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ABSTRACT*

Noncatalytic Supercritical Water Gasification of
Liguid Type Feedstocks for Hydrogen Production:
Investigation of Reactor Performance

Hydrogen is considered as the promising solution for both of energy issue
due to fossil fuel depletion and environmental issue due to global warming. It
because hydrogen can be produced from both of renewable and nonrenewable
sources and only produce air as byproduct in the case of pure hydrogen fed to
Polymer Electrolyte Membrane Fuel Cell (PEMFC). The production of hydrogen
by the supercritical water gasification (SCWG), a high pressure steam reforming
process conducted at above the critical point of water (374°C and 22.1 MPa), has
several advantages compare to the conventional gasification due to the unique
physical properties of supercritical water. The low dielectric constant of SCW (2~
20) allows the homogenous phase reaction of organic feedstock (as carbon
source), water and the gaseous product, eliminate the mass transfer limitation due
to two phase reaction system; enable the reaction to be conducted at very short
residence time. Compare to ambient water, it also has much lower viscosity,
higher diffusivity and adjustable density depends on the temperature and pressure,
beneficiary for conducting faster reaction.

I introduced the new reactor design, in this thesis named as “the 2
generation Supercritical Water Gasification (SCWG),” having purpose to obtain
the gas-liquid flow rate stability and improve the gaseous yield. This P
generation was the modification of the 1¥ generation SCWG, which has been
utilized for gasification study by the previous researcher. The modification focus
was in the reactor geometry. In the 1% generation SCWG, the reactor and
condenser was in vertical position; allowing the feed to be fed from the top and
liquid/gas flew out from the bottom. The modification done in the 2™ peneration
SCWG includes titling the reactor 75° from vertical position and adding the air-
cooled tube. In this 2™ generation SCWG, feedstock fed from the bottom and
tiquid/gas flew out from the top. The apparatus performance was investigated for
the noncatalytic gasification of isooctane, a model compound of gasoline. Under
the similar operating condition, the 2" generation of SCWG could improve the
hydrogen yield almost 4 times higher. Further medification to the apparatus,
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named as “the 3" generation SCWG,” was done by changing the reactor material
to enable the gasification experiment up to 800°C, 25 MPa and increasing the
reactor volume up to 6 times larger to enable the observation at longer residence
time. Again, isooctane was used as feedstock in order to compare with the
previous results. -

Our group is the first who investigates the isooctane gasification in
supercritical water. In order to compare the results with the widely studied
feedstock in SCWG, glucose was chosen as the second studied feedstock.
Glucose is used as a biomass model compound as it is representative of the
“building block™ of cellulose, the major constituenis of biomass. The low
concentration studies of glucose gasification were done and the results then
compared with that of done by other researchers under similar operating
condition. At high temperature (>700°C), the yield of hydrogen was higher than
that of observed by other researchers. The apparatus performance was also
investigated using various feedstocks from hydrocarbon with one carbon number
(Cy) to hydrocarbon with ten carbon number {C,;). Those feedstocks were
methanol, ethanol, glycerol, glucose, isooctane and n-decane. They represent the
straight, branch apd aromatic hydrocarbon. Complete gasification of all
feedstocks were observed under similar operating condition (25 MPa, 740°C; 10
wit%). Furthermore, the gasification of those feedstocks also studied at higher
concentration of 20 wt% and low temperature of 650°C.

Finally the energy efficiency calculation was done to the system. The
efficiencies of the experimental yields were compared to the equilibrium yields
as well as the efficiencies of the system without heat recovery and with heat
recovery. It can be concluded that the heat recovery could improve the efficiency
largely. The other ways to improve efficiency are used the higher heating value
of feedstocks and higher feedstock concentration,

* * A thesis is submitted to committee of the University of Science and Technelogy in a partial
fulfiiiment of the requirement for the degree of Doctor of Philosophy of Clean Energy and
Chemical Engineering conferred in February 2012
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1. Introduction

1.1 Background

Due o its high energy density and environmental benignity, hydrogen is
considered as a promising future energy source. Nevertheless, there are many

barriers to the commercialization of hydrogen as the main energy source, such as

competition with other mature technologies, price distortions, and requirements

of new infrastructure. There is still a long way to go before the stable state of

i
{
'
!

