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Summary

Renewable energy is gaining a more and more important role during the last few years.
Global warming issues are in fact pushing the economies towards newer and more respect-
ful technologies which could have a reduced impact on the environment. Moreover, fossil
fuels are experiencing a large shortage. The cost of oil derived fuels is increasing on an al-
most daily basis. Furthermore, fossil resources are not well distributed all over the world,
which sometimes results in socio-economical conflicts. Thus, the need to find an energy
source with small impact on the environment, renewable and possibly well-distributed is
becoming increasingly more important.

Biomass can fulfill all of these requirements. If it is grown in an appropriate way, bio-
mass is fully renewable and it can have limited or even no impact on the environment. The
carbon released in the atmosphere by its thermal processing is the same stored in the or-
ganic tissues during the living being’s life: the net balance is then neutral. Furthermore, bi-
omass is much more homogeneously diffused in the world than fossil resources. On the
other hand, common thermo-chemical technologies for biomass exploitation usually re-
quire dry biomass in order to ensure process sustainability and profitability. They thus drop
out wet biomass, which represents a huge part of the overall amount: organic waste and
agro-industrial byproducts are included in this category. A technology to treat such feed-
stock would thus be extremely beneficial, allowing to convert an abundant and inexpensive
material into energy, with great economic and environmental advantages.

This work analyzes a novel technology for biomass energy valorization: supercritical
water gasification (SCWG). Such process consists in reacting biomass with supercritical wa-
ter, that is water above its critical point (T>374.15°C; P>221 bar). Unlike common gasifi-
cation technologies, SCWG can provide significant advantages. First of all, it is able to treat
wet biomass, since water is a reactant itself. Moreover, SCWG is able to greatly reduce char
and tar formation, thus minimizing clogging and plugging problems and increasing gasifica-
tion yields. Furthermore, under appropriate process conditions, hydrogen production can

be greatly enhanced.
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SUMMARY

An overview of thermo-chemical processes for biomass energy valorization is given in
Chapter 1. Special focus is given to hydrothermal processes, which are the class of technol-
ogies involving biomass processing with hot pressurized water. Aqueous phase reforming,
hydrothermal carbonization and hydrothermal liquefaction are shortly described and com-
pared, highlighting their specific issues, advantages and disadvantages. The attention is then
shifted to supercritical water, whose unique properties (e.g. density, dielectric constant, ion-
ic product) are presented. Processes involving biomass and supercritical water are outlined:
supercritical water oxidation (SCWO) and supercritical water gasification (SCWG). A com-
prehensive state of the art of the latter is provided by classifying the existing literature into
four areas: studies with model compounds, studies with real biomass, catalysis, mathemati-
cal modeling and reactor technology.

The attention is then shifted to thermodynamic equilibrium modeling. Such aspect al-
lows understanding which is the system composition at equilibrium and investigating how
process parameters like temperature, pressure and biomass concentration affect the process
outputs. In Chapter 2 a thermodynamic non-stoichiometric model, based on Gibbs free
energy minimization, is presented. Such model is able to deal with the formation of a gase-
ous phase and of a solid phase at equilibrium. The model, validated by means of literature
data, enables to state the influence of several process variables (e.g. temperature, pressure
and biomass concentration) on the gas composition and the formation of solids at equilib-
rium. The model also allows performing an analysis of the energy needs of the process,
which shows that supercritical water gasification can be an auto-thermal or even exother-
mal process.

Chapter 3 focuses on chemical kinetics modeling. This is a pioneer field, since only a
few works have been presented in the literature so far. In this work, detailed modeling for
methanol SCWG is presented. This compound was selected because it is one of the sim-
plest organic compounds and its kinetics could be still described in terms of elementary re-
actions. Nevertheless, such analysis helps to understand the main reaction mechanisms in-
volved in SCWG, with general conclusions that can be extended also to other feedstock.
Three different models, which have been originally conceived for oxidative processes
(SCWO or simple combustion) are presented and implemented for methanol SCWG. Re-
sults show that good accordance with literature experimental data can be found. The kinet-

ics model also allows drawing the main reaction mechanisms, which help to understand the
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main phenomena involved in SCWG. Some improvements to the models are provided as
well.

Thermodynamics and kinetics modeling can be seen as a tool helping to understand
which are the main phenomena involved in SCWG. On the other hand, in order to develop
an industrial process, not only the study of the SCWG reactions is useful, but a series of
unit operations must be arranged to achieve process performances and sustainability. This
is the aim of Chapter 4, which is devoted to process modeling. A process conceptual design
for a throughput of 1000 kg/h is presented and implemented through the commertcial pro-
cess simulator Aspen Plus®. The goal of the proposed process is to produce pure hydrogen
in order to feed fuel cells or a fuelling station. The process design is intended to maximize
such production achieving, at the same time, the complete energy sustainability (i.e. no ad-
ditional fuel has to be utilized to run the process). Technical constraints are taken into ac-
count as well, for example the impossibility to recover all the process heat and the necessity
to dispose of the waste heat in an economically reasonable way. The simulation, conducted
for different types of biomass, revealed that solid matter concentrations in the feed of at
least 15-20% can reasonably guarantee process sustainability.

The work goes on with the report of experimental tests conducted at the laboratories
of the Karlsruhe Institute of Technology (KIT). Chapter 5 focuses on batch SCWG tests
performed on model compounds. Such tests are carried out in micro-autoclaves, which al-
low safe and fast operations. Solid, liquid and gaseous products are collected and analyzed.
The different behavior of glucose (model compound for cellulose) and glucose-phenol
mixtures (phenol can be considered as a model compound for lignin) is investigated. Tests
are conducted at different temperatures, both in supercritical and subcritical water. Moreo-
ver, all the tests are performed with micro-autoclaves made of different materials: stainless
steel, Inconel® 625. The results show that the reactor material has remarkable influence on
syngas composition. Scanning electron microscope (SEM) images of the inner parts of the
reactors are taken in order to try to explain the observed differences.

Chapter 6 adopts a similar methodology applied to real biomass. In this case, different
substrates are considered, ranging from ligno-cellulosic biomass to municipal organic
wastes and agro-industrial byproducts. The Chapter is divided into three sections. The first
one involves experiments on beech sawdust — a ligno-cellulosic biomass — following the
same procedure used for glucose in the previous Chapter. The second section involves the

supercritical water gasification of hydrothermal char, that is the product of the HTC (Hy-
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dro Thermal Carbonization) process. For such biomass, tests with different residence time
were performed and SEM observations of the solid samples obtained after gasification
were conducted, in order to see how reaction modifies the structure of the feedstock. The
third section involves long-time testing with four different biomasses: besides beech saw-
dust and hydrothermal char, municipal waste and malt spent grains were used for SCWG
tests involving 16 hours of residence time. The results were compared with thermodynamic
equilibrium models forecasts. For these tests, a ceramics reactor was also adopted. An alkali
catalyst (K,CO;) was added in order to improve gasification yields.

After batch experiments, SCWG continuous processes are also considered, which are
closer to the process conditions of possible industrial-scale applications. Chapter 7 is dedi-
cated to the tests performed with a continuous tubular reactor, operated at 400°C. Differ-
ent tests are made, using glucose and glucose/phenol mixtures, with increasing relative
content of phenol. The experimental plant is operated at steady state at 400°C, and resi-
dence times in the range of 10-240 seconds are adopted. The effect of phenol, which low-
ers the gasification yields, is clearly seen. Gas and liquid compositions are also determined.
Finally, some issues about the role of phenol and the formation of intermediates in the lig-

uid phase are discussed.
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Chapter 1

Biomass and Supercritical Water

In this Chapter, a general overview of the core topic of the present work is provided.
First, the importance of biomass as an energy source is presented, along with the technolo-
gies for its energetic exploitation. The focus is then moved to hydrothermal processes and,
especially, to supercritical water gasification. After presenting the most relevant physical
and chemical properties of supercritical water, the state of the art in SCWG is drawn. Final-

ly, the aims of the present work are stated.

1.1. Biomass as a renewable energy source

The development of renewable energy sources in order to face the world’s future prob-
lems is acquiring growing importance on account of several factors. First of all, a significant
shortage of fossil fuels (oil, gas and carbon) is foreseen for the next few decades as a result
of growing worldwide demand, boosted by developing countries. Secondly, fossil fuels are
located to a great extent in politically and socially unstable regions, which makes their ex-
ports subject to fluctuations in prices and supply. Finally, global warming issues, mostly re-
lated to CO, releases in the atmosphere caused by thermo-electric power plants and, more
generally, by combustion plants utilizing fossil fuels, have called on many national govern-
ments to look for alternative and more environmental-friendly ways to produce energy.

One of the ways for renewable energy production is represented by biomass. Biomass
can be defined as the «biological material from living, or recently living organisms, most of-
ten referring to plants or plant-derived materials» [1]. Inside this widespread definition, a
huge number of compounds are comprised: vegetables, wood, algae, organic wastes, agro-
industrial byproducts are only some of the materials that can fall under the definition “bi-
omass’”.

Biomass presents two main advantages with respect to conventional fossil energy re-
sources. One thing making it very popular is the fact that it can be considered carbon neu-
tral. This means that, when burned or decomposed, biomass releases in the atmosphere the

same quantity of carbon, as CO,, that was stored in it during the living being’s life cycle.
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This implies that biomass constitutes a sort of “closed loop” of carbon and it does not
contribute to CO, emission, which are claimed of being one of the most important causes
of global warming.

Though these considerations are true in general, it must be paid attention that biomass
is factually carbon neutral if and only if it is grown and exploited in an appropriate way. For
instance, if biomass is harvested in a place located at large distance from the energy conver-
sion plant, the impact of transportation may overcome the advantages of using a renewable
fuel. Moreover, if an increased usage of biomass results in huge deforestation, the impact
on atmospheric CO, would be still negative, in case even worse than fossil fuels [2]. The
environmental impacts on air emissions, resource depletion and land use change should be
thus carefully investigated case by case. Hence, it is more cotrect to say that biomass is a
carbon neutral renewable source only if it is grown and managed in a proper (sustainable)
way.

Another fundamental advantage of using biomass as an energy source is represented by
its widespread diffusion. An examination of the world’s proved reserves of coal, crude oil
and natural gas and their regional locations shows that well over half of the world’s crude
oil and natural gas supplies are located in the Middle Fast and Russia, while North Ameri-
ca, the Far East and Russia have over 70% of the coal reserves [3]. This means that fossil
resources are concentrated only in some areas of the world. This state of fact is problemat-
ic, since the supply of these resources resents of the geopolitical situation of the producing
states. This can result in economic speculations or sometimes in geopolitical conflicts
among the nations.

Biomass distribution is much more equal than the one of fossil resources. It can be
said that in every part of the (populated) world there is biomass, though in different forms:
forests, agricultural residues, algae, grass, etc. Improving the capacity of exploiting an in-
creasing portion of the overall biomass would be greatly beneficial in order to guarantee a
global access to energy.

