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The following thesis is organized into manuscript format with two manuscript-based chapters. 

The goal of the works outlined in the first manuscript of this thesis was to determine the energetic 

feasibility of syngas purification in a cryogenic packed bed (CPB). To test this, a previously 

developed CPB model was adapted for use with syngas. Based on the simulation results, it was 

determined that two of the syngases tested were energetically feasible for purification in a CPB.  

The goal of the works outlined in the second manuscript of this thesis was to test the Ni10%-

Ru0.08%/Al2O3-ZrO2 catalyst in a supercritical water gasifier (SCWG) with a hydrothermally 

liquefied (HTL) corn husk feedstock. The catalyst was tested against both an uncatalysed scenario 

Ni10%-Ru0.08%/Al2O3 catalysed scenario. The Ni10%-Ru0.08%/Al2O3-ZrO2 catalysed scenario 

had the greatest hydrogen yield but the catalyst was rapidly poisoned, likely due to high 

concentrations of phenol and furan in the HTL corn husk. 
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“Some man live his life for profits alone. 

That very same man he lives his life all alone” 

-Slightly Stoopid  
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CHAPTER 1.  

INTRODUCTION 

The need for carbon neutral energy sources has never been more apparent and has become a 

focal point of energy research for a few decades now. There have been countless advances in 

alternative energy including wind, solar, nuclear, and bioenergy. One fuel in the bioenergy sector 

which has garnered a lot of attention from researchers is syngas, and more specifically biomass-

derived syngas.  

Syngas is produced from the gasification of carbonaceous materials. The gasification process 

has been around for approximately 200 years [1], but has received a lot of attention in the last 40 

years. This is primarily because syngas is eligible for a diverse range of post-processing applica-

tions including direct combustion, hydrogen fuel applications, and gas-to-liquid processing. The 

adaptable nature of syngas is attributable to the wide range of gasification processes and feedstocks 

which are available for its production. Some of these processes include downdraft, updraft, cross-

draft, circulating fluidized bed, entrained flow, and supercritical water (SCW) gasification. 

The variability of feedstocks in syngas production can cause unwanted contaminants in the syn-

gas at varying concentrations depending on the gasification process which is applied. The contam-

inants include hydrogen sulphide (H2S), sulphur oxides (SOx), nitrogen (N2), ammonia (NH3), 

chlorine (Cl), ash, tar, particulate matter, alkali compounds, and water (H2O) [2]. Some or all of 

these contaminants need to be removed to varying degrees depending on the intended post-pro-

duction application of the syngas. Several removal technologies have been tested and implemented 

at various scales [2]. These technologies include scrubbing, simple adsorption/absorption, vac-

uum/pressure swing adsorption, catalysis, and conventional cryogenic separation. The mentioned 
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technologies have proven their effectiveness in syngas cleaning; however, with the exception of 

cryogenic separation, they all have waste products which must ultimately be disposed of. Conven-

tional cryogenic separation is an attractive technology because it has no waste products, but it is 

hindered by the large capital and operating costs associated with its implementation. Fortunately, 

there have been breakthroughs in a novel technology called cryogenic packed beds (CPBs).  

CPBs work by passing contaminant rich gases through a bed which has been chilled below the 

freezing point of the contaminant. Similar to conventional cryogenic separation, the contaminants 

are effectively separated from the gas. The CPB concept, has been found to be more feasible for 

gas purification than a conventional cryogenic separation primarily because CPBs offer a lower 

energy penalty and are of a simpler design as explained by both Ali et al. [3] and Tuinier et al. [4]. 

While this has been shown with biogas and flue gas, CPBs have not yet been tested with syngas. 

This research gap is addressed in Chapter 2 of this thesis. 

As discussed previously, there exist several different gasification processes which have been 

tested at various scales. In this thesis, supercritical water gasification (SCWG) was examined in-

depth. This was studied as part of ongoing Ph.D. research at the Bio-Resource Innovation Lab. 

SCWG is process which utilizes SCW as an agent in the gasification process. SCW exists above 

the critical point of water which is approximately 373 °C and 22.1 MPa. In this phase, water can 

act as a reactant, solvent, and catalyst in the gasification reaction [5]. SCWG has several ad-

vantages over other gasification techniques. The most prominent advantage is that, unlike other 

gasification techniques, biomass with greater than 80% moisture does not need to be dried for use 

in a SCW gasifier [5]. This is a considerable advantage since dehydration of feedstock is a large 

energetic hurdle. Additionally, there are several waste feedstocks available with high water content 
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which are considered useless for conventional gasification and are usually disposed of at the ex-

pense of the producer [6]. Utilization of these feedstocks provides an opportunity to minimize the 

high costs that are associated with obtaining feedstock for gasification. Other advantages of using 

SCW include improved reaction efficiency, elimination of inter-phase mass transfer restrictions, 

reduced tar/coke production, higher gas yields, and greater hydrogen yields [5, 7].  

The applications of hydrogen-rich syngas include direct combustion, biofuel production, aero-

space fuels, and other applications requiring a source of hydrogen. For these reasons, the produc-

tion of hydrogen-rich syngas is desirable. Many improvements in the hydrogen yield of SCWG 

reactions have been seen through the implementation of various catalysts. These catalysts not only 

improve hydrogen yield but often reduce tar production which can cause system inefficiencies, 

blockages, and deactivation of catalysts [8]. In a SCWG reaction, the ideal catalyst is one which 

can separate C-C bonds, maintain C-O bonds, and progress the water gas shift (WGS) reaction 

toward the production of hydrogen [9]. There are several catalysts which have been tested in 

SCWG. Some of the more prominent catalysts that have been tested include:  

 Alkali metal catalysts such as Na2CO3, KHCO3, K2CO3, KOH, and NaOH [9]. 

 Transition metal catalysts such as Ni, Ru, Cu, Ag, Co, and Mg [9]. 

Some of the prominent catalyst supports include TiO2, γ-Al2O3, ZrO2, CeO2, MgO, CaO, and 

activated carbon [9].  

It was found that SCWG with nickel (Ni) promoted ruthenium (Ru) catalysts showed better 

hydrogen yields when compared with other catalysts [9, 10]. This catalyst was found to be highly 

effective and stable when supported on alumina-zirconia in the form, Ni10%-Ru0.08%/Al2O3-

ZrO2 as found in the ongoing Ph.D. research. This has only been tested with a small variety of 

feedstocks. This research gap is addressed in Chapter 3 of this thesis. 
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 RESEARCH OBJECTIVES AND JUSTIFICATION 

1.1.1 CHAPTER 2 – SYNGAS PURIFICATION IN CRYOGENIC PACKED BEDS USING A 

ONE-DIMENSIONAL PSEUDO-HOMOGENEOUS MODEL 

In this research, an experimentally verified one-dimensional (1D) CPB model is adapted for use 

with syngas. Biogas and flue gas had previously been tested using the model, and purification of 

biogas was determined to be energetically feasible [3, 4, 11]. The key objectives of this research 

are as follows: 

 Test various gasification processes and feedstocks using the adapted CPB model.  

 Design a relative energy analysis model to compare the gases tested. 

 Use the relative energy analysis model to determine if the purification of syngas is equally, 

more, or less energetically feasible than the purification of biogas.  

 Evaluate the results and make conclusions as to whether or not it is energetically feasible to 

purify the syngases using CPBs.  

This research effectively broadens scientific knowledge by determining if it is energetically fea-

sible to purify syngas using the novel CPB technology. 

1.1.2 CHAPTER 3 – SUPERCRITICAL WATER GASIFICATION OF HYDROTHER-

MALLY LIQUEFIED CORN HUSKS WITH A NICKEL-RUTHENIUM CATALYST 

SUPPORTED ON ALUMINA-ZIRCONIA 

This chapter is part of currently ongoing Ph.D. research. The purpose of this chapter was to test 

the effects of the Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst on the SCWG of hydrothermally (HT) 

liquefied corn husk. The Ni10%-Ru0.08%/Al2O3-ZrO2 was chosen to be tested because while it 

was found that it is a very effective catalyst for production of hydrogen in SCWG (as per ongoing 

Ph.D. research), it has only been tested with a small variety of feedstocks. This research will enable 

a better understanding of the capabilities of this catalyst when presented with different types of 

feedstock. The key objectives of this research are as follows: 
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 Produce hydrothermally liquefied (HTL) corn husk using previously tested reaction parame-

ters. 

 Gasify the HTL corn husk in supercritical water in the presence of a Ni10%-Ru0.08%/Al2O3-

ZrO2 catalyst. 

  Perform two comparison tests, an uncatalysed SCWG scenario and gasification in the pres-

ence of a Ni10%-Ru0.08% catalyst promoter on an industry standard alumina support 

(Ni10%-Ru0.08% supported on Al2O3). 

 Take two samples each hour for five hours for each scenario and analyze the samples using 

gas chromatography (GC). 

 Perform numerical and statistical analysis of the GC results to determine which, if any, of the 

three scenarios had the greatest hydrogen yield. 

 Determine and quantify the causes of any unexpected catalyst deactivation. 

 Model the Ni10%-Ru0.08%/Al2O3-ZrO2 catalysed gas that has the greatest hydrogen content 

using the CPB model from chapter 2 and compare it to the gases tested in chapter 2. 

This research contributes to knowledge in that the highly effective Ni10%-Ru0.08%/Al2O3-ZrO2 

catalyst has only been tested with a small number of feedstocks which does not include HTL corn 

husk. It also better enables an understanding of SCWG of HT liquids. Finally, it allows for the 

determination of the energetic feasibility of the purification of hydrogen-rich SCW gas in a CPB. 

 ORGANIZATION OF THESIS  

This thesis is organized in a manuscript format in accordance with the 2014-2015 University of 

Guelph Graduate Calendar. Following this format, chapters 2 and 3 are written as separate manu-

scripts. The submissions status of each of the manuscripts are as follows: 
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 CHAPER 2 – SYNGAS PURIFICATION IN CRYOGENIC PACKED BEDS USING A 

ONE-DIMENSIONAL PSEUDO-HOMOGENOUS MODEL 

o Published into Energy & Fuels 

 CHAPTER 3 – SUPERCRITICAL WATER GASIFICATION OF HYDROTHERMALLY 

LIQUEFIED CORN HUSKS WITH NICKEL PROMOTED RUTHENIUM SUPPORTED 

ON ALUMINA-ZIRCONIA 

o Under preparation for submission 
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CHAPTER 2.  

SYNGAS PURIFICATION IN CRYOGENIC PACKED BEDS US-

ING A ONE-DIMENSIONAL PSEUDO-HOMOGENEOUS MODEL 

 ABSTRACT  

The purification of biomass-derived fuels has been studied extensively in the last 10 years. In 2010, 

cryogenic packed beds (CPBs) were developed and have shown promise in the removal of CO2, 

H2O, and H2S from flue gas and biogas. Because of the novelty of the technology, CPB purification 

of syngas had not yet been tested. This research tests the ability of a CPB to purify syngas by 

adapting a previously developed one-dimensional model. Syngas was benchmarked against biogas 

which had been previously determined to be energetically feasible in a CPB. The biomass-derived 

BCL/FERCO and coal-derived Shell syngases showed better performance in the simulation than 

biogas. The BCL/FERCO and Shell gases had heating value/energy cost ratios which were 37% 

and 14% greater than biogas respectively. Both syngases had longer system saturation times than 

biogas, thus a reduction in time spent performing system recovery cycles. While these syngases 

performed well for this analysis, they were not deemed to be ideal for gas-to-liquid (GTL) pro-

cessing because of their hydrogen/carbon monoxide ratio. Because of importance of GTL-com-

patibility, the Purox and Foster Wheeler syngases were further analyzed. While the Purox and 

Foster Wheeler syngases were shown to be less energetically feasible than the biogas (82% and 

62% of biogas respectively), they were both deemed ideal for GTL processing. They would also 

require fewer recovery cycles than biogas because of their longer saturation times. An absolute 
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energy analysis should be performed in future works to determine if the purification of the GTL-

compatible Purox and Foster Wheeler gases is energetically feasible in a CPB. 

 INTRODUCTION 

Biomass-derived syngas is a renewable fuel gas that can be obtained through the gasification of 

carbonaceous material. The gasification process has existed for about 200 years [1] but has become 

a topic of interest in the past 40 years. This is due in part to developments in gas-to-liquid (GTL) 

conversion processes such as methanol, ethanol, and Fischer–Tropsch (FT) synthesis [2]. The gas-

ification process involves the heating of a carbonaceous feedstock under specific conditions, which 

enable an incomplete combustion reaction in which, ideally, carbon monoxide (CO) and hydrogen 

(H2) are formed. These are the desired components in most GTL processes; however, the produc-

tion of methane (CH4) or other hydrocarbons may be desirable in direct combustion or other syngas 

uses. The problem with biomass-derived syngas is that it can contain a wide range of contaminants 

because of variations in the type and composition of feedstock used in the gasification process. 

The more prevalent contaminants in syngas include hydrogen sulphide (H2S), sulphur oxides 

(SOx), nitrogen (N2), ammonia (NH3), chlorine (Cl), ash, tar, particulate matter, alkali compounds, 

and water (H2O) [2].  Several of these contaminants may cause problems in direct combustion or 

GTL processing and often need to be removed. While most of these contaminants usually require 

treatment to some degree, this research was specifically focused on the removal of CO2, H2O, and 

H2S as contaminants.  

While CO2 content does not restrict direct combustion of syngas, it has no heating value and can 

have a significant impact on the overall energy output of combustion because it can exist in volu-

metric concentrations as high as 40% [3].  Additionally, it can cause problems in GTL processes 

and inhibit the production of liquid fuel [4]. 
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H2S has a high removal priority in syngas cleaning. This is because, under certain conditions, it 

can react to become SO2, which is a large contributor to acid rain and a potent greenhouse gas[2]. 

H2S can also be converted to H2SO4, which is a corrosive acid and can deteriorate the components 

of processing equipment[2]. H2S also has a negative impact on the performance of catalysts, 

sorbents, enzymes, and microorganisms [2, 5], which are used in other cleaning and processing 

technologies.  

Several technologies have been tested at an industrial scale to determine their effectiveness in 

the removal of contaminants from syngas and other fuel gases [2]. Some of the more prominent 

technologies tested include simple absorption and adsorption, vacuum/pressure swing adsorption 

(VPSA), catalysis, scrubbing, and conventional cryogenic separation [2]. Many of these technol-

ogies have proven their effectiveness; however, with the exception of conventional cryogenic sep-

aration, they all have waste products that must be disposed of after removal.  

Conventional cryogenic separation (as illustrated in Figure 1) is an attractive alternative when 

compared to other removal techniques because it allows for the separation of the contaminants into 

viable by-products. The main disadvantage of conventional cryogenic separation is the high capital 

cost of the system in conjunction with large operation and maintenance costs associated with the 

operation of a compressor, cooler, and heat exchanger [6]. There is also a large energy penalty 

associated with this technology since gases must be cooled to cryogenic temperatures in an expan-

sion column [7]. An alternative to this technology is the novel concept, the cryogenic packed bed 

(CPB). 
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Figure 1. Conventional cryogenic separation schematic [6]. 

CPBs aim to improve the existing conventional cryogenic separation system. They work by 

passing a gas through a packed bed that has been chilled to the freezing point of the contaminants 

to be removed. This causes the contaminants to freeze/sublimate from the gas, while the desired 

constituents with lower freezing points are able to pass through the bed. CPBs have been found to 

be superior to the conventional cryogenic separation model primarily because they have a lower 

energy penalty and are of a simpler design as explained by both Ali et al. [7] and Tuinier et al. [8]. 

This concept was first demonstrated in 2010 by Tuinier et al. [8]. A lab-scale prototype was built 

to demonstrate the separation of CO2 and H2O from N2 in a flue gas stream (20, 5, and 75% by 

volume respectively).  Using this technique, the flue gas was purified to less than 3% CO2 and a 

negligible water content. A one-dimensional pseudo-homogenous model of the system was then 

developed and verified using the experimental data obtained from the prototype with excellent 

agreement. In 2011, the concept was revisited to examine the mass deposition and axial tempera-

ture profiles of a CPB using different N2, CO2, and H2O compositions [9]. In 2012, Tuinier and 

Annaland [10] used their model to simulate the removal of CO2 and H2S from biogas. They com-

pared the energy costs and removal efficiencies of the system to a previous energy-use model of a 

VPSA system as used by Grande and Rodrigues [11]. They also compared the CPB using a base 
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case (co-current) and reverse-flow (counter-current) capture/recovery setup. The results of the 

comparison showed that CPBs in the reversed flow configuration required less energy (2.9 

MJ/kgCH4 compared to 3.7 MJ/kgCH4 for VPSA), and had a higher CH4 purity (99.1% compared to 

98.1% for VPSA) and a higher recovery percentage (94.3% compared to 79.4% for VPSA) than a 

VPSA system [10]. This is illustrated in Table 1. While these results are currently based on small-

scale systems, they are promising given that CPB technology is still a novel concept and is subject 

to improvement as further research and development is performed. 

Table 1. VPSA and CPB CH4 Purity and Energy Requirements [10]  

purification technique 
energy requirement 

(MJ/kgCH4) 
CH4 purity (vol %) 

CH4 recovery percentage 

(vol %) 

VPSA 3.7 98.1 79.4 

CPB (base case) 4.3 99.1 94.3 

CPB (reverse flow) 2.9 99.1 94.3 

 

In 2014 the concept was re-evaluated by Ali et al. [7] to determine areas in which energy use 

could be minimized in the cleaning of high-CO2 natural gas. The one-dimensional (1D) model 

developed by Tuinier et al. was adapted for use. The primary focus of the research was to test a 

system with an initial temperature gradient caused by co-current and counter-current feed/cooling 

configuration. It was determined that the system is much more efficient when operating with a 

counter-current feed/cooling configuration. A prototype was built to validate the model results. 