hydrogen can be established as a clean and renewable encrgy form. In this

situation, some strategies have been formulated to reduce the dependence of :
fossil fuels and simultaneously create nature-friendly technologies. In the short-
term, some strategies would be based on today’s combustion engines and
infrastructures.! The technologies developed are intended to utilize the current
infrustructure for efficient hydrogen distributions as well as to use the available

engines with marginal modifications. It includes the application of compact

onboard reformer system to produce hydrogen from fossil fuel that can be used

onboard' automobiles.”* Long-term strategies would focus on the development

of electric engines driven by fuel cells, along with the establishment of mature
renewable technologies and stabilization of the economy. Hydrogen fuel cells s
require huge investments for developing new engines, producing hydrogen on a

large scale, and constructing hydrogen distribution infrastructure.

Hydrogen is the most abundant element in the universe (up to 75% by




mass of all baryonic matter). However, hydrogen is not found in its free
molecular form in a significant quantity. Most of the hydrogen is present in the
compound form in water, hydrocarbons, and biomass. Therefore, biological,
thermochemical, or electrochemical processes are required to free hydrogen from
its compounds. Although biclogical routes are environment friendly and less
energy-intensive than the other methods, BioH, is not ready to meet large-scale
hydrogen production demands due to several limitations. Typically, the hydrogen
production yield from the biological method is considerably lower than that from
thermochemical or electrochemical hydrogen production method.* Thus far, the
reforming method is the most mature technology.’ Typically, the reforming
method has considerably higher hydrogen production yields and more feedstocks
flexibility. At present, the steam methane reforming (SMR), is the most
. economical and most widely used process in industries to produce hydrogen."*’
Photochemical and thermochemical water splitting is a highly at_tractive
hydrogen production alternative because it is renewable, and carbon dioxide is
not emitted. However, the high temperature of thermochemical water splitting
(up to 2500°C) causes material issue, high cost and low efficiency.’ While the
photochemical methods are still limited for practical/large scale due to the
needful of suitable photocatalyst and UV light which is account only for 3-4% of
solar radiation energy.* It is well-known that high purity hydrogen can be
produced by the electrolysis of water. However, low energy efficiency, low yield,

and limited production rate are major drawbacks.



The major reforming hydrogen production technologies include steam
reforming (SR), partial oxidation (POX) and autothermal reforming (ATR).
Although the steam reforming is the most common and well-established method,
it is often considered to be unsuitable to develop a compact steam reformer
system. Heterogeneous catalysts that are typically used in the steam reforming
are often overheated and sintered during the reforming reaction, resulting from
limited heat transfer through the reactor wall and low thermal conductivities
within the catalyst bad 3.8 In addition, the catalysts are often deactivated by the
presence of sulfurous/carbonyl compounds in fuel and coke/tar formation as a
typical byproduct of the gasification 2 Autothermal reforming (ATR) also
requires catalysts, thus unsuitable for the compact reformer system % 1 partial
oxidation can be conducted in the absence of catalyst at flame temperatures of
1300-1500 °C and in the presence of catalyst at lower temperature of >800 °C.
However, the exothermic nature of the reforming reaction makes it difficult to
control the temperature due to the coke formation. Thus, safety and thermal
management become major barriers for the partial oxidation to be applied in
practical, compact and portable gasification applications . In addition, the
densities of the fluid phase are low due to the low working pressure of
autothermal reforming (atmospheric) 113 steam reforming (0.1-3.5 MPa) " and
partial oxidation (atmospheric) "2 As a result, large reactor volume is ofien
required to perform gasification at the same fuel flow rate and the same residence
time compared to a system with higher working pressure. Therefore, there are

still considerable efforts underway to develop simpler, more compact, and more




efficient techniques that can produce hydrogen for ultimate onboard fuel cell
applications.

Supercritical water gasification (SCWG) can be a potential alternative to
produce hydrogen from fossil fuels using a compact reforming system. The
highly dense, supercritical fluid phase allows to develop a compact reformer
system '*. In addition, much higher density of supercritical water than that of
steam can result in higher thermal conductivity and specific heat. This is
beneficial to carry out endothermic gasification reactions > '°. Due to the single-
phase reaction and low mass transfer resistance associated with beneficial
physicochemical properties of supercritical water, the reforming reaction can be
conducted in a very short residence time (typically less than 1 min) ® Thus large
amounts of raw materials can be gasified using a compact supercritical water
reactor. The dielectric constant of supercritical water is much lower and the
number of hydrogen bonding is much smaller than those of the water at gmbient
condition or steam . As a result, typical hydrocarbons can be completely soluble
in supercritical water. Produced gases are also miscible in supercritical water
condition"”. Therefore, single-phase gasification reaction condition can be
performed in supercritical water. This is in sharp contrast with the multi-phase
reaction conditions associated with the conventional gasification techniques such
as steam reforming and partial oxidation '*"7.

Over the last ten years, there has been considerable interest in the use of
biomass as a renewable energy source. Many studies have demonstrated that

supercritical water is an excellent reaction medium for producing hydrogen from



biomass and its model compounds 16, 1821 1n the presence of homogeneous or
heterogeneous catalysts, high hydrogen gas yields, up to the theoretical value,
can be achieved. Hydrogen produced from biomass may be used in the future in
renewable energy sources. For a scamless transition from a fossil fuel economy
to a hydrogen economy, it may be necessary to explore hydrogen production
from fossil oil sources. In spite of the advantages of SCWG, only a few studies
have focused on hydrogen production from long-chain hydrocarbons (>C6) using
SCWG 2. It is more difficult to reform longer-chain hydrocarbons because
many competing reactions take place, so, in some case, catalysts are needed to
achieve high hydrogen gas yields .24 15 such cases, the catalyst deactivation

3 and cokeltar

associated with the suifur compounds present in fossils fuels
formation >® can cause major problems. Development of a noncatalytic SCWG

system that can generate high hydrogen gas yields is therefore highly desirable.

1.2 Research Objectives and Approach

The overall goai of this research is to investigate the noncatalytic
reforming of various feedstocks, especially the long chain hydrocarbon in
supercritical water. To achieve this goal, our research focused on the primary
objectives briefly discussed below:

Objective 1: Design the new reactor geometry to achieve the gas-liquid flow rate
stability at once improve the hydrogen gas yield. The previous work in our

laboratory has been conducted in the vertical tubular reactor




Objective 2: Compare the performance of the gasifier with the previous gasifier
(1 generation SCWG) system using the same experimental condition.

Objective 3: Increase the capacity of reactor up to ~6 times bigger to enable the
observation at Jonger residence time and in the same time using different reactor
inaterial to enable the observation at higher temperature

Objective 4: Investigate the apparatus performance for the gasification of various
liquid type feedstocks (hydrocarbon Ci-Cig)

Objective 5: Perform the overall energy efficiency calculation to the gasification

system, by considering the heat recovery system.

1.3 Thesis Outline

This thesis is organized according to the following order. Chapter 2
focuses on the theory and literature review of supercritical water including its
advantages and limitation, the different focuses of supercritical water gas;iﬁcation
process, chemical reaction, theoretical hydrogen yield and the current status of
supercritical water pasification technology. Chapter 3 describes the
experimental details including the apparatus and specification, experimental
procedures, anaiytical methods to analyze the gas-liquid product and the
calculation methods to calculate the gas yield. Chapter 4 explains the
background of modification to the reactor geometry, aims and modification
results. The performance of the 2™ generation of SCWG is examined with the

isooctane gasification as did to the 1® generation SCWG. The effects of



temperature, concentration, residence time and oxidant are investigated. Lastly
the results were then compared with the 1% generation SCWG. Chapter 5
describes the modifications of the apparatus to address the limitation faced by the
2" generation SCWG. The effect of residence time, concentration and oxidant
are investigated at fixed temperature and pressure. In order to examine the
reactor performance, it is necessary to compare the result with other work which
gasify the same feedstock in supercritical water under similar experiment
condition. So far, there is no isooctane reforming studies in supercritical water.
The results are then compared with the other reforming methods (SR, ATR,
POX) which reform the same feedstock (isooctane). Chapter 6 addresses the
limitation of previous chapter which could not compare the isooctane gasification
result with the same reforming methods (SCWG) under similar experiment
condition. In this chapter, glucose gasification was investigated as model
compound of biomass. The gasification of glucose is widely studie_d in
supercritical water. The effect of residence time, feed concentration and
temperature was investigated. Lastly the various feedstocks studies from Cy-Cyo
are done and the results are summarized in chapter 7. The energy efficiency
calculation was done in the 3™ generation SCWG. The efficiency of the real
experiment results is compared with the theoretical calculation as well as the

efficiency with heat recovery and without heat recovery.