Finally, the most important concern about traditional fossil fuel is represented by their
shortage. The rate of consumption of fossil fuels, and especially of oil and natural gas, is
steadily increasing as world’s population and developing countries’ economic conditions
rise. On the other hand, fossil hydrocarbons need extremely long time scales to be regener-
ated. The process of oil formation takes place along geological eras, while the “oil age” has

started since no more than 150 years.
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It is thus very reasonable to foresee that, in a finite number of years, the available fossil
resources will be depleted. To this purpose, it is worthy to recall Hubbert’s peak theory,
which foresees that global production of oil and other fossil resources follows a bell-like
trend, with a peak of maximum production. Updated calculations, based on Hubbert’s ap-
proach, can be found in [4] and are visually reported in Figure 1.1. It can be seen that oil
peak will be achieved in only a few years. Natural gas and coal peaks occur later, but still in

the first half of this century.
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Figure 1.1 — Foreseen trend of fossil fuel production in the mid-long term according to Maggio
and Cacciola [4].

By the way, it must be stated that, well before the complete run out of oil and natural
gas, their prices will progressively increase, according to the law of supply and demand.
Providing efficient fuels with a considerably lower regeneration time to substitute oil in the

mid-long term is thus necessary.

1.1.1. Biomass conversion into enetgy

The usage of biomass as an energy source dates back to time immemorial. It can be
reasonably thought that the first way man used to produce heat for its necessities was to
put wood on fire. Quite soon, mankind learnt to perform more efficient ways of firing bi-

omass, for example by converting it into charcoal. Firing wood or charcoal had been the
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main way of producing energy for many centuries, at least up to the industrial revolution,
when coke and, later, fossil oil and gas were used to power mechanical machines. Although
it lost its favored role, biomass has still conserved an important role in thermal energy pro-
duction up to nowadays, especially in rural areas.

Besides direct combustion, there are many other different ways to produce energy
from biomass and they can be classified into two main branches, according to the nature of
the transformations: biochemical processes and thermochemical processes.

Biochemical technologies involve biomass transformations operated by bacteria and
micro-organisms. The most popular technology in this field is anaerobic fermentation. In
this process, a pool of specific bacteria is able to assimilate some biomass substrates in o1-
der to grow and reproduce, in absence of oxygen. The metabolic activity of such microot-
ganisms causes the production of a mixture of carbon dioxide and methane, which has a
limited but acceptable heating power. The resulting gas can be burned in internal combus-
tion engines or turbines to provide both thermal and electrical energy.

Such technology is very useful, since it can deal with waste biomass, also with high
moisture content. Additionally, the technology involved is relatively simple if compared to
the thermochemical ones. This has allowed a widespread diffusion of anaerobic fermenta-
tion, in special way in the field of wastewater sludge, organic waste and manure treatment.

The other large area of biomass-to-energy technologies is represented by thermochem-
ical processes. This kind of processes are conducted under high temperature conditions.
High temperatures, possibly with addition of an oxidant, are able to convert biomass into
solid, liquid or gaseous products. Direct combustion falls in this category.

It was already mentioned the carbonization process, aimed at production a solid fuel
from biomass. Here, biomass undergoes a pyrolysis, that is heating in absence of oxygen.
In particular, to achieve carbonization pyrolysis is conducted very slowly. This treatment
causes the solid product to enrich in carbon, since the most volatile oxygenated com-
pounds migrate to the gas phase. As a result, a lower mass of solid fuel is obtained, but
with much higher energy density.

Thermochemical technologies can also serve to produce liquid fuels. This role is
achieved by means of fast pyrolysis, where the feedstock is reacted at high temperature in
absence of oxygen, but with a very fast heating rate. Under such conditions, biomass is

mainly converted into a liquid, usually defined “bio-o0il” or “bio-crude”. It is a black and



Biomass and Supercritical Water

viscous liquid, composed by a high number of organic oxygenated compounds, which can

be burned or further refined to other fuels and chemicals.

Table 1.1 — Biomass availability in the European Union (27 countties) [5].

Available Energy potential [ktoe/y]
Feedstock type quantity 2000 2010 2020
[kt/y]

Agricultural biomass
Solid agricultural residues 76,128 32,729 36,153 39,936
Wet manure 65,808 14,145 15,623 17,260
Dry manure 10,630 2,226 2,459 2,716
Forest biomass
Forest by-products 40,692 17,494 19,325 21,346
Refined wood fuels 57,200 24,592 27,164 30,006
Industrial biomass
Solid industrial residues 30,103 12,942 14,296 15,792
Black liquor 44,265 10,573 11,679 12,901
Sewage sludge 9,945 2,135 2,362 2,609
Waste biomass
Biodegradable municipal
waste

Landfill gas 5,072 4,675 2,489

Incineration 7,116 19,010 33,708
Demolition wood 13,585 5,841 6,452 7,127
TOTAL 134,865 159,198 185,890

When the aim is to convert biomass into a fuel gas, the process is named “gasifica-
tion”. Gasification is one of the most promising technologies [6, 7], as it provides a gaseous
product which can be directly burnt in engines or turbines to produce electrical power.
Standard gasification technologies are based on the partial oxidation of biomass, i.e. a reac-
tion where oxygen is supplied below the stoichiometric amount. A gaseous mixture, whose
main compounds are H,, CO and CO, is produced through such operations. An alternative
solution is that of processing biomass through steam, thus achieving a steam reforming re-

action. In this case, H, and CH, are produced in higher amounts, although the process re-
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quires large quantities of energy [6]. Other options have been proposed, for instance the
usage of an air-CO, mixture as gasifying agent [8§].

A major drawback, common to all these thermochemical technologies, is that they are
practically limited to dry or almost dry biomass, such as wood, straw, etc. A high moisture
content would considerably lower the energy performance of the process, since the pres-
ence of water in the feedstock results in a further demand of thermal energy, to ensure its
evaporation [6]. This is a strong limitation, since wet biomass represents a large portion of
the available biomass resources. In this category, indeed, the largest part of agro-industrial
wastes, vegetables and municipal waste are included. It can be observed in Table 1.1, which
reports the biomass potential in the European Union, that wet biomass represents a very
large amount of the total biomass potential. Nonetheless, these biomass materials are often
associated to environmental issues, since they are many times observed as waste material to
be disposed of in some way.

In order to provide effective energy valorization of waste biomass, a novel class of
thermochemical processes has been developed, based on the idea of turning the high water
content from a drawback to an advantage. These processes are commonly named “hydro-

thermal processes”, as they take place in hot, pressurized water.

1.2. Hydrothermal processing of biomass

One of the thermochemical routes to produce energy and, possibly, chemicals from
biomass is represented by the so called hydrothermal processes. These are processes car-
ried out using hot pressurized water. For these processes, it is necessary to operate with
higher pressures than the atmospheric one, since they are normally conducted with liquid
water. The boiling temperature of water, indeed, rises as pressure is increased.

Hydrothermal processes are usually classified according to the their final product.
Thus, we have: hydrothermal carbonization (HTC), hydrothermal liquefaction (HTL),
aqueous phase reforming (APR) and supercritical water gasification (SCWG). In this para-
graph, the first three processes will be briefly presented, while SCWG will be the focus of
the subsequent Paragraph 1.4.

1.2.1. Aqueous phase reforming
Aqueous phase reforming (APR) is a process intended to produce a fuel gas from bio-

mass, especially from carbohydrates and polyols (e.g. methanol, ethylene glycol, glycerol). It
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can be considered as an upgrade of the traditional steam reforming process, where water is
utilized in its vapor phase.

APR involves the utilization of liquid water at moderate temperature, around 220°C,
with pressures in the range of 15-50 bar. This combination of temperature-pressure corre-
sponds to the range in which water-gas shift reaction is favorable, thus allowing to enhance
H, production and eliminate the production of CO. These important objectives can be
achieved in a single-step process, unlike conventional multi-reactor processes, necessary for
steam reforming [9].

Some substrate have been used for APR experiments. Results show that methanol ex-
hibits a very high selectivity towards H, when a Pt/Al O, catalyst is adopted [10].

Catalysts are needed for the APR process. The optimal choice would be a material able
to promote C-C bond cleavage, in order to decompose biomass, and the removal of CO by
means of water-gas shift reaction. Commonly used catalysts are made of platinum and

nickel, on a silica support [11].

1.2.2. Hydrothermal carbonization

When operating at relatively low temperatures, a solid product can be obtained from
wet biomass. In this case, the main objective is to obtain a solid product where most car-
bon of the original feedstock could be stored. The resulting process is named “hydrother-
mal carbonization” (HTC). The evidence that organic materials, such as cellulose, could be
converted into char through a hydrothermal treatment has been known since longtime. The
first documented experiments were presumably carried out by F. Bergius in 1913 [12].

This technology has been applied to different ligno-cellulosic substrates, operating at a
temperature range of 170-250°C. Reaction times are relatively long: they go from a few
hours to one day. The process takes place effectively only in water and is exothermic and
proceeds spontaneously [13].

Several advantages can be envisaged by the application of such technology. First of all,
the process is relatively simple and it can be performed very easily with a modest technical
effort. Most practical experiences take place in batch autoclaves and usually do not require
any catalysts. Moreover, practically any kind of biomass can be used to the purpose. This
makes HTC a viable process for waste disposal and valorization.

The carbonaceous materials resulting from the process can have several interesting ap-

plications. As far as energy applications are concerned, HTC is able to produce a coal-like
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product that can be used for combustion. In the literature, there are some experiences of
co-combustion of HTC derived char with low rank coals [14]. This is considered one of the
most viable ways, since it combines low risk, low expenditure and is a short term option for
realizing biomass energy utilization [15]. Biomass, indeed, poses a lot of problems when it
is burned for energy generation. Its high moisture and oxygen content lower the combus-
tion temperature, causing less net energy production and an increase in CO emissions,
which is a serious pollutant. The relatively high concentrations of alkali and alkali-earth
metals can cause fouling and agglomeration inside boilers. A prior carbonization treatment
would be able to overcome these issues. Moreover, carbonization is able to increase bio-
mass energy density: this would result in lower transport costs and lower expense for com-
bustors building.

The usage of HTC as a valuable pre-treatment can be particularly appreciated for very
wet biomass, such as algae. With moderate conditions of temperature (< 200°C) and resi-
dence time of approximately 30 minutes, it is possible to obtain a product of bituminous
coal quality from microalgae. Such product can be utilized for subsequent syngas and
chemicals production, or even for soil nutrient amendment [13].

Besides energy applications, HTC char can be also a value-added product. With proper
reaction conditions and feedstock materials, biomass can be converted into functional car-
bonaceous materials with very important applications. In particular, nanostructured materi-
als can be obtained for applications in crucial fields such as separations, energy conversion
and catalysis. HT'C would thus constitute a green process to produce solid particles or high
surface area scaffolds with polar functional groups, thus making them hydrophilic and

functional [16].