Additionally, they compared the energy consumption of a CPB to conventional cryogenic separa-

tion. Conventional cryogenic separation used 1472 kJ/kgCO2, while CPBs were found to use 810 

kJ/kgCO2, a 45% decrease [7]. 

There have been no studies on the use of syngas in CPBs. This research addresses this gap by 

testing the energetic feasibility of syngas purification in a CPB. The removal of H2S, CO2, and 
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H2O from syngas containing some or all of N2, CO, H2, and CH4 as the inert or desired constituents 

was tested. This was done with a 1D homogeneous model adapted from Tuinier et al. [8]. A wide 

range of syngas compositions derived from several combinations of gasification methods and feed-

stocks were analyzed.  

Additionally, previous research had not addressed how the deposition of contaminants affected 

the porosity of the system over a run cycle. This research gap is addressed through the development 

and testing of a simple mass balance equation to determine if contaminant deposition has a signif-

icant effect on the porosity of the system. 

Syngas is ideal to test in a CPB because, similar to flue gas and biogas (which have been previ-

ously tested [7, 8, 10]), the desired constituents of syngas have a lower boiling point than the 

contaminants to be removed. This is illustrated in Figure 2. 

 

Figure 2. Substance triple and critical points (blue, common contaminants; yellow, green, and red, 

desired constituents). 

As seen in Figure 2, there is a large temperature divide between the common contaminants and 

the desired constituents of syngas. This creates an ideal condition for phase-change based removal 

because significant azeotropic behaviour between contaminants and desired constituents is un-

likely [12]. 
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Syngas had been previously tested for compatibility with cryogenic separation in a study by 

Berstad et al. [13]. The separation of CO2 from syngas produced in an integrated gasification com-

bined cycle (IGCC) using high pressure conventional cryogenic separation was simulated. The 

results showed that the use of conventional cryogenic separation to remove CO2 from syngas con-

taining H2, CO, CO2, N2, and Ar was both technically and energetically feasible [13]. 

 MODEL DEVELOPMENT AND VERIFICATION 

Before modelling could be performed, the 2010 model by Tuinier et al. [8] had to be replicated 

so that it could be adapted for use in syngas modelling. The model was based on flue gas containing 

H2O, CO2, and N2 at molar concentrations of 5, 20, and 75%, respectively [8]. The Tuinier et al.  

[8] model was chosen to be adapted because it had been validated against an experimental proto-

type with a great degree of accuracy and precision. Additionally, because of the novelty of the 

CPB, the Tuinier et al. [8] model was the only experimentally verified model available at the time 

that this research was conducted. 

The CPB properties used in this research were the same as those discussed in the 2010 paper by 

Tuinier et al. [8]and are summarized in Table 2.  

Table 2. Bed Properties [8] 

parameter value 

bed length (mm) 300 

bed diameter (mm) 35 

packing diameter (mm) 4.04 

bed porosity 0.425 

inlet mass flux (kg/m²/s) 0.27 

inlet temperature (°C) 100 

bed pressure (bar) 1 



15 

 

 

The equations that were used in this simulation are from both Tuinier et al. [8] and Tuinier and 

Annaland [10]; however, the underlying equations of some variables mentioned in the papers were 

not provided and had to be either developed or cited from other literature. These equations are 

listed as Equations 1 through 5. 

Equation 1. Equilibrium vapour pressure based on Antoine parameters [14] 

log10 (𝑝𝑖,𝐴𝑛𝑡𝑜𝑖𝑛𝑒
𝜎 ) = 𝐴 − (

𝐵

𝑇 + 𝐶
) 

Equation 2. Ideal gas law 

𝜌𝑔,𝑖 =
𝑀𝑖𝑃

𝑅𝑇
 

Equation 3. Fuller et al. diffusion equation [12] 

𝐷𝑖 =
1.00×10−7𝑇1.75(

1

𝑀𝐴
+

1

𝑀𝐴
) 1/2

𝑃[(∑ 𝜗𝐴)1/3+(∑ 𝜗𝐵)1/3]
2  , substance B assumed to be air 

Equation 4. Porosity at a given point 

𝜀𝑔 = 𝜀𝑔,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − ∑
𝑚𝑖

𝜌𝑖,𝑠

𝑐

𝑖=1

 

Equation 5. Solid phase mole fraction of component, i [12] 

𝑦𝑖,𝑠 = 𝑦𝑖,𝑔

𝑦𝑖,𝑔𝑃

𝑝𝑖
𝜎  

In a CPB, deposited contaminants are stored on the surface of the packing, thus reducing the 

porosity of the system as the deposited mass (and volume) increases within the bed. This reduction 

in porosity was not addressed in any previous literature but was addressed in this system using 

Equation 4. This mass balance equation was derived by subtracting the volume occupied by de-

posited contaminants at the current position from the initial porosity.  

To model the governing equations of the system in the COMSOL Multiphysics environment, 

three different input formats were used: parameters, variables, and partial differential equations 
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(PDEs) in coefficient form. Parameters are independent constants, and variables are equations that 

depend upon time, position, or other variables. The PDE in coefficient form is classified as a phys-

ics module and was used for equations containing differential terms or equations requiring a time- 

or position-dependent initial value. The form for the PDE format is as follows: 

Equation 6. PDE coefficient form 

𝑒𝑎

𝜕2𝑢

𝜕𝑡2
+ 𝑑𝑎

𝜕𝑢

𝜕𝑡
+ ∇ ∙ (−𝑐∇𝑢 − 𝛼𝑢 + 𝛾) + 𝛽 ∙ ∇𝑢 + 𝑎𝑢 = 𝑓 

In this format, 𝑢 is the dependent variable and letters 𝑎 through 𝑓 are equation coefficients. The 

initial values at time zero and the inlet/outlet conditions can be set. 

In addition to the discussed equations, Darcy’s law in porous media physics module was used, 

which contains velocity, pressure, and continuity equations. This physics module allowed for the 

flow of gas through the system to be modelled while taking into consideration changes in gas 

velocity and bed porosity because of continuous deposition and sublimation of the contaminants. 

The properties of each gas component were determined and input so that they would be dynamic 

with changes in temperature and pressure. The properties that were determined were real gas den-

sity, viscosity, thermal conductivity, heat capacity, latent heat, equilibrium partial pressures, and 

diffusivity coefficients. Once a table of temperature-dependent literature values was obtained for 

the specified pressure, the values were modelled as temperature-dependent polynomial equations 

using Microsoft Excel before they were input into COMSOL. The component and packing prop-

erties were collected from references [14], [15], and[16].  

In constructing the model, the following assumptions and simplifications were made:  

1. Simple weighting based on mass and molar fractions were used to determine bulk gas prop-

erties.  
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2. Darcy’s Law in a porous media was used to determine flow velocities whereas Brinkman’s 

flow equation may have provided more accurate results.  

3. Negligible heat transfer between packing was assumed.  

4. Deposited components do not affect the thermal properties of the bed.  

5. Latent heat values are constant with changes in temperature and pressure. 

 RESULTS OF MODEL VERIFICATION 

To ensure that the replicated model was accurate, it had to be compared to the results from 

Tuinier et al. [8] because their model (referred to as the original model) was precisely and accu-

rately verified with an experimental prototype. These comparisons were made by analysing differ-

ences in key positions at 50 and 150 s of run time in the model and are shown in Table 3 and 

Figures 3, 4, and 5. 

Table 3. Differences in Key Point Locations between Original and Replication Models 

time (s) difference in 

position at first 

plateau (mm) 

percent dif-

ference (%) 

difference in 

position at sec-

ond plateau 

(mm) 

percent dif-

ference (%) 

difference in 

complete re-

moval distance 

(m)* 

percent dif-

ference (%) 

50 5.1 62.2 1.6 4.83 3.7 3.33 

150 4.9 24.0 4.9 6.77 2.8 0.95 

*Complete removal distance is the position in which the temperature reached 128 K 
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Figure 3. Comparison of original and replication model results: temperature curve 

 

 

Figure 4: Comparison of original and replication model results: CO2 deposition 
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Figure 5: Comparison of original and replication model results: H2O deposition 

Although the temperature curves were quite similar, there were two notable discrepancies. The 

first was the position of the initial plateau as a result of H2O condensation. This was likely due to 

differences in chosen properties for H2O between the two models or due to modelling error, which 

is discussed later. The difference in the location of the second plateau may have been a carried 

over result of the error in the first plateau. The differences in the complete removal distances were 

very small and were considered to be insignificant. 

The CO2 and H2O deposition curves of the two models were also compared. This is illustrated 

in Figures 4 and 5. In a CPB, the deposition of contaminants propagates as a front. This front 

moves forward and widens as the bed is heated by the gas and contaminants are deposited. The 

maximum deposition concentration is limited by equilibrium between the solid and gaseous phase 

and is a function of pressure, temperature, and component concentration. 

The primary differences between the deposition curves of the original model and the replication 

model were the positions of the deposition fronts and their peak heights. Similar to the temperature 
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curve analysis, these discrepancies were likely due to differences in selected H2O parameters be-

tween the two models and model error. Because the water took longer to remove in the replication 

model than in the original model, the deposition fronts of both H2O and CO2 were offset further 

into the system as a result. These differences are quantified in Table 4.  

Table 4. Comparison of Deposition Curves between Original and Replication Models 

component time (s) 
difference in peak 

position (mm) 

percent difference 

(%) 

difference in peak 

value (mm) 

percent difference 

(%) 

H2O 

50 4.4 42.2 4.4 12.7 

150 3.1 12.8 1.1 3.3 

CO2 

50 0.5 1.2 3.8 7.0 

150 5.9 7.1 3.5 6.6 

 

As previously discussed, there was a degree of error in the model that arose from negative com-

ponent concentrations, as shown in Figure 6. This was a result of overshoot in the COMSOL 

solver. To maintain the continuity of the system, this negative concentration had to be accounted 

for elsewhere in the model. This resulted in slightly higher peak deposition values when compared 

to the original model. This would have also affected the temperature curve with an incorrect dis-

tribution of latent heat. This error was minimized using increased model mesh densities; however, 

the model was limited by a maximum stable mesh density. Once the mesh density was increased 

beyond the maximum point, it would cause the solver to either crash or oscillate infinitely and 

never reach a solution. 
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Figure 6. Replication model deposition with error 

Equation 4 was developed to account for the changes in porosity in the system because of con-

taminant deposition. Using this method, a peak difference in porosity of 0.027 units (7.2%) less 

than the initial value of 0.375 was found. This result is illustrated in Figure 7. On the basis of these 

results, it can be concluded that the change in porosity because of the integration of Equation 4 in 

the model is small and likely has a negligible effect on the results. 
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Figure 7. Porosity of the replication model system at 150 s 

 ADAPTATION OF THE MODEL FOR SYNGAS PURIFICATION 

Once verified, the equations used in the replication model were adapted in COMSOL Multiphys-

ics for a seven-component syngas system containing CO2, H2O, H2S, H2, CO2, CH4, and N2. This 

required the addition of variables and physics PDE modules for the additional components. The 

model pressure was set to 5 bar as in the biogas model used by Tuinier and Annaland [10] because 

the increased pressure enhances deposition efficiency [10]. Pressures greater than 5 bar cannot be 

used because CO2 would begin to enter a liquid phase at its triple point (5.11 atm [8]). Liquids in 

the system could migrate prior to freezing, which would result in an uneven solid distribution and 

obstruct gas flow [8]. 

The syngases used in the COMSOL model were derived from various combinations of gasifica-

tion processes and feedstocks from Ciferno and Marano [3]. The processes from which the syn-

gases were derived included bubbling fluidized bed (BFB), circulating fluidized bed (CFB), fixed 

bed (FB), and entrained flow (EF) gasifiers. The various feedstocks tested include wood, coal, 
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pulp, bark, municipal solid waste (MSW), and refuse derived fuel (RDF). Several process/feed-

stock combinations were analyzed and the resultant syngases are outlined in Table 5. 

Table 5. Gas Composition, Gasifier Types, and Feedstocks (Adapted from Ciferno and Marano [3] 

Unless Otherwise Stated) 

gasification pro-
cess 

gasifier 
type 

feedstock 

molar fraction 

H2/CO 
ratio 

feed gas 

heat capac-
ity (kj/kg/k) H2 (%) 

CO 
(%) 

CO2 
(%) 

H2O 
(%) 

CH4 
(%) 

H2S 
(%) 

N2 
(%) 

BCL/FERCO CFBa wood 15 47 15 0 24 0 0 0.30 1.6 

Shell EF coal 24 67 4 3 0.02 1 1 0.36 1.4 

biogasb n/a n/a 0 0 44 0 55 1 0 n/a 2.0 

Purox FB MSW 24 40 25 0 11 0.05 0 0.60 1.9 

MTCI BFBa pulp 43 9.2 28 5.6 14 0.08 0 4.6 2.5 

Foster Wheeler CFB wood 16 22 11 0 5.5 0 47 0.70 1.5 

EPI BFB wood 18 24 7 0 0 1 50 0.30 1.4 

Lurgi CFB bark 20 20 14 0 3.8 0 43 1.0 1.6 

GTI BFB wood 15 12 22 0 11 0.1 40 1.6 1.7 

SEI BFB wood 13 16 16 0 8 0 48 0.80 1.5 

Stein BFB wood 5.7 26 40 0 16 0 13 0.80 1.9 

ISU BFB wood 4.1 24 13 0 3.1 0 56 0.20 1.4 

Sydkraft CFB wood 11 16 11 12 6.5 0 44 0.70 1.4 

Aerimpianti CFB RDF 7.9 11 13 12 8.1 0 49 0.70 1.4 

TPS CFB RDF 7.9 11 13 12 7.4 0 49 0.70 1.4 

Tampella BFB wood 11 13 13 18 4.8 0 40 0.80 1.5 

flue gasc n/a n/a 0 0 20 5 0 0 75 n/a 1.4 

aIndirectly heated gasifier 

bBiogas from Tuinier and Annaland [10] 

cFlue gas from Tuinier et al. [8] 

In addition to COMSOL modelling, an energy analysis was performed using a numerical spread-

sheet model in Microsoft Excel. The spreadsheet was used to calculate the mass and energy bal-

ance of the system based on the results of the COMSOL modelling. This model used several of 
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the equations from the COMSOL modelling process. When applicable, comparisons were made 

using the following: 

(1) Breakthrough Time (BT), the amount of time it took for the outlet contaminant concentration 

to reach 10% of the inlet contaminant concentration (50% for initial concentrations < 1%); (2) 

Absolute Ambient Higher Heating Value (AAHHV), total higher heating value of the output gas 

at room temperature over 1 capture cycle; (3) Heat Input into Media (HIM), total heat transferred 

from the gas into the packing media over 1 capture cycle; (4) Heat Loading Rate (HLR), The 

average rate of heat input into the media over a capture cycle; (5) H2/CO Ratio, The molar ratio of 

H2 and CO2 in the gas. 

Primarily, a desirable gas is one that has a high AAHHV/HIM ratio. A short breakthrough time 

is also beneficial because this reduces the amount of time spent recovering the system assuming 

that recovery takes approximately the same amount of time for any gas once the bed is saturated 

[10]. Other pertinent points of comparison were if the gas had a desirable H2/CO ratio (2.0 and 0.6 

are desired for methanol and FT synthesis, respectively [3]) and whether or not the gas was bio-

mass-derived. Because flue gas has a heating value of zero, it was compared in terms of HLR (a 

lower HLR is desirable), instead of the AAHHV/HIM ratio. 

 RESULTS AND DISCUSSION 

Table 6. COMSOL Modelling and Numerical Analysis Result Summary 

gasification pro-

cess 

breakthrough 

time (s) 

HIM 

(kJ) 

HLR 

(W) 

mass balance 

AAHHV  

(kJout) 

ratio of 

AAHHV/HIM 
(-) 

difference 
between 

AAHHV and 
HIM (kJ) 

mass 
input 

(g) 

mass depos-

ited (g) 

mass 
output 

(g) 

BCL/FERCO 180 22.6 126 47 13 34 767 33.9 745 

Shell 239 26.4 111 62 7.4 55 746 28.2 719 

biogas 120 21.9 183 31 22 9.6 544 24.8 522 
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Purox 144 20.9 145 37 17 21 423 20.2 402 

MTCI 105 23.2 221 27 19 8.1 390 16.8 366 

Foster Wheeler 221 23.2 105 57 11 47 358 15.5 335 

EPI 231 22.6 98 60 8.4 52 312 13.8 289 

Lurgi 197 22.4 114 51 12 39 307 13.7 284 

GTI 165 21.1 128 43 16 27 278 13.2 257 

SEI 197 22.3 113 51 14 38 294 13.2 271 

Stein 148 21.7 146 38 22 17 282 13.0 261 

ISU 236 22.8 97 61 12 49 229 10.0 206 

Sydkraft 213 31.3 147 55 15 40 299 9.54 268 

Aerimpianti 205 30.1 147 53 16 37 257 8.55 227 

TPS 205 30.1 147 53 16 37 245 8.14 215 

Tampella 195 33.7 173 51 18 33 230 6.82 196 

flue gas 206 24.3 118 54 17 37 0 0 –24.3 

 

On the basis of the COMSOL modelling and numerical analysis results shown in Table 6, the 

syngas obtained through the BCL/FERCO gasification process was concluded to be the best suited 

for purification in a CPB because of its large AAHHV/HIM ratio. This was attributed to its rela-

tively high heating value due to its large CH4 content.  

The Shell syngas (also referred to as a producer gas) performed comparably to the BCL/FERCO 

gas. This was due in part to its low concentration of contaminants and inerts. It also had a long 

breakthrough time compared to the BCL/FERCO gas which would reduce the frequency in which 

the bed would have to be recovered.  

Because biogas was ranked third in terms of the AAHHV/HIM ratio, these results suggest that 

both the BCL/FERCO and Shell process-derived syngases may perform better in a CPB than bio-

gas does. Biogas was suggested to be more or equally energetically feasible in a CPB compared to 

a modern VPSA system or conventional cryogenic separation [7, 10]. By this, it was concluded 
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that the BCL/FERCO and Shell syngases are energetically feasible in a CBP. Additionally, they 

also had longer breakthrough times than biogas. 

Flue gas was compared using breakthrough times and HLR for completeness. Its performance 

was average when compared to the other 16 gases that were tested (seventh lowest HLR and sixth 

longest breakthrough time). In comparison to flue gas in terms of breakthrough time and HLR, the 

BCL/FERCO and Shell process-derived syngases performed similarly. They had breakthrough 

times that were 12.6% less and 16.0% greater than flue gas, respectively, and HLRs that were 6.5% 

greater and 6.3% less than flue gas, respectively. These are not significant differences. 

Aside from flue gas, the gas from the Tampella process performed the worst in terms of the 

AAHHV/HIM ratio. This was attributable to the high levels of inert N2 and H2O contents. Inert N2 

inputs heat into the system but provides no usable heating value while the H2O content is removed 

and inputs latent heat into the system as a result. 

The H2 content was interesting to examine because, while H2 has a large heating value, it also 

has a large heat capacity. The gas from the MTCI process contained the most H2 (42%) and per-

formed decently; however, it was hindered largely by the latent heat of deposition from its high 

CO2 and H2O contents.  

While the BCL/FERCO and Shell gases were considered energetically feasible for the CPB pro-

cess, they were not ideal candidates for GTL post-processing because of their low H2/CO ratios 

(2.0 for methanol and 0.6 for FT are desired) and the high CH4 content [3] of the BCL/FERCO 

gas; however, these syngases had high heating values and may be more viable for combustion or 

other GTL processes not addressed in this research. There was also the underlying issue with the 

Shell syngas in that it was derived from coal that is not carbon-neutral. Because of these issues, 

the Purox and Foster Wheeler syngases were further analyzed. 
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The Purox and Foster Wheeler syngases had excellent H2/CO ratios for FT processing (0.6 and 

0.7, respectively) and longer breakthrough times than biogas (1.2 and 1.8 times longer, respec-

tively); however, their AAHHV/HIM ratios were lower than those of the biogas (82% and 62% of 

biogas, respectively). Because of the relative nature of this study, the Purox and Foster Wheeler 

gases could not be considered energetically feasible in a CPB since they had lower AAHHV/HIM 

ratios than biogas. 

 CONCLUSIONS AND RECOMMENDATIONS 

The results of our analysis can be summarized as follows: 

1. Biogas scored third with respect to AAHHV/HIM ratio and was used as a benchmark in this 

study since it was previously deemed to be viable in a CPB [7, 10].  

2. The BCL/FERCO and Shell syngases were concluded to be energetically viable in a CPB 

because they had AAHHV/HIM ratios that were 37% and 14% greater than biogas, respec-

tively. The BCL/FERCO and Shell syngases also had a longer breakthrough time than biogas. 

The BCL/FERCO and Shell gases did not have ideal H2/CO ratios for GTL post-processing, 

and the Shell syngas was not biomass-derived.  

3. The Purox and Foster Wheeler gases had ideal H2/CO ratios for GTL post-processing and 

exhibited longer breakthrough times than biogas. Their AAHHV/HIM ratios were only 82% 

and 62%, respectively, to that of biogas, respectively.  

4. On the sole basis of AAHHV/HIM ratios, the Purox and Foster Wheeler gases were not 

deemed energetically viable for purification with a CPB. The energetic viability of CPB puri-

fication of syngas, specifically the Purox and Foster Wheeler syngases, should be further 

tested in future works.  
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5. Future energy analyses should incorporate external energy losses, equipment energy costs, 

initial temperature gradients, and the use of a counter-current heat exchanger to reduce the 

heat load on the system. Implementing these steps will allow for a better determination of the 

absolute energy cost to purify syngas in a CPB. 
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CHAPTER 3.  

SUPERCRITICAL WATER GASIFICATION OF HYDROTHER-

MALLY LIQUEFIED CORN HUSKS WITH A NICKEL-RUTHE-

NIUM CATALYST SUPPORTED ON ALUMINA-ZIRCONIA 

 ABSTRACT 

Supercritical water gasification (SCWG) has shown promise in producing hydrogen-rich syngas. 

The use of catalysts in the supercritical water (SCW) gasifier tends to improve hydrogen yield and 

reduce tar production with varying rates of success depending on the combination of feedstock, 

catalyst, and operating condition. This chapter is part of currently ongoing Ph.D. research. In this 

research outlined in this chapter, the Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst was chosen to be tested 

with hydrothermally liquefied (HT) corn. The Ni10%-Ru0.08%/Al2O3-ZrO2 was tested against 

both uncatalysed and Ni10%-Ru0.08%/Al2O3 catalysed scenarios. It was found that the Ni10%-

Ru0.08%/Al2O3-ZrO2 performed significantly better than the other two scenarios over the five 

hour run time (193 and 187% greater hydrogen yield than the uncatalysed and Ni10%-

Ru0.08%/Al2O3 catalysed scenarios respectively). Within five hours, the Ni10%-Ru0.08%/Al2O3-

ZrO2 catalyst performance fell significantly and was approximately the same as the uncatalysed 

and the Ni10%-Ru0.08%/Al2O3. The catalyst poisoning was likely attributable to a high phenol 

(36.72% dry) and furan content (2.79% dry). The SCW gas produced with the Ni10%-

Ru0.08%/Al2O3-ZrO2 catalyst was tested using the cryogenic packed bed (CPB) model from Chap-

ter 2. It was found to have an absolute ambient higher heating value (AAHHV) which was 3.3% 

lower than biogas and the shortest breakthrough time of all the gases tested (77s). The SCW gas 

was not deemed to be feasible for purification in a CPB.  
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 INTRODUCTION 

The need for carbon neutral alternatives to crude oil based products has come to light in the past 

few decades. The most discussed crude oil products are the fuels derived from it. Several different 

fuels are currently being researched or implemented as alternatives including: biogas, biodiesel, 

syngas, synthetic crude oil, hydrogen, biomass, and various alcohols.  

There are several factors which need to be weighted in deciding if a certain fuel could be a viable 

fuel source. These factors include direct factors such as technical and economic feasibility and 

indirect factors such as food crop competition and other unforeseen social and environmental ef-

fects. When developing fuels from biomass, a large factor to consider in determining the fuel va-

lidity is the energy density of the fuel because it greatly affects the costs of transportation [1]. 

Hydrogen-rich fuels often have a very high energy density. This is because of the higher heating 

value of hydrogen gas.  

The above factors are important in determining the feasibility of syngas production, distribution, 

and use. Syngas is produced using a process called gasification. At its simplest form, gasification 

involves the incomplete combustion of carbonaceous materials in order to yield syngas containing 

CO and H2; however, gasification can incorporate several different feedstock, catalysts, processes, 

implemented scales, and desired products.  

The gasification process which was examined in this research is supercritical water gasification 

(SCWG). Using SCWG, it is possible to produce a hydrogen-rich syngas which is achieved 

through the conversion of H2O and CO to CO2 and H2 [2]. Unlike conventional gasification, the 

SCWG process can utilize wet biomass with moisture contents greater than 70% very effectively. 

This provides cost and time savings by eliminating the drying process associated with conventional 

gasification. While, this cost is not completely mitigated in a SCW gasifier, some of the energy 
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used to heat the water in the reaction is recoverable in a heat exchanger system [2]. Additionally, 

beyond the critical point, water becomes a single phase fluid which omits mass transfer limitations, 

and results in faster reaction and heat transfer times [3]. Another advantage of SCWG is that the 

output gas is already at a high pressure thus reducing the need for post-production gas compression 

[2]. 

The water in a SCWG reaction acts as a solvent, reactant, and catalytic precursor in the SCWG 

process [2]. It uses a combination of water-gas shift, hydrolysis, and pyrolysis reactions [4] which 

enable an exceptionally high level of hydrogen production when compared with conventional gas-

ification techniques [4].  

The SCWG technology has been proven through the development of the VERENA Pilot Plant. 

It is a plant which is capable of a throughput of 100 kg/h at 700 °C and 35 MPa. The facility was 

able to produce high pressure syngas (20 MPa) at a hydrogen concentration of 77 %vol [5].  

Studies have shown that the use of certain catalysts in SCWG enables an increased gas yield and 

H2 composition while reducing tar production [6]. Due to the benefit of catalyst use, several types 

of catalysts have been tested in SCWG [4]. Nickel catalysts have been found to be highly effective 

in the gasification of biomass [7]. It was also found that nickel promoted ruthenium catalysts saw 

an even better gas yield than ruthenium alone [7, 8]. 

The purpose of this research was to test the effects of two different catalysts on SCWG of hy-

drothermally (HT) liquefied corn husk. The catalysts tested were Ni10%-Ru0.08% supported on 

either Al2O3 or Al2O3-ZrO2 (Ni10%-Ru0.08%/Al2O3 and Ni10%-Ru0.08%/Al2O3-ZrO2). The 

Ni10%-Ru0.08%/Al2O3-ZrO2 was chosen to be tested because it was found that it is the most 

effective catalyst for production of hydrogen in SCWG processes as it was found in the ongoing 
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Ph.D. research. Additionally, the Al2O3 supported catalyst was tested because it is an industry 

standard catalyst support and is an excellent benchmark to be compared against. 

Corn husk is an ideal material to use for fuel production because it is a waste by-product of food 

production. The HTL corn husk was chosen to be tested it since it has a high water content and 

had not been previously tested in a supercritical water (SCW) gasifier. 

This chapter is part of currently ongoing Ph.D. research at the Bio-Renewable Innovation Lab. 

 METHODOLOGY 

In order to perform SCWG on the corn husks, the material was first processed using hydrother-

mal liquefaction (HTL). The HTL unit which was used is an indirectly heated cylindrical pressure 

vessel having dimensions and operational pressures as shown in Table 7. The equipment schematic 

is illustrated in Figure 8. The feedstock used in this research was corn husks which were cut into 

pieces approximately 3 cm in length and width. The initial moisture content of the corn husks was 

approximately 80%. The husks were loosely put into the HTL vessel and water was added to 

achieve the desired moisture-solids ratio (6:1 as per Kambo and Dutta [9]).  

 

Figure 8. HTL Schematics [9] 

The initial pressure was chosen to be 1.5 MPa in order to ensure that the water in the system 

stayed above its saturation point [9]. This prevents the water from entering a gaseous phase there-

fore preventing latent heat loss. The vessel was then heated to 260°C for thirty minutes. While 
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higher temperatures would have allowed for a higher Carbon concentration in the liquid [10], the 

temperature was limited by the physical limitations of the pressure gasket in the equipment.  

Table 7: HTL Dimensions and Operating Conditions 

Reactor Inner Diameter 6.3 cm 

Reactor Length 20.4 cm 

Temperature 260 °C ± 5 ºC 

Water Saturation Pressure at 

265°C 
5,230 kPa [11] 

Liquefaction Time 30 minutes 

Initial Pressure 1.5 MPa 

Maximum Operating Pressure 7.0 MPa 

Moisture-Solids Ratio 6:1 

 

Following production, the HT liquid was first filtered, then diluted to a carbon concentration of 

10 g/L. This carbon concentration was chosen so that results could easily be compared to current 

Ph.D. research. This also enabled the greatest degree of dilution of the HT liquid, therefore reduc-

ing the amount of time spent producing liquid for testing. The carbon concentration of the HT 

liquid was determined using CHNS analysis (FLASH-2000 Organic Elemental Analyser). 

There were three scenarios for which the SCW gasifier was tested with the HTL liquid: uncata-

lysed, Ni10%-Ru0.08%/Al2O3 catalysed, and Ni10%-Ru0.08%/Al2O3-ZrO2 catalysed. The cata-

lysts were prepared using the method outlined in Lee and Ihm [12] using the following compounds: 

Alumina and zirconia powder from Fischer Scientific; 1.8 mm diameter γ-alumina spheres from 

Sasol, nickel (II) nitrate hexahydrate (Ni(NO3)2∙6H2O); and ruthenium (III) nitrosyl nitrate solu-

tion in dilute nitric acid (HN4O10Ru) from Sigma-Aldrich. 
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For each of the gasification experiments (both catalyzed and non-catalyzed), a sample was taken 

every hour of testing for five hours. Each of the five samples taken were tested twice using gas 

chromatography (GC). This effectively enabled a testing sample size of ten (10) for each scenario. 

The operating conditions for which these scenarios were tested are outlined in Table 8. The sche-

matics for the SCWG unit is illustrated in Figure 9. 

Table 8: SCWG Parameters and Operating Conditions 

Reactor Inner Diameter 0.928 cm 

Reactor Outer Diameter 1.284 cm 

Reactor Length 66.067 cm 

Catalyst Length 5.75 cm 

Operating Temperature 700°C 

Operating Pressure 25 MPa 

Liquid Flow Rate 2 mL/min 

Total Residence Time 22.3 min 

Catalyst Residence Time 1.94 min 

Gas Sampling Time 10 minutes 

Gas Sampling Interval Once per hour 
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Figure 9. SCWG Schematic Diagram 

3.3.1 SCWG PROCESS 

For the scenarios involving a catalyst, the catalyst was to be reduced during this process. Catalyst 

reduction was started when the reactor temperature reached 700°C. A low pressure H2 flow of 5 

mL/min was fed into the system for approximately ninety (90) minutes. Following the reduction, 

the system was pre-pressurized to 6.9 MPa using gaseous H2. The high pressure low capacity 

(HPLC) pump was then used to feed the liquid at a rate of 5 mL/min into the system until the 

desired pressure of 25 MPa was reached. The back pressure regulator (BPR) was then adjusted to 

maintain a pressure of 25 MPa. The feed flow was adjusted to the desired flow rate (2 mL/min). 

After one hour of reaction time, gas samples were taken once per hour for five hours. The liquid 
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produced while the gas was being sampled was also collected, weighed, and stored for analysis 

which was out of the scope of this research.   

In order to analyse the gas which was sampled, it was first diluted with nitrogen gas (~3 L). It 

was then attached to the GC (SRI 8610C Gas Chromatograph) and was analysed using both flame 

ionization detection (FID) and thermal conductivity detection (TCD). The results were given in 

PeakSimple Version 4.44 and were further analysed using Microsoft Excel.  

Statistical analysis was performed to determine if there was a statistical difference between the 

results of each scenario. This was performed through the use of analysis of variance (ANOVA) 

testing and unequal variance t-tests. These tests were performed on the hydrogen yield of each 

scenario after the final gas composition had been adjusted for the injected nitrogen. The calcula-

tions for the nitrogen adjustment are provided in Appendix A). 

The energetic feasibility of the purification of the SCW gas produced in the Ni10%-

Ru0.08%/Al2O3-ZrO2 catalysed scenario was analysed using the simulation from Chapter 2. This 

was done by comparing the SCW gas to the biogas, BCL/FERCO, and Shell gases from Chapter 

2, on the basis of the absolute ambient higher heating value to heat input into the media 

(AAHHV/HIM) ratio and system breakthrough time. 

 RESULTS AND DISCUSSION 

In order to perform the SCWG reaction, the HT liquid was required to have a carbon concentra-

tion of 10-20 g/L. This range was selected for the following reasons. The minimum carbon con-

centration in which the system can effectively operate is 10 g/L as found in the current Ph.D. 

research and the maximum concentration which the HPLC pump can withstand without clogging 

is 20 g/L. CHNS testing of the HT liquid showed that the carbon concentration was 25.94 g/L 

which was above the desired range. As a result the HT liquid was to be diluted to achieve a carbon 
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concentration of 10 g/L. 10 g/L was selected in order to minimize the number of HTL runs required 

to produce a sufficient amount of HT liquid for SCWG while still enabling a later comparison of 

the results in this chapter to those in the ongoing Ph.D. research. The resultant liquid composition 

is shown in Table 9. 

Table 9. CHNS Composition of HT Liquid 

Component Mass Fraction (%) 

Carbon 2.594 

Hydrogen 8.431 

Nitrogen 4.192 

Sulphur 0* 

*Sulphur concentration was below measurable threshold 

The average hydrogen yield of the Ni10%-Ru0.08%/Al2O3-ZrO2, Ni10%-Ru0.08%/Al2O3, and 

uncatalysed SCWG runs were 1.26, 0.44, and 0.43 mol/molcarbon respectively over five hours of 

run time. A statistical analysis of the results was performed to determine if the differences between 

the results were statistically significant. First, the results of all three scenarios were tested against 

each other using an ANOVA test. Through the ANOVA testing, it was determined that one or 

more of the scenarios yielded results that were significantly different than the others with greater 

than 99% confidence and 29 degrees of freedom. T-tests were then performed between each of the 

scenarios to determine which of the scenarios showed better hydrogen yields when compared to 

the others. From the results, it was determined that the mean hydrogen yield using the Ni10%-

Ru0.08%/Al2O3-ZrO2 catalyst was significantly different than the mean hydrogen yield without a 

catalyst and with the Ni10%-Ru0.08%/Al2O3 (18 degrees of freedom and greater than 99% confi-

dence for both comparisons). It was determined that the mean hydrogen yield without a catalyst 
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and with the Ni10%-Ru0.08%/Al2O3 catalyst was not statistically significant (18 degrees of free-

dom). A one-tailed t-test was then conducted to determine if the mean hydrogen yield of the 

Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst was greater than the uncatalysed and Ni10%-

Ru0.08%/Al2O3 scenarios. It was determined with greater than 99% confidence (18 degrees of 

freedom) that the mean hydrogen yield of the Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst was greater 

than the uncatalysed and Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst scenarios. These results suggest 

that the Ni10%-Ru0.08%/Al2O3-ZrO2 had a greater mean hydrogen yield over a five hour run time 

under the chosen conditions than the uncatalysed and Ni10%-Ru0.08%/Al2O3 catalysed scenarios. 

The detailed ANOVA and t-test results are given in Appendix B. 

Research was performed by Zhang et al. [13] on the SCWG of HTL organic waste with similar 

process parameters (700 °C, 24 MPa). The feedstock was gasified in three different scenarios (un-

catalysed, Ni10%-Ru0.1%/Al2O3 catalysed, and Ni10%-Ru0.1%/AC catalysed) [13]. The results 

of the current study were compared to results of the study by Zhang et al. in Table 10. As seen in 

Table 10, the uncatalysed and alumina supported catalysts performed similarly between both stud-

ies; however, the Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst yielded approximately 3 times more hy-

drogen per mole of carbon than the uncatalysed and alumina supported catalysts for both studies. 

Table 10. Comparison of Hydrogen Yield to Zhang et al. [13] 

Study Catalyst Sample Time 

(hours) 

Hydrogen Yield 

(mol/molcarbon) 

Current Study Uncatalysed 2.5* 0.441 

Ni10%-Ru0.08%/Al2O3 2.5* 0.437 

Ni10%-Ru0.08%/Al2O3-ZrO2 2.5* 1.649 

Uncatalysed 2.5 0.517 
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Study by Zhang et 

al. 

Ni10%-Ru0.1%/Al2O3 2.5 0.492 

Ni10%-Ru0.1%/AC 2.5 0.854 

 *Average between the values obtained at 2 and 3 hours of sample time 

As it can be seen in Figure 10, the Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst scenario had a much 

higher initial hydrogen yield than the other two scenarios. After five hours had elapsed, the per-

formance of the Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst was approximately the same as the uncat-

alysed and Ni10%-Ru0.08%/Al2O3 catalysed scenarios. 
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Figure 10. Hydrogen yield of the three tested scenarios over five hours 

These results suggest that the Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst underwent rapid poisoning 

as a result of a contaminant in the HT liquid since it showed more promising results in the first 

two hours of run time and in the ongoing Ph.D. research. Gas chromatography – mass selective 
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detection (GC-MSD) testing was performed on the HT liquid to determine the chemical com-

pounds which may have caused the poisoning of the catalyst. The testing was performed externally 

on an Agilent GC-MSD using a DB-wax column. The results are shown in Table 11 and Table 12. 

Table 11. Dry Matter Composition of Hydrothermal Liquid 

Component 
Total Dry 

Mole Fraction 

Poison Com-

ponent 

Dry Mole Fraction of Poison-

ing Component 

Phenol, 2-methoxy- 11.10% Phenol 8.42% 

Phenol 6.59% Phenol 6.59% 

Phenol, 4-ethyl-2-meth-

oxy- 
6.13% Phenol 3.79% 

Phenol, 4-ethyl- 6.77% Phenol 5.22% 

Phenol, 2,6-dimethoxy- 10.51% Phenol 6.42% 

Vanillin 1.90% Phenol 1.18% 

Apocynin 3.16% Phenol 1.79% 

Homovanillyl alcohol 1.54% Phenol 0.86% 

Ethanone, 1-(4-hydroxy-

3,5-dimethoxyphenyl)- 
5.12% Phenol 2.46% 

Ethanone, 1-(2-furanyl)- 4.51% Furan 2.79% 

 

Table 12. Catalyst Poisoning Component Summary 

Poisoning Component 
Dry Mole Frac-

tion Component 

Phenol 36.72% 

Furan 2.79% 

 

The components shown in Table 11 and Table 12 were chosen because it has been found that 

phenols and furfurals in the raw materials used for SCWG are likely to form tarry substances which 

lead to catalyst deactivation [14]. The high phenol content (36.72% dry) is a likely cause of the 
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catalyst deactivation. There were no furfurals found in the hydrothermal liquid; however, it is 

likely that any furfurals in the raw corn husk were converted to furans during the HTL process 

since it had been found that furfurals decompose into furans at temperatures above 250°C [15]. As 

a result, the furan content (2.79% dry) may have contributed to the deactivation of the catalysts. 

The total phenol and furan flow through the system is quantified in Table 13. 

Table 13. Phenol and Furan Flow 

Mass Flow Rate 
Phenol 0.53 g/h 

Furan 0.033 g/h 

Volumetric Flow Rate 
Phenol 0.49 mL/h 

Furan 0.035 mL/h 

Total Mass Through System (5 hours) 
Phenol 2.6 g 

Furan 0.16 g 

 

Total Volume Through System 

Phenol 2.5 mL 

Furan 0.17 mL 

Catalyst Volume - 3.9 mL 

 

As illustrated in Table 13, the flow of phenol through the system is approximately 13% of the 

catalyst volume per hour and approximately 63% of the catalyst volume over 5 hours of reaction 

time. Without further testing of effects of phenol content on the rate the tar formation on the cata-

lyst, it is difficult to ascertain if a significant amount of tar formation can be attributed to the phenol 

content of the HTL. Further research should be performed on this.  

To mitigate tar formation as a result of phenol, an increase in reaction temperature from 700 °C 

to 800 °C should be investigated as per the research of Kinoshita et al. [16]. Kinoshita et al. found 

that for fluidized bed gasifiers, phenol based tar production can account for as much as 60% of the 
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total oxygen containing compounds in tar produced at 700 °C but decreases to almost zero at 800 

°C [16]. 

The gas produced by the Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst was tested using the model 

from Chapter 2 and compared against the gases tested in that research. On the basis of AAHHV, 

the SCW gas was ranked fourth when compared with the gases from Chapter 2. These results are 

illustrated in Table 14. While the SCW gas has a slightly lower AAHHV/HIM ratio compared to 

biogas, its breakthrough time is extremely short and therefore would require the CPB to be recov-

ered frequently which would result in more system downtime and energy loss due to inefficiencies 

in the recovery process [17]. Additionally, since the SCW gas did not perform better than biogas 

in terms of AAHHV/HIM ratio (3.3% less than biogas), it cannot be considered feasible for puri-

fication in a CPB without further energy analysis. 

Table 14. AAHHV/HIM Ratio and Breakthrough Times of Gases in a CPB (Adapted from Chapter 2) 

Gasification 

Process 

AAHHV/HIM 

(kJ) 

Breakthrough 

Time (s) 

BCL/FERCO 33.91 180 

Shell 28.21 239 

Biogas 24.79 120 

SCWG 23.96 77 

Purox 20.24 144 

Foster Wheeler 16.82 105 

MTCI 15.46 221 

EPI 13.78 231 

Lurgi 13.68 197 

GTI 13.22 165 

SEI 13.18 197 
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Stein 13.03 148 

ISU 10.05 236 

Sydkraft 9.54 213 

Aerimpianti 8.55 205 

TPS 8.14 205 

Tampella 6.82 195 

Flue Gas 0.00 206 

 

 CONCLUSIONS AND RECOMMENDATIONS 

The results of our analysis can be summarized as follows: 

1. SCWG in the presence of a Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst enabled a statistically 

greater hydrogen yield than uncatalysed SCWG and SCWG in the presence of a Ni10%-

Ru0.08%/Al2O3 over a five hour run time. The average hydrogen yield of the Ni10%-

Ru0.08%/Al2O3-ZrO2, Ni10%-Ru0.08%/Al2O3, and uncatalysed SCWG runs were 1.26, 0.44, 

and 0.43 respectively over five hours of run time 

2. The results and GC-MSD testing indicated that the catalysts were likely poisoned due to tar 

formation as a result of the high phenol (36.72% dry) and furan content (2.79% dry) 

3. In the CPB model from Chapter 2, the SCW gas produced in the presence of the Ni10%-

Ru0.08%/Al2O3-ZrO2 catalyst performed 3.3% worse than biogas in terms of AAHHV/HIM 

ratio (23.96 compared to 24.79 for biogas). As a result, the SCW gas cannot be considered 

feasible for purification in a CPB due to the relative nature of the model from Chapter 2. 

4. In future works, means of mitigating the effect of phenol and furan content of HTL corn husk 

should be investigated to enable further research on the SCWG of the liquid. Furthermore, 
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other feedstocks should be tested with the Ni10%-Ru0.08%/Al2O3-ZrO2 catalyst to determine 

if catalyst poisoning is prominent with other types of feedstock. 

5. In accordance with the recommendations from Chapter 2, an absolute energy analysis should 

be performed on the gases tested with the CPB model to determine which gases having 

AAHHV/HIM ratios below that of biogas can be considered feasible for purification in a CPB. 
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CHAPTER 4.  

CONCLUSIONS AND RECOMMENDATIONS 

The push for cleaner sources of energy has been evident through the bulk of research that has 

been performed on the topic. There is evidence which suggests that syngas has the potential to 

become part of the restructuring of our energy supply and demand cycle. There are still many 

technical, energetic, and economical barriers which must be overcome in that restructuring pro-

cess.  

In the second chapter of this thesis, the energetic feasibility of purifying syngas through the use 

of CPBs was examined. The novelty of this portion of the research was that syngas had never been 

tested with a CPB and the feasibility of doing so was unknown. The following conclusions and 

recommendations were made based on the findings:  

1. 2 of the 15 syngases which were tested were determined to be energetically feasible in a CPB; 

however, these two syngases have limited potential for further processing through GTL appli-

cations.  

2. Two other syngases were examined based on their high potential for GTL post-processing. 

While these two syngases were not able to be deemed energetically feasible through the cur-

rent study, it is recommended that future works use an absolute energy analysis to determine 

if these gases may still be feasible for purification in a CPB. 

In the third chapter of this thesis, the SCWG of HTL corn husk in the presence of a 10%Ni-

0.05%Ru/Al2O3-ZrO2 catalyst was tested against an uncatalysed scenario and an industry standard 
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supported 10%Ni-0.05%Ru/Al2O3 catalyst. The novelty of this research was that SCWG in the 

presence of 10%Ni-0.05%Ru/Al2O3-ZrO2 catalyst had shown excellent hydrogen yields but had 

only been tested with a small variety of feedstocks. Testing with the HTL corn husk enabled a 

broadening of the range of feedstock that this highly effective catalyst had been tested with. It also 

enabled the determination of complications which may arise during the SCWG of HTL corn husk. 

The following conclusions and recommendations were made based on the results:  

1. The average hydrogen yield of the 10%Ni-0.05%Ru/Al2O3-ZrO2 catalyst was 193 and 187% 

greater than the uncatalysed and 10%Ni-0.05%Ru/Al2O3 catalyst over a five-hour period; 

however, after approximately five hours of run-time, the hydrogen yield of the three catalysts 

was approximately equal. These results suggest that the 10%Ni-0.05%Ru/Al2O3-ZrO2 catalyst 

was subject to catalyst poisoning.  

2. The GC-MSD results of the HTL corn husk suggest that the 10%Ni-0.05%Ru/Al2O3-ZrO2 

catalyst was deactivated by high levels of phenol (36.72% dry) and furan (2.79% dry) content.  

3. The CPB testing of the gas produced in the first hour in the presence of the 10%Ni-

0.05%Ru/Al2O3-ZrO2 catalyst showed that the gas only performed 3.3% worse than the 

benchmark gas, biogas, in terms of AAHHV/HIM ratio. While these results suggest that the 

gas is not feasible for purification in a CPB based on the current model, it is recommended to 

perform an absolute energy analysis in future works in order to verify this conclusion. 

 CONCLUDING REMARKS 

The shift from the age of fossil fuels has never been more prominent in the research community. 

The development of syngas as an alternative fuel appears to be an attractive option; however, fur-

ther improvement is required before it can be accepted as a mainstream energy source. This thesis 
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explored the syngas field in both high and low temperature ranges. CPBs provide a novel adapta-

tion to a known method of gas purification. It is expected that research in the field continues for 

syngas and other fuel and non-fuel gases. Going forward, a large scale prototype should be devel-

oped which utilizes modern cooling technology. This will enable a better understanding of what 

this technology is capable of at an industrial level. 

SCWG technology is a unique technology in which water is used in the supercritical phase, 

which is neither solid, liquid, or gas. In this state, the water is utilized as a reactant, a solvent, and 

a catalyst. The technology enables the production of hydrogen-rich gas which opens the doors to 

several post-production technologies such as aerospace fuels and hydrogen fuel cells. While the 

SCWG technology field has seen some success with the development of the VERENA pilot plant, 

future research should continue to focus on building a broader knowledge of the catalyst configu-

rations that are most effective under specific reaction conditions and feedstocks. 

Moving forward, the development of both these technologies and all renewable energy technol-

ogies is expected, independent of the cost-per-barrel of crude oil.  
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CHAPTER 5.  

APPENDICES 

 APPENDIX A – NITROGEN AND OXYGEN REMOVAL CALCULATIONS 

The following calculations were performed for the first sample of the first hour for the Ni10%-

Ru0.08%/Al2O3-ZrO2 catalyzed scenario. 

Table 15. Sample Mole Fractions – Unadjusted 

Component H2 O2 N2 CH4 CO Ethane CO2 Ethylene 

Mole Frac-

tion (%) 
20.711 1.441 82.737 1.066 0.218 0.189 3.135 0.030 

 

Air contamination was assumed to be proportional to fraction of O2 in output gas. 

N2 was subtracted by (𝑀𝑜𝑙𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑂2 ×
78

21
) 

O2 was set to zero. 

Table 16. Sample Mole Fractions – Air Removed 

Component H2 O2 N2 CH4 CO Ethane CO2 Ethylene 

Mole Frac-

tion (%) 
20.711 --- 77.384 1.066 0.218 0.189 3.135 0.030 

 

Total Mass Fraction Percentage = 102.733% 

Each component mole fraction was multiplied by 
100

102.733
 resulting in the following mass fractions: 

Table 17. Sample Mole Fractions – Corrected to 100% 

Component H2 O2 N2 CH4 CO Ethane CO2 Ethylene 

Mole Frac-

tion (%) 
20.160 --- 75.325 1.038 0.212 0.184 3.052 0.029 

 

The following parameters were used: 
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Table 18. Experimental Parameters 

Gas collection time(min): 10 

Amount of N2 injected (L) 3 

Carbon content of the feed 

(g/L): 
10 

Feeding rate (mL/min): 2 

 

To determine the number of moles of N2 injected into the sample, the ideal gas law is applied as 

follows: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑁2 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑁2 𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑 [𝐿] × 1000 [

𝑚𝐿
𝐿 ] × 1 [𝑎𝑡𝑚] 

82.057 [
𝑚𝐿 𝑎𝑡𝑚 
𝐾 𝑚𝑜𝑙

] × 298 [𝐾] 
 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑁2 = 0.123  
 
Once the number of moles of N2 in the sample was determined, each of the other components was 

determined as a fraction of N2 using the compositions from Table 17 as follows: 
 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2 = 0.123 [𝑚𝑜𝑙] ×
20.160 [𝑚𝑜𝑙]

75.325 [𝑚𝑜𝑙]
=0.0328 

 

The results for all of the substances are as follows: 

 
Table 19. Moles of Each component in Sample 

Component H2 O2 N2 CH4 CO Ethane CO2 Ethylene 

Number of 

Moles 
3.28E-02 --- 1.23E-01 1.69E-03 3.46E-04 2.99E-04 4.97E-03 4.75E-05 

 

Moles of carbon in the feedstock was determined by: 

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘

= 𝐺𝑎𝑠 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 [𝑚𝑖𝑛] × 𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝐹𝑒𝑒𝑑 [
𝑔

𝐿
]

× 𝐹𝑒𝑒𝑑𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 [
𝑚𝐿

𝑚𝑖𝑛
] × 0.001 [

𝐿

𝑚𝐿
] ×

1 [𝑚𝑜𝑙]

12.02 [𝑔]
= 0.463 

Finally, the yield per mole of carbon was determined by dividing the yields in Table 19 by the 

moles of carbon in the feedstock. 
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Table 20. Sample Yield per Mole of Carbon 

Component H2 O2 N2 CH4 CO Ethane CO2 Ethylene 

Yield 

(mol/mol-

carbon) 

1.973 --- --- 0.102 0.0208 0.0180 0.299 0.00617 

 

 APPENDIX B – STATISTICAL ANALYSIS 

Table 21. Single Factor ANOVA 

SUMMARY       

Groups Count Sum Average Variance   

No Catalyst 10 662.4101 66.24101 83.86899   

10%Ni-0.05%Ru/ 
Al2O3-ZrO2 

10 733.5634 73.35634 80.47969   

10%Ni-0.05%Ru/ 
Al2O3 

10 650.1699 65.01699 101.1046   

       

ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 405.5698 2 202.7849 2.291758 0.120419 3.354131 

Within Groups 2389.079 27 88.48441    

       

Total 2794.649 29     

 

Table 22. t-test; Uncatalysed vs. Ni10%-Ru0.08%/Al2O3 

 
Variable 

1 
Variable 

2 

Mean 0.428597 0.437903 

Variance 0.001427 0.00158 

Observations 10 10 

Hypothesized Mean Differ-
ence 

0  

df 18  

t Stat -0.5367  

P(T<=t) one-tail 0.299024  

t Critical one-tail 1.734064  

P(T<=t) two-tail 0.598047  

t Critical two-tail 2.100922  
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Table 23. t-test; Uncatalysed vs. Ni10%-Ru0.08%/Al2O3-ZrO2 

 
Variable 

1 
Variable 

2 

Mean 1.257649 0.428597 

Variance 0.447081 0.001427 

Observations 10 10 

Hypothesized Mean Differ-
ence 

0  

df 9  

t Stat 3.914681  

P(T<=t) one-tail 0.00177  

t Critical one-tail 1.833113  

P(T<=t) two-tail 0.003539  

t Critical two-tail 2.262157  

 

Table 24. t-test; Ni10%-Ru0.08%/Al2O3-ZrO2 vs. Ni10%-Ru0.08%/Al2O3 

 
Variable 

1 
Variable 

2 

Mean 1.257649 0.437903 

Variance 0.447081 0.00158 

Observations 10 10 
Hypothesized Mean Differ-

ence 
0  

df 9  

t Stat 3.870079  

P(T<=t) one-tail 0.001894  

t Critical one-tail 1.833113  

P(T<=t) two-tail 0.003788  

t Critical two-tail 2.262157  

 

 

 

 


