.4mm were
mixed with biosolids in a weight ratio of 1:1.5, and were hydrothermally treated at 240°C.
Moreover, the comingled wood and biosolids mixture with an initial wood particle size of
150pum-180um, and an initial wood to biosolids weight ratio of 1:1.5 was hydrothermally
pretreated at temperatures of 180°C, 210°C and 240°C to investigate the impact of
pretreatment temperature on the carbon redistribution in the gaseous, liquid and solid
products after HTP.
Analysis of Carbon in the Resultant Products

The gaseous product gas after the HTP was sampled in a Tedler bag and analyzed
for its carbon composition and relative concentration. A Hewlett Packard 5890 series 11
Gas Chromatography (GC) equipped with Flame Ionization Detector (FID) was used to
measure the hydrocarbon (CxHy) concentration. Another Hewlett Packard 5890 series 11
Gas Chromatography (GC) equipped with a Thermal Conductivity Detector (TCD) was
used to measure the carbon oxide (CO and CO,) concentrations in the gas phase. The
slurry products after the HTP were separated of their liquid and solid fraction. The liquid
fraction was tested for its organic and inorganic carbon concentrations by using a
Shimadzu TOC-5050 Total Organic Carbon (TOC) analyzer. The solid fraction was dried
of its inherent moisture at ambient temperature, and then it was analyzed in a
Thermogravimetric Analyzer (TGA) to decide the volatile compound, fixed carbon and
ash compositions. The experimental setup implemented in this study is shown in Figure

3.1.
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Fig 3.1 Experimental Procedure of Carbon Analysis of HTP Products

3.2 Results and Discussion
3.2.1 Carbon in the gas phase

QPLOT GC column manufactured by Restek'™ was used to separate
hydrocarbons in the gas mixture and Flame Ionized Detector (FID) was used to measure
the hydrocarbon compositions. The QPLOT column was made with divinylbenzene as
the stationary phase, which retains light hydrocarbons at above ambient temperature.
Other hydrocarbons with higher boiling point are then released with increased column
temperature. Therefore, in the chromatograms, response peaks were clearly distributed in
five groups. Sequence of the peaks roughly followed the boiling point of corresponding

hydrocarbon species, which was in accordance to the number of carbons in its molecule.
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Hydrocarbons with carbon number of less than 6 were detected in the gas phase by such
GC configuration. It is believed that hydrocarbons with carbon number of equal to or
over 6 condensed into liquid phase when the reactor was quenched to ambient
temperature.

Carbon oxides were detected in the gaseous products. Alltech 8100/2 capillary
column coupled with Thermal Conductivity Detector (TCD) was used to detect the
carbon oxides concentrations in this study.

Figure 3.2 and Figure 3.3 show the GC-FID and GC-TCD chromatogram of wood
and biosolids HTP process. The HTP was performed with biosolids to biomass mass ratio

of 3:1, pretreatment of temperature of 240°C, and biomass particle size of 150pum-180um.

RUN1 [FID Channel 1 I |
1250.000 [c1peak393-32bifCalibration CxiHy CHRIDEFAULT CON 1

30m, 032mm RT-QPLOT (cat.#19718)

Oven temp: 50 °C (2min) to 220 °C @ 15
°C/min
Inj. /Det. Temp: 250 °C
Carrier gas: helium (0.6 cm/sec)
FID sensitivity: high E
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Fig 3.2 Sample GC-FID results: calibration with sample gas (99.2ppm Methane,

101.0ppm Ethane and 100.0 ppm Propane, balanced with Nitrogen)
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Fig 3.3 Sample GC-TCD results: calibration with sample gas (24.7% CO and 6.3% CO,,

balanced with Nitrogen)

Explicit intervals between groups of peak signals can be distinguished from the
GC-FID results. The carbon species in the gas were then categorized into five groups
with respect to their carbon numbers. And the concentration of carbon in all species was
then obtained by calculation of its carbon number timed with the concentration of the

corresponding carbon species:

[Clen = n[Cy] (Eq. 3.1)

[Clcn is the carbon concentration in hydrocarbons with carbon number of n;

[C.] is the concentration of the hydrocarbons with carbon number of n.
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The amount of carbon in each carbon species was then calculated by following

equation:

[ClenXPxVyg

m =
cn RT

X 12 (Eq. 3.2)
Where

mg, is the amount (grams) of carbon in hydrocarbon with carbon number of n;

P is the pressure of reactor after HTP, in Pa;

V, is the head space gas volume after HTP, in m3;

R is the Avogadro’s constant, equals 8.314 J- K'l-mol'l;

T is the temperature of gas samples, in K;

12 is the atomic mass of carbon, in g/mol.

The Carbon Percentage (CP) was defined in this study to represent the percentage
of carbon presented in the gas phase after HTP over the total carbon initially input in the
feedstock. Its definition was defined by the equation below:

Mcn

CP = X 100% (Eq. 3.3)

me

Whereas m. is the total amount of carbon input in the feedstock, which is
calculated by combination of Huffman test results of feedstock and the total weight of
feedstock loading.

The results of carbon percentage in the gas phase after HTP with different

pretreatment temperature was shown in Figure 3.4.
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Fig 3.4 carbon percentage in the gas phase: effect of pretreatment temperature

It was found that pretreatment temperature had a major effect on the carbon
composition. A noticeable increase of C.Hy concentrations was observed when
pretreatment temperature reached 240°C. The total carbon percentage in the gas phase in
the form of CHy was less than 0.07%. The major carbon species in the gas after HTP was
CO when pretreatment was performed at 180°C. The CO concentration decreased while
the CO, concentration increased and became the major product as the pretreatment

temperature increased. The total carbon percentage in the gas phase was less than 0.7%
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after the HTP. It is believed that low temperature catalytic Water Gas Shift (WGS)
reaction occurred when temperature exceeded 210°C, through a reaction shown below,
which led to the conversion of CO to CO,.

CO + H,0 & CO, + H,

Iron and copper present in the biosolids were believed to be possible source of
WGS catalysts. Such assumption needs to be verified and is not within the scope of this
study.

The carbon percentage in the gas phase was also evaluated by varying the initial
biosolids to wood mass ratios. These experiments were carried out with an initial wood
particle size of 150pum-180um, and the pretreatment temperature was set at 240°C. The
results are shown in Figure 3.5. It was observed that with an increase of wood wastes to
biosolids ratios in the feedstocks, more CO and CO, were found in the gas phase, and
CxHy concentrations in the gas phase had an unnoticeable change. It was believed that
with an increase of wood wastes in the feedstocks, more carbon was available for
chemical conversions. Data presented in Figure 3.5 showed that with an initial biosolids

to wood wastes ratio of 1.5:1, less than 1.2% of carbon was present in the gas phase.
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Fig 3.5 Carbon percentage in the gas phase: effect of initial biosolids to wood ratio in

weight

The effect of initial wood particle size on carbon percentages in the gas phase
after HTP was also evaluated. It was found that the initial particle size of the wood has
insignificant effect on the carbon percentages in the gas phase after HTP, as shown in

Figure 3.6.
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3.2.2 Carbon in the Liquid Phase

The liquid in the pretreated slurries include two parts: free bulk liquid and the
inherent moisture. Liquid in the bulk phase is defined as the liquid that could be separated
from the slurries by a mechanic force, such as vacuum filtration. The inherent moisture is
the liquid that was trapped in the microstructure of the solid, and it could be measured by
TGA. It was assumed in this study that the carbon composition was identical in the two

liquid forms. The organic and inorganic carbon fractions in the free bulk liquid were
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measured by using TOC analyzer. And carbon percentage in the liquid phase included

carbon in both liquid forms.

The Carbon Percentage is used to represent the amount of carbon in the liquid
phase after HTP, and it defined as follows.

me

CP =

X 100%

mc
Where
m, is the total amount of carbon input in the feedstock;
mg is the amount of carbon in the liquid phase, either in form of organic carbon or
inorganic species, mg was further defined by the following equation:

me = [c]a X V)
Where
[C]. is the concentration of carbon read from TOC/TC analyzer, in mg/L;
V) is the volume of liquid product, in L.

The effect of pretreatment on carbon percentage in the liquid phase of the
biosolids after HTP was determined. The result is shown in Figure 3.7. It was found that
the total organic carbon concentration in the liquid phase increased from 20mg/L to over

200mg/L. The concentration of the inorganic species showed no significant change.
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Fig 3.7 TC/TOC results of liquid in biosolids before and after HTP

The effect of temperature on carbon percentages in the liquid phase after HTP

was evaluated. The results are shown in Figure 3.8.
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Fig 3.8 TC/TOC Results of Comingled Wood and Biosolids Slurry: Effect of Initial

Biosolids to Wood Ratio

It was observed that less than 0.2% of carbon was in the liquid before HTP, which
was the carbon dissolved in the biosolids. The inorganic species in the liquid phase was
consumed when HTP was applied. And, it was believed this is the result of the
decomposition of metal carbonates at elevated temperature and pressure. However, no
experimental confirmation has been performed at this stage of study to confirm this

opinion. It was also observed that with an increase of pretreatment temperature, more
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carbon was found in the liquid phase. Over 95% of carbon presented in the liquid phase
was in the form of organic carbon. And the total carbon percentage presented in the liquid
phase after HTP was less than 3% of the total carbon initial loaded in the feedstocks.