1.2.3. Hydrothermal liquefaction

A way to valorize wet biomass in an energy sense would be the production of liquid
energy carriers. The resulting hydrothermal process is thus named “hydrothermal liquefac-
tion” (HTL). Such process could be seen as the “hydrothermal equivalent” of flash pyroly-
sis, where biomass is processed without any oxidant for very short time in order to produce
a combustible liquid named bio-oil. HTL was first conceived as a technology to produce
liquid products from coal. Subsequently, such technology has been applied to biomass, es-

pecially to agricultural by-products and algae.
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Hydrothermal liquefaction is generally carried out at 280-370°C and between 10 and 25
MPa. Water is kept at subcritical state, since supercritical conditions favor gasification reac-
tions [17]. An average reaction time is around 20 minutes, variable over a range of 3-120
minutes. Though HTL has been mainly implemented on lab- or bench-scale, some exam-
ples of practical applications are present: e.g. HTU® (HydroThermal Upgrading), CatLiq”
and TDP" (Thermo-Depolymerization).

The aim of the process is to produce a liquid product, which is often called bio-oil or
bio-crude. This is a mixture of oxygenated organics with an oily consistency, usually with a
relatively low polarity which makes them only partly soluble in water but typically solvable
in acetone. Bio-oils are usually dark brown, free-flowing liquids with a distinctive smoky
odor. Unlike petroleum derived oils, bio-oils are mixtures of several hundreds of organic
compounds, mainly including acids, alcohols, aldehydes, esters, ketones, phenols and lig-
nin-derived oligomers [18].

During a HTL treatment, some basic reactions take place: (z) depolymerization of bi-
omass; (b)) Decomposition of biomass monomers through cleavage, dehydration,
decarboxylisation and deammination; (;) Recombination of reactive fragments. Possibly,
catalysts are added to promote the production of certain products. In the literature, exam-
ples of different catalysts are present. Usually, they are alkali carbonates or hydroxides
(homogenous catalysts) or metals like nickel and ruthenium (heterogeneous catalysts). The
reasons for utilizing such catalysts are different. In some cases, they are utilized to directly
increase oil yields or to reduce solid char formation, which is an unwanted product. They
can also be adopted to obtain some specific reactions, like enhancing decarboxylisation or
glucose isomerization. Some typical gasification catalysts, for example nickel, which pro-
motes water-gas shift, are also used. Though gasification represents a product loss for lig-
uefaction purposes, it is beneficial to some extent. Gasification helps removing oxygen
from the feedstock, thus it allows to obtain a higher heating value and lower polarity prod-

uct.

1.2.4. Hydrothermal oxidation
Hydrothermal oxidation treatment (HOT) can be seen as a combustion carried out un-
der hydrothermal conditions. Here, an oxidant is added to water in order to achieve the

conversion of organic material into water and carbon dioxide. As a consequence, a non-
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combustible flue gas is produced, along with a relatively large amount of heat. Commonly
used oxidants range from air to pure oxygen, including also ozone and hydrogen peroxide.

There are two kinds of hydrothermal oxidation treatments, depending on the used
temperature range. If subcritical conditions are adopted, the process is commonly referred
as “wet oxidation”. If supercritical conditions are achieved, the process is named “super-
critical water oxidation” (SCWO).

Wet oxidation has been usually applied in the fields of wastewater treatment, especially
to dispose of sewage sludge or to efficiently treat some kinds of toxic industrial wastewater
which turned out to be refractory to common biological treatments [19]; incineration is a
viable alternative only for those effluents having more than 100 g/1 of COD [20]. Among
wet oxidation processes, wet air oxidation (WAQ) is one of the most promising. In this
case, air or pure oxygen are used as oxidizing agent. This allows performing less expensive
operations compared to H,O, or O;. Typical reaction temperatures are in the range of 125-
320°C, with pressures between 0.5 and 20 MPa, necessary to keep water in its liquid phase.
By using WAO, the organic pollutants are either partially oxidized into biodegradable in-
termediates or mineralized to carbon dioxide, water and innocuous end products [20].

When temperatures exceeding 374.1°C (water critical temperature) are adopted, SCWO
is performed. Such technology has found applications in treating many organic effluents,
but also high-risk wastes including military by-products. Such technology allows much
higher oxidation efficiencies since it is able to use the unique properties of supercritical wa-
ter, such as the possibility to conduct all reactions under a homogenous phase and the very
high gas diffusivity. All these properties will be better presented in the following Paragraph
1.3.

SCWO was developed since some compounds (e.g. acetic acid or m-xylene) are not ox-
idized under WAO process conditions. Furthermore, WAO is often not able to achieve the
99.9% destruction efficiencies that many current regulations require [21].

From an energy point of view, SCWO has been mainly investigated for coal pro-
cessing. Energy efficiencies higher than conventional coal power plants were calculated
[22]. Although, it was demonstrated that a SCWO process applied to diluted wastewater
treatment is able to operate under energetically self-sufficient operations [23]. This gives
clues that, as well as for coal, biomass SCWO could be also proposed as a technology for

heat production.
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1.2.5. Hydrothermal gasification

When no oxidant is added to the reaction environment, but temperatures higher than
350°C ate used, the resulting process is called hydrothermal gasification (HTG). Such pro-
cess, rather than producing heat and an inert flue gas, is aimed at producing a valuable flue
gas. The gaseous product can be, according to the different reaction conditions, rich in hy-
drogen or in methane.

As in case of hydrothermal oxidation, we can distinguish between subcritical technolo-
gies, which will be addressed as generic hydrothermal gasification (HTG) and supercritical
ones. Subcritical hydrothermal gasification is however performed around the critical point.
Some examples are represented by the works of Knezevic e al. [24, 25], where glucose and
real biomass were reacted in hot compressed water (350°C) or the work by Azadi e# al. [26],
where near-critical gasification yields were improved by adding a heterogeneous catalyst.

When water is used at its supercritical state, the technology is more propetly called
“supercritical water gasification” (SCWG). As for SCWO, the choice to operate the process
under supercritical condition is crucial, because the reaction environment can benefit of
unique characteristics able to achieve high gas yields, minimizing some drawbacks of the
traditional gasification processes.

Traditional gasification technologies, indeed, have encountered a number of major dif-
ficulties hampering their development. One of the factors that really limit the diffusion of
gasification is represented by the low quality of the product gas usually produced, since the
syngas is often contaminated by impurities like char and tar. Such aspect causes important
troubles to normal operations, especially related to pipes clogging and damages to the me-
chanical parts of the energy conversion devices (e.g. engines and turbines) where the gas
has to be burned. Therefore, in order to avoid too discontinuous operations due to fre-
quent maintenance tasks, gas purification is needed to achieve the required quality standard,
resulting in further costs and plant complication [27]. The problem of gas purification is
considered one of the main factors that limit biomass gasification only to niche applica-
tions, hampering a more widespread utilization of this extremely interesting technology
[28].

Supercritical water gasification is able to significantly limit these issues. SCWG is based
on the usage of supercritical water, i.e. water above its critical point (temperature and pres-
sure higher than 374.15°C and 220.64 bar, respectively), as a gasifying agent. Under these

conditions, water exhibits properties which are intermediate between a liquid and a gas,
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with high density but also low viscosity and high diffusivity. Furthermore, the behavior of
supercritical water is even more unique. When supercritical conditions are achieved, water
changes its nature from a polar compound to an almost non-polar substance [29]. This en-
ables water to solvate many organic substances, including those responsible for the for-
mation of char and tar (mainly polycyclic aromatic hydrocarbons). As a result, many exper-
iments of SCWG show nearly no formation of char and tars [30, 31]. Moreover, thanks to
the aqueous environment, SCWG can boost steam reforming and water-gas shift reactions,
thus allowing to obtain a syngas very rich in hydrogen. These features will be more exten-

sively presented in the next Paragraphs.

1.3. Supercritical water
All the technologies that have been reviewed in the previous paragraph involved the
usage of liquid water. When pressure is increased, water stays in the liquid state even at

quite high temperatures. In Figure 1.2, the phase diagram of water is shown.

Pressure (bar)

Super-
critical

fluid

221

374 Temperature (*C)

Figure 1.2 — Phase diagram of water.

It is possible to observe that, if a pressure higher than the critical one, that is of 22.1
MPa, is adopted, water stays always in its liquid state. This happens as long as the tempera-
ture is kept below the critical point of 374.1°C.

When both critical pressure and critical temperature are exceeded, water is not a liquid
anymore, since no liquid phase is possible when the critical temperature is overcome.
However, water is not even able to be a gas, since no gas phase is possible at pressures
above the critical one. As a consequence, a completely new state is reached, which is called

“supercritical state”.
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Supercritical water is therefore something halfway between a liquid and a gas. In fact,
some of its physical properties are closer to those of a gas, while some other properties
match those of a liquid. Like a liquid, for example, the density of supercritical water is rela-
tively high [32]. In Figure 1.3, water density as a function of temperature and pressure is
displayed. First, it can be noticed that below the critical pressure (221 bar) a phase change
occurs. This is witnessed by the straight vertical lines, indicating a sudden drop of density,
as water passes from the liquid to the vapor state. This temperature (boiling temperature)
increases as pressure is raised.

In the supercritical region, no straight line can be seen. Water density varies continu-
ously and, even though around the critical point its value diminishes, its values are much
higher than at room conditions. For instance, at 400°C supercritical water at 300 bar exhib-

its a density 200 times higher than atmospheric water vapor.
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Figure 1.3 — Density of water as a function of temperature and pressure.

An important thing that must be stated is that all the physical properties show a very
high variability around the critical point. Around this region, a very small variation in tem-
perature causes an important change in the properties of the fluid. This is particularly evi-

dent when considering the case of the isobaric heat capacity c,.
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Figure 1.4 — Isobaric heat capacity of water as a function of temperature and pressure.

It can be noticed in Figure 1.4 that around the critical point a sudden change of the
isobaric heat capacity is present. This behavior remembers what happens during the pas-
sage of state, when the heat capacity tends to infinite.

The considerations made so far are of general value for all the substances when heated
and compressed above their critical point. However, water shows also some further im-
portant characteristics that considerably affect its behavior at the supercritical state. A re-
markable behavior is the trend of the static dielectric constant e. This parameter expresses
the polarity of a solvent, that is its ability of its molecules to form dipoles. This property
determines whether a certain substance can be dissolved in a certain solvent or not. A polar
solvent can dissolve polar solutes, while non-polar solutes get dissolved in non-polar sol-
vents.

Water at room temperature has a dielectric constant of around 80, which makes it a
quite strong polar solvent. When it is heated and compressed up to the supercritical state,
the dielectric constant drops to values typical of non-polar solvent. In Figure 1.5 the trend

of the dielectric constant is reported, calculated according to [33].
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Figure 1.5 — Dielectric constant (g) of water as a function of temperature and pressure.

Polarity change makes the usage of supercritical water as a solvent very interesting [34].
In fact, supercritical water is able to solvate substances that commonly require organic non-
polar solvents to be dissolved, like hexane or toluene. This becomes very interesting when
dealing with hydrothermal processing of biomass. It is known by the experiences carried
out with traditional gasification technologies, that biomass produces water insoluble inter-
mediates during high temperature treatment: these are called tars. When reactions are con-
ducted in supercritical water, these intermediates are completely solubilized. This enhances
reaction rates, since single-phase reactions can be carried out. On the other hand, the tran-
sition of water to non-polar behavior caused the salts to precipitate, since they become
hardly soluble. On the technical point of view, this results in problems since the precipitat-
ed salts may cause reactor clogging, which damages the process.

Finally, another important feature of supercritical water is its ionic product. Such quan-
tity is defined as the product between the molar concentration of ions H;O" and OH
which are in equilibrium with non-dissociated water molecules. At room conditions, the
ionic product of pure water K is 1-10"* M or, in other words, its pK,, is 14. This gives a
measure of how many ions are present, which is determining for acid-base equilibria and

for the selectivity towards certain types of reaction (for example, ionic pathways). Figure
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1.6 shows the trend of pK,, for water at sub- and supercritical conditions, estimated by

means of the interpolation formula of [35].
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Figure 1.6 — Value of pKy (-logKy) of water as a function of temperature and pressure.

It can be observed that, around the critical point, pKw is lower than at room condi-
tions, implying that water is more dissociated. Such fact has important consequences, espe-
cially for corrosion issues, since salts experience an enhanced dissociation. On the other
hand, for temperatures higher than the critical one, water is considerably less dissociated
than at room conditions. This causes lower solubility of many substances. Many ionic salts,
which are commonly soluble in water, now precipitate and they can cause clogging prob-
lems to the reactors. Moreover, strong acids/bases experience lower dissociations, becom-
ing weak acid/bases. Supercritical water thus offers a unique reaction environment, with

many interesting potential applications.

1.4. Supercritical water gasification of biomass: state of the art

The first experience in supercritical water gasification dates back to 1985 with the work
of Modell [36], who first experimented the possibility to gasify biomass feedstock by means
of water in supercritical state. In his work, he plunged maple wood sawdust in supercritical
water, noticing its fast decomposition without the formation of char.

Since then, much research has been devoted to this new technology. It can be af-

firmed, however, that research is still in an initial phase and is mainly concentrated on the
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laboratory scale. All over the world, only a few research groups are permanently operating
in this field and a regular research activity was established only in the last decade [37].
Supercritical water gasification of biomass is generally indicated as a promising tech-
nology for an efficient energy valorization of wet biomass [38]. Nonetheless, there are still
some challenges to be overcome through further research. According to Kruse [39], they
include: biomass pumpability to high pressures, reactor plugging due to salts deposition,
energy efficiency of the process, materials resistance to corrosion and catalysts poisoning.
In the present Paragraph, the current state of the art in supercritical water gasification
is reviewed. The different studies on the topic were grouped in five main areas: (@) experi-
mental studies with model compounds; (5) Tests with real biomass; (¢) Tests involving cata-

lysts; (d) Mathematical modeling; (¢) Reactor concepts.

1.4.1. Experimental studies with model compounds

Many research activities in the SCWG field have been performed by studying the be-
havior of some simple model compounds instead of real biomass; this choice has been
made in order to overcome the difficulty of taking into account a complex matter like bio-
mass, whose composition is not homogeneous and counts many different substances. This
simplifying choice allows analyzing the process in a precise and reproducible way. Usually,
glucose is used in order to model cellulose, one of the most important constituents of vege-
tal biomass, because it is the monomer unit of cellulose; lignin, the other main constituent
of biomass, is often modeled through phenol, whose aromatic structure is one of the build-
ing blocks of such macro-molecule.

The way glucose and fructose react in sub- and supercritical water to form reaction in-
termediates is the subject of the fundamental work by Kabyemela e a/. [40]. The authors
performed experiments in the range 300-400°C, with pressures comprised between 25 and
40 MPa and sketched a comprehensive mechanism through which glucose is converted in-
to compounds such as glyceraldehyde, dihydroxyacetone, glycolaldehyde, anhydroglucose,
pyruvaldehyde and organic acids (Figure 1.7). On the basis of their results, they also wrote

a kinetics model describing the process.
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Figure 1.7 — Mechanism of glucose degradation in supercritical water as proposed by Kabyemela e
al. [40].

A systematic experimental study on glucose SCWG was the one by Hao ez a/. [41], per-
formed at the State Key Laboratory of Multiphase Flow (SKLMF) at Xi’an University
(China). In this work, 30 experimental tests are performed by using an aqueous solution of
glucose in different concentrations and varying residence time, temperature, pressure, reac-
tor internal diameter. The results show that, with a residence time of less than 4 minutes
and at approximately 650°C, almost complete glucose conversion is achieved, without any
formation of char and tar.

Another systematical study about glucose SCWG is the one by Lee e a/ [42]. Here,
higher temperatures were used (480-750°C at 28 MPa), with residence time of 10-50 s.
Glucose was fed at 0.6 M, corresponding to 10.6% wt. The reaction window was fully in-
vestigated, highlighting the effect of temperature and residence time on gasification yields.

Among the results, they reported complete gasification (i.e. 100% carbon efficiency) at
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700°C and a decrease of CO production at higher temperature, probably due to water-gas
shift.

Williams and Onwudili also performed SCWG studies on glucose as a model com-
pound for biomass. In their work [43], they investigated gasification in the range 330-
380°C, with reaction times up to 120 minutes. However, for some of their experimental
runs, they added hydrogen peroxide to the reacting mixture, in order to enhance feedstock
conversion at lower temperatures. A significant result they reported, is the scarce influence
of reaction time on gasification yields.

An insight in reaction order is offered by the work of Matsumura ez a/. [44]. Here, glu-
cose was gasified between 175-400°C at 25 MPa. Though it is often assumed that reactions
are of first order, the authors demonstrated that, at temperatures around 250°C, the reac-
tion order of glucose decomposition reduces from 1.0 to around 0.7. This could be a con-
sequence of the switch from an ionic mechanism to a radicalic one.

Gasification at very high temperature was carried out by Hendry e¢# 4/ in a recent work
[45]. Reaction temperatures of 750-800°C were adopted, which allowed to operate at very
reduced reaction times (4-6.5 s). Carbon efficiencies varied from 52.7% in the worst condi-
tions (highest glucose concentration, lowest temperature and residence time) to 100% in
the best ones (lowest concentration, highest temperature and residence time).

High temperature glucose SCWG was also performed by Susanti ez a/., without adding
catalysts [40], in a continuous reactor operating between 600-767°C. In the most favorable
conditions they reported hydrogen productions of 11.5 mol/mol, ,, which atre very close
to equilibrium.

The study of the interactions between glucose and phenol are of outstanding im-
portance, since they schematize the two main constituents of ligno-cellulosic biomass. This
is the aim of the experimental work by Weiss-Hortala ef a/ [47], who performed SCWG
tests of glucose, phenol and glucose/phenol mixtures in a continuous tubular reactor. Their
work demonstrated that phenol plays a inhibiting role on gasification. Indeed, even a small
amount of phenol, indeed, is able to dramatically lower the efficiency of the solution’s con-
version.

A similar philosophy was adopted by Goodwin and Rorrer, from the Oregon State
University (USA). In their work [48], they performed supercritical water gasification of xy-
lose and xylose-phenol mixtures in an isothermal microtube (inner diameter < 1.0 mm)

flow reactor. Here, xylose is considered as a model compound for hemicellulose, the third
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constituent of biomass after cellulose and lignin. Also here, phenol is reported as more dif-
ficult to gasify and it considerably lowers gas productions.

Many works actually deal with methanol. Though it cannot be strictly defined as a
model compound for biomass, methanol can also be considered a model molecule for al-
cohols in general. Moreover, it is one of the simplest species of organic oxygenated com-
pounds, and this makes its usage quite practical for more general studies.

Gadhe and Gupta performed methanol gasification [49] in an Inconel® tubular reactor
at 700°C. They reported that methane formation is favored when long residence times and
high biomass concentrations are used. Since their aim was to increase selectivity towards
hydrogen, they proposed three strategies to suppress CH, formation: operation at low resi-
dence time, addition of an alkali catalyst (KOH) and utilization of the catalytic effect of the
reactor walls made of Ni-Cu alloys.

Another work in methanol gasification is the one perfomed by Boukis e# a/. [50] at the
Karlsruhe Institute of Technology (Germany). In this study, methanol was gasified from
400°C to over 600°C in an Inconel® tubular reactor. Feedstock was employed also at high
loads, up to 64% wt. Results showed that, at 600°C, methanol is fully converted after only a
few seconds of reaction. Gas composition anyway overcomes some important changes due
to water-gas shift and CO methanation reactions. Similar experiments were carried out by
van Bennekom e 4/ [51], who also proposed a reaction scheme for both methanol and
glycerol SCWG.

Some works with model compounds have been also devoted to understand how cer-
tain reaction intermediates influence gasification products. Large attention, for example,
was paid to 5-HydroxyMethylFurfural (5-HMF), a glucose gasification intermediate which
is thought to be the most important precursor of char formation. To this purpose, a series
of works was published by Chuntanapum and Matsumura [30, 52, 53], from the University
of Hiroshima (Japan). Through direct gasification of 5>-HMF in water, the authors conclud-
ed that, at least in their experimental conditions, no char was formed. On the other hand,
they remarked that 5-HMF is effectively a char precursor, but it is not active when alone;
the interaction between 5-HMF and organic compounds from glucose gasification is cru-
cial. An interesting point is that they only detected char formation at subcritical conditions.
At supercritical temperatures, char-free glucose gasification was achieved.

Investigations about char formation are also the object of the work by Miiller and Vo-

gel [54]. They conducted their experiments in batch reactors in both sub- and supercritical
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ranges, using glucose and glycerol as feedstock. They stated that the maximum production
of char occurs in the range of 350-370°C and identified phenol and hydroquinone as pre-

cursors for the formation of coke.

1.4.2. Tests with real biomass

Besides model compounds, also several types of real biomasses have been gasified in
supercritical water. Now, things are generally more complicated, since the composition of
the feedstock is much more complex. Moreover, practical problems, such as pumpability or
salts deposition, start being of relevant importance. We already mentioned the pioneer
work by Modell, who first gasified maple sawdust in supercritical water [30].

Another important work involving real biomass SCWG is that of Antal e¢# /., which
was carried out at the University of Hawaii (USA) [55]. Antal, starting from Modell’s re-
sults, made several experiments using several types of biomass like cornstarch, poplar wood
sawdust, potato starch and potato waste. For this work, the authors used a tubular reactor
heated by a furnace and they fed the different biomasses by means of a cement pump, after
making an aqueous suspension at 4% wt. Results, which were in good accordance with
equilibrium calculations, showed that, at high temperature, extraordinary gas yields (more
than 2 1/g) were obtained, with a hydrogen molar content of 57%. Tars and char were not
produced in a significant amount, though the reactor got clogged after some hours of oper-
ation.

As for model compounds, much work has been carried out at the SKILM (China) also
by using real biomass [56, 57]. This research group made tests with several kinds of sub-
strates, like cellulose, lignin, xylane, sawdust, straw, rice shells, sorghum stalk and corn cob.
They carried out a comprehensive analysis, investigating the effect of the main process var-
iables, such as temperature, pressure and residence time; nonetheless, they also tested the
influence of reactor geometry, catalytic walls, heat exchange and biomass particle size. They
reported that pressure influences the reaction mechanism at supercritical conditions. They
also proposed some strategies to overcome reactor plugging issues: high temperature pro-
cessing, high heat transfer at the entrance of the reactor, the usage of a catalyst and innova-
tive reactor designs.

The gasification of industrial organic wastes was the topic of the work by Garcia Jarana
et al. [58]. They processed two wastewater streams having a possible energy potential: cut-

ting oil wastes, that are oleaginous wastewater from metalworking industries, and vinasses,
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alcohol distillery wastewater. The authors operated with a continuous plant, with the possi-
bility of oxygen addition. They reported that the maximum yields occurred at 550°C (the
maximum temperature tested), adding oxidant with an equivalence ratio of 0.1 and in pres-
ence of KOH.

Chakinala ez al. gasified microalgae and glycerol using batch quartz capillaries and con-
tinuous flow reactors at 400-700°C and with reaction times of 1-15 minutes [59]. Complete
gasification of algae was only attained at high temperatures with excess amounts of
Ru/TiO, catalyst. A possible explanation, which was practically tested in this study, was the
presence of proteins in algae, resulting in higher coke and liquid intermediates production.

Several experimental activities were carried out at the Karlsruhe Institute of Technolo-
gy (Germany) by the group of A. Kruse. The influence of dry matter content was investi-
gated through gasification of a chopped mixture of carrots and potatoes in both CSTR and
batch reactors [60]. The study underlined that an increased dry matter content causes an in-
crease in gas yields only in the CSTR; such effect was not present in the batch reactor,
where higher biomass concentrations implied higher coke and tar yields. The authors tried
to explain this referring to the faster heating up of the CSTR and to back-mixing, which
leads to the presence of active hydrogen during every step of biomass degradation. Back-
mixing was more deeply investigated in a subsequent work [61], where also the effect of
salts was taken into account. Here, cellulose was gasified in a batch reactor, a CSTR and a
PFR. CSTR produced better results, thanks to its capability to enhance back-mixing. Active
hydrogen is, indeed, a late reaction product and, in a tubular reactor, it has no possibility to
react with fresh biomass at the inlet. The authors thus proposed a process scheme com-
posed of a CSTR, for fast biomass mixing and heating, followed by a PFR, to achieve the
residence time required for complete conversion. Other experimental tests concerned
ligno-cellulosic and tannery waste gasification, concluding that not only cellulose and lignin
influence gasification yields; a major role was, indeed, played by chromium residues in tan-
nery wastes [62].

A matter which has been investigated in SCWG is the influence of the heating rate on
gasification performances. Matsumura ef /. [63] studied this effect on the gasification of
glucose and cabbage slurry. They found out that, in the range 10-30 K/s, carbon gasifica-
tion efficiency improved as the heating rate increased.

An interesting perspective in SCWG is represented by the production of the so-called

“oreen gas”, also called “synthetic natural gas” (SNG). This was the aim of the work carried
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out at the Energy Research Centre of the Netherlands [64]. While most studies actually aim
at producing a hydrogen-rich syngas from SCWG, if SNG is the desired product the pro-
cess is focused mainly on methane production. This choice allows much lower temperature
operations, resulting in lower process costs. By the way, the authors stated that the process
can be economically affordable only if a negative-value feedstock (i.e. wastes) is considered.
This is mainly due to the high investment and maintenance costs of the process, compared
to other SNG production technologies.

A number of studies have dealt with supercritical gasification of waste materials, espe-
cially of the wet ones. In this category, wastewater and agricultural residues are included.
Sometimes, the process is more focused on achieving the highest organic reductions than
on the quality of the product gas.

An example of such approach is the interesting study by Di Blasi ef 4/ [65] concerning
the supercritical gasification of wastewater from traditional updraft wood gasifiers. In this
work, operations were conducted at 500-600°C, with residence times between 46-114 s.
The process was able to achieve TOC reductions from 30% to 70%.

As far as agro-industrial waste are concerned, Demirbas investigated the aqueous con-
version of whole fruit shells to hydrogen rich gas under low temperature conditions (380-
530°C) [66]. Williams and Onwudili [67] gasified cellulose, starch, glucose and Cassava
waste in both sub- and supercritical conditions, finding that cellulose produced the highest
amounts of char and Cassava waste, though yielding similar amounts of char as starch,
produced less hydrogen. Gasification of straw, wood and sewage sludge was carried out by
Schmieder ¢# al. [68]. They found that, operating at 600°C and 25 MPa, complete gasifica-
tion can be achieved by adding KOH or K,CO,.

Xu et al. studied the feasibility of the direct gasification of dewatered sludge in super-
critical water, by operating at 400°C for 60 minutes in an autoclave [69], adopting solid
matter concentrations ranging from 75% to 95%. They observed that a reduced water con-
tent favors carbonization and affects CO, yields significantly; a slighter effect was instead
noticed on H, and CH, productions.

Penninger and Rep [70] performed gasification of aqueous condensates deriving from
beech sawdust pyrolysis. By operating at 650°C and 28 MPa, they reported successful con-
version of the feedstock into a hydrogen-rich gas. They also observed that H, is mainly a

late product, originated by water-gas shift reaction. Furthermore, the authors stated that
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pressure plays an important role, since low pressure promotes coke formation, which can

be avoided at higher pressures.

1.4.3. Catalysis

Another field of interest is represented by catalysis, which is fundamental in order to
reduce the energy required by the process and to increase the selectivity towards the de-
sited products. Both homogenous and heterogeneous catalysis approaches are followed.
The former is usually achieved by means of alkali hydroxides or carbonates, the latter uses
metals like nickel, ruthenium and palladium on adequate supports.

One of the first works dealing with catalytic decomposition of biomass at hydrother-
mal conditions is the one by Minowa ez a/. [71]. Although this study was only performed at
subcritical conditions, it provides useful information about catalytic mechanisms determin-
ing cellulose hydrolysis. The authors concluded that alkali catalysts avoid char formation by
stabilizing the oily products, while nickel promotes steam reforming of reaction intermedi-
ates, as well as the methanation reaction.

The positive effect of alkali compounds, like KOH and KHCO;, has been investigated
by the group of A. Kruse, at the Karlsruhe Institute of Technology (Germany). In one
work [72], catalytic SCWG of pyrocatechol, a model compound for lignin, was performed
in presence of potassium hydroxide, observing an increase in hydrogen production and a
decrease in methane formation. In a subsequent work [73], potassium carbonate was used
for glucose SCWG. Again, increased hydrogen production was observed, as well as an in-
crease in phenol formation.

Another work by the same group [74] investigated the effect of several catalysts on
ligno-cellulosic materials and tannery waste. Here, the addition of natural products or resi-
dues, like Trona (NaHCO;-Na,CO;-2H,0) and red mud (a by-product of aluminum pro-
duction rich in iron oxides), was compared to commercial catalysts like K,CO; and Raney
nickel at 500°C. In order to promote hydrogen production, Trona and red mud was found
to be satisfactory, allowing a cheap option for catalysis.

The way to improve gasification yields by using low-cost catalysts is also the aim of the
work by Rénnlund e 4/, concerning paper sludge gasification [75]. Here, the authors found
that adding black liquor, another by-product of paper mills, resulted in similar catalytic ef-

fect as alkali salts. This allows beneficial effects for the process economy.
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Guan and co-workers [76] studied cellulose SCWG between 450-500°C, with both
K,CO; and Ca(OH),. An interesting result they obtained is that the synergic use of both
catalysts allowed obtaining higher H, yields than with one catalyst alone.

Gasification of phenol, which is quite refractory to hydrothermal treatment, can be
achieved through catalytic partial oxidative gasification. Xu ¢/ a/. performed tests with this
technology, adopting Na,COj; [77].

A number of works have been devoted to heterogeneous catalysis by means of metallic
reactors. First of all, some studies focused on determining the intrinsic reaction rates, oper-
ating in a non-catalytic environment able to exclude any catalytic wall effect. Such approach
was introduced by the group of the University of Twente, where a methodology based on
quartz capillaries was developed [78]. Through this technique, glucose and wood were gasi-
fied; inserting catalyst inside the capillary, the catalytic influence of ruthenium was clearly
observed and distinguished from the non-catalyzed behavior [79].

A similar approach was followed by Dil.eo and Savage [80], who performed the
SCWG of methanol. They conducted their experiments in sealed quartz cylinders to avoid
any catalytic influence. In a second time, they added to the cylinders a nickel wire and, in
this way, they were able to clearly identify the effect of the added catalyst in terms of en-
hanced conversion. They also observed catalyst deactivation after a few experimental runs.

By using a similar methodology, the same group investigated the influence of catalysts
on lignin SCWG [81]. This time, several metallic catalysts were added to the quartz reac-
tors: nickel, iron, copper, zinc, zirconium, ruthenium and Raney-nickel. Nickel and copper
turned out to be the most effective in catalyzing H, production at 500°C. No relevant ef-
fects on CH, yields were observed.

Azadi et al. [20] performed gasification of glucose in near-critical water (340-380°C) us-
ing different metal catalysts. They found out that Raney-nickel shows the highest catalytic
activity. By the way, results were not so different among Raney-nickel, ruthenium and
Raney-copper. Furthermore, changes in catalyst loads in the range 30-100% did not lead to
any appreciable difference in the results.

Several metallic catalysts were also tested by Youssef ef 2/ [82] in hog manure gasifica-
tion at 500°C. They found that palladium catalyst was the best performing one in terms of
hydrogen production, while NaOH was the worst one. On the other hand, if COD reduc-
tion was considered, the efficiencies were completely reversed: NaOH was the most effec-

tive catalyst, while Pd led to the worst results. Platinum can also be a good catalyst for
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SCWG: Fang ef al. [83] reported the positive effect of a Pt/Al,O; catalyst on the gasifica-
tion of cellulose and glucose.

Bytd ef al. successfully implemented heterogeneous catalysis for glycerol SCWG by us-
ing Ru/Al,O; [84]; the results showed high yields, near to equilibrium predictions, also
when highly concentrated biomass were used. In a subsequent work [85], the same research
group applied catalytic gasification to switchgrass biocrude, that is a product from biomass
liquefaction. They tested several catalysts (Ni, Co, Ru) and find out that Ni/ZtrO, catalyst
was able to give the highest hydrogen yields. However, they also reported that all materials
suffered significant area losses due to sintering and charring occurred in the lower tempera-
ture zone at the entrance of the reactor.

May e# al. [86] investigated catalytic gasification of 5% wt. glycerol in supercritical water
at 510-550°C in a bed of inert zirconia and in a bed of 1% Ru/ZrO, catalyst. They
achieved complete glycerol conversion after 8.5 s at 510°C and after 5 s at 550°C, in cata-
lyzed experiments. They observed that catalyst was able to promote glycerol degradation to
reaction intermediates, but was not active enough to achieve complete gasification. The au-
thors hypothesize this would be due to carbon deposition.

The role of the catalyst support emerges from the work by Lu ez a/. [87]. Here, tests
with glucose were carried out using two different nickel-based catalysts: the former sup-
ported on y-alumina, the latter on y-alumina and cetia. The Ni/CeO,-yAlL,O; catalyst
turned out to behave better than the other, since Ce is thought to inhibit carbon deposition
and coking.

Carbon supported catalysts were adopted by Sato ez 4/ for the gasification of bean curd
refuse at mild temperature conditions (200-400°C) [88]. According to their experiments,
Ru/C catalysts were the most performing ones. They also underlined the importance of
rapid heating to prevent the formation of heavier compounds.

An original way for catalysis in supercritical water is the one presented by Gadhe and
Gupta [89]. In their work, they used the peculiarities offered by supercritical water to gen-
erate in situ particles of copper which exhibit high catalytic activity. They fed the reactor
with a solution of water, methanol and cupric acetate. In supercritical water, such com-
pound is able to form nanometric copper particles, exhibiting extremely high catalytic activ-
ity due to both their low dimensions and freshness of the surface. Moreover, since particles
are continuously generated, poisoning by sulfur is not an issue, since poisoned materials are

continuously ejected from the reactor.
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General exhaustive reviews concerning catalysis applied to SCWG can be found in [90]

and [91]. A review about heterogeneous catalysts can be found in [92].

1.4.4. Mathematical modeling

Some efforts have been also made in the field of mathematical modeling. This field is
of outstanding importance, since it provides the theoretical basis to understand the way the
process works and how operating parameters determine its outputs. Here, the attention has
been focused on four main topics: thermodynamic equilibrium, kinetics, process simula-
tion, computational fluid dynamics (CEFD).

Thermodynamic equilibrium modeling is aimed at stating the system composition at
equilibrium and at evaluating the theoretical yields and energy requirements of the process.
In this field, two main approaches can be identified: stoichiometric and non-stoichiometric.

The stoichiometric approach is based on reaction equilibria. In other words, a certain
number of independent reactions involving the different species are considered. Calcula-
tions are then performed in order to find the equilibrium among the reactions examined.
This approach has the advantage of making the contribution of each reaction easily identi-
fiable. On the other hand, the reactions involved in the conversion of biomass have to be
known in advance. This approach was implemented in the work of Letellier ez a/ [93],
where a system consisting of a SCWG reactor and an atmospheric pressure separator was
modeled, taking into account seven independent reactions. In a subsequent work [94], the
same research group applied the same model in order to study the energy features of the
process. The authors concluded that, when an oxidizing agent is fed to the reactor, an
“autothermal” operational regime can be obtained without any external energy input to the
system.

The other family of methods is called non-stoichiometric. Here no reactions have to be
defined, but the equilibrium composition is calculated according to Gibbs free energy min-
imization. In order to apply this family of models, the species expected in the products
need to be defined. Subsequently, the distribution of the products enabling to reach the
minimum value of Gibbs free energy is calculated. Although no reference to real reactions
is made, this approach has the great advantage of being extremely flexible and preventing
that important reactions in the scheme are neglected. It was successfully applied in a study
by Tang and Kitagawa [95] where Peng-Robinson equation of state (EoS) was used to pre-

dict the behavior of a supercritical mixture. Their analysis showed that high temperature,
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low pressure and low concentration of biomass in the feed are the ideal conditions for hy-
drogen production through SCWG, in good accordance with experimental data.

A similar approach was adopted by Yan e a/. [96], who used Duan’s EoS, which is
considered more effective when dealing with supercritical mixtures. In this work, the au-
thors also introduced a carbon conversion efficiency coefficient to take into account that
equilibrium is not completely achieved in practice. As a result, the conversion of the feed-
stock is not complete even after a long residence time. Another similar approach is that of
Voll et al. [97], who implemented a simplified model in order to overcome some computa-
tional difficulties and improve reliability. In all these works, anyway, only one-phase (the
supercritical phase) is considered and the energy requirements of the process are not ana-
lyzed.

Thermodynamic equilibrium modeling is very important for the evaluation of parame-
ters influence and process energy needs. By the way, such approach provides no infor-
mation about the transient state, where intermediate compounds form. Furthermore, ther-
modynamics is not sufficient for reactor sizing and design, as it does not account for the
time required by the development of each step of the process. All these aims could be
achieved by means of a kinetics model.

Kinetics mathematical modeling of SCWG is poorly developed and, at the actual state,
a comprehensive simulation program has not been implemented yet. In the literature, some
models can be found which were developed for SCWO. In this field, an extensive work has
been performed by the group of J. W. Tester at the Massachusetts Institute of Technology,
resulting in models for methane, methanol and CO oxidation in supercritical water [98-
100]. Another research group active in this field is that of P. E. Savage, at Michigan State
University. They also developed a mathematical model [101] based on elementary reactions
(actually 148 elementary reactions involving 22 species), aimed at describing the supercriti-
cal water oxidation of some simple compounds like methane and methanol as well as hy-
drogen, taking also into account the effect of pressure-dependent kinetics.

Another kinetics model for reactions in supercritical water is the one by Ederer ¢ /.
[102]. They tried to describe the pyrolysis (i.e. production of liquid intermediates) in super-
critical water of tert-butylbenzene; the model involves 67 species and 171 elementary reac-
tions. In the work by Buhler e a/. [103], kinetic modeling of radical and ionic pathways for
glycerol SCWG was executed and the simulations were compared with experimental re-

sults. This approach allowed stating that radical and ionic reaction schemes are competing
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pathways in SCWG: the former is preferred at higher temperatures, while near-critical con-
ditions are more favorable for the latter.

In the field of SCWG, most works have only tried to express kinetics through simple
correlations, rather than by structured reaction-based kinetics models [42]. Some kinetics
models have been proposed to generally predict the production of certain intermediates
and to model the overall gas productions [30, 40]. These models are effective in interpret-
ing the reaction mechanism, in order to understand the relative importance of the interme-
diate reactions leading to certain intermediates. On the other hand, none of them is able to
describe the SCWG process to give information about the composition of the product gas.

An important step ahead in the mathematical modeling of SCWG was represented by
the work of Resende and Savage [104]. They described the SCWG of cellulose and lignin,
the main constituents of ligno-cellulosic biomass. Such model abandons the idea of ele-
mentary reactions, which can hardly be applied to complex organic molecules, in favor of a
more “engineering”’ approach based on a few lumped reactions. In the proposed model,
only 11 reactions and 7 components are present. In this way, the main reaction steps, rang-
ing from hydrolysis to intermediate formation and eventual gasification, are modeled.

Another typology of models which is gaining an increasing importance is the family of
the so-called “process models”. All the studies reported so far, indeed, only focus on the
SCWG reaction itself. They aim at describing how the reactions involved in SCWG works
but they do not take into account the inclusion of SCWG inside a real process. In other
words, they consider SCWG as a standalone unit operations, without taking into account,
for example, the devices to heat up water, to compress it to the reaction conditions, to
condense the reaction products and so on.

Such kind of modeling is crucial for engineering, because it enables to calculate the ac-
tual energy needs of the process, a piece of information that is of outstanding importance
to analyze its practical feasibility. Some preliminary studies in this field were conducted by
Feng ¢t al. In their two works [105, 106], the authors performed a thermodynamic study of
SCWG comparing Statistical Associating Fluid Theory (SAFT), Peng-Robinson and Soave-
Redlich-Kwong equations of state. They also used the obtained data to propose a simple
process layout, involving thermal recovery and hydrogen separation through membranes;
CO, separation by means of 1-hexanol was also proposed to increase the gas heating value.
Another work is the one by Lu e# a/. [107], who applied their thermodynamic analysis to a

system involving reactors, heat exchangers and water recovery.
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The work of Gutierrez Ortiz e# al. [108] is the first in-depth study aimed at designing
and optimizing a complex process scheme for SCWG. The idea is to produce power by ex-
panding the high pressure syngas exiting the SCWG reactor in a turbine. The syngas is then
burned with air in a combustor to provide the heat needed to sustain the SCWG reaction.
The process accounts for several heat recoveries designed with a view to optimizing the
process itself. It is intended to treat a feed stream consisting of a water-glycerol mixture.

Another typology of modeling activity is represented by computational fluid dynamics
(CFD). This kind of modeling combines information about the process chemistry with the
physical behavior of fluids in a given reactor geometry. The information obtained is of out-
standing importance, especially for engineering purposes. It thus allows to carefully design
the reactors and to optimize them in order to get the maximum efficiency. One work in
this field is by Yoshida and Matsumura, who developed a reactor for glucose (4.9% wt.)
SCWG at 400°C [109]. Through CFD techniques, Goodwin and Rorrer [110] modeled a
microchannel reactor used for xylose gasification, focusing on the improved heat exchange,

made possible by this innovative technology (see Paragraph 1.4.5).

1.4.5. Reactor concepts and technology

Most of the works that can be found in the literature deal with small bench-scale ex-
periments which are normally aimed at studying the physical and chemical fundamentals of
the supercritical water gasification process. These experiments have been performed in
both continuous and batch reactors. Anyway, some works also deal with possible full scale
applications of the supercritical water gasification technology by presenting reactor design
concepts.

In the field of possible large-scale applications of SCWG, Matsumura’s group patented
a biomass SCWG system based on the production of a biomass slurry able to be pumped
into the reactor [111, 112]. The supercritical water gasification of sewage sludge in order to
obtain hydrogen is instead the object of a patent application by Wang and Yang [113], who
propose to feed a tubular reactor with a slurry consisting of sludge plus an alkali or alkali-
earth hydroxide. The problem related to supplying energy to the process is, instead, the ob-
ject of the patent applications by Guo ef /., who propose a reactor driven by solar energy
[114-110].

As concerns tubular reactors, an interesting work is that of Susanti e a/ [117], where a

concept for a full scale tubular reactor is presented. The proposed reactor is divided into
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distinct zones where optimal conditions for mixing, reaction and cooling down are provid-
ed.

On the basis of their kinetics studies, Kruse ¢7 a/. proposed (and patented) a reactor
scheme foreseeing a CSTR reactor followed by a PFR reactor [61, 118]. This choice was
made in order to exalt back-mixing, which is said to have a very positive effect on gasifica-
tion efficiencies. This seems caused by active hydrogen, which is able to enhance the deg-
radation of the organic compounds to permanent gases. Active hydrogen is a late reaction
product, thus a CSTR configuration is the best way to enhance back-mixing. The succes-
sive PFR reactor is intended to complete the reaction.

One of the most interesting alternatives to tubular reactors is represented by fluidized
bed reactors, which can treat solid biomass in an efficient way, avoiding the problems relat-
ed to clogging and plugging of tubular reactors. The work of Matsumura and Minowa [119]
gives some fundamental parameters useful for the design of a fluidized reactor operated
with supercritical water, such as fluidization regime, minimum fluidization velocity and
terminal velocity. Lu ez a/. [120] implemented a fluidized bed for SCWG, designed for tem-
peratures up to 700°C and pressures up to 30 MPa. They reported continuous and stable
gasification of corn cob (17% wt.) and glucose (30% wt.) without plugging.

Attention has also been paid to smaller applications, for example in order to provide
hydrogen to small fuel cell powering electronic devices. In this context, Taylor presents a
compact supercritical water reformer powered with methanol [121] based on a tubular In-
conel” reactor followed by a heat exchanger, achieving a product gas composition close to
the equilibrium composition.

A novel approach is represented by the utilization of micro-scale techniques in order to
carry out SCWG reactions in a safe and efficient way. The first interest in microreactors for
SCWG applications starts with the fundamental work of Potic et al. [122], who performed
a large number of batch tests using tiny glass capillaries filled with a water-glucose solution.
The choice was strategic, because it assures a very cheap and safe testing technique, which
allows also to visually monitor the reactions occurring in the capillaries. Glass capillaries
were also utilized in a subsequent work [123] to simulate the behavior of a biomass bed flu-
idized by supercritical water.

Recently, Goodwin and Rorrer explored the potentialities of supercritical water gasifi-
cation of glucose by using a very small stainless steel microreactor (4.5 x 4.0 x 0.4 cm)

[124]. This device is formed by a network of microchannels arranged into 25 layers with 21
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parallel channels; each channel has a section of 75x500 um. Though the device is not opti-
mized for the SCWG process and no catalyst is used, the results are extremely promising:
at 750 °C the gas composition foreseen by thermodynamics equilibrium is achieved. In a
subsequent work [125] the authors investigate the SCWG of xylose by using a single micro-
tube reactor (internal diameter: 762 um).

In the optics of evaluating the feasibility of supercritical water gasification, Y. Matsu-
mura [126] conducted an analysis to compare biomass SCWG and biomethanation in Ja-
pan. The output of his work highlighted that, though SCWG looks more effective than
biomethanation, the cost of the produced syngas is still higher than the cost of city gas in
Tokyo. His analysis highlighted that the bottleneck of the SCWG process is represented by
thermal recovery. Such aspect can be overcome by improving the heat exchanger efficien-
cy, thus reducing the cost of the final product.

A crucial problem in SCWG reactors is represented by corrosion. Indeed, supercritical
water provides a very harsh reaction environment. The materials used for reactor manufac-
turing are thus subjected to impressive corrosion phenomena. This is one the major draw-
backs for SCWG and hydrothermal treatment in general, especially when acid feedstock is
processed.

Much research has been done to find a solution to this issue. The work by Marrone
and Hong [127] reviews the corrosion control methods for SCWG. They report that the
main corrosion phenomena in supercritical water gasification are: general corrosion,
dealloying, pitting, stress corrosion cracking and under-deposit corrosion. All these phe-
nomena have pushed to adopt corrosion-resistant materials, such as nickel alloys (e.g. In-
conel®, Hastelloy, etc.). Besides the adoption of such materials, the authors also propose
other strategies: the use of vortex/circulating flow reactors to prevent the fluid to stay in
contact with metallic surfaces; a pretreatment to neutralize acidic and basic feedstock fed to
the reactor; a general optimization of process conditions.

Since metallic surfaces encounter such extensive corrosion issues, ceramic compounds
were considered for reactors manufacturing and/or coating, also for economic reasons.
Nevertheless, even ceramics can suffer corrosion at SCWG reaction condition. The work
by Richard ez al. [128] tested several technical ceramics, like alumina, zirconia, aluminosili-
cate, etc., finding poor corrosion resistance. On the other hand, other ceramic materials,

like graphite and glassy carbon, show good resistance to harsh reaction environments.
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Another problem with supercritical water gasification is represented by salts deposi-
tion, since they are not soluble in supercritical water. Kruse ez a/. [129] proposed a method
to avoid reactor plugging due to salts precipitation in the reactors. The method is based on
a second salt-rich phase, the so-called “hydrothermal brine”, used to catch the salts precipi-
tating inside the reactor. By operating in this way, it was possible to continuously extract
salts from the reactor, thus achieving more stable and continuous gasification operations.

Integration of SCWG with pulp and paper production industry is the subject of the
analysis by Myreen e# a/. [130]. They analyzed two possibilities of integration, based on mass
and energy calculations and laboratory experiments, concluding that the integration of
SCWG would facilitate the transformation of pulp and paper mills into modern-day

biorefineties.

1.5. Aims and scopes of the present work

Moving from the current state of the art, this work aims at extending knowledge in su-
percritical water gasification. The work can be divided into two parts: the former related to
mathematical modeling (Chapters 2-4), the latter dealing with experimental activities (Chap-
ters 5-7). The goal of this work is to provide knowledge which could have technical signifi-
cance, being possibly useful for a concrete application of the SCWG technology.

The first part, focused on mathematical modeling activities, is aimed at:

1. The development of a two-phase thermodynamic model for biomass SCWG, able to
foresee the reaction products when a generic biomass is fed and certain pressure-
temperature combinations are chosen. The model should be able to predict the for-
mation of a solid phase at equilibrium, which is important to understand the application
limits of the process;

2. The evaluation of the energy performance of SCWG reaction, enabling to understand if
this process is endothermal or exothermal, and if the energetic behavior is significantly
influenced by the process conditions;

3. The development of a kinetics model, in order to describe what happens during the
transient state eventually leading to thermodynamic equilibrium. The model should be
developed using a white-box philosophy, that is with rigorous modeling of the single el-
ementary reactions involved in SCWG;

4. The development of a “process” model, that is the simulation of a possible real-life pro-

cess for SCWG. This includes the development of a layout involving reactors, pumps,
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heat exchangers, separators, etc. This simulation is useful to assess the technical feasibil-
ity of the process, especially dealing with its self-sustainability on the energy point of
view.

The second part of the work reports the results of experimental activities carried out with

model compounds and real biomass. The aims of such activities are:

1. Understanding the influence of long reaction times (up to 16 hours) on gasification per-
formances for both model compounds and real biomass;

2. Evaluating the significance of the catalytic effect of reactor walls made of different me-
tallic materials, highlighting the consequences on syngas composition;

3. Evaluating the effect of sub- and supercritical conditions, comparing experimental tests
carried out at 350°C (subcritical) and 400°C (supercritical);

4. Comparing the experimental behavior of different categories of real biomass, including
forestry residues, municipal waste, agro-industrial byproducts;

5. Evaluating the effect of an alkali catalyst (IK,CO;) on gasification yields;

0. Performing short-time gasification of glucose/phenol mixtures in a continuous tubular
device to simulate a real-scale process. During this activity, the inhibiting behavior of

phenol should be investigated.
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Thermodynamic equilibrium modeling

In this Chapter, a thermodynamic equilibrium analysis of the supercritical water gasifi-
cation process is carried out by means of a non-stoichiometric model based on Gibbs free
energy minimization. The model was validated through literature data and employed to
simulate the influence of process parameters such as temperature, pressure and biomass
concentration. The model, which is also able to deal with the formation of a solid phase,
was used to state under which conditions solid char is formed at equilibrium for each kind
of biomass. Finally, an isothermal energy analysis of SCWG was carried out, highlighting

the process conditions under which such reaction is exothermal.

2.1. Introduction

Thermodynamic equilibrium modeling provides information about the composition
which is reached by the system at equilibrium. Every system tends to equilibrium. Theoret-
ically, equilibrium should be reached after an infinite reaction time; in practice, after a peri-
od of time long enough to allow all the reactions to completely take place. Since it can hap-
pen that some reactions are extremely slow or that kinetic constraints are present, it could
happen that equilibrium is never reached in reality. Anyway, if high temperature reactions
are considered, where very high reaction rates are observed, thermodynamic equilibrium
gives a very realistic idea of the actual system composition.

Thermodynamic equilibrium analysis is also very important in order to understand how
the process parameters affect the yields. This gives important information to understand
which parameters should be changed, and in which measure, in order to obtain the desired
outputs. Furthermore, such approach is also fundamental in energy evaluations, to state if a
certain process is energetically sustainable or not. Even though real conditions could be

very different, thermodynamics provides a theoretical limit, which cannot be climbed over.

* Part of the present Chapter has been published as D. Castello, L. Fiori, “Supercritical Water Gasification of
Biomass: Thermodynamic Constraints”, Bioresource Technology, vol. 102 (2011), p. 7574-7582
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In the field of thermodynamic equilibrium modeling, two main approaches can be
identified: stoichiometric and non-stoichiometric. The stoichiometric approach is based on
reaction equilibria. In other words, a certain number of independent reactions involving the
different species are considered. Calculations are then performed in order to find the equi-
librium among the reactions examined. This approach has the advantage of making the
contribution of each reaction easily identifiable. On the other hand, the reactions involved
in the conversion of biomass have to be known in advance.

The other family of methods is called non-stoichiometric. Here no reactions have to be
defined, but the equilibrium composition is calculated according to Gibbs free energy min-
imization. In order to apply this family of models, the species expected in the products
need to be defined. Subsequently, the distribution of the products enabling to reach the
minimum value of Gibbs free energy is calculated. Although no reference to reactions is
made, this approach has the great advantage of being extremely flexible and preventing that
important reactions in the scheme are neglected. In all the state-of-art works, anyway, only
one-phase (the supercritical phase) is considered and the energy requirements of the pro-
cess are not analyzed (see Paragraph 1.4.4).

In this chapter, a non-stoichiometric, two-phase model for SCWG is developed and
implemented. This new model is able to predict the system equilibrium composition not
only considering the supercritical phase, but also the possibility for a solid phase to form.
This enables to foresee the formation of solid carbon among the reaction products. Anoth-
er innovative aspect is that biomass is not modeled just as a compound made of carbon,
hydrogen and oxygen, but nitrogen is also considered, thus allowing for the occurrence of
NO, compounds.

By means of this model, the conditions leading to the formation of solid carbon were
investigated as a function of the different process parameters (temperature, pressure, bio-
mass concentration and biomass typology). An interesting issue is that of energy implica-
tions, and thus the calculation of the process heat duty, which is a fundamental piece of in-
formation to state the real profitability of SCWG. According to the state of the art (see
Chapter 1), this work is the first one delivering an energy analysis by means of a non-

stoichiometric model.
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2.2. Model description
The thermodynamic model proposed here is based on Gibbs free energy minimization.
This condition implies that the system has reached an equilibrium state.

Gibbs free energy of the system (G) can be calculated as the sum of each component’s

chemical potential (4;) multiplied by the same component’s number of moles (72;):

G= Znu 2.1)

The chemical potential is a function of temperature and pressure, according to:

u(1.P)= ()4 RTIn-

0,0

2.2)

4,, 1s the chemical potential under standard pressure conditions (101,325 Pa). It can be cal-

culated as a function of enthalpy and entropy of formation, which are only dependent on

temperature, through the following formula:

0, (T) =AM+ [, (TlaT-Tas:, -7 [ O or

298 298

2.3)

In order to calculate the isobaric heat capacity ¢, the NASA polynomial formula was
adopted: eq. (2.4) [131]. For each chemical species, this formula foresees two sets of five
coefficients, one for the low temperature range (i.e. up to 1000 K) and another for the high

temperature range (i.e. from 1000 to 6000 K). The generic formula can be expressed as:

pii

=q,+q,T+q.T" +¢.T" +q,T" (2.4)

Coefficients ¢,,..., g5 for a large number of compounds can be found in [131].
The second term after the equal sign in eq. 2.2 takes into account the dependence on
pressure by introducing the fugacity of the /" component, which is a state variable with

units of pressure and is defined as:
f.=Pox (2.5)
Actually, eq. 2.2 considers the ratio between the fugacity of the /™ component in the mix-

ture (/) and the fugacity of pure component 7 at standard pressure conditions ( f;,; f,, =F).

Term ¢, is called fugacity coefficient, it is dimensionless and can be calculated through
an EoS. The Peng-Robinson EoS was chosen, which has been extensively used [95, 97] on

account of its capability of dealing effectively with supercritical fluids.
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Peng-Robinson EoS describes the link between system pressure, temperature and mo-
lar volume by resorting to parameters derived from critical properties of the substances,
such as critical temperature T, critical pressure P, and acentric factor w. For a pure sub-

stance, it has the following form:

RT a
P==—--= ~ (2.6)
V—-b V>+2bV -5’ )
Parameters @ and & depend on the critical properties and are defined as follows:
azw l+(0.374644—1.542260—0.269920)2 1- 1
) Tc 2.7)

b= 0.07780R1.

- p (2.8)

C
Equation 2.6 can also be expressed in a different way by introducing the dimensionless
compressibility factor Z:
PV
Z=%7 (2.9)

Thus, a third grade polynomial is obtained:

Z}_(l_b_PJZZ{ aP__ bP ,bP ]Z_(abPz b'P bP jzo o

RT RT* “RT "RT') \RT" RT* RT

Solving eq. 2.10 for Z, three solutions are obtained. When two phases are present, all the
solutions are real. The minimum value is referred to the liquid phase and the maximum
value to the gaseous phase; the middle value has no physical meaning. Above the critical
point, only one value is physically meaningful.

To deal with a mixture, rather than a pure compound, van der Waals’ binary mixing
rules were introduced. These rules enable to calculate 4, and &,, which are the # and 4 pa-
rameters appearing in eq. 2.10 but with reference to a mixture of IN components, each hav-

ing the molar fraction x; in the following way:

a,= ZZU,% 2.11)

b,=2.2.xxDb, 2.12)
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a, =1~k }Jaa, (2.13)

b +b,

bi/' - (1—77? )T (2.14)

Parameters &; and 7, are called interaction parameters and express the interaction between

species 7 and /. They can be seen as the elements of matrices K and E, which are symmet-
rical and have null elements on the diagonal.

Elements £;, in matrix K were calculated according to Poling ez a/., 2007:

k= ( 3\/7+ 3\/177)3 2.15)

Matrix E is assumed to be null, thus neglecting the effect of 7, as suggested by McHugh
and Krukonis [132].

Once Z for the whole mixture is calculated, the resulting value can be used to detet-

mine the fugacity coefficient ¢, of the /" component of the mixture:

N

2> xa
1n(€0i):bbi_j(Z—1)—ln(Z—B)— 2.81;88 Z:::/aw —? 1n% 216
Where
A= Ril;” P @.17)
B = ;;’"TP (2.18)
b*=2 N x,b, =b, (2.19)

j=1
The model accounts for the presence of a solid phase, represented by graphitic carbon and
indicating char formation. In order to calculate the chemical potential for the solid phase,
equation 2.2 must be revised, since it has been derived for a gas.

From the definition of Gibbs free energy:

u(T,P)= 1, (T)+ de (2.20)
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For a solid, the molar volume ¥ can be reasonably considered to be constant, thus it can be
taken outside the sign of integration. Moreover, since the volume is constant, the critical

volume 7 can be used. The integration is, then, immediate:

w7, P)= p,(T)+V.(P-B) 2.21)

Table 2.1 — Chemical species considered in the model, along with their critical parameters (NIST-
TRC databank).

~

T, P, V. ®

K] [Pa] (/kmol] [
Oxygen O, 154.644 5042190 0.07351871 0.0213195
Hydrogen H, 33.172 1239720 0.06473499 -0.232001
Water H,O 647.296 22140200 0.05629781 0.343897
Solid Carbon C 6810 223000000 0.0188 0.326841
Methane CH, 190.562 4607790 0.09925631 0.0106362
Carbon monoxide = CO 134.464 3774230 0.09062499 0.0370708
Carbon dioxide CoO, 304.169 7378280 0.0942549 0.224877
Nitrous oxide N,O 309.565 7241650 0.09778602 0.1611
Ammonia NH; 405.6 11277473 0.072362166  0.25
Nitric oxide NO 180 6484800 0.057693375  0.607
Nitrogen dioxide NO, 431.4 10132500 0.16990837 0.86
Nitrogen N, 128.464 3094240 0.08616066 0.04
Propane C,Hq 369.859 4255660 0.1986718 0.152919
Ethane C’H, 305.367 4885500 0.1461753 0.100161
Ethylene C,H, 282.345 5042360 0.1310267 0.0864047
Methanol CH,OH 512.658 8012950 0.1165915 0.55967
Acethylene C,H, 308.341 6239770 0.1190043 0.185731
Methyl-acethylene ~ C;H, 401.564 5625550 0.1614438 0.209058
Propylene (ONSH 364.933 4594260 0.1830666 0.14218
Benzene CHy 561.99 4897390 0.2566344 0.21047
Naphthalene C,oHg 748.191 4081640 0.4075999 0.307871
Formaldehyde CH,O 418 6853840 0.1043348 0.201805
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2.3. Model implementation and validation

The model was implemented by using the Matlab® software (The Mathworks, Inc.). In
order to perform the minimization of Gibbs free energy, the routine FMINCON was used.
This routine is based on the method of Lagrange multipliers, which enables to solve a min-
imization problem subject to constraints.

In this case, the problem consists in finding a composition for the system which corre-
sponds to the minimum value for G. This problem is subject to two constraints: (z) mass
conservation, insofar as the amount of each element (C, H, O, N) must be the same in the
input (reagents) and output (products) streams; (b) non-negativity of the number of moles
n. The latter is very important, since to obtain a solution which can respect the mass bal-
ance is numerically possible but completely meaningless owing to the negative number of
moles.

The input stream composition is only useful in order to define the mass balances and
to calculate its enthalpy. All the simulations foresee an input stream composed of water,
biomass and, possibly, pure oxygen (O,) as oxidizing agent.

Most analyses are conducted with glycerol (C;HO,). Glycerol can be considered a
model compound for common biomass, since its molecule reproduces typical ratios of car-
bon, hydrogen and oxygen, which are the most important constituents of biomass. Glycer-
ol also plays a major role as the most abundant co-product in biodiesel production plants.
As a result of the biodiesel industry expansion, glycerol world production has increased
from 500,000 tons in 1991 to currently 2,500,000 tons a year. Today, the biodiesel industry
accounts for 70% of worldwide glycerol production [133]. This enormous quantity of glyc-
erol is difficultly absorbed through traditional channels (e.g. cosmetics, pet food). There-
fore, glycerol has become an industrial waste. SCWG could be an effective way to dispose
of this substance and, at the same time, convert it into a valuable gas with a high H, con-
tent. Finally, experimental data about glycerol SCWG are available in the literature, thus a
model validation can be performed for this compound.

In addition, some analyses were conducted on microalga Spirulina, a blue-green alga
which is very common as a dietary supplement for both humans and animals. Algae are bi-
omass with a great potential for exploitation, since they can be easily grown by only using
water, CO, and solar energy. They can also be cultivated resorting to municipal or agro-

industrial wastewater. Moreover, since algae normally possess a high water content, they
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seem particularly suitable for hydrothermal treatment, while traditional gasification tech-
nologies, which require dry biomass, seem less applicable to them [134].

Microalga Spirulina was modeled as a pseudo-compound whose formula is CH /O N, .
Coeftficients x, 5, ¢ and » were computed according to the dry ash-free ultimate analysis,
which was provided by the database “Phyllis” [135], where x was considered equal to 1. As
a result, microalga Spirulina was modeled as a compound whose molecular formula is

C1H1.8655OO.5893N0.1275'

Among the output compounds, 22 different species were selected as representative of the
the main categories of compounds which can be reasonably found in the output stream.
Besides the standard products like H20, Hz, CO, CO; and CH,, C;4 hydrocarbons and
PAH were considered, as well as N2, NH; and nitrogen oxides. The complete list of output
compounds, along with their critical parameters, is reported in

Table 2.1.

The model results were compared with the experimental data by Byrd ez a/ [84], who
carried out a study on the SCWG of glycerol with a Ru/Al,O; catalyst. The results of mod-
el testing are shown in Figure 2.1, where the syngas composition is reported as a function
of the feed concentration expressed in weight basis. To mention an example, a feed con-

centration of 20% corresponds to a feed consisting of water (80%) and dry glycerol (20%).
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Figure 2.1 — Model validation with experimental data from Byrd ez a/. [84].

42



Thermodynamic equilibrium modeling

In order to compare model predictions and experimental results quantitatively, Pear-
son’s correlation coefficient » was used, where a value of 0 stands for no correlation and a
value of 1 means optimal correlation.

As far as hydrogen is concerned, the agreement between experimental data and model
predictions is found to be very good (r=0.98§), which demonstrates that the model is able
to predict hydrogen yields in a very effective way.

The situation is slightly different for other gaseous species (methane, carbon monoxide
and carbon dioxide). In this case, the agreement between model and experimental results is
acceptable, the model output and the experimental data follow approximately the same
trend, but the fitting is not perfect. The correlation coefficient is still high for methane
(r=0.984), lower but tolerable for carbon dioxide (r=0.728), very low for carbon monoxide
(r=0.469).

In general, it is possible to state that the model implemented provides results which are
in good accordance with experimental data and, therefore, the model is a valuable tool for

predicting the thermodynamics constraints of the SCWG process.

2.4. Results and discussion

Two different types of analysis were performed through the model proposed. The first
class is aimed at describing the two-phase behavior of the reacting system, i.e. the process
conditions that cause the output stream containing solid carbon. The second approach is
focused on energy aspects, with a view to investigating the reaction energy requirements

and the amount of energy contained in the product gas.

2.4.1. Char formation
The model was first run to state the dependence of the composition of the reaction
products (syngas and possibly solid carbon) as a function of the biomass concentration in

the feed.
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Figure 2.2 — Model results for the SCWG of glycerol under different operating conditions. (a)
Equilibtