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Abstract
While great inroads have been made into finding alternate uses for the biodiesel waste glycerol, the
projected growth in biodiesel production is likely to make it difficult for some producers to offload.
This thesis report set out to evaluate the viability of a system which could go some way to solving
this problem, while at the same time offsetting the cost of the primary production process. Aspen
Plus was used to evaluate the thermodynamic feasibility of the proposed system. This modelling
found, that after a couple of modifications, the system was viable from a thermodynamic
standpoint. But, after systematically evaluating gasification, pyrolysis and steam reformation as
possible means for converting glycerol into syngas, it was found that none of these systems, in their
current form, would be suitable for making the system a reality. While it is true that these
technologies are proven methods at a bench scale, an in depth literature review found a number of
complicating factors which makes the conversion of glycerol into syngas an incredibly difficult task,
one which is much more difficult than this investigation first anticipated. These findings cast doubt
on such an idea becoming a reality in its current form. Fortunately, during the literature review
process, a handful of recent studies where uncovered which looked at the co-gasification of crude
glycerol with biomass. From the limited information available on the subject, it would seem that the
co-gasification of glycerol and biomass has a promising future. The prospect of a simple system
based on a proven technology which is able to deal with wastes from multiple sources along the
biodiesel production process is an exciting prospect.
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1.0 Introduction
Despite concerns about climate change and energy security, the world still relies on fossil fuels to
meet the bulk of its energy requirements. In 2012, coal, natural gas and oil were used to meet 87%
of the globes primary energy needs (Gonzalez & Lucky, 2013). Transport represents one of the
largest consumers of these fuels. It accounts for 53% of the world’s primary oil consumption, in turn
contributing to 23% of all energy related CO2 emissions (International Energy Agency, 2012). Despite
advancements in vehicle efficiencies, the GHG emissions from this sector have continued to
increase. The Intergovernmental Panel on Climate Change suggests a number of ways to ameliorate
this situation. One option is to reduce the carbon intensity of the fuels being used, by substituting
those sourced from fossil fuels with natural gas, biofuels or hydrogen produced in a way which limits
the release of greenhouse gasses (Intergovernmental Panel on Climate Change, 2013).

In an effort to decrease its dependency on fossil fuels and at the same time meet their renewable
energy targets, a number of countries are looking to increase their use of biofuels. One such fuel,
which has seen an enormous increase in production over the last decade, is biodiesel. This is
because countries are beginning to realise the value of this renewable fuel. A fuel which not only has
environmental benefits, but can also help reduce dependence of imported oil, with the added
benefit of being compatible with the majority of existing diesel engines and its associated
distribution infrastructure (Du, Li, Sun, Chen, & Liu, 2008).

As the name suggests, biofuels are derived from biomass (plant or animal matter). Biodiesel is no
different, being made from plant and animal oils through a process based on transesterification. As
well as diesel, this process produces a 10wt% by-product made primarily of glycerol. With the rapid
increase of biodiesel production over the last decade, there has been at times a gross oversupply of
glycerol, leading to substantial fluctuations in its market price. This has led to a lot of research being
done into alternative uses for this now low price feed. While great inroads have been made into
finding new uses for glycerol, the continued growth in its production is likely to put further
downward pressure on its market price, which could make it difficult for producers to find buyers for
this product. This is particularly true for smaller biodiesel producers.
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The perfect solution to this problem would be if producers were able to use the product on site, say
for generating electricity or producing heat. This would solve the glycerine transportation and
disposal problem, and offset the production costs of the producer’s primary product (Haas,
McAloon, & Foglia, 2006). Unfortunately, this is easier said than done as glycerol is a poor fuel and
cannot be used in a petrol or diesel engine (Meher, Sagar, & Naik, 2006). In addition, a search for
scholarly articles on glycerol combustion yields minimal returns. This is most likely due to the
inherent properties of the chemical which makes its combustion troublesome when compared to
more traditional hydrocarbon fuels.
As the combustion of glycerine poses a number of difficulties to overcome, the employment of a
technology such as gasification as a means of converting glycerol to a more user friendly fuel, seems
an attractive alternative. It is the aim of this thesis report, to evaluate the viability of such a system.
Aspen Plus (AP) software will be employed to assess thermodynamic feasibility, while a thorough
literature review will look for any technical issues which could stop the proposal from becoming a
reality.
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2.0 Background
This project began with a meeting between Prof. Parisa Bahri, Dr Karne De Boer and myself in late
February 2014. After our introduction, Karne explained his relationship with Murdoch University and
his position as Managing Director of Regenerate Industries (RI). This company specialises in
engineering, construction and project management for small to medium biofuel, bioenergy and
desalination systems. It was during his time working in these fields that Karne devised an idea for an
alternative means of converting the glycerol wastes of biodiesel production into heat and electrical
energy. During the meeting Karne produced a quick freehand sketch of his idea and asked if I would
be interested in evaluating it as a part of my undergraduate thesis. I accepted and in the days
following, Karne produced a more formal block flow diagram which became the starting point for
this project (See Figure 1).
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3.0 The Proposed System
The process outlined in Figure 1 was specifically designed to overcome the problems associated with
crude glycerol combustion. It aims to do so by taking the glycerol through an intermediary stage of
gasification to produce a syngas. In doing so, the troublesome task of combusting glycerol directly is
avoided. The syngas produced will then be combusted and the exhaust gasses used to drive a
turbine which will in turn drive a compressor. The compressor will supply pressurised air back to the
gasifier and combustor. Any excess turbine shaft work will be used to generate electricity. The heat
remaining in the exhaust gasses after heat recuperation can be further used in the gasification or
biodiesel production processes.

The proposed design incorporates a number of innovative design features. The first of which is the
proposal for a custom built gasifier, capable of not only gasifying crude glycerol, but also dealing
with the large volumes of salt rich char and ash which is expected as a by-product.

The second innovation is the separated combustor/turbine pairing. This takes facets of recuperative
and externally fired turbine systems and combines them so as to create a turbine arrangement
similar to that found on an automotive engine. In fact, it is intended that an automotive style turbo
be employed for this purpose. By doing so, it is hoped that some of the commonplace gas scrubbing
procedures can be avoided, leading to an increase of overall system efficiency. At the same time, this
should lead to an overall system which is simple, yet robust and easily coupled to an existing
biodiesel production system.

Figure 1: The initial design diagram of the alternative glycerol to energy process. (Regenerate Industries 2014)
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4.0 Literature Review
4.1 Biodiesel
The compression ignition engine, which is now commonly used to combust petroleum based diesel
fuel, was first patented by Rudolph Diesel in 1892 (Germany Patent No. 67, 207, 1982). At the time
Diesel believed that the long term viability of the engine was connected to its ability to run on fuels
sourced from biomass. This is believed to be the reason why the first public demonstration of the
engine was conducted using straight peanut oil (Nitske & Wilson, 1965). The practice of running
variants of these engines continued until the 1930’s when compression ignition engines were
modified to run on the diesel fraction of crude oil (Bart, Palmeri, & Cavallaro, 2010).

The idea of returning to biomass based fuels (biofuels) as a substitute for the now more common
petroleum based fuels has been pursued a number of times, especially during periods of
hydrocarbon shortages (Rajvanshi, 1986). With current concerns over peak oil, energy security and
now climate change, it should be no surprise that momentum is building to have engines running on
renewable fuels, such as biodiesel again (Biofuels Association of Australia, 2013).

The term biodiesel was originally used to describe unmodified vegetable oils which were used as a
direct substitute for diesel fuel. This practice is now recognised as having a number of shortcomings
which is why there are now few engines of this type. The term biodiesel is now commonly used to
denote fuels primarily made up of monoalkyl esters having long-chain fatty acids (Bart, Palmeri, &
Cavallaro, 2010). Biodiesel is commonly produced from the triacylglycerol molecules sourced from
animal fat or vegetable oils. When triacylglycerols are mixed with a mono-alcohol, it becomes
possible to separate the fatty acids (FA) from their connecting glycerol molecule through a process
called transesterification (Bart, Palmeri, & Cavallaro, 2010). Being the least expensive alcohol,
methanol is the most common alcohol used to produce biodiesel (Knothe, 2005). The resultant
products of a transesterification process which uses methanol are sometimes referred to as fatty
acid methyl esthers (FAME). FAME can be used directly as a biodiesel, but are typically blended with
more traditional diesel fuels to meet regulations (Katryniok, Paul, Belli`ere-Baca, Reye, & Dumeignil,
2010).
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4.2 Glycerol
Glycerine is the commercial term used to describe a product which contains a high level of glycerol
(Propane-1,2,3-triol). Glycerol molecules represent an oxygenated hydrocarbon as it has a hydroxyl
group attached to each of its three carbon atoms (Figure 2) (Vaidya & Rodrigues, 2009). Overall it
has a carbon to oxygen ratio equal to 1.
As a substance, glycerol is a viscous, sweet tasting, clear liquid which is miscible in water, nonflammable, non-toxic and edible (Katryniok, Paul, Belli`ere-Baca, Reye, & Dumeignil, 2010). Glycerol
can be used for many different purposes, from pharmaceutical and cosmetic products to plastic
production and livestock feeds. The use of glycerol in such applications, more often than not
requires a purity of 99.5 % (w/w) pure glycerol (Claude, 1999).

Figure 2: The Structure of a glycerol molecule.
While it is possible to market pure forms of glycerol, the purity of crude glycerol leaving any
biodiesel production process is considered to be low, as it will inevitably contain a number of
impurities (Tan & Abdul Aziz, 2013 ). The composition of the crude glycerol varies markedly and can
be composed of a number of elements such as water, unreacted methanol catalyst, free fatty acids,
inorganic salts, methyl esters and unreacted mono-, di-, and triglycerides (Katryniok, Paul, Belli`ereBaca, Reye, & Dumeignil, 2010). Generally, crude glycerol will have a glycerol content of greater
than 80%, but also contain up to 10% water, up to 10% NaCl and some Methanol (<1%) (Mota,
2012). Having said this, other sources have displayed glycerol contents as low as 65% and water
concentrations as high as 31% (Katryniok, Paul, Belli`ere-Baca, Reye, & Dumeignil, 2010). In its crude
state, glycerol wastes are highly toxic and of low commercial value. For this reason, the majority of
crude glycerol wastes are passed through expensive processes of purification before they are used in
downstream processes (Katryniok, Paul, Belli`ere-Baca, Reye, & Dumeignil, 2010).
Current trends show crude glycerol being produced in ever increasing quantities (Prugh, 2014).
Current projections anticipate the world production of glycerol to increase from 16 billion litres in
2009 to 45 billion litres by 2020 (Luque & Melero, 2012). The oversupply of crude glycerol and the
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reluctance of producers to pay for purification, has led the global science community into looking for
options to convert crude glycerol into value added products (Tan & Abdul Aziz, 2013 ). One option is
to use it as a hydrogen production feedstock, as every mole of glycerol has the potential to produce
up to four moles of hydrogen. One method for extracting the hydrogen from a glycerol molecule is
to crack the molecule at high temperature. This not only can release hydrogen but simultaneously
produce carbon monoxide. These products combined form syngas. This gas has the potential to be a
fuel gas due to its medium heating value. In the right ratio it can also be used as a feedstock to a
Fisher Tropsch process of long chain hydrocarbon synthesis.

4.3 Glycerol Combustion
Typical liquid or solid fuels which are combusted for heat or energy are most often composed of the
elements carbon, oxygen and hydrogen. During the combustion of such fuels, these elements are
converted into carbon dioxide and water. The reaction driving the process we commonly refer to as
combustion is one of oxidation. As the name suggests, oxygen is the most common electron
acceptor in such reactions. The oxygen required for these reactions is commonly sourced from the
air in which these reactions take place, but the oxygen contained within the fuel itself can also be
incorporated into the combustion products, and in doing so lessen the amount of combustion air
required (Food and Agriculture Organisation of the United Nations, 1986). With this in mind, glycerol
creates a curious case. As it contains a much higher oxygen content than the fossil fuels we typically
use for fuel, it can be viewed as requiring less air to combust. It can alternatively be viewed as being
partially combusted in its normal state (Slinn, Kendall, Mallon, & Anderws, 2008).
With regards to its current oversupply, it has been said that the combustion of glycerol “would be an
elegant solution to the problem, if it worked" (Metzger, 2007). Implying that having a renewable
source of heat and energy located so close to a biodiesel plant could not only solve the glycerine
transportation and disposal problem, but also offset the energy costs associated with biodiesel
production. Unfortunately, this is easier said than done as it is a poor fuel and cannot be used in a
petrol or diesel engine (Meher, Sagar, & Naik, 2006). In addition, a search for scholarly articles on
glycerol combustion yields minimal returns, suggesting that there may be some problems in doing
so.
The first property that complicates the ability for glycerol to combust, is its energy density. While it
does contain a significant amount of energy (approximately 18 MJ/kg), it is much less than
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conventional fuels such as diesel (42.6MJ/kg), or gasoline (43MJ/kg) (Dabelstein, Reglitzky, Schutze,
& Reders, 2007). The second complicating factor in the combustion of glycerol is its high viscosity.
At 21°C, glycerol has a kinematic viscosity of 700 centistokes. This is a very high number when again
compared to the more conventional fuels of kerosene (1.8 centistokes) and gasoline (0.5
centistokes) (Sims, 1999). Having such a high viscosity makes it impossible to pass it through any of
the existing nozzles used in burners or engines (Metzger, 2007). It must be said, that although the
viscosity of glycerine is high, it can be significantly reduced by the addition of heat. In addition, the
waste stream that leaves most biodiesel plants has a much lower kinematic viscosity than the one
mentioned previously. This is because it is a mixture of water and residual catalytic alcohol (among
other things). Unfortunately, the alcohol is normally most economical to evaporate off and returned
to the biodiesel production process (Steinmetz, et al., 2013).
Possibly the biggest problem in the combustion of glycerol is its high temperature for auto-ignition.
Glycerol has an auto-ignition temperature of 370°C, which is much higher than that of fuels like
kerosene (210°) and gasoline (280°C) (Metzger, 2007). This means that a greater amount of energy is
required to activate a glycerol oxidation reaction when compared to these more traditional
hydrocarbon fuels. To put this into context, where gasoline and kerosene can be ignited by a spark
and hold a flame under atmospheric conditions, glycerol will not ignite. Even a blowtorch does not
provide enough energy to support the continuous combustion of glycerol (Metzger, 2007). According
to Metzger (2007), the only way that glycerol can be burnt is to spray it into a high temperature
environment, where it is to be given a long residence time to ensure full oxidation.
Even after one has managed to overcome the pervious problems and combust glycerol, their
problems may not yet be over, as the combustion of glycerol waste from the biodiesel process can
produce toxic emissions. The main toxin of concern is Acrolein. This substance is so toxic that it has
been used in the past as a chemical weapon (U.S. Department of Health and Human Services., 2007).
Acrolein is a product of the thermal decomposition of glycerol once heated above 280°C (well below
its auto-ignition temperature). It is accepted that acrolein is toxic at concentrations of around 2ppm,
but some studies suggest that levels as low as 0.09ppm can be harmful to human health (U.S.
Department of Health and Human Services., 2007). For this reason, biodiesel producers have been
advised against burning their waste glycerol (Metzger, 2007). Having said this, acrolein has been
shown to be unstable at higher temperatures and highly flammable (Metzger, 2007). Thus it is
possible for a sufficiently intense glycerol flame, to have a long enough residence time to consume
any associated acrolein before any combustion gasses are released into the environment (Steinmetz,
et al., 2013).
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Studies carried out at North Carolina State University have designed a method of combustion which
seems to address the challenges associated with glycerine’s low energy density, high viscosity and
high auto-ignition temperature (Metzger, 2007) (Steinmetz, et al., 2013) (Bohon, Metzger, Linak,
King, & Roberts, 2011). Their refractory-lined, high swirl burner also seems to have overcome the
issues of flame ignition and stability. In addition, despite the difficulties associated with measuring
the small concentrations of acrolein, the University found that burning crude glycerol in this fashion
also decreases the amount of acrolein present in the combustion gasses.
The work done at North Carolina State University may have taken great steps towards the
conversion of glycerol into heat energy, but it also highlighted problems which stem from the
presence of dissolved inorganic species within crude glycerol, which are a result of excess catalyst
use during esterification and transesterification processes. The presence of these inorganic
compounds during the combustion process led to particulate mass emissions of 2-4g/m3. The study
concluded that crude glycerol combustion fly ash of such concentration which would make it
unsuitable for use as a boiler fuel. It is not just the quantity of this ash that is the problem for boilers,
its salt content can also cause, amongst other things, corrosion, which can lead to the deterioration
of equipment. These drawbacks make the combustion of glycerol less attractive when compared to
the chemical transformation of glycerol (Mota, 2012).

4.4 Glycerol Gasification
In their book, Gasification, Higman and van der Burgt (2008) describe gasification as the conversion
of a carbonaceous fuel into a combustible gas product which contains a usable heating value. For
this reason, this definition does not extend to combustion, as the product gas of this reaction does
not have any residual heating value. Unlike some other definitions on the subject, Higman and van
der Burgt’s is a little broader so as to include technologies such as pyrolysis, partial oxidation and
hydrogenation, but draws the line at including steam reforming or partial catalytic oxidation under
the banner of gasification. These are highly specialised technologies, and although they do include
reactions such as pyrolysis, as it only represents a small intermediary step within these greater
processes (Higman & van der Burgt, 2008). Of the technologies included in their definition, partial
oxidation has become the most common method for the production of synthesis gas (commonly
referred to as syngas). It is possibly for this reason that the term gasification is often used in place of
what Higman and van der Burgt more narrowly describe as partial oxidation. So as to prevent
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confusion, the remainder of this thesis will use the term gasification to refer to what is more
technically partial oxidation.
Gasification is a process of partial oxidation and takes place in an oxygen reduced environment.
More specifically it is a process of thermal decomposition which takes place in an enclosed reactor
(gasifier), in the presence of a metred oxidising agent. Unlike combustion, gasification takes place
when the oxidising agent is supplied at a rate that is less than is stoichiometrically required to
combust the fuel completely. Gasification can therefore be viewed as an intermediary step between
combustion and pyrolysis (thermal decomposition in the absence of oxygen).

The process of gasification happens in two steps. The first occurs at temperatures below 600°C,
where a set of complex reactions enable the volatile components of the fuel to be vaporised (Cutler
& Antal, 1987). Gasses such as hydrogen, carbon monoxide, carbon dioxide, water vapour, tar and
other hydrocarbon gasses are released at this time. The composition of these gasses varies greatly
depending on the feedstock characteristics, gasification agent, temperature, pressure and heating
rate (Higman & van der Burgt, 2008).

By-products of this process, which are not vaporised

commonly take the form of char, tar and ash. Char is central to the second part of the gasification
process where it is gasified through reactions with oxygen, steam and hydrogen (International
Energy Agency, 2014). At this point, some of the unburnt char can now be combusted to produce
the heat required for the reactions in the first step of this process which are highly endothermic.

C3O3H8  3CO + 4H2

(∆H = 250kJ/mole)

Equation 1

In the case of glycerol, it would seem that both pyrolysis and gasification could theoretically be used
to produce products such as hydrogen and syngas. But, as glycerol molecules have a 1 to 1 carbon to
oxygen ratio, it would seem that pyrolysis has the advantage of directly producing syngas by means
of Equation 1 (Nguyen & Kamali, 2013). This equation tells us that in an ideal pyrolysis process, a
single molecule of glycerol could be converted into three carbon monoxide molecules and four
hydrogen gas molecules leading to a product gas with a hydrogen to carbon monoxide composition
ratio of around 1.3. Unfortunately, evidence for doing so is limited, as a number of alternative
reactions can take place which can lead to various other chemicals being formed. For example, the
pyrolysis of glycerol at temperatures around 650°C has shown to produce a syngas with a H2 to CO
ratio as low as 0.3 (Stein & Antal, 1983). This low ratio was accompanied with a liquid by-product
which was high in oxygenated hydrocarbons such as acrolein and acetaldehyde. It also has gaseous
by-products containing light alkanes and solid by-products of coke.
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Chaudhari and Bakhshi (2002) seem to be the first to investigate non-catalytic conversion of glycerol
to syngas through a process of pyrolysis over a range of temperatures. Their first experiments were
carried out on a pure glycerol flow fate of 2.0g/h at temperatures of 400°C and 500°C, but found the
operation of their process became quite difficult as char would form in the feed outlet. Nitrogen was
then used as a carrier gas for the glycerol, to resolve the problem. With a nitrogen flow rate of
50ml/min they were now able to carry out the pyrolysis of glycerol over a temperature range of
350°C to 700°C. At 700°C they observed complete glycerol conversion and reported a gas yield of
50wt%, a residue of 6.3% with the remainder being char. At the same time, they found no liquid
product, and a gas yield of 50% with a syngas product consisting a H2/CO ratio of 1.77 (Chaudhari &
Bakhshi, 2002).
The work done by Chaudhari & Bakhshi (2002) was continued by Valliyappan (2004), as a part of a
M.Sc. thesis and in a follow up journal articles (Valliyappan, Bakhshi, & Dali, 2008) (Valliyappan,
Ferdous, & Bakhshi, 2008). These studies looked at the effects temperature, carrier gas flow rate
and reactor packing on syngas production. Valliyapan et al. 2008 found that the reaction
temperature at which the process took place had the most significant effect on the product gas’
composition, yield, volume and calorific value. Supporting the findings was Gonzalez et al. (2011)
who found that reaction temperatures had a significant influence on product gas composition,
volume and its calorific value. It was concluded that increasing the reaction temperature strongly
increases H2 production but decreases CO and CH4. This resulted in a product gas with a decreased
heating value (González, et al., 2011). These results are also supported by Barker-Hemings et al.
2011. (Barker-Hemings, Cavallotti, Cuoci, Faravelli, & Ranzi, 2011).
Over the course of his experiments, Valliyappan also found that 72wt% of a glycerol feed was able to
be converted into a gaseous product containing 93.5mol% syngas with a H2 to CO ratio of 1.05. This
was achieved at 800°C with a carrier gas flow rate of 50mL/min over a quartz diameter of 3-4mm. At
the temperatures suggested for the RI design (600 C), the product yield observed was approximately
half that observed at 800°C. In addition, at 600 C the volume of product gas produced was just
0.4L/g compared to 1.15L/g at 800°C. While the reactor’s packing material did not have as a
significant effect on the product gas as temperature, gas production did favour packing materials of
a smaller size.
While the bulk of Valliyappan’s (2004) experiments were conducted using pure glycerol, the same
gasification process described above was extended to a synthetic crude glycerol mixture of 60wt%
glycerol, 31wt% methanol, 7.5wt% water and 1.5% of potassium hydroxide in an attempt to study
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the effects of each of these compounds on the product yield, composition and the volume of gas
produced. These experiments were conducted at 800 C and were only capable of producing a
gaseous product containing 81.8mol% syngas. It was also found that the addition of water, methanol
and KOH to glycerol did not have a significant effect on hydrocarbon production. On the other hand,
when potassium hydroxide was added, a decrease in the volume of product gas was observed.
The only journal article that could be found on the gasification of crude glycerol was by Yoon et al.
(2010). In this study, gasification took place at temperatures much higher than those of the pyrolysis
studies previously mentioned. At temperatures between 950 and 1500 C, using both an excess air
and oxygen ratio of between 0.17 and 0.7, the team was able to produce a syngas with a heating
value of 2500kcal/Nm3 (10.46MJ/Nm3), which is somewhat down on the 13 to 22MJ/m3 found in
Valliyappan’s (2004) experiments.

4.5 Combustion of Glycerol Syngas
Despite the growing interest in the conversion of bio-glycerol into energy, there is little in the way of
literature that couples a glycerol derived syngas with power generation (Brusca & Lanzafame, 2003)
(de Souza-Santos ML, 1999). In the process of reviewing the literature for this particular
investigation, only one paper could be found that combines syngas produced from glycerol with any
form of combustion type engine (Bruscaa, Chiodob, Galvagnoa, Lanzafamec, & Marino Cugno
Garranoc, 2014). In this, Brusca et al. (2014) used a steam reformation process to produce their
syngas fuel from a pure glycerol feed. The gas produced was used to run a small internal combustion
engine. While the goal of the study was successful, and it found that the engine produced less CO
and CO2 pollutants, it also found that the engine suffered a significant loss of power (30% less) when
compared to being run on gasoline.

2H2(g) + O2(g)  2H2O(g)

(∆H = -242kJ/mole)

Equation 2

CO(g) + O2(g)  CO2(g)

(∆H = -283kJ/mole)

Equation 3

Despite the lack of literature on the specific task of glycerol syngas to energy conversion, the
powering of turbines with syngas fuel is a proven process, with numerous examples of these in
commercial operation globally (General Electric, 2010). Although common, syngas turbines can have
their share of problems (Ferreira & Pilidis, 2001). Gas turbines are also sensitive machines that are
easily damaged. To ensure their smooth and reliable operation, turbines require that incoming
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gasses be cleaned thoroughly. This usually means the installation of an expensive filtering system
onto the outlet of the gasifer (Datta, Ganguly, & Sarkar, 2010).

The approach outlined by RI in this project’s proposal, intends to overcome some of the issues
associated with integrating gasification with a gas turbine. By incorporating a separate burner, it
removes the problem associated with feeding a ‘dirty’ fuel to a gas turbine. By employing an
automotive style turbo, it should also allow the use of the exhaust gasses without first scrubbing
them. Any amount of gas cleaning leads to energy losses. In theory, so the proposed system should
be able to operate more efficiently when compared to more traditional setups.

While the proposed design may overcome some issues, it may also introduce some issues of its own.
According to Kamil (2012), a syngas burner must be individually designed for a specific syngas
composition, which itself will be determined by the type of feed entering the gasifier (KwiatkowskiI,
Bajer, & Wedolowski, 2012). Therefore, it would seem that RI’s design will need a custom syngas
combustor. In addition to this, using a turbine for a purpose for which it was not designed can cause
the reduction in the surge margin of the compressor and overheating of the turbine material (Young,
Jong, Tong, Jeong, & Yong, 2010).

4.6 Integrated Gasification & Externally Fired Gas Turbine
The system design outlined by RI represents a new approach to integrating a gasification system
with a turbine driven power system. This design is composed of two distinct sections. The first being
the gasification section and the second a cogeneration section, providing combined heat and power.
The power section of the design is centred on a turbine, which is not set up as a traditional oncethrough gas turbine. It rather is designed for energy efficiency, which is achieved by taking a ‘best of
both worlds’ approach, combining features from different, more recognised turbine system design
approaches. In doing so, it is hoped that a simpler, more efficient system will be the outcome.
The first variation from traditional power producing systems is the use of a combustion section
which is external to the turbine. This fact does not automatically class it as an externally fired gas
turbine (EFGT), because in a true EFGT, the exhaust gasses from combustion never pass through the
turbine itself (Datta, Ganguly, & Sarkar, 2010). Instead, they pass through a heat exchanger, where it
exchanges its heat energy with a fresh flow of compressed air. Upon exiting the heat exchanger, this
now hot air is directed to and drives the turbine. The air exhausted from the turbine, having not yet
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been combusted and still containing plenty of heat energy, is then passed to the combustion
chamber where it is burnt with the fuel feed and thus continuing the circuit.

Compared to other turbine type power generation systems, EFGTs offer two major advantages
(Kautz & Hansen, 2007). Firstly, by recuperating the waste heat from the turbine and returning it
back into the system, increases of efficiency can be gained. Secondly, because combusted gasses
never pass through the turbine, these systems facilitate the burning of ‘dirty’ fuels (Kautz & Hansen,
2007). It also means that this type of system has less stringent requirements with respect to the
cleaning of combustion gasses. This is a considerable advantage over traditional systems as it
facilitates the use of efficient gas turbines with fuels which would ordinarily be unsuitable.
The RI proposal also takes in some design features found in recuperative gas turbine (RGT) systems.
These systems also employ a heat exchanger (also referred to as a recuperator), but unlike EFGT
systems, the heat exchange process takes place downstream of the gas turbine. RGT systems employ
an internally fired gas turbine. The hot exhaust gasses from which, pass through a recuperator
where it exchanges its heat energy to a cooler compressed air flow as it travels on its path to the
combustor. This type of heat exchange is most effective when the exhaust gas temperature is much
hotter than the compressed air it is intended to heat. For this reason, should the compressed air be
delivered at a high pressure ratio and therefore a high temperature, the recuperation process will be
less efficient than that of a turbine with a low pressure ratio (Kautz & Hansen, 2007). RGTs are
therefore limited to low power output sizes as larger modern turbines pressure ratios which make
this method unsuitable.

ENG 460 Engineering Thesis

14 | P a g e

5.0 Preliminary Calculations
5.1 Stoichiometric Calculations
While the ultimate decision on the thermodynamic viability of the proposed system will be made
through Aspen Plus (AP) modelling, some preliminary calculations based on equations describing
ideal gasification and combustion reactions were carried out. This was done to identify
stoichiometric flows, from which the subsequent AP model could be built around and its results
ultimately checked against. The results of these calculations can be found in Appendix A. Rather than
complicating these calculations (and the initial AP model) by using a crude glycerol feed, pure
glycerol was used as a starting point. By doing this, the number of reactions taking place within the
gasifier and combustor were kept to a minimum. This facilitated error checking, easier identification
of reaction pathways and allowed for comparisons with published literature.

The calculations assumed pyrolysis and combustion equations 1, 2 and 3 were to be the major
reaction pathways within the gasifier and combustor reactors. Using these equations, the
stoichiometric ratios of major elements were found at key points in the process. These calculations
used a base glycerol feed rate of 1kg/hr. The calculated stoichiometric flows exiting the gasifier were
subsequently used to calculate the stoichiometric flow of air (oxygen) required to feed the
combustion chamber.

5.2 Preliminary Model
Using the information gathered during the literature review and in the preliminary calculations, an
AP model was used to simulate RI’s proposed integrated gasification system. This system was broken
down to two major parts: the gasifier section and the power section. As the output of the gasifier
will be feeding the combustor, the investigation began with the gasifier.
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A simple reactor was modelled in AP using an RGibbs type reactor, as this type of reactor is one of
the only two available for equilibrium calculations. Of these two, the RGibbs type is recognised to be
the most useful when the reactions occurring within it are not fully understood or known or are of a
high number (Aspen Plus, 2013). This simple model’s flow sheet looked similar to that in Figure 3.
The flow of pure glycerol entering this reactor was fixed to 1kg/hour (like that used in the
preliminary calculations). All other parameters, which were altered from the AP default, are outlined
in Appendix B. Among the parameters to be specified were the ‘components names’ to be
considered. For this preliminary model, these were strictly limited to those found in Equation 1, so
not to include confounding side reactions. Once all required inputs were complete, the model was
run. The results returned by AP showed product stream component concentrations equal (to four
significant figures) to those found in the preliminary calculations (See Appendix 1.2). These results
were reproduced at varying reactor temperatures. Based on this information, it would seem that the
AP model uses the equations that describe the ideal process across the entire temperature range
(when restricted to the components listed in Equation 1.

Figure 3: The simple gasification reactor model.

From this point, a hypothetical combustion reactor was added to the simple gasification reactor. This
second RGibbs reactor was fed the syngas generated by the gasification reactor and an amount of air
for combustion. In this case, the stoichiometric ratio of air was used (from preliminary calculations).
The heat duty of the combustion reactor was set to zero and the simulation run. Unlike with the
gasification reactor, the products found exiting the combustor did not exactly agree with the ideal
stoichiometric amounts found during the hand calculations. It seemed that the reactions that were
predicted within the combustor were not complete as there was some H2 and CO in the exhaust
stream. From the exhaust gas composition, it would seem the combustion reaction conversions
were 95.4% and 77.0% complete for H2 and CO respectively. From these results, it would seem that
AP has returned some reasonable results and it should therefore be a useful tool for modelling the
workings of the full system.
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6.0 Aspen Plus Modelling: Pure Glycerol
6.1 Air (Gasification or Pyrolysis)
Having now gained a better understanding of the process behind AP and built a simple model, it was
now time to qualify if the first reactor in RI’s proposal will be home to a gasification reaction, as first
suggested, or one of pyrolysis. As mentioned earlier, gasification differs from pyrolysis only by the
addition of a controlled amount of air to the chemical reaction. Usually this is done to sustain a small
combustion reaction within the reactor, to supply the heat for the symbiotic pyrolysis reactions also
required to complete a gasification process. Having said this, very little was found within the
literature about using gasification as a means of producing syngas from glycerol. Therefore it
seemed like a good idea for a sensitivity analysis to be carried out on the hypothetical gasification
reactor, in which temperature would be held constant and the amount of oxygen entering the
reactor be varied. This was carried out using AP’s modelling analysis sensitivity tool. This analysis
used the same process descriptors used in the preliminary model, but this time included some extra
component specification inputs for AP to consider. These inputs were all of those possible products
described by Valliyippan (2004). This included chemicals such as acrolein, oxygen, water, methane
(CH4) and ethylene (C2H4). An additional material feed supplied air (21% O2 and 79% N2) to the
gasifier and as a part of the sensitivity analysis was varied between 0 and 2kg/hour resulting in the
graphs in Figure 5 and Figure 6.
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Figure 4: Initial gasifier sensitivity analysis setup.
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Figure 5: Product gas component yield as a function of air feed to the gasifier.
(Gasification, Pure Glycerol, 600°C)
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Figure 6: Product gas component composition as a function of air feed to the gasifier.
(Gasification, Pure Glycerol, 600°C)
ENG 460 Engineering Thesis

18 | P a g e

As can be seen in Figure 5, the addition of oxygen has little effect on H2 and CO yield, but, at the
same time, there seems to be a direct relationship between gasifier air feed rates and the amount of
CO2 and water being produced. It can be seen that as the feed air flow was increased from 0 to 2
litres per minute, the amounts of water and CO2 present in the product stream roughly doubled. For
these components to appear, it is likely that the addition of oxygen is now encouraging combustion
(oxidation) reactions Equation 2 and Equation 3) to take place. Figure 6 shows that the addition of
any amount of air to the reactor causes a decrease in the molar fraction of syngas (CO + H2) and
combustible CH4 gas. This is not a desirable outcome as this would lead to a product gas of a lower
heating value. From this information, it appears that pyrolysis reactions result in a more desirable
product gas composition, rather than gasification suggested in the project proposal.
The results of this sensitivity analysis are somewhat in contrast to those found by Jun Yoon (2010),
who found a modest increase in H2 and CO production with the introduction of excess air into the
gasification chamber. There are a number of possible reasons for this. Firstly, Yoon’s studies were
carried out at temperatures of 950-1500°C, much higher than the 650°C at which reactions were
modelled in the gasifier. Secondly, and most importantly, the crude glycerol being used in the Jun
Yoon experiment was only 60% pure glycerol and contained a large percentage of unreacted alcohol
(15%) and triglyceride (20%) (Jun Yoon, Choi, Son, Lee, & Lee, 2010). It is highly likely that these
additional reagents decreased the oxygen to carbon ratio of the input stream. If the carbon to
oxygen ratio was 1, as is the case with crude glycerol, then its decomposition into carbon monoxide
and hydrogen, requires no additional oxygen (Equation 1) (Vaidya & Rodrigues, 2009). Should any
oxygen be added to glycerol under these circumstances, undesirable combustion reactions in
equations 2, 3 & 4 take place, converting the CO and H2 into water and CO2 (Swami & Abraham,
2006) (Vaidya & Rodrigues, 2009).

C3H8O3 + 3/2 O2  3 CO2 + 4 H2

(∆H = –603 kJ/mole)

Equation 4

6.2 Temperature
Even though the reactor’s temperature had been specified by RI, it seemed prudent to do a
sensitivity analysis on this block variable too. Just like the analysis done on the gasifier’s sensitivity to
oxygen, this was achieved through the use of AP’s modelling analysis sensitivity tool. The gasifier’s
temperature was specified as the manipulated variable and the products stream’s gas composition
was the dependent variable. Figure 7 and Figure 8 were the result of this analysis. These figures
show that an increased amount of syngas is produced at higher temperatures. These figures also
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show decreasing amounts of CO2, CH4 and water with increases in reactor temperature. It is
interesting to note that at 800°C the syngas product yield is more than twice than the one at the
600°C originally suggested by RI. Therefore if syngas production is the main goal of the system, than
running the gasifier at 600°C is unlikely to be the most effective temperature for glycerol conversion.
Therefore, should in future the opportunity arise to modify the temperature within the first reactor,
then this option should definitely be considered.
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Figure 7: Product gas component yield as a function of gasifier reactor temperature.
(Pyrolysis, Pure Glycerol)
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Figure 8: Product gas component composition as a function of gasifier reactor temperature.
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(Pyrolysis, Pure Glycerol)
While the general trend of these results show some resemblance to those described by Valliyappan
et al. (2004), there are some differences. Valliyappan found that hydrogen production increased
from 17 to 48.8mol% with an increase in temperature from 650°C to 800°C. The AP results show a
more modest increase of 26.1mol% to 45.9mol% over the same temperature range. Valliyappan’s
results also show CO concentrations slowly decreasing from 55 to 45mol% when reactor
temperature was increased from 650°C to 800°C. Under the same conditions, the AP model predicts
a 23mol% to 37.8mol% increase. Wang et al. 1996, are in agreement with Valliyappan. Wang found
that as temperature was increased from 650°C to 750°C, the only gas to increase in yield was
hydrogen, while all other compounds decreased. Another dramatic difference between the AP
results and Valliyappan’s is the amount of methane (CH3) being produced in the 650°C to 800°C
temperature range. Valliyappan’s experimental results showed a fairly constant 10 to 15mol%
composition of methane in product gasses. Over the same temperature range, AP shows a decrease
from 25.6mol% down to 8.1mol%.
There are a number of reasons which could explain these differences. The main difference is likely to
have come about by the assumptions and equations AP has used in its calculations. In the AP
modelling carried out as a part of this report, all components within the gasifier are considered to be
in their gaseous form. In reality this is unlikely to be the case, because during the pyrolysis of
glycerol, in addition to the gaseous fraction, there should also be a portion of solid and liquid
products (Wang, Montane, & Chornet, 1996), the amounts of which can be significant at
temperatures below 750°C (Valliyappan, Hydrogen or Syn Gas Production from Glycerol Using
Pyrolysis and Steam Sasification Processes., 2004). To highlight this point, in 1982, Stein and Antal
carried out some steam gasification experiments in which the main objective was to produce liquid
products. These experiments were conducted at temperatures between 650°C and 700°C. In these
experiments, it was found that it was possible to attain liquid acrolein and aldehyde products with
yields of 52mol% and 48mol% respectively (Stein & Antal, 1983). While the AP model in this report
was asked to consider these products in its calculations, the products stream was found to have
these components in insignificant concentrations (<1e-5%). Therefore by not considering the liquid
products of pyrolysis, the AP model possibly used the elements, which would otherwise be used in
the production of liquid acrolein and aldehyde, to produce other gaseous hydrocarbons such as
methane. As evidence to this idea, when the temperature of the AP model increases above the
750°C threshold for entirely gaseous products, then its products gas composition better agrees with
the composition found in Valiyappan’s experiments.
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Other reasons for the difference in observed product gas compositions is the reactor design used by
Valliyappan. This reactor uses a packing material which the author did show to have some effect on
product gas composition. This reactor also used a nitrogen carrier gas to transport the glycerol feed
into the reactor. This gas may slightly dilute the amount of reactants within the reactor making the
overall process less efficient.

7.0 Aspen Plus Modelling: Crude Glycerol
Once the AP modelling experiments for pure glycerol gasification were complete, attention turned
to RIs initial proposal for the gasification of crude glycerol. As mentioned earlier in this report, the
composition of crude glycerol exiting a biodiesel production plant varies greatly as a result of the
plant’s type of feedstock, catalyst and post process treatments. Without having sampled the crude
glycerol exiting a plant, it is almost impossible to guess its composition. This makes the modelling of
crude glycerol gasification a challenging prospect. To simplify matters and to allow for a comparison
to existing literature, the same crude glycerol composition that was described by Valliyappan (2004)
was used in this report. The composition of which may bear little resemblance to the crude glycerol
exiting any of RI’s biodiesel plants, but the use of which will allow the comparison to some ‘real life’
experiments.

The AP modelling of crude glycerol gasification was done using the same RGibbs reactor setup used
with pure glycerol. Into this reactor, a 1kg/hour crude glycerol mixture containing 60:7.5:31:1.5
glycerol: water: Methanol: KOH was fed. All other parameters describing the system were left as
they were for the corresponding pure glycerol experiments.

7.1 Air
As with pure glycerol, the first experiment with crude glycerol was to investigate the effect of adding
an extra air feed to the gasification process. This was done because, despite the new oxygen source
in the form of H2O, the carbon to oxygen ratio had been altered through the addition of methanol.

During this sensitivity analysis, the air feed was adjusted to values between 0 and 2kg/hr. The result
of this experiment can be seen in Figure 9. This figure shows a plot almost identical to that from the
same experiment conducted on pure glycerol. It shows that the addition of any amount of oxygen
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causes an increase in yield of combustion products: CO2 and water. It also shows that the
introduction of air had little effect on the yield of syngas, but methane production decreased by
around 60% over the range of feed rates tested. Figure 10 shows the effect of the air feed rate on
the molar composition of the products’ gas composition. The figure shows that the addition of any
amount of oxygen decreased the molar composition of both CO and H2. This lead to an approximate
decrease of around 15mol% of the observed concentration of syngas over the flows tested.
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Figure 9: Producer gas product component yield as a function of air addition to the gasifier reactor.
(Gasification, Crude, 600°C)
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Figure 10: Product gas component composition as a function of air feed to the gasifier reactor.
(Gasification, Crude, 600°C)

7.2 Temperature
As mentioned before, despite the temperature of the gasifier being specified by RI, it seemed
prudent to investigate the effects of all of the process variables which could potentially be
manipulated. As was done with the pure glycerol, the effect of the gassifiers temperature on the
product stream’s composition was also subject to a sensitivity analysis.
As was observed for air, the temperature sensitivity analysis resulted in plots almost identical to that
of its pure glycerol equivalent. Figure 11 shows an increase in syngas product yield and its molar
concentration with increases in temperature. This is largely a result of the substantial increase in CO,
whose concentration increases 100% between 650°C and 800°C. The plots also show decreasing
amounts of CO2, CH4 and water with increases in reactor temperature.
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Figure 11: Product gas product component yield as a function of gasifier reactor temperature.
(Pyrolysis, Crude)
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Figure 12: Product gas composition as a function of gasifier reactor temperature.
(Pyrolysis, Crude)
The AP crude glycerol gasifier sensitivity results were compared to those published by Villiyappan
(2004). Unlike the results returned by AP, Valliyappan’s results are for a product gas which has
undergone a process of cooling to remove condensable products, leaving a dry product gas. To
compensate for this fact, the AP model results were manually adjusted to remove its water content,
so as to leave a product gas which is more readily compared to the published results. A plot of the
product gas’ dry composition over the range of tested temperatures can be found in Figure 13. Table
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1 shows a comparison of the product gas composition found by both Valliyappan and AP when the
reactor temperature was set to 800°C. While the results of both methods were somewhat similar,
there is definitely some variation in the two. Being a maximum of just 3.6mol% out on any one
component may suggest an accurate representation by AP, but for a component like CO2, which only
makes up 7.7mol% of the product gas, AP’s error is exacerbated and is in the order of 35%.
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Figure 13: Dry product gas composition as a function of gasifier reactor temperature.
(Pyrolysis, Crude, Dry Gas)

Reasons for these errors are not exactly clear, but there are a number of differences in Valliyappan’s
experimental setup compared to AP’s simulation, which may lead to differing results. Firstly, AP is
unable to simulate the effect that Valliyappan’s reactor and its packing material are having on the
product gas. Both of these factors have been shown to affect product gas composition (Valliyappan,
2004). The AP reactor parameters could have been adjusted to compensate for this, but this would
be complex task. Secondly, the AP model was run at 4 bar rather than the atmospheric pressures at
which the experimental results were taken. Studies show that increases in reactor pressures cause
equilibrium H2 and CO yields to reduce slightly (Mahishi & Goswami, 2007), (Cancino & Bagajewicz,
2000). This is not seen in the AP results, in fact its results would suggest the opposite.

The effects of side reactions such as those of water shift and steam reforming, plus the effects of the
crude glycerol’s salt content could also be contributing to these errors. How these issues effect the
final gas composition will be discussed in greater detail later in this report. In the meantime, it must
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be remembered that AP’s equilibrium models are less computationally intense than those for kinetic
models. It is for this reason that it cannot give highly accurate results for all cases, and is therefore
only really useful for preliminary calculations (Puig-Arnavat, Bruno, & Coronas, 2010).

Table 1: A comparison of crude glycerol pyrolysis results published by Valliyappan (2004)
and those obtained from Aspen Plus.
Product Gas
Component
H2
CO
CO2
CH4
H2+CO

Valliyappan
1 Atm
52.0
29.8
7.7
8.8
81.8

Aspen Plus
4 Atm, + Water
51.5
30.9
4.6
5.7
82.4

Aspen Plus
4 Atm, Dry
55.6
33.3
5.0
6.1
88.92

8.0 Balance of Plant
At this point of the feasability study, all experiments surrounding the gasifier, required for the
assesment of RI’s proposal, were now complete. In order to now test the thermodynamic feasibility
of the entire system, the remainder of the process was built onto the crude glycerol gasifier tested
earlier. As testing showed that the addition of any oxygen to the reactor had a negative effect on
syngas production, the original design had to be modified slightly to work with a pyrolytic reactor. Its
oxygen feed line is therefore now redundant. For this reason, the pressurised air feed line from the
system’s recuperator was removed from RIs proposal.
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8.1 Combustor
A separator was added onto the gasifier, to remove the ash and char components from the products
stream. From here, the gaseous products were passed into a combustor. A stream of air originating
at the compressor was added to the combustor to provide the oxygen required for combustion. As a
starting point, the rate at which air flowed into the combustor was that found in the preliminary
calculations discussed earlier. As this stoichiometric flow rate was calculated using pure glycerol
(using limited subset of the total number of reactions taking place in the reactor), this was not
expected to represent the optimal air feed rate to the combustor, but it provided a satisfactory
starting point and was tuned after the balance of the AP model had been added.
As with the gasifier, an RGibbs type reactor was employed to simulate the system’s combustor,
because these types of reactors are considered to be the most useful when modelling unfamiliar
reactions. As the reactions within the combustor are expected to be exothermic, there should not be
any need for additional heat to be added. Therefore, in contrast to the systems gasifier, the heat
duty of the combustor was set to zero and AP was asked to perform its simulation calculations under
phase and chemical equilibrium.

Figure 14: An Aspen Plus ‘main flowsheet’ diagram of the complete integrated gasification model.
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8.2 Turbine and Compressor
In RI’s proposal, hot exhaust gasses leaving the combustor are used to drive a turboshaft turbine. As
AP does not have a specific block to model this style compressor, an improvised version was
implemented. This used separate turbine and compressor blocks, coupled through a work stream.
This stream transfers the energy generated in the turbine block to the compressor block. This block
then subtracts the amount of energy it requires to compress the compressor feed air and then
passes out any excess energy through a second work stream labelled ‘Excess SW’. The efficiencies of
both the compressor and turbine were assumed based on experiments carried out by Otobe et al.
(2010).

The gasses leaving both the compressor and turbine are passed to a heat recuperation unit. This
heat exchanger is to pass heat from the turbine’s hot exhaust gasses to the air entering the
combustor. The recouperator was modelled using AP’s ‘Shortcut Method’. This method was used as
it is the only method that can simulate a heat exchanger without specific heat exchanger
configuration or geometry data, which was unavailable at this early stage of development.

By connecting the recouperator’s cold stream output to the inlet of the combustor, the AP model
was complete. A number of tests were carried out on the model using the 1kg/hr crude feed to the
gasifier and an air feed of 5.2kg/hr. At this point, a number of bugs in the model had to be removed.
Once satisfied the model was correct, it was time to tune it. As all the variables around the gasifier
had already been optimised, the only variable left to modify was the air flow rate to the combustor.
So, as with the gasifier, a sensitivity analysis on this variable was carried out. It used the air feed to
the combustor as the manipulated variable and the excess power generated by the turbine as the
dependent variable.

The results of this sensitivity analysis can be seen in Figure 15. This shows the systems generated
power increasing with increasing air flow to the combustor. This trend continues up until 5.5kg/hr at
which point it levels off. At this airflow, approximately 850Watts excess shaftwork is being
generated. In reality it is highly unlikely this type of response would be seen as it is normal for a
combustion engine’s performance to drop off at high air to fuel ratios (Eckard

Serv , 19

). That

said, there is a point on the graph where the power produced starts to taper off. This point is around
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5.5kg/hr, which is not far off the 5.2kg/hr stoichiometric rate calculated earlier and so this will be
assumed to be the optimised value.

After tuning the system, it was found that just over 750 watts of excess shaft work is produced for a
constant 1kg/hr crude glycerol feed rate. Unfortunately, now that pyrolysis reactions are being used
in the first reactor to convert the glycerol into syngas, an amount of heat energy must now be found
to perpetuate the endothermic reactions. If it is assumed, for simplicity, that the only conversion
reaction taking place within the reactor is the one described by Equation 1, then to convert 1kg of
glycerol into syngas would require 2714kJ, or approximately 750 watts of energy over an hour. In
effect wiping out an equivalent amount of energy that is being produced in excess shaft work.
Fortunately, this is not the only source of energy being produced by this system. There is also the
heat energy in the ‘To Boiler’ stream. For the situation where 1kg/hr of glycerol is being fed into the
gasifier, AP found 2700W of enthalpy in this stream. If the energy density of crude glycerol is
somewhere around the 18 MJ/kg quoted earlier for pure glycerol, then the entire system would be
approximately 50% efficient. This seems a bit high considering typical biomass-based power
generation systems have efficiencies in the range of 15-30% (Soltani, Mahmoudi, Yari, & Rosen,
2013), however it must be remembered it would not be possible to use all of the energy that exits
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Figure 15: System shaft work produced and combustor exhaust gas O2 flow composition as a
function of combustor inlet air flows.
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Assuming perfect scalability, these findings would equate to a substancial amount of energy for a
biodiesel production facility. Take for example a biodiesel production plant producing 1ML of
bidiesel per year. Such a plant would produce around 100kL of glycerol byproduct per year
(11.4L/hr). Based on the AP modelling, this could generate 8.5kW of shaft work energy. In addition,
there would be 30.7kW of heat energy exiting in the recouperator exhaust gasses. Together, these
energy streams represent a significant energy resource which could be used by biodiesel producers
to offset their production facility’s energy requirements.

While somewhat simplified, and being made with a number of assumptions, the AP model shows
that the proposal put forward by RI is theoretically possible from a thermodynamic perspective. This
does not mean the system will work in reality as there are a number of technical difficulties to
overcome before such a system could become a relaity.

8.3 Where to from Here?
The AP simulations described above have shown that, in theory, a biodiesel production facility has
the potential to generate a substantial amount of energy from what is considered to many as a
waste. This may seem an attractive option, but if we consider some of the hurdles that must be
overcome, the prospect of making this a reality makes RIs proposal an unlikely prospect.

In the original proposal, it was suggested that if crude glycerol could be gasified to produce syngas,
then there would be no need for additional heat to be added to the gasifier. Unfortunately, in the
process of the literature review it was found that the gasification of glycerol would be a poor choice
for two main reasons. The first reason being that the gasification process would require the
combustion of a small amount of glycerol to produce the heat required for the endothermic syngas
production reactions. The reality of which is problematic as glycerol has proven to be a difficult
substance to burn. Added to this, the literature and this report’s experiments show that the addition
of any amount of oxygen to the gasification process decreases the production of syngas, therefore
making it a less desirable option, especially at the lower temperatures suggested.

If the combustion and gasification of glycerol is not possible, then the next option would be to
convert the glycerol into syngas through pyrolytic reactions. While this option does overcome some
of the problems associated with gasification, it does come with problems of its own. Firstly, pyrolytic
reactions are highly endothermic and therefore require a large amount of heating energy to be
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supplied so they can take place; especially if these reactions are to occur at the higher temperatures
where they yield the most product gas. By having to supply this energy from an external source will
inevitably decrease the net productivity of such a process.
The next problem to overcome is that found by Chaudhari and Bakhshi (2002), which was the
blockage of glycerol feed tubes by char. This led to the use of a nitrogen carrier gas to help transport
glycerol smoothly into the reactor. This technique, in one form or another, has been adopted by all
those carrying out subsequent gasification experiments on glycerol. The use of a carrier gas in this
project’s design would go against the ideology of keeping this process as simple as possible and
therefore is out of the question.

If the use of a carrier gas is out of the question, where does this leave this project? During the course
of the literature review for this report, another medium for transporting crude glycerol has been
uncovered, that is water. But, unlike the inert carrier gasses discussed earlier, the use of water as a
transport medium adds another reactant into the process which opens the door to new chemical
reaction pathways. If this method of transport is chosen, then pyrolysis will remain as the main
method of syngas conversion, although by having an amount of water within the reactor, there will
now be an additional source of oxygen, which will lead to an amount of gasification conversion. This
water will also facilitate water gas shift and reformation reactions which are more commonly
associated long chain hydrocarbons.

9.0 Steam Reformation
Reformation has gained a lot of attention over the last decade as a result of this processes’ ability to
produce hydrogen rich syngas (Arechederra, Treu, & Minteer, 2007). Like pyrolysis and gasification,
it is a thermal process typically taking place at temperatures between 700°C and 1,000°C. While
more commonly used for producing hydrogen from natural gas (U.S. Department of Energy, 2014),
the process can also be applied to glycerol (Antonio & Freitas, 2014).
Glycerol reforming can be achieved through three distinct processes, these being: steam, aqueous
and autothermal reformation (Vaidya & Rodrigues, 2009). Aqueous reformation, also known as
supercritical water reformation, is carried out at low temperatures (≈225°C) but at high pressures
(2MPa) (Vaidya & Rodrigues, 2009). The low reaction temperatures required for this form of
reformation would make it an attractive option considering the amount of heat energy required for
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the pyrolytic reactions investigated earlier in this report. Unfortunately, the high pressures at which
the reactions take place would all but rule it out as an option for RI’s proposal.
The other two forms of reformation take place at much lower pressures (typically around
atmospheric). Autothermal reformation of glycerol bears some similarities to the method of
gasification described earlier, as it employs a partial oxidation step to supply the heat for
simultaneous decomposition reactions. In the autothermal reformation of glycerol, steam, oxygen
and glycerol react, with the aid of a catalyst, to produce syngas as described by Equation 5, which
itself is the sum of Equation 6 and Equation 7. Equation 7 is commonly referred to as the water-gas
shift reaction and can be used to boost H2 to CO ratios if required. The H2O in brackets in Equation 6
indicates the reaction taking place in the presence of water.
C3H8O3 + 3/2 H2O + 3/4 O2 3CO2 + 11/2 H2

(∆H 240kJ/mol)

Equation 5

C3H8O3 (H2O)  3CO + 4H2

(∆H 251 kJ/mol)

Equation 6

CO + H2O  CO2 + H2

(∆H -41 kJ/mol)

Equation 7

As with the gasification of glycerol, the addition of the oxygen required for the autothermal
conversion of glycerol results in a product gas poorer in syngas (Vaidya & Rodrigues, 2009). Steam
reformation overcomes this problem somewhat as it takes place in the absence of oxygen (Equation
8). This means that, similar to pyrolysis, the energy required to drive this endothermic reaction must
come from an external source. The amount of energy required for this is quite high, as the reactions
that govern the process are highly endothermic and typical reaction temperature are in the order of
800°C.
C3H8O3 + 3 H2O  3 CO2 + 7 H2

(∆H 128kJ/mol)

Equation 8

As steam reforming still contains a pyrolytic step, the process still results in the formation of coke,
but the additional water may assist in the reformation of these products into H2 and CO2 (Tran &
Kannangara, 2013). This could go some way to ameliorating the char blockages associated with a
neat glycerol feed into a gasifier.
Like all reformation reactions, this method usually requires a catalyst, but there has been a handful
of experiments which have tried reforming glycerol without the aid of a catalyst (Krammer,
Mittelstädt, & Vogel, 1999) (Bühler, E, Ederer, Kruse, & Mas, 2002) (Qadariyah, Muhfud,
Machmudah, & Wahyudiono, 2011). The majority of these experiments use supercritical steam, but
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it is possible to use the other forms of reformation without a catalyst (Ahmed & Krumpelt, 2001).
With this in mind, it was decided to extend the AP model developed earlier to see what effect the
addition of water to the feed stream had on the syngas produced.

9.1 Steam Reformation of Pure Glycerol
As with the pyrolysis experiments carried out earlier, the modelling of the stream reformation of
glycerol started with pure glycerol. This was done to prevent clouding the results with unnecessary
side reactions, making it easier to identify the overarching trends. The experiments used the same
gasifier described in the pyrolysis experiments. The only modification being the addition of a mixer
unit into the glycerol feed stream, in which the feed and an additional water stream were fed and
mixed, before entering the gasifier. As before, the pure glycerol feed was set to a base of 1kg/hr. The
gasifier’s temperature was set to 600°C and the flow of water into the mixer was varied from
between 0 and 2kg/hour. The effect this had on the system’s product yield and the mole fraction of
the product gas can be seen in Figure 16 and Figure 17 respectively.
As the literature suggested it might, Figure 16 and Figure 17 show the addition of water to the
system’s glycerol feed increases the yield and molar composition of hydrogen within the system’s
product gas (Vaidya & Rodrigues, 2009). Figure 16 shows that as the mass of water added to the
feed increases from 0 to 2kg/hour, the amount of hydrogen in the product gas also increases. Figure
17 shows that an increase in hydrogen production of the order of 50% can be attained from the
addition of 1kg/hour of water to the pure glycerol feed. This suggests, that if maximum hydrogen
production is desired, then a 50:50 ratio of glycerol to water is optimal. Unfortunately, despite the
promising increases in hydrogen production, the yield in syngas was relatively unchanged.

At the same time, the other combustable gas, methane, is also decreasing in yield and has a
decreasing molar percentage in the product gas. While this report has been focusing on syngas
production, steam reformation actually made up of a number of complex reactions which result in
the formation of a number of byproducts (Vaidya & Rodrigues, 2009). The formation of CH4 has been
common to all of the experiments conducted to date, but its lower concentrations in the presence of
water suggests it too is being reformed into H2 and CO through Equation 9 and Equation 10. Further
evidence to this is that at the same time hydrogen production was increasing, CO production was
decreasing at a similar rate, and at the same time the yield plot shows the concentration of CO2
increasing.
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CH4 + H2O  CO + 3H2

(∆H 206kJ/mol)

Equation 9

CH4 + 2H2O  CO2 + 4H2

(∆H 165kJ/mol)

Equation 10
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Figure 16: Product gas composition as a function of water feed to the reactor.
(Steam Reformation, Pure Glycerol, 600°C)
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Figure 17: Product gas component composition as a function of water feed to the reactor.
(Steam Reformation, Pure Glycerol, 600°C)

In an effort to further validate the AP model, some additional steam reformation experiments were
conducted using pure and crude glycerol mixtures, the results from which were compared to the
results of a similar experiment published by Valliyappan (2004). This author conducted these
experiments using a reactor temperature of 800°C. For this reason, a sensitivity analysis, like the one
just described at 600°C was also conducted at 800°C. The results of these experiments can be seen in
yield and product gas molar composition plots in Figure 18 and Figure 19 respectively. When
compared to the equivalent 600°C plots, these show that a great deal more syngas is being
produced, especially at lower water feed rates. The 800°C plots also exhibit a more exaggerated
decrease in syngas production with increasing water feed rates. The molar composition plot shows
the steam reformation reactions (Equation 9 and Equation 10) having a substancial effect on the
system with the amount of methane being produced being much less than that seen at 600°C. This
increase in reformation activity could explain the peak in the product gas hydrogen composition
being at a much lower water feed rate than of that the 600°C plots.
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Figure 18: Product gas composition as a function of water feed to the reactor.
(Steam Reformation, Pure Glycerol, 800°C)
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Figure 19: Product gas component composition as a function of water feed to the reactor.
(Steam Reformation, Pure Glycerol, 800°C)
Valliyappan (2004) did not produce a spectrum of results at 800°C, but rather undertook a single
steam reformation experiment of a 50-50% mixture of steam and pure glycerol with a reactor
temperature of 800°C. The results of this experiment can be seen in Table 2. In this same table are
the results of the AP simulation under the same conditions. Unlike the results for a similar
comparison mentioned earlier in this report, there were found to be some major discrepancies
between the two results. These differences were most obvious in the concentrations of CO, CO2 and
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CH4. The reasons for this are not entirely obvious, but could possibly be explained by the same
reasons put forward for the crude glycerol pyrolysis comparisons earlier in this report. In addition to
these causes, there are some other possible explanations. Firstly, it would seem that AP may be
overestimating the effect the water gas shift and steam reformation equations are having on the
system. Possibly the greatest indicator to this is the AP estimation of the product gas molar
concentration of methane. This was predicted to be 0.4% which is an order of magnitude less than
that measured by Valliyappan (2004). The only equations this report can find to explain this result
are the steam reformation reactions Equation 9 and Equation10. By overestimating these reactions,
lower methane and higher concentrations of CO2 would result, which is what was observed at this
temperature.
Another possible explanation for this discrepancy could be the residence time of gasses within the
reactor which led to the experimental data. Should this have been a time less than that required to
meet an equalibrium state, then this could effect the concentrations of the exiting product gas.
Table 2: A comparison of published experimental results of the steam reformation of a 1:1 ratio of
pure glycerol to steam and those generated by an Aspen Plus simulation.
Product Gas
Component
H2
CO
CO2
CH4
H2+CO

Valliyappan
(2004)
58.9
30.3
4.4
4.8
89.2

Aspen Plus
Dry
63.4
20.0
16.1
0.4
83.4

9.2 Steam Reformation of Crude Glycerol
After comparing the results of the steam reformation of pure glycerol, the AP model was adjusted to
repeat the same experiments on crude glycerol. Again, this was done to check the validity of the
model against experimental data published by Valliyappan (2004). It was found that the results from
this new model were very similar to those produced from a pure glycerol feed. This was the case for
experiments carried out at both 600°C and 800°C (Figure 20 and Figure 21). We can see that
hydrogen selectively increased as the steam to glycerol weight ratio increased from 7.5: 92.5 to
50:50. On the other hand, carbon monoxide production decreased over the same ratio changes. This
is most likely due to the water-gas shift reaction (Valliyappan, 2004).
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Figure 20: Product gas component composition as a function of water feed to the reactor.
(Steam Reformation, Crude Glycerol, 600°C)
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Figure 21: Product gas component composition as a function of water feed to the reactor.
(Steam Reformation, Crude Glycerol, 800°C)
The results for the 800°C degree experiments at selected ratios were then compared to Valiyappan’s
(Table 3). Like the comparisons for pure glycerol, there was quite some discrepancy in the AP results
and those published. Like before, this was especially true when we compare the predicted and
measured values for methane. This is most likely a result of the same reasons mentioned for pure
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glycerol, but this time the high salt content (KOH) within the crude glycerol could also be having
some effect (Valliyappan, 2004).

Table 3: A comparison of published experimental results of the steam reformation of various ratios
of crude glycerol to steam and those generated by an Aspen Plus simulation.
(These compositions are for a dry product gas)
Product
Gas
Component
H2
CO
CO2
CH4
H2+CO

Valliyappan
(2004)
7.5 : 92.5
52.1
31.2
5.1
9.5
83.3

Aspen Plus
Dry
7.5 : 92.5
58.1
31.2
6.2
4.4
89.3

Valliyappan
(2004)
25 : 75
57.3
22.1
4.7
12.4
79.4

Aspen Plus
Dry
25 : 75
62.4
26.1
9.6
1.9
88.5

Valliyappan
(2004)
50 : 50
59.1
19.7
6.0
11.5
79.1

Aspen Plus
Dry
50 : 50
66.5
17.6
15.5
0.4
84.1

While the AP estimations have been found to vary somewhat from experimental data, it is still
evident that steam reformation, as a syngas production method, would be a feasable option. At the
same time, this method would also help limit the build up of char deposits in the reactor feed inlet.

Having said this, implementing such a system would come with a number of drawbacks. The first of
which is that the product gas produced would have lower molar concentrations of CO and CH4,
which would lead to a product gas of a lower heating value (KwiatkowskiI, Bajer, & Wedolowski,
2012). In addition, there still remains the problem of providing the heat energy for the endothermic
syngas conversion reactions and the need for expensive catalysts. Therefore, from a purely practical
perspective, if there was no other way to prevent char build up than to introduce water into the
system, then it could be seen as a viable option but from a syngas production perspective there
would be of very little, if any, benefit.

9.3 Where to from Here? (Part II)
Having systematically evaluated gasification, pyrolysis and steam reformation as possible means for
converting glycerol into syngas, it would seem that there isn’t any existing technology that would be
suitable for RIs proposal. All of these technologies may have been proven methods in bench scale
tests, but questions still remain about translating these results into a full scale process. In terms of
the requirements of this research project, it was intended to find a glycerol conversion method
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which overcame the problems associated with combustion while still remaining a relatively simple
process. This investigation uncovered a number of issues which are to the contrary of this
requirement. These include, but are not limited to the following:


Glycerol being hard to combust. This could cause complications with gasification.



The composition of combustable gas products decreasing when air is added for gasification.



Char build up in glycerol feed to reactor, requiring the use of a carrier gas to transport feed.



The majority of conversion reactions require expensive catalysts to operate efficiently.



When pyrolysis or steam reformation is employed, the heat energy required for
endothermic syngas production reactions have to be supplied by an external source.

All of these complicating factors point to the reality that the gasification of glycerol by itself is an
incredibly difficult task, one which is much more difficult than this investigation first anticipated. So,
at this point the reader may be thinking that the story which was that of glycerol gasification must
now surely be over. It turns out that this is not the case at all, as it was during the literature review
process that a handful of recent studies where uncovered which looked at the co-gasification of
crude glycerol with biomass. This gasification combination overcomes the majority of the difficulties
listed above.
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10.0 Co-Gasification of Crude Glycerol and Biomass.
The last decade has seen a great deal of research into the conversion of glycerol through
gasification, pyrolysis and reformation (Skoulou & Zabaniotou, 2013). While this research shows
some potential, the vast majority of these experiments have not progressed past a laboratory bench
scale (Wei, Pordesimo, Haryanto, & Wooten, 2011). For this reason, there is little information on the
technical and economic feasibility of crude glycerol conversion. This could be seen as somewhat
surprising as gasification and pyrolysis technologies have been around for a very long time and are
well developed. This could suggest that the difficulties these experiments are coming up against
make the converting of crude glycerol to syngas by itself an unlikely proposition. It could also explain
why a handful of recent papers have looked at the syngas conversion of glycerol with the aid of
biomass, is commonly referred to as co-gasification.
Experiments which have used biomass as a catalyst in the super critical water steam reformation of
glycerol have been conducted at least as far back as 1996 ( (Xu, Matsumura, & Antal, 1996), (Antal &
Xu, 1998), so it is of some surprise that the literature on the co-gasification found during the course
of this investigation only dates back as far as 2011. Gasification of this kind most commonly uses a
fixed-bed downdraft type gasifier. These types of gasifier are limited to a solid feedstock (Wei,
Thomasson, Bricka, & Sui, 2009). Having said that, a number of recent publications have looked at
the idea of gasification of woodchips or bio-pellets which have been blended with crude glycerol.
Mixed in the correct proportions the biomass absorbs the glycerol maintaining a solid feedstock
suitable for a fixed bed, downdraft type gasifier.
Wei (2011) conducted a study using a pilot scale fixed bed downdraft gasifier to co-gassify hardwood
chips blended with 5%, 10% and 20% crude glycerol by weight. It was found that syngas produced in
this manner was of a quality suitable for fueling internal combustion engines. In addition to this, it
was noted that the amount of crude glycerol loading had a significant effect on CO and CH4
production while having no significant effect on H2 and CO2 production.

Skoulou (2013) looked at the viability of co-gasification of olive kernels (an agro-residue local to the
area). These experiments were performed on a laboratory scale fixed bed reactor at temperatures
between 750 and 800°C with mixing levels of 24%, 32% and 49% weight of crude glycerol to olive
kernel. Compared to gasification experiments conducted on straight olive kernels, the study showed
that co-gasification with crude glycerol gave a favourable syngas yield and increased the
concentrations of H2 in the product gas (Skoulou & Zabaniotou, 2013).
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Sricharoenchaikul (2012), took the idea of recycling biodiesel waste products into syngas one step
further by gasifying biomass pellets which were made of nut and palm shell (a biodiesel feedstock
waste) with crude glycerol (transesterification byproduct) (Sricharoenchaikul & Atong, 2012). This
research resulted in the suggestion that the co-gasification of these mixed wastes could produce a
gas suitable for power generation or as a feed for a value added product, which could significantly
offset the costs associated with biodiesel production and the disposal of its associated wastes.

From the limited information available on the subject, it would seem that the co-gasification of
glycerol and biomass has a future. The prospect of a simple system based on a proven technology
which is able to deal with wastes from multiple sources along the biodiesel production process is an
exciting prospect. In addition to this, the prospect of being able offset heating and power costs of
biodiesel makes for a win-win situation for biodiesel producers.
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11.0 Conclusion
While inroads have been made into finding alternate uses for the biodiesel waste, glycerol , the
projected growth in biodiesel production into the future is likely make it difficult for smaller
producers to find buyers for their waste glycerol. It was the aim of this thesis report was to evaluate
the viability of a system which could offer producers a perfect solution. Through model simulation
and a simultaneous literature review, this thesis report found the proposal to be thermodynamically
feasible but also found a number of technical issues which could stop the proposal from becoming a
reality.
To evaluate the thermodynamic feasibility of the project, Aspen Plus was employed to model the
system. After a couple of modifications to the original proposal, it was found that, in theory, the
proposed system was a viable one. However, systematically evaluating gasification, pyrolysis and
steam reformation as possible means for converting glycerol into syngas, it was found that there
does not seem to be any existing technology at this point in time that would be suitable for making
the system a reality. It may be the case that these technologies are proven methods at a bench
scale, but questions still remain about translating these results into a full scale process.
In terms of the requirements of this research project, it was intended to find a glycerol conversion
method which could overcome the problems associated with combustion while still remaining a
relatively simple process. This investigation uncovered a number of issues which make the current
process idea unviable at this point in time. These include, but are not limited to the following:


Glycerol is hard to combust. This could cause complications with gasification.



The composition of combustable gas products decreases when air is added for gasification.



Char build up in glycerol feed to reactor, requires the use of a carrier gas to transport feed.



The majority of conversion reactions require expensive catalysts to operate efficiently.



By employing pyrolysis or steam reformation, the heat energy required for endothermic
syngas production reactions has to be supplied by an external source.

All of these complicating factors point to the reality that the gasification of glycerol by itself is a
difficult task, one which is much more difficult than this investigation first anticipated. These findings
all but rule out such an idea becoming a reality. Fortunately, during the literature review process, a
handful of recent studies where uncovered which looked at the co-gasification of crude glycerol with
biomass. This gasification combination overcomes the majority of the difficulties listed above.
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From the limited information available on the subject, it would seem that the co-gasification of
glycerol and biomass has a future. The prospect of a simple system based on a proven technology
which is able to deal with wastes from multiple sources along the biodiesel production process is an
exciting prospect. In addition to this, the prospect of being able to offset the heating and power
costs of biodiesel makes for a win-win situation for producers.
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12.0 Future Work
This feasibility study into RI’s proposed alternative glycerol gasification, combustion and power
generation system had, in hindsight, too large a scope for just one thesis report. While the original
aim was to find out if the entire proposal would work thermodynamically, the same could have been
achieved if the investigation had been broken down into two distinct sections: The gasification
section and the power producing section. Each of these are valid technological innovations in their
own right and should one or the other be found to be unrealisable, then this does not mean the
other is also unrealisable. For example, the proposed externally fired turbine configuration could be
joined to any syngas producing system, as its functionality is not limited to one which is fed by
glycerol. Likewise for the glycerol gasification section, it could be coupled to any one of the number
of existing syngas driven power generating systems.
Future research on this proposal can therefore head in two distinct directions. The gasification
section could look further into co-gasification options. This is a relatively new field of gasification
research, with papers only dating as far back as 2011. Only one of these papers is based on pilot
scale experiments. Research in this area can look at the co-gasification of glycerol with different
wastes from the biodiesel production line, or alternatively it could look at co-gasification of glycerol
with wastes from other industries local to the area.
Research into the power producing section could look into whether this sort of configuration has
been proposed or even implemented before. A deeper literature review could find out why existing
syngas systems use the scrubbing technologies they do. This would possibly answer the question as
to why this type of system hasn’t been done before. If a more critical analysis of this configuration
points to its feasibility, then some pilot scale experiments could be carried out so as to see if the high
efficiencies found in this report can be achieved in reality.
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Appendix
Appendix A: Preliminary Calculations
Appendix A.1: System Molar Flows

C3O3H8 3CO + 4H2 (∆H = 250kJ/mol)

Glycerol Tank
Gasifier

Glycerol 1kg/hr
(10.86mol/hr)
Pump

2H2(g) + O2(g) 2H2O(g) (∆H = -242kJ/mol)
CO(g) + O2(g) CO2(g) (∆H = -283kJ/mol)

Combustor

Using a pure glycerol feed rate of 1kg/hour:

Appendix A.2 Gasification Section
Glycerol Decomposition
C3O3H8  3CO + 4H2 (∆H = 250kJ/mole)
For a 1kg/hour base:
10.86 C3O3H8  32.57 CO + 43.43 H2 (∆H = 2714kJ/hr)
Making the total moles of syngas = 32.57molesCO + 43.43 molesH2 = 76.00molesTotal

ENG 460 Engineering Thesis

52 | P a g e

Appendix A.3 Combustion Section
From stoichiometric balances around Equations 1 and 2 we can calculate the amount of air required
for combustion.
From Equation 1
O2 Required =
From Equation 2
O2 Required =
Total O2 Required =
Mass of

hr

 Mass of

hr =

 Mass of

hr =

Calculating the mass of air required:
Air Composition (moles)

Therefore if 38.00 moles

Nitrogen = 78.1%
Oxygen = 20.9%
is required we would expect with it:

38.00
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The mass of which would be




Therefore the total mass flow of air into the combustor would be:

The total number of moles (of all substances) entering the combustor:

Appendix A.4 Glycerol Syngas Combustion
2H2(g) + O2(g)  2H2O(g) (∆H = -242kJ/mol)
CO(g) + O2(g)  CO2(g) (∆H = -283kJ/mol)
From the equations above expect the following to exit the combustor:
2 moles H2  2 moles H2O
Therefore
43.43 moles H2  43.43 moles H2O
1 mole CO  1 mole CO2
Therefore
32.57moles CO  32.57 moles CO2
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Appendix A.5 Energy from Syngas Combustion
Energy Anticipated From Conversion of H2 to H2O
= -5255.5kJ/hour
Energy Anticipated From Conversion of CO to CO2

32.57

= -9218.7kJ/hour

Appendix B: Aspen Model Parameters
Appendix B1: Gasifier
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Appendix B1: Completed System

ENG 460 Engineering Thesis

56 | P a g e

ENG 460 Engineering Thesis

57 | P a g e

ENG 460 Engineering Thesis

58 | P a g e