The effect of the initial biosolid to wood ratios on the carbon percentage in the
liquid phase after HTP was also determined. These results are shown in Figure 3.9. Even
though higher organic and inorganic related carbon concentrations were detected in the
liquid phase as a consequence of a higher initial wood loading, the carbon percentage in

the liquid phase decreased with an increase of the initial wood to biosolids ratio.
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Fig 3.9 TC/TOC Results of Comingled Wood and Biosolids Slurry: Effect of HTP

Temperature

The effect of the initial wood particle size on carbon percentages in the liquid
phase after HTP was also evaluated. It was found that the initial wood particle size has an
insignificant effect on the carbon percentages in the liquid phase after HTP.

3.2.3 Carbon in the Solid Phase
Carbon in the solid phase of the resultant slurries after HTP was evaluated by

measuring the thermogravimetric kinetics of the solid fractions. Weight loss of the solid
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fraction with an elevated temperature was first carried out with N as a carried gas for the
analysis of volatile compounds. When the temperature inside the Thermogravimetry
Analyzer (TGA) exceeded 750°C, N, was replaced with O,, after which the fixed carbon
fraction was analyzed. It was found that the temperature has a major effect on changing
the carbon compositions in the solid phase after HTP. The effect of pretreatment
temperature on carbon compositions in the solid phase after HTP was evaluated and the
results are shown in Figure 3.10. Two clear weight losing stages were observed in the
TGA curves, as shown in Figure 3.10. These two peaks represent the volatile carbon and
fixed carbon in the feedstock. Differential Thermogravimetry Analysis (DTG) was also
performed. The results are shown in Figure 3.11. It was concluded that the fixed carbon
increased when HTP was applied, and also increased with an increase in the pretreatment
temperature. The fixed carbon in the solid increased to 40% in the solid fractions when
HTP was performed at a temperature of 240°C.

The effects of the initial wood to biosolids ratio and initial wood particle size on
the solid phase after HTP were also evaluated. It was observed that insignificant changes
were found when the initial wood to biosolids ratios and initial wood particle sizes

changed.
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Fig 3.10 (a) TGA result of wood before HTP; (b) TGA result of solid in comingled
wood-biosolids slurry after HTP at temperature of 180°C; (c) TGA result of solid in
comingled wood-biosolids slurry after HTP at temperature of 210°C; (d) TGA result of

solid in comingled wood-biosolids slurry after HTP at temperature of 240°C.
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Fig 3.11 (a) DTG result of wood before HTP; (b) DTG result of solid in comingled
wood-biosolids slurry after HTP at temperature of 180°C; (c) DTG result of solid in
comingled wood-biosolids slurry after HTP at temperature of 210°C; (d) DTG result of

solid in comingled wood-biosolids slurry after HTP at temperature of 240°C.
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4. Slurry Formation by Hydrothermal Pretreatment

The results from the previous chapters show that pumpable biomass slurry was
produced after HTP. Up to 97wt.% of the carbon was still in the solid phase after HTP,
while about 20wt.% the carbon in the solid phase transformed from the volatile fraction
into the fixed fraction. Other phenomenological changes after HTP were also observed: 1)
The appearance of the biomass particles switched from bright yellow (the color of pine
wood) to dark brown or black; 2) Particles became frangible and fissured under force; 3)
Much more free water became available in the bulk phase. Such observations were also
reported in other studies on hydrothermal pretreatment of biomass. Unfortunately, none
of the previous studies presented a systematic overview of the mechanism as to how HTP
enhanced the slurry formation. In a study of biomass torrefaction, it was reported the
wood particles tended to shrink in all directions and the fiber linking between particles
disappeared. The change in the particle size of wood particles in Torrefaction was
observed by optical microscopy. Fast pyrolysis processes, such as steam explosion, apply
fast depressurization as the last step of the pyrolysis. The forced air flow occurring during
the fast depressurization, breaks apart the wood cell wall, and consequently, reduces the
wood particle size by several folders. Hydrolysis and solvolysis of polysaccharides
resulted in breakage of fiber connection in biomass microstructure. The pressure exerted
on the biomass cells and fibers would enhance the disruption of its microstructure. It has
been observed that the particle size of wood significantly decreased when being

hydrothermally treated. This would indicate that the microstructure of the particle would
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have changed due to HTP. The slurry product when pretreatment is applied exhibited
better dispersion compared to the biomass water slurry without pretreatment. There is no
previous evidence of such phenomena in the literature and will be investigated further in

this thesis.

4.1 Particle Size Reduction and Redistribution

Experimental procedure

Analysis of the particle size was as a courtesy of Malvern Instruments to
demonstrate the utility of their instruments. Four samples were evaluated. Table 4.1
summarizes the samples provided.

Table 4.1 Samples prepared for particle size measurement

Sample number Initial particle size Pretreatment temperature
1 180 um to 225 um N/A

2 180°C

3 210°C

4 240°C

The measurement of particle size was carried out by using a Mastersizer 2000
system. A Hydro 2000SM sample dispersion unit was used for the measurement of wet
dispersions. The diameter of the sphere that yields an equivalent light scattering pattern to
the particle being measured using laser diffraction is the basis of the procedure. This
corresponds, to a good approximation, to the sphere of equivalent average cross-sectional

area. The distribution of particle sizes within the sample can be estimated once the
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particle size has been calculated for the entire sample. Laser diffraction systems are
configured to ensure that an equal volume of particles of different sizes yield an
equivalent scattering response. A volume distribution, showing the volume percentage of
particles that have given size, is therefore reported. This corresponds to a mass

distribution in the case where the particle density is the same for all sizes, as shown in

Figure 4.1.
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Fig 4.1 Laser diffraction particle size measurement system

Approximately 2 g of solid sample was dispersed in deionized (DI) water in a
volume of 150 ml. The mixture was then constantly stirred to achieve even dispersion
before being pumped into the laser diffraction measurement chamber where the particle
size measurement was carried out. No surfactant was used in these experiments. Extra
dispersion was achieved in this experiment by applying sonication. Sonication was

applied for about 2min to each sample. Laser diffraction results were then compared
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between the samples before and after sonication, to understand re-agglomeration
tendency of the particles.

The optical properties of the material were required for size determination
accuracy, especially for material less than 40A in size (~25um for a He-Ne laser at
632.8nm). In this study, the Refractive Index (RI) number was chosen in accordance with
ISO 13320. The dispersants RI number was set to be 1.33 for deionized water, and 1.53
for wood powders. The absorption coefficients were 0.1 for raw wood particles (yellow
in color), and 1 for pretreated wood particles (dark brown to black in color), respectively.
Results and discussion

Re-agglomeration of particles was measured for the raw wood particle without
pretreatment. It was found that the particle size decreased when sonication was turned on.
Raw wood particles tended to re-agglomerate after sonication was turned off, as was

shown in Figure 4.2.
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Fig 4.2 Particle size of raw wood particles as a function of sonication

Re-agglomeration was not observed in pretreated biomass slurry after sonication,
which means particles in pretreated biomass slurry tend to separate when stirred. The
particle size distribution of pretreated biomass slurry was analyzed and compared with
the particle size distribution of untreated biomass slurry. The results are shown in Figure
4.3. It is observed, based on these results, that pretreatment decreased the mean average
diameter of the solid particles in the slurry, and flattened its particle size distribution
range. The mean average diameter of the particles decreased with an increase of
pretreatment temperature. These results are shown in Figure 4.4. The mean average
particle size decreased from 216um to 76um when the biomass slurry was pretreated at

240°C. Comparatively, sonication decreased the particle size of pretreated wood particles
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and the distribution stayed unchanged after the sonication was turned off. This is shown

in Figure 4.3.
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Figure 4.3 Particle size distribution of wood particles before and after sonication: #1,

without pretreatment, #2 with pretreatment at 180°C, #3 with pretreatment at 240°C

103



250

O OMean diameter
200
E 150
P O
N
175}
2 O
2 100
<
o
O
50
0 T T T T
w\o pretreatment 180 210 240

pretreatment temperature °C

Fig 4.4 Effect of HTP temperature on mean solid particle size

4.2 Biomass Cell Structure

As discussed in previous chapters, hydrolysis and solvolysis of polysaccharides
resulted in breakage of fiber connection in biomass microstructure. The pressure exerted
on the biomass cells and fibers would enhance the disruption of its microstructure. It has
been observed that after HTP the particle size of wood significantly decreased. So it was

expected that the microstructure of the particle would have changed due to HTP.

104



Scanning Electron Microscopy (SEM) was utilized to take images of the solid fraction
before and after HTP to visualize such changes.
Experiment procedure

The slurry was dispersed in a glass beaker after HTP. Then several target particles
were selected and transferred into an aluminum plate by using a syringe. The alumina
plate was then dried overnight before it was coated in a Cressington 108 auto sputter
coater and tested in a XL.30 FEG SEM.
Results and discussion

The SEM images of pretreated biosolids particles are shown in Figure 4.5. Image
(a) was taken at a magnification of 420X and a Working Distance (WD) of 11.2. Image
(b) was taken at a magnification of 3362X and WD of 11.2. It is readily observed that the
cell structure of microbes in biosolids has opened up, with the releasing internal moisture
fraction trapped in its self into the bulk phase. The debris of broken cells is much smaller

than the original size, and the pact volume of the solid fraction in the slurry decreased.
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Fig 4.5 SEM image of pretreated biosolids particles

Untreated wood cells were imaged and the photo is shown in Figure 4.6. It is
observed that without pretreatment, wood cells retained its original structure, except the
cutting edge which was shredded when being grinded. Fragments of the wood piece in
this photo would have been caused by force exerted on wood during the extraction of its

solid fraction.
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Fig 4.6.SEM image of untreated wood particles

Pretreated wood particle images are shown in Figure 4.7, where (a), (b) and (c)
show the wood particles pretreated at temperature of 180°C, 210°C and 240°C,
respectively. As pretreatment was applied and the pretreatment temperature increased, the
wood cells were destroyed and clear cracks and trenches can be seen on the surface of the
wood particles. Many more fragments of wood debris were observed with increased
pretreatment temperature. The wood particles that were treated at 240°C have an obvious
smaller particle size than the ones without pretreatment, which is in accordance to our

experimental results of particle size.
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Fig 4.7 SEM image of pretreated wood particles at (a) 180°C, (b) 210°C and (c) 240°C
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By increasing the magnification in the SEM to 1600X and 3200X, we have a

closer observation of the microstructure of wood particles. This is shown in Figure 4.8.

Fig 4.8. SEM image of pretreated wood particles at 240°C (a) with magnification of

1600X; (b) with magnification of 3200X

It can be seen from Figure 4.8 that numerous small cavities were observed on the

surface of the wood particles. These cavities open the multiple bridges for internal

moisture to be released from inside the wood cells. Small balls attached on the wood
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surface were also reported in other HTP of biomass, and is attributed to the decomposed

hemicellulose fraction.

4.3 Surface Electrokinetics of Wood Particles.

Surface electrokinetics measurements were used to investigate the surface charge
and repulsion force of particles in the comingled wood and biosolids slurries.

The repulsion force between particles in the slurry separate the particles from
each other, and reduce their tendency of coagulation and flocculation, which helped with
dispersion of the solids in the slurry. Figure 4.9 shows slurry phase separation caused by

coagulation and flocculation.
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Fig 4.9 Phase Separation in Slurry Caused by Coagulation and Flocculation
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Measurement of particle surface electrokinetics can be performed by analyzing
either electrophoresis or streaming potential. Electrophoresis analysis was applied in this
study, in which the dispersion was measured by applying an electric field across the
dispersion.  The particles within the dispersion will then migrate with a velocity
proportional to the magnitude of the zeta potential. Surface electrokinetics is a physical
property of particles, and particle size and density would not have any impact on it.
However, it is important to mention out that with particles larger than 300nm, the density
and size of the particles are required for calculation of the zeta potential.

The repulsion force, also named as electrical double layer repulsive force,
between particles is caused by its surface charge. It is balanced by van der Waals
attractive force of particles in a dispersed system. It is a function of distance from the
particle surface. So it pushes away neighboring particles, and makes the slurry stable

from settling, as is shown in Figure 4.10.
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Fig 4.10 Enhanced dispersion of slurry with increase of zeta potential
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The rheological properties of slurries are affected by the zeta potential of the
slurry. Higher absolute zeta potential means better dispersion of solid particles in the
slurry system, and results in lower viscosity of the slurry. A previous study has found that
viscosity correlated well with zeta potential in an aluminum hydroxide suspension.
Increased particle size attenuated the impact of zeta potential on wood and biosolids
mixtures due to the fact that enhanced coagulation is caused by increased gravity force
exerted on the particles.

Experiment procedure

Particles of the slurry were dispersed in a beaker. Stirring was avoided to maintain
the original particle size in the slurry. The pH of the dispersed slurry was controlled by
adding neutralizer solution, and the effect of the pH on the zeta potential was determined.
The pH of the slurries were then all set at 5 to measure the zeta potential of the slurry
pretreated at different temperatures.

The Zeta potential of the slurries was determined by measuring its electrophoretic
velocity. Electrophoretic velocity is proportional to electrophoretic mobility, which could
be measured by electrophoretic light scattering in the ZetaPALS. Zeta potential value of
the particles was then calculated by ZetaPALS from the velocity of particles moving in
the electric field and the strength of the electric field.

Results and discussion

The effect of pH of the slurry on their zeta potential values was measured by

varying the pH of biomass and biosolids slurry being hydrothermally treated at 180°C.

The results were plotted in Figure 4.11.
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Fig 4.11 Effect of pH on Zeta Potential of Pretreated Biomass and Biosolids Slurry

(Pretreatment Temperature: 180°C)

From this graph, it was found that a pretreated wood and biosolids slurry has an
isoelectric point (i.e.p.) of 4.1. The zeta potential decreased rapidly with increase of the
pH value. This indicates that the slurry would be much more stable with higher pH.

The effect of pretreatment and pretreatment temperature on zeta potential was
determined with biosolids, wood and water slurry, and wood and biosolids slurry. The

Results are shown in Figure 4.12 and Figure 4.13, respectively.
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Fig 4.12 Zeta potential analysis of biosolids particles with HTP

The absolute value of the zeta potential in bioslids decreased with pretreatment.
These results are in accordance with the settlement evaluation of the slurries, where
before pretreatment, biosolids did not settle during the testing period. However, it
separated and settled after HTP. The zeta potential results also showed that with increase

pretreatment temperature the absolute value of zeta potential increased.
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Fig 4.13 Zeta potential analysis of wood particles with HTP
The measurement of the zeta potential of wood particles in a wood water slurry

showed that pretreatment enhanced the slurry stability. It showed with a pretreatment

temperature of 240°C, resulted in a zeta potential of wood water slurry of about 36mV.
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Fig 4.14 Zeta potential analysis of comingled wood and biosolids particles with HTP

Similar trends of zeta potential values were observed for the comingled biomass
and bisolids slurry. When compared to the biomass water slurry, the absolute value of the
zeta potential value in biomass biosolids slurries was slightly less than that in biomass
water slurries. This is due to the present of biosolids in the slurry phase.

A slurry in a colloidal system became stable with a zeta potential of over 40mv,

so all slurries produced from HTP were unstable and tended to settle with gravity force.
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A dispersant would need to be added if storage of a slurry is long (several hours) after the

HTP process.
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5 Scale-up of Hydrothermal Pretreatment

In this section, a detailed process scale-up is presented for the Hydrothermal
Pretreatment (HTP). This includes a Process Demonstration Unit (PDU) scale and a

commercial scale HTP process.

5.1 Process Demonstration Unit Scale Hydrothermal Pretreatment

Process

A PDU scale of the HTP process discussed in the previous section was designed
and built for the gasification laboratory at CE-CERT. It is part of the demonstration scale
of CE-CERT’s Steam Hydrogasification process. The capacity of this demonstration
scale HTP process is 10lb/hr of dry feedstock. Green city wastes (wood waste) and
biosolids discharged from a waste water treatment facility will be comingled and used as
the feedstock. The goals are: 1) to prove the viability of the HTP process in a continuous
operating environment with a pretreatment capacity of 10lb/hr, 2) to test the consistency
of the physiochemical properties of the resultant slurries. This information can be used to
provide the initial design for a pilot scale and commercial scale facility.
5.1.1 Design of a Demonstration Scale HTP Process

The demonstration scale HTP contains four parts: gas supply and vent, a constant
stirred batch reactor, an internal cooling system and a control system. To this end, the
demonstration scale HTP process was configured and built as shown in Figure 5.1. The

specific details follow.
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Fig 5.1 Demonstration Scale HTP Process Configuration

Components:

a) Master slave box controller

b) Temperature and pressure sensor
¢) Electric heater
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d) Magnetic agitator assembly
e) Internal cooling assembly
f)  Gas supply and vent

g) Seal and safety rupture disc
h)  Pneumatic lift and support

To achieve a pretreatment capacity of 10lb/hr, a minimum of two 5 gallon HTP
reactors are needed. In real application, these two batch process would be operated in
parallel to maintain a constant stream of slurry product. Figure 5.2 shows a continuous

operation of two HTP reactors to maintain constant slurry production.
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Fig 5.2 Continuous Slurry Production by Parallel Operation of two HTP Reactors

Slurry product from the previous run is collected at stage 1, and the comingled
wood and biosolids feedstock is fed into the reactor. The feedstock in vessel #2 is being
hydrothermally pretreated. At stage 2, HTP is completed in vessel #2, and it is being
quenched to ambient temperature by exchanging heat to vessel #1. Part of the heat is lost.

At stage 3, the slurry product is collected from vessel #2 and the fresh comingled
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feedstock is fed into the reactor, while feedstock in vessel #1 is being hydrothermally
pretreated. At stage 4, the HTP is complete in vessel #1, and it is being quenched to
ambient temperature by exchanging heat to vessel #2, and is prepared for the next
operation cycle. During the pretreatment, the slurry product is stored in a storage tank
before being pumped into the gasifier. Once the continuous fed of the slurry into the
gasifier and the slurry product from the HTP is balanced, the continuous operation of
gasification is achieved.
Constant Stirred Batch Reactor

A 5 gallon stirred batch reactor was designed in accordance to ASME Boiler and
Pressure Vessel Code, Section VIII, Division 1. The design specification of the
demonstration scale HTP is listed in Table 5.1.

Table 5.1 Design Specification of Demonstration Scale HTP

Design specs Comments
Product capacity 10 Ib/hr
Heating rate 10~40 °C/min
Cooling rate 20~40 °C/min

Agitator capacity Capable of stirring 10 Pa-s slurry at a speed of 100 rpm

Reactor ratings Maximum Allowable Working Pressure (MAWP): 3000 psi

Maximum Allowable Working Temperature (MAWT) : 350 °C

The batch vessel was made in a cylindrical shape with a height of 17.40inches and

an inner diameter of 9.25inches. The design Maximum Allowable Working Pressure
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(MAWP) was 3000psi, and the design Maximum Allowable Working Temperature
(MAWT) was 350°C. Material was selected to handle the pressure and temperature based
on the following factors:

e Strength

e Corrosion Resistance

e Resistance to Hydrogen Attack

e Fracture Toughness

e Fabricability

Lab scale HTP test results showed that the slurry products after pretreatment were

mildly acidic, with a pH of 3 to 4. This is due to the acetic acids produced from the
decomposition of wood wastes and biosolids during the HTP. Therefore, the materials of
the HTP reactor needed to be corrosion resistant. 316-stainless steel was chosen as the
reactor material because it contains high nickel and molybdenum concentration, and has
affordable corrosive resistance to sulfuric, phosphoric, and acetic acid. Since the
temperature of the HTP was restricted to be less than 300°C, hydrogen dissociation

would not happen in the HTP, thus no hydrogen attack was considered. The chemical and

mechanical properties of SS-316 are listed in Table 5.2.
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Table 5.2 Chemical and Mechanical Properties of SS-316

Properties Specification

Chemical composition, % C: <0.08, Mn: <20, Si: <1.0, Cr:
16.0~18.0, Ni: 10.0~14.0, Mo: 2.0~3.0

Tensile strength, psi 84,000

Proof Stress (0.2% offset), psi 45,000

The thickness of the cylindrical wall was calculated according to ASME code by:

t, = —8 (Eq. 5.1)

P SXE—0.6xP

And the thickness of the flanged and dished head was calculated by:

_ 177xPXL
P T 2xSXE-0.2XP

(Eq.5.2)
Where

t,= minimum required thickness (in.)

P= Design pressure (psi)

R= Inner radius (in.)

S= Allowable stress (psi)

L= Inner spherical radius (in.)

E= Weld joint efficiency factor, 0.85 for spot.

Vessel components are weakened when nozzles openings exist in the top flange.
The vessel was reinforced by increasing the vessel wall thickness on the top flange.
Thickness of the vessel was examined by the following equation:

Ay < (A + Ay) (Eq. 5.3)
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Where

Ag = larger of d(Ts —tg) — 2T, (Ts — ts) or 2(Ts + t,,)(Ts — tg) — 2t,(Ts — ts)
A, = smaller of 2[2.5 X T(T,, — t,)] or 2[2.5 X T,,(T,, — t,)]
Ts= Actual thickness of shell (in.)
= Required thickness of shell (in.)
T,= Actual thickness of nozzle (in.)
ty,= required thickness of nozzle (in.)
Results of the nozzle positioning in the flanged head is shown in Figure 5.3.

Thickness of the flanged and dished head is shown in Figure 5.4.
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Fig 5.3 Nozzle Positioning in the Flanged Head of HTP Reactor
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Fig 5.4 Thickness of the Flanged Head of HTP reactor

Heating and Cooling Assembly

The HTP reactor is heated by a three zone electric heater jacket, as shown in
Figure 5.5. A serpentine cooling coil with a coolant circulating system was installed to
transfer heat out of the hydrothermal reactor when the pretreatment is finished. Ethylene
glycol was used for coolant in the cooling system. This is to minimize the fouling effect
that may have caused by use of water. A second stage cooling coil was then installed to
quench the heat from the ethylene glycol. A flow diagram of the demonstration scale

HTP is shown in Figure 5.6.
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Master Slave Box Controller

A three zone slave control box was designed in conjunction with a Master
controller to monitor and control the temperature, pressure and motor speed of the
agitator online. The slave box obtains its signal inputs from thermal couples and pressure
sensor in the reactor. The slave box has two 25A fuses on the electric heater, which
provides a total of 50A electric power to the electric heater. There are four selectable
zone switches in the slave box controller, which provides a wide range of heating rates
available within a single heater assembly. Wiring of control box was configured as:

e Zone 1 wired with bottom side heater
e Zone 2 wired with middle side heater

e Zone 3 wired with top side heater.

Temperature and Pressure Sensor

Temperature is monitored by thermocouples. Two Type J (iron-constantan,
stainless steel sheath, 1/8 inch diameter) thermocouples were installed in the reactor. One
was buried in the reactor by a thermo-well penetrating through the head of the reactor. It
monitors the real time temperature of inside the reactor. The other is installed in the
heater. It controls the power of the heater and protects it from overheating. The total
resistance of the thermocouple and the lead wires should not exceed 200hms. Higher
resistance of the thermocouple circuit would result in reduced sensitivity of the control
system, which was not desired and avoided.

A pressure gage, typically a 0-2000psi with a T316 stainless steel Bourdon tube,

was mounted on the head. A Pressure Display Module (PDM) with transducer was also
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mounted on the head. The transducer was connected to the master slave box which
enabled online reading of the pressure inside the reactor.
Electric Heater

A 3-zone heater was installed in the jackets surrounding the hydrothermal reactor.
Each heating zone was rated at 230V, 50/60 Hz, 15A. The entire heating assembly was
powered by the master slave box controller. Type J temperature sensor was installed at
zone #2 to monitor the operating temperature of the heater. This was also programmed to
shut the heat off when overheating is inspected.
Magnetic Agitator Assembly

A 60in/lb footless heavy duty magnetic stirrer is mounted in the fixed head
support stand. Homogeneity of the feedstock is achieved by using such a design. In the
magnetic drive, magnets for the inner rotor to which the stirrer shaft was attached were
enclosed in stainless steel housing, permanently sealed by laser welding and supported by
graphite-filled, PTFE bushings. Such design avoids leakage problems which can arise
with a packed gland stirrer drive, as shown in Figure 5.7. A direct drive was used to
power the magnetic impeller. The direct drive has the motor mounted vertically above the
reactor with the drive coupler connected to the motor shaft. The direct drive included a
motor to provide variable speed of the impeller. Maximum power output of the direct

drive was 3/4hp. Speed of the motor ranged from O to 400rpm.
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Internal Cooling Assembly

Three parts of the HTP system require external cooling. They are the
hydrothermal reactor, the direct drive motor and the PDM pressure transducer.

A cooling coil (3/8 inch in diameter) with a serpentine configuration runs through
the hydrothermal reactor. Two openings on the head of the reactor allow coolant to be
introduced and pass through, as shown in Figure 5.8. A coolant tank was designed and

positioned next the reactor. Coolant is pumped through the cooling coil pipe by a
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submersible pump. The flow rate of coolant is controlled by a Solenoid Valve Module
(SVM).

428Y8 Female Elbow
A92H#BE Male Conneclor

Fig 5.8 Welding of Cooling Coil on Flanged Head of the HTP Reactor

Coolant pipe (1/4 inch diameter) also runs serially through the direct drive motor
and the PDM pressure transducer. Its flow rate is controlled by a hydraulic flow meter.
Gas Supply and Vent

Hydrogen is supplied by a size-K hydrogen tank purchased from Praxair.
Hydrogen is introduced into the reactor through a dip tube on the head, as shown in
Figure 5.9. When pretreatment is completed, gas is released through a releasing needle
valve. An extra port is also provided when the exhaust gas needs to be sampled and

analyzed. A vacuum pump was installed in the exhaust line which is used to vacuum the
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reactor before the HTP and provide head space gas pressurization, and is used after the

HTP for ventilation of potentially hazardous exhaust gas.

Gas Release Gas Inlet Valve

Valve

Gas Inlet Valve

Fig 5.9 Gas Inlet and Release Line

Seal and Safety Rupture Disc

A PTFE flat gasket was installed in a recess in the vessel head and a machine pilot
on the cylinder closed the recess to completely contain the gasket. The split ring closure
used with this gasket has compression bolts which were tightened to develop loading on
the gasket. The closure was designed so that the compression bolts in the split ring
sections would contact within a lip on the compression ring and bring the split sections

into their proper position.
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There is a safety rupture disc attached to the head of the reactor which is intended
to rupture and release the pressure before it reaches a dangerous level. The outlet of the
rupture disc is connected to a vacuum vent, which ensures safe evacuation of hazardous
gas exhaust if maximum operating parameters are exceeded.

5.1.2 Demonstration Scale HTP Test
Experimental Procedure

Pine wood was used as a representative for wood. Dissolved Air Floatation
Thickener (DAFT: discharged from Riverside Wastewater Treatment Plant, Riverside,
CA) was used as a representative of biosolids. The pine wood is first crushed in a
laboratory mill (Thomas — Willey model 4, Arthur H. Thomas Company). The crushed
wood particles were then grinded in a coffee grinder (Braun KSM-2W). All wood
particles passed through a 35 mesh sieve (<500um). The particles were then dried in an
oven at 105°C to reduce the inherent moisture. The reason for performing the drying
procedure is to precisely control the moisture content in the comingled feedstock. After
that, the dried wood particles were mixed with biosolids to prepare a comingle wood and
biosolids mixture. The mixture was then loaded into the hydrothermal reactor to be
hydrothermally pretreated. The head space gas inside the reactor before HTP was
controlled by vacuuming and pressurizing with 200psi of hydrogen three times. Then the
vessel was heated up to a desired temperature and was thermally treated for 1 hour. The
agitator is on during the entire test. After the HTP, the vessel is convectively cooled off
by pumping coolant through the cooling coil inside the reactor. The wood particles are

mixed with biosolids. The solid content of the comingled wood and biosolids is

134



controlled by weighting the wood and biosolids before mixing. For example, to obtain a
comingled mixture with solid content of 43wt.%, wood and biosolids were mixed by a
mass ratio of 1:1.5.

The comingled wood and biosolids mixture is fed into the hydrothermal reactor.
The head space in the reactor is pressurized with hydrogen. It is done by vacuuming and
pressurizing the reactor with hydrogen at 100psi for three times. Final pressure of the
head space gas was controlled by setting up the pressure supply in the hydrogen tank.
When HTP is completed, the reactor is quenched to ambient temperature by opening the
cooling system. When the temperature of the hydrothermal reactor deceases to room
temperature, the exhaust gas in the head space is either vented or sampled. The reactor is
vacuumed before being opened. Slurry product is collected from a 1.5 inch drainage hole
on the bottom of the reactor. After the slurry is collected, the reactor is cleaned for the
next operation.
Results and Discussion
Leak Tests

The stirred batch hydrothermal reactor is rated at a Maximum Allowable Water
Temperature (MAWT) of 350°C and a Maximum Allowable Water Pressure (MAWP) of
3000 psi. The approximate operation temperature and pressure of the HTP, based on a lab
scale batch test, are 240~270°C and 1200~1400psi, respectively. The operation
temperature and pressure were simulated by heating 3 liters (equally 5.71b) of water to
300°C. Head space in the reactor was kept at 200psi by pressurizing nitrogen before it

was heated. When the temperature in the reactor reached 300°C, it was kept constant for
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over an hour, such that the pressure in the reactor was also kept constant at 1245psi.

Experimental result of the leak test is shown in Figure 5.10.
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Fig 5.10 Leak Test Results of Demonstration Scale HTP Reactor

The leak test results showed that reactor was sealed during the entire process, and
the pressure was well kept constant at 1425psi with a constant temperature of 300°C.

Heating and Cooling Rate
It is essential to examine the heating and cooling rates of the stirred batch

hydrothermal reactor. There are two reasons for this: 1) the operation time of the
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pretreatment process is important for continuous feeding in the downstream Steam
Hydrogasfication Reaction (SHR); 2) energy consumption of the pretreatment process
depends on its heating rate. The heating and cooling rate of the HTP reactor was
measured by heating water and wood wastes mixture in the HTP reactor. The heating and

cooling ramp were then calculated and results are plotted in Figure 5.11.
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Fig 5.11 Heating and Cooling Rate of Demonstration Scale HTP

It is shown in Figure 5.11 that heating of the stirred batch reactor from room

temperature to 300°C took about 30minutes. Cooling of the stirred batch reactor from
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300°C to 30°C took about 1.5hrs. If hydrothermal pretreatment was set to be 2hours, the
entire HTP process would take about 4 hours to complete.
Agitator test results

A stirring test was performed with a total of 6.0 1b water and 0.66kg wood. Such a
slurry had a viscosity value of 1.3Pa-s. The purpose of the agitator test was to examine
agitator speed and motor capacity when the feedstock was pretreated. A 60in/lb footless
heavy duty magnetic stirrer was used to power the agitator. The magnetic stirrer coupled
with the agitator had been tested to be capable of stirring a paste with viscosity value of
10pa-s by vendor. The agitator test result is shown in Figure 5.12. Result shows that

within a test time of Smin, motor speed was kept constant around at 100rpm.
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Fig 5.12 Agitator Test Results of Demonstration Scale HTP
Optimum Operation Conditions of Demonstration Scale HTP of Comingled

Wood and Biosolids were found in this study. A total of 13 tests of HTP of comingled

wood wastes and biosolids were carried out, as listed in Table 5.3.
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Table 5.3 Test plan in the 5 gallon stirred batch pretreatment vessel

1 2 3 4 5 6 7 8 9 10 11 12 13
Total load (kg) 4.8 4.8 4.8 3.6 3.6 3.6 3 3 3 3 3 3 3
Biosolids load 3.6 3.6 3.6 2.4 2.4 24 1.8 1.8 1.8 1.8 1.8 1.8 1.8
(kg)
Wood waste load | 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
(kg)
Biosolids to 3:1 3:1 3:1 2:1 2:1 2:1 1.5:1 1.5:1 1.5:1 1.5:1 1.5:1 1.5:1 1.5:1
wood waste ratio
Initial solid load 28.8 28.8 28.8 36.7 36.7 36.7 43.0 43.0 43.0 43.0 43.0 43.0 43.0
(wt. %)
Initial headspace | H,@200 | H,@200 | H,@200 | H,@200 | H,@200 | H,@200 | H,@200 | H,@200 | H,@200 | H,@100 | H,@400 | H,@200 | H,@200
gas and pressure | psi psi psi psi psi psi psi psi psi psi psi psi psi
Pretreatment time | 2 2 2 2 2 2 2 2 2 2 2 1 1.5
(hr)
Pretreatment 210£10 240+10 270£10 210£10 240+10 270+10 210£10 240£10 270+10 270+10 270+10 270£10 270£10

Temperature ("C)




The influence of the operating conditions described above on the product
properties were determined, these include the initial total solid loadings, initial wood to
biosolids ratios, initial head space gas composition and operation time. Results of
optimum operation condition tests of HTP of comingled wood and biosolids are given
below.

Table 5.4 Results of optimum operation conditions tests of HTP of comingled wood

waste and biosolids

Test number Slurry form (yes/no)
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Slurry formation described in Table 1 was determined by visualizing the free
water in the resultant mixtures after HTP. A flowable slurry was defined qualitatively in
that there was noticeable amount of free water in the resultant mixture when the mixture

was tilted in a transparent glass beaker. And, a non-flowable mixture had no or
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unnoticeable free water. Figure 5.13 shows the comparison of a flowable and unflowable

mixtures after HTP.

Fig 5.13 Comparison of Flowable and Non-flowable Product after HTP:

a) biosoilds and biomass mass ratio of 1.5:1, pretreatment temperature of 240 °C;
b) biosolids and biomass mass ratio of 2:1, pretreatment temperature of 240 °C.

It is important to point out that the flowable slurry is different from pumpable

slurry which is defined as slurry with a viscosity value of less than 1.5pa-s. Optimum

operation conditions were defined as when the highest initial solid loading was achieved

to produce a flowable slurry, and is listed in Table 5.5.

Table 5.5 Optimum Operation Condition of Demonstration Scale HTP

Parameters Operation conditions
Initial wood wastes to biosolids ratio 1:1.5

Initial solid loading 43wt.%
Temperature 270°C

Initial head space pressure 200psi

Operation time 2 hrs

The initial solid loading had a major impact on the product slurry formation.

Results show that with an initial wood to biosoilds ratio of 1:3 (initial solid loading of
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28.8wt.%), slurry can be produced when the comingled feedstock was hydrothermally
pretreated with a temperature at 210°C. With an initial wood to biosoilds ratio of 1:2
(initial solid loading of 36.7wt.%), a slurry can be produced when the comingled
feedstock was hydrothermally treated with a temperature at 240°C. And with an initial
wood to biosoilds ratio of 1:1.5 (initial solid loading of 43wt.%), slurry can be produced
when the comingled feedstock was hydrothermally treated with a temperature at 270°C.
So it was concluded that in order to produce comingled wood wastes and biosolids slurry
with an initial solid loading of over 40wt.%, the required temperature of HTP should be
set above 270°C. At 270°C, the initial pressure of hydrogen in the head space gas needed
was over 200psi. Operation time was also an important, not only because it affected the
product formation, but it affected the continuous feedstock production rate as well. It was
found that with an operation time of 2hours, slurry form of product was successfully
produced, and the total feedstock production rate was able to meet the requirement of a
continuous running of the downstream fluidized bed SHR Process.
Rheology Analysis of Comingled Wood Waste and Biosolids Slurry from
Demonstration Scale HTP

The rheology properties of comingled wood and biosolids slurry with initial solid
loading of 43.wt% are plotted in Figure 5.14. This slurry was pretreated at the optimum
operation conditions, the pretreatment temperature was 270°C, initial head space gas was
200psi of hydrogen and pretreatment time was 2 hours.

The rheometer was calibrated with standard oil before the rheology tests. And the

rheology tests results show that at the optimum operation conditions, the resultant slurry
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has a viscosity of less than 1.0Pa-s when shear rate was greater than 80s”. According to
other research, the shear rates of the pump during slurry mixing, pipe flow and injection
are 10-1000s™", 1-1000s™ and 1000-10000s™", respectively. So it is concluded that the
comingled wood and biosolids slurry produced after HTP at the optimum operation

condition is pumpable. This is one of the most important successful goal of this research.
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Fig 5.14 Rheology Properties of Comingled Wood Waste and Biosolids Slurry from

Demonstration Scale HTP
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5.2 Commercial Scale HTP Simulation

Presently, the Steam Hydrogasification Reaction (SHR) process with a
Hydrothermal Pretreatment (HTP) unit has been built in CE-CERT at both a laboratory
scale and a process demonstration scale. A commercial scale process is still not available
for several reasons. Thus a technological and economical assessment of a
commercialized SHR- HTP system cannot be based on any real world experience. Such
evaluations, however, are required to effectively transfer this technology to the end-user.
We did perform several modeling exercises and it is felt this modeling work can assist in
material selection and energy utilization for a commercial scale HTP process.

In this section, an ASPEN Plus process simulator developed by ASPEN Tech,
Inc.was used to model a 400 tons of feedstocks per day (dry basis) HTP process.

ASPEN uses a process flow-sheet simulator, which consists of a built-in model
library. By choosing close-to-reality reactor types and use the thermodynamic
relationships in the package, ASPEN can simulate chemical processes with reasonable
detail. ASPEN Plus, compared with other chemical process simulator, such as ChemCad
and Pro/ll, included a user’s definition method of non-conventional feedstocks, which
makes it suitable for simulation of solid feedstocks, such as coal and biomass.
Thermodynamic properties

Near-realistic estimation of the HTP operation, with a capability of predicting
optimum operational condition, is the goal of this simulation, so it is important to
incorporate both material stream and energy stream constrains into the simulation.

ASPEN Plus will then routinely calculate the required computations as long as the
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chemical species are completely defined and characterized. In this study, pure chemicals
in the reactions, such as oxygen, hydrogen, water, carbon monoxide, carbon dioxide,
hydrocarbons, dissolved inorganic carbohydrates and dissolved sugars in liquid phase
were defined in ASPEN Plus build-in database. Methods of computing their
thermodynamic properties were provided by ASPEN Plus. Other non-conventional
chemicals in the solid phase, such as biomass and biosolids, required manual definition.
This is due to the fact that those feedstocks are mixtures of numerous chemical
constituents, thus they have no defined atomic compositions. A non-conventional solids
definition module provided by ASPEN Plus was utilized to alleviate this shortage.
Complete energy computation and thermodynamic properties of these nonconventional
solids need to be defined in such a way that allows ASPEN Plus to perform necessary
calculations. The PENG-ROB property retaining method was applied to calculate the
thermodynamic properties of all chemical constituents. The PENG-ROB method
calculates all thermodynamic properties based on a cubic equation of state except the
liquid molar volume. It is a recommended standard method by ASPEN Plus when high
temperature/pressure hydrocarbon gas processing is involved. Table 5.6 summarizes the
chemical compositions and property methods used in this simulation hydrocarbon gas

processing is involved.
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Table 5.6 Universal property methods applied in ASPEN Plus simulation

Chemical compositions Conventional H,, water (H,O), CO, CO,

C,H,, CO;” and CsH,(0s

Nonconventional Org, Ash, Porg

Properties methods PENG-ROB

Non-conventional solids, as mentioned above, require manual definition. Wood
contains an enormous number of individual constituents. By nature, it contains inherent
moisture; its polymeric structure consists of cellulose, hemicellulose and lignin. Ash
components remain when wood is combusted, which mainly consist of silicone oxides
and metal oxides. Even the polymeric hydrocarbon species in wood cannot be atomically
described due to the variation of their chain length. Biosolids are more complex than
wood, in which more metal and hydrocarbon species exist. It is beyond the scope of
thesis to deal with a complex characterization process of biomass and biosolids in detail.
However to allow for meaningful simulations the Universal property methods (see Table
5.7) applied in ASPEN Plus simulation can provide basic conceptual assumption of the
physical/chemical properties of biomass and biosolids.

The admixed feedstocks within the HTP can be assumed to be composed of an
organic component, an ash component and moisture or water. The organic and ash
component in these feedstocks can be treated as nonconventional solids. The organic
component in the comingled feedstock was assigned as Org, and the organic component

in the product was assigned as Porg. Org and Porg are assumed to be pseudo-chemicals
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with consistent chemical composition. Org decomposes in the HTP to produce Porg,
hydrocarbon, carbon oxide, organic solids and sugar.
To define Org, Porg and ash in ASPEN Plus, Huffman analysis was done.

Enthalpy of Org and Porg was then calculated by the Dulong Correlation as given below:
He =33.8x, +143.9 x (x4 - 2) + 9.4 x x (Eq. 5.4)

Where the x’s are weight fractions of C, H, O and S and the enthalpy is given in
unit of MJ/kg.

The heat capacities of all nonconventional components are calculated by the
Kirov correlation, which uses the proximate analysis of a component to compute the heat
capacity at certain temperature. The function is given below:

Cp = X, (4180) + x,(690 + 2.85T, — 0.00176T2) + x,, (1650 + 3.39T,) +

Xps (2970 + 3.39T,) + x,(753 + 0.589T,) (Eq.5.5.)

Where the heat capacity is given in J-kg 'K, x, is the moisture weight fraction, x;
is fixed carbon weight fraction, X,p is the primary volatile matter, X, is the secondary
volatile matter weight fraction, x, is the ash weight fraction and T, is the temperature in
Celsius. The primary volatile matter is defined as volatile matter in excess of 10% of the
component on a dry, ash-free basis and secondary volatile matter is equal to the volatile
matter content up to 10%. In this study, only Primary volatile matter was measured.

Ash components were considered unchanged in the HTP, even though in reality,
they could be modified, but such change would not strongly influence the overall material

and energy balance due to its low concentration, and so it was not considered.
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HTP pseudo-chemistry

A critical simulation step in this study is to simulate the decomposition of
biomass in the HTP. A decomposition reaction was assumed. Products were calculated
from the experimental results. Chemical compositions of Org were defined by Huffman
elemental tests, and chemical compositions of Porg were then calculated by balancing the

overall stoichiometry of the reaction. Results of Org and Porg chemical compositions are

listed in Table 5.7.

Table 5.7 Chemical compositions of feedstocks and product solid fractions

Porg
pretreatment temperature
biomass biosolids Org 180°C | 210°C | 240°C
Initial biosolids to wood ratio
3:1 2:1 | 1.5:1
wt.% atom/C | wt.% atom/C | atom/C | atom/C
C | 47.56 1.00 40.80 | 1.00 1.00 1.00 1.00 | 1.00 | 1.00 | 1.00
H | 6.31 1.59 6.22 1.83 1.62 1.72 1.68 1.66 | 1.70 | 1.75
O | 45.81 0.72 23.14 |0.43 0.68 0.65 0.63 |0.63 | 0.61 | 0.63
The overall chemical reaction in HTP was defined as follow:
Org —» aPorg+ BCHy+ yCO+ 6§CO,+ € CsHyz05 (Eq. 5.6)

Concluded from our experimental results, methane was the major hydrocarbon
component, and so hydrocarbons were approximated by methane in this study. Inorganic
composition in the liquid phase was detected at a low level, and so it was not considered.

Xylose (CsHj0Os) is the precursor of hemicellulose, which is the major solvolyzed sugar
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in the liquid phase after HTP. Other minor species, such as N, S and Cl are at low levels
in the feedstock, and so they were omitted for simplification. The stoichiometry of the
pseudo-chemistry was then obtained. The results are shown in Table 5.8.

Table 5.8 Reaction stoichiometry of biomass HTP

Porg

pretreatment temperature

180°C 210°C 240°C

Initial biosolids to wood ratio

3:1 2:1 1.5:1
a | 0.93 0.94 0.95 0.93 0.91
B | 4.3E-06 1.4E-05 7.1E-05 7.0E-05 1.1E-03
v | 0.05 0.01 0.00 0.01 0.02
o | 0.01 0.03 0.03 0.04 0.05
e | 0.002 0.004 0.004 0.004 0.004

Process Simulation of HTP

The process flow diagram of HTP is shown in Figure 5.15. Pinewood was first
pulverized to reduce its particle size to 75um-90um. Then it was mixed with biosolids at
a fixed ratio. The mixture was then pressurized by hydrogen to 100psi and was preheated
by exchanging heat from the hot slurry product. The preheated mixture was then
pretreated in the HTP reactor. After HTP, the hot slurry product was cooled down by

exchanging heat to cold feedstocks, and then was cooled down to room temperature
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before it was flashed to separate the gas components. Lastly, the slurry product was

pumped into a gasifier at 450psi by a centrifugal pump.
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Fig 5.15 Simulation flow diagram of HTP



The unit modular used in this simulation was summarized in Table 5.9.

Table 5.9 Modular and its specification in HTP simulation

Unit Model Specification

Grinder Jaw homogeneous wood grinder, heat produced by the breaking
Crusher process uncounted

HeatX Heat contercurrent shell&tube type with constant overall heat
Exchanger | transfer coefficient

HTP R-Yield Product yield is obtained from PDU experimental data

SHRPump | pump fixed output pressure

Simulation Results

Material balance of the 400tons/day commercial scale HTP are listed in Appendix

A. Based on an initial biosolids to wood ratio, 36.8 to 56.2tons/hr slurry can be produced

by the simulated HTP plant, and approximately 1.46 to 2.2tons/hr exhaust gas is also

generated during this process. The exhaust gas contains 400 to 800kg/hr CO,, 150 to

320kg/hr of CO and around 30kg/hr H,, with a heating value of 4 to SMMBtu/hr The

exhaust gas is pressurized to 220 -250psi, and can be compressed and injected into the

SHR as blow gas.
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Fig 5.16 Material flow of 400 tons/day HTP plant regarding initial biosolids to wood

ratio

The slurry product contains a solid loading ranging from 27% to 41% depending

on the initial biosolids to wood loading.
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Fig 5.17 Solid loading of slurry product in 400 tons/day HTP plant regarding initial

biosolids to wood ratio

Energy calculations of the commercial HTP plant were done for varying

pretreatment temperature and initial biosolids to wood ratio. Results are presented below

for each step of the process.
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Fig 5.18 Stage-wise energy consumption in a 400 tons/day HTP plant regarding

pretreatment temperature

Negative values in Figure 5.18 represent energy consumption, and positive
numbers represents energy lost in the process. The results indicate that the total energy
consumption of the HTP plant reached the lowest point when the pretreatment
temperature was set at 240°C. This is due to the fact that it is more efficient to preheat the
feedstocks in contact with hot slurry with higher temperature. Therefore, the heat duty

required to heat the feedstocks to pretreatment temperature is less at higher pretreatment
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temperature. Energy was majorly consumed in the HTP reactor, at a rate from 3.2MW to
7.2MW. This included the energy consumed to decompose the polysaccharides in the
feedstocks, and the heat to maintain the temperature of the reactor. The second main
energy consumption was to heat the feedstocks to the pretreatment temperature, at a rate
from 3.4MW to 3.5MW. The energy consumed in grinding of the wood and pumping the
final product into gasifier totaled at around 0.25MW. A large portion of the input energy
was lost during the cooling process of the slurry product. Efficient heat exchanger would
compensate such energy loss by transferring most of the heat into the incoming
feedstocks. Sensitive analyses of the energy consumption with respect to some processing
parameters, such as grinding of the feedstocks, heat duty of the heat exchanger and the
pumping of feedstocks with varying viscosity were performed.

Energy consumption of grinding stage is determined by both particle size of wood
in the feedstock and the grindability of feedstocks. Before the HTP, the particle size of
the wood was usually reduced to 50-200um. The energy consumption of grinding wood
particles to a size range of 50-200um was then calculated. Biomass is hard to grind
compared with coal. This is due to the nature of its structure and strong fiber strength.
ASPEN Plus uses Hardgrove Grindability Index (HGI) to represents how difficult the
material can be grinded. It is an empirical test result and depends heavily on the
mechanical strength of the material being tested. A study has been performed to
investigate the HGI of different biomass, and Table 5.10 summarizes HGI of coal and

biomass by categories.
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Table 5.10 HGI of coal and biomass

Materials HGI Reference
Coal >40 [249, 250]
Agricultural residual <1 [172]
Hardwood <30 [251]
Softwood <10 -

The energy consumption of grinding stage of 400tons/day HTP plant was
calculated by varying the wood particle size and its grindability. As shown in Figure 5.19,
grinding fine wood particles required more energy consumption. More than twice the
energy was needed to reduce the wood particle size from 75um to 50um, and this
significantly increased the total energy consumption. Therefore, in the real practice, it is
reasonable to set the wood particle size to be larger than 75um. As grindability of the
feedstock decreased to less than 30, significant energy is required to grind the feedstocks.
Which means for the agricultural residuals and most soft wood, large particle size would
be used to reduce the energy consumed in the grinding process. But as was proven by
previous experiments, HTP also reduced solid particle size, so it is possible to obtain
desired particle size without fine grinding in front of the HTP. It is important to point out
that, in this simulation, jaw grinder was used to simulate the grinding process, whereas in
real application, knife mill will be more suitable for biomass particle size reduction.
Unfortunately, such alternation of grinding equipment is not available in aspen package,

and the general purpose jaw grinder was used in the simulation. In other study of biomass
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torrefaction has shown that HTP upgraded the grindability of biomass feedstocks, so it
would also be rational to install the grinding process after HTP to obtain fine particles.
Since desired particle size in the slurry has to be determined by design of the fluidized

bed gasifier, it is out of the scope of this study to quantify the optimum particle size in the

slurry.
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Fig 5.19 Grinding energy consumption and total energy consumption regarding wood

particle size
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As the stage total energy consumption graph showed, a large portion of the energy
consumption was provided to heat the cold feedstocks to the pretreatment temperature.
And so the energy consumption difference with varying heat exchanger duty was

compared and results are shown in Figure 5.20.
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Fig 5.20 Total energy consumption of 400 tons/day HTP plant regarding the heat duty of

heat exchanger and the respective temperature of cooled slurry.

As the heat duty of heat exchanger approached 7.4MW, the temperature of the

cooled slurry was reduced to less than 80°C, which in practice, is a temperature that
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further heat exchange would be inefficient. The total energy consumption would double
when the temperature of the cooled slurry increased from 75°C to 100°C, but the heat
duty of the heat exchanger would be reduced from 7.4MW to 1.IMW. With larger
exchanger heat duty, more exchanger contacting area is required, which means high
capital cost for the heat exchanger. So it would be practical to consider its economic
impact. However, such economic analysis was not performed in this study, and should be
considered in the future.

Viscosity of the slurry product would have an impact on the slurry pump
efficiency and change the energy consumed in pumping the slurry into a pressurized
gasifier. So the pump efficiency would be corrected by the viscosity value of the slurry.
A correction method was studied and proposed by the Hydraulic Institute (HI) on
Rotodynamic Slurry Pumps [252, 253]. To obtain the correction factor of pump

efficiency, parameter, B, was calculated by following function:

16.5x0-5x {00625
B = NO.ZSXQ0.375

(Eq.5.7)
Where

v is the kinematic viscosity in cP;

Q is the volumetric flow rate of materials in m3/hr;

H is the water head in m;

N is the rotating speed of the pump in rpm.

In this study, kinematic viscosity of the product slurry varied from 700cP to
1000cP at a shear rate of 102s™. Slurry pump working condition was 1000rpm with water

head gain of 95m, total volumetric flow rate of the slurry was 30.6m’/hr. The value of B
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was then obtained, by which correction

graph given by HI:

1.0

factor of pump efficiency was obtained from

0.9 [

i

w
Pavarnetsr B

Fig 5.21 Slurry pump efficiency correction factors

Table 5.11 Correction factor for slurry pump in 400tons/day HTP plant regarding slurry

kinematic viscosity

Viscosity (cP) B factor Correction factor
1 0.960956 1

100 9.609557 0.55

400 13.58997 0.4

700 25.4245 0.2

1000 30.38809 0.09

It is important to point out that slurries with a viscosity value of over 1000cP

could be efficiently pumped in practice but such viscosity range was not considered in the
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study above. The energy consumption of slurry pump was then obtained by applying

these correction factors for the 400tons/day HTP plant, and the results are shown below:
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Fig 5.22 Pump Energy Consumption as a Function of Slurry Kinematic Viscosity
Results of the pump correction showed that the change of energy consumption is

up to 0.4MW and it is insignificant compared with the total energy consumption of the

HTP plant, which is above 7TMW.
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Conclusion

An innovative and cost effective Hydrothermal Pretreatment (HTP) method for
biomass and other carbonaceous material was developed in this thesis. The HTP process
prepares a pumpable high solid biomass slurry for gasification technologies. A lab scale
and Process Demonstration Unit (PDU) scale HTP process were designed, built and
evaluated using several feedstocks. The optimum operational conditions to yield a
pumpable biomass slurry with an acceptable carbon to water ratio for the CE-CERT
Steam Hydrogasification technology have been determined. In addition, a 400ton/day
commercial scale HTP plant was simulated using ASPEN Plus. The energy and material
balance were calculated based on experimental data developed as part of the thesis
research. Three sub tasks were completed with the following conclusions:

1. A series of experiments have been performed to determine the optimum operation
conditions of Hydrothermal Pretreatment (HTP) to yield desired viscosity and
carbon content of the several carbonaceous slurries. In this sub task, the following
results were obtained:

1) A pumpable comingled wood-coal water slurry was produced with a solid
content of over 50wt.% after it was hydrothermally treated for over 30min
at a pretreatment temperature of 240°C. The slurry had an apparent
viscosity of less than 1.0Pa-s, and the water to carbon ratio, by weight,
was lower than 3:1. The slurry has a water to carbon ratio that favors

Steam Hydrogasification, and thus could be gasified in an efficient manner;
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2) A significant decrease of the apparent viscosity of biosolids was observed
when biosolids was hydrothermally treated at a temperature of above
180°C, but the further increase of pretreatment temperature has no obvious
impact on the apparent viscosity of biosolids;

3) A comingled wood-biosolds slurry was produced with a solid content of
over 43wt.% after being hydrothermally treated for over 30min at a
pretreatment temperature of 240°C. The apparent viscosity of this slurry
was less than 1.0pa-s, and the water to carbon ratio, by weight, was lower
than 3:1. This slurry contains a water to carbon ratio that favors Steam
Hydrogasification, and thus could be gasified in an efficient manner;

4) Slurries settled faster after hydrothermal treatment than before the
pretreatment. The presence of biosolids in the slurry elongated the
settlement time and enhanced the stability of slurries.

The influence of operation conditions of HTP on the carbon redistribution were
investigated by varying the pretreatment temperature, initial solid loading, initial
wood particle size and pretreatment time. In this sub task, the following results
were concluded:

1) Increased levels of hydrocarbons were in the gas phase with increased
pretreatment temperature. Carbon monoxide was the major carbon
component in the gas when pretreatment was carried out at 180°C, but
when pretreatment temperature increased to 240°C, carbon monoxide was

converted to carbon dioxide. Total carbon oxide (carbon monoxide and
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2)

3)

4)

5)

carbon dioxide) concentration in the gas increased with an increase of
pretreatment temperature;

Hydrocarbon components with higher carbon number were the major
carbon species in the gas phase when the initial wood to biosolids ratio is
1:1.5, while hydrocarbon components with lower carbon number were the
major carbon species in the gas phase when initial wood to biosolids ratio
is 1:3. Both carbon monoxide and carbon dioxide concentration in the gas
decreased with decreased wood to biosolids ratio. As more carbon species
were available in the slurry, with an increased wood to biosolids ratio the
concentrations of hydrocarbons and carbon oxides increased;

The initial wood particle size has an insignificant impact on carbon
compositions in the gas phase;

The carbon compositions in the gas increased when pretreatment time was
elongated from 30min to lhour, but no significant change has been
observed if the pretreatment time was over lhour. This suggests a
thermodynamic equilibrium of carbon between the gas and slurry phases
was reached with pretreatment time of over lhour;

HTP resulted in organic carbon components release from the biosolids into
its liquid phase, but did not have obvious impact on the inorganic carbon

concentration in the liquid phase;
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6) Higher TOC was detected in the liquid phase with higher pretreatment
temperature of wood and biosolids mixtures, no significant increase of IC
concentration in the liquid phase was observed;

7) TOC in the liquid phase increased with an increased wood to biosolids
weight ratio, as more carbon species were available in the wood and
biosolids mixture with higher wood to biosolids weight ratio;

8) Pretreatment resulted in less volatile carbon and more fixed carbon in the
solid phase of products, which favors gasification process as less tar would
be produced;

9) The carbon compositions presented in the liquid and gas phase after
hydrothermal pretreatment was lower than 1.2wt.% of the initial carbon in
the feedstocks. Most carbon is conserved in the solid phase which favors
gasification processes.

3. To investigate the mechanism of how HTP promoted slurry formation of wood
and biosolids mixture: (1) the free liquid in the bulk phase of wood biosolids
mixture was measured, (2) the particle size of the solid in the slurry was measured,
(3) surface electrokinetics of the solid particle was measured and (4) the micro
structure of solid particles was photographed by a SEM. In this sub task, the
following results were concluded:

1) The Scanning Electron Microscope photos showed that the microstructure
of biosolids was disrupted by HTP. Wood cells were disrupted by HTP as

well, and with increased temperature of HTP, an obvious open structure
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could be visualized in the wood cells. Wood lumps were broken into
smaller pieces due to the HTP. Inherent moisture of the feedstock was
release into the bulk phase by breaking cell walls of the wood;

2) The mean particle size of the wood particles reduced from 216um to
140um, 120pum and 75um after being pretreated at a temperature of 180°C,
210°C and 240°C, respectively. The reduction of wood cell size resulted in
release of inherent moisture of in the wood cells, thus increased the free
liquid in the bulk phase;

3) More free liquid was available in the bulk phase after the pretreatment,
and it increased with increase of pretreatment temperature. The available
free liquid was the fluid agent in the slurry which enhanced the slurribility
of the wood and biosolids mixtures;

4) The Zeta potential of biosolids increased after HTP and decreased with
increase of pretreatment temperature. Zeta potential of wood particles
decreased after HTP and increased with increase of pretreatment
temperature. The addition of biosolids increased the zeta potential of
particles in the mixtures. Results indicated increased stability of wood
particles in the slurry.

4. A 400ton/day commercial scale HTP process was simulated by using ASPEN
Plus. The process included grinding of wood chips, heat exchange between the

influent and effluent mixture, and a slurry pump to elevate pretreated slurry into
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gasifier with a pressure of 450psi. In this sub task, the following results were

concluded:

1y

2)

3)

4)

5)

A pseudo-chemical reaction scheme was derived by using the
experimental data obtained from lab scale and PDU scale HTP tests.

In the 400ton/day commercial scale HTP plant, 36.8 to 56.2tons/hr slurry
can be produced with about 1.46 to 2.2tons/hr exhaust gas generated. The
exhaust gas contains 400 to 800kg/hr CO,, 150 to 320kg/hr of CO and
around 30kg/hr H,, with a heating value of 4 to SMMBtu/hr;

The slurry product contains a solid loading ranging from 27% to 41%
depending on the initial biosolids to wood loading;

Total energy consumption of the HTP plant was lowest when pretreatment
temperature was set at 240°C. This is due to the fact that it is more
efficient to preheat the feedstocks in contact with hot slurry with higher
temperature. Energy was consumed in the HTP reactor at a rate from
3.2MW to 7.2MW. The second main energy requirement was to heat the
feedstocks to the pretreatment temperature, at a rate from 3.4MW to
3.5MW. The energy consumed in grinding of the wood and pumping the
final product into the gasifier totaled at around 0.25MW;

Grinding to very fine wood particle size required more energy
consumption. More than twice the energy was needed to reduce the wood
particle size from 75um to 50um, and thus significantly increased the total

energy consumption. Therefore, in real practice, it is reasonable to set the
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6)

7)

wood particle size to be larger than 75um. Significant energy is required to
grind the feedstocks as the grindability of the feedstock decreased to less
than 30;

The temperature of a cooled slurry reduced to less than 80°C as the heat
duty of the heat exchanger approached 7.4MW, which in practice, is the
temperature that further heat exchange would be inefficient. The total
energy consumption would double when the temperature of the cooled
slurry increased from 75°C to 100°C, but the heat duty of the heat
exchanger would be reduced from 7.4MW to 1.1MW;

Results of the pump correction showed that the change of energy
consumption is up to 0.4MW and it is insignificant compared with the total

energy consumption of the HTP plant, which is above TMW.
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Future work

A lab scale and Process demonstration scale Hydrothermal Pretreatment (HTP)
was developed and tested with the completion of this thesis. A 400ton/day commercial
scale HTP plant was simulated with the assistance of ASPEN Plus. Rheology analysis
and carbon balance of the products of HTP of biomass (wood waste and biosolids) were
experimentally investigated. The follow tasks will need to be performed to further
investigate the overall pretreatment performance on preparing suitable slurry for
gasification technologies:

1. Design and test the flow performance of pretreated biomass slurry in a centrifugal
pump and a membrane pump, its flow in pipelines and at the injection nozzles of
the gasifier;

2. Gasification of pretreated biomass slurry, compare the carbon conversion rate and
Cold Gas Efficiency of slurry feedstock in comparison with those of untreated
biomass feedstocks;

3. Evaluation of the fuel properties of the pretreated biomass slurry feedstocks in a
gasification environment, which may include the energy density, ash softening
behavior, etc.;

4. HTP of other renewable feedstocks, such as animal manure, solid sludge waste,
food waste, etc. The slurry product pumpability and carbon concentration will

need to be investigated.
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Appendices A

Material Balance of Aspen Simulation

PINEWOOD | HYDRO WATER EXHAUST | SHRFEED

Mole Flow Ibmol/hr

H, 0.0 47.5 0.0 40.5 0.0

H,O 0.0 0.0 2900.3 2870.3 0.0

CO 0.0 0.0 0.0 28.2 0.0

CO, 0.0 0.0 0.0 449 0.0

CH4 0.0 0.0 0.0 1.4 0.0

CsH;00s 0.0 0.0 0.0 2.2 0.0
Total Flow 0.0 47.5 2900.3 2987.5 0.0
Mass Flow Ib/hr

ORG 3.95E+04 0.0 0.0 0.0 0.0

PORG 0.0 0.0 0.0 0.0 3.66E+04

ASH 1.04E+02 0.0 0.0 0.0 1.04E+02
Total Flow 3.96E+04 0.0 0.0 0.0 3.67E+04
Temperature F | 30 30 86 86 86
Pressure 100 100 100 100 450
psia
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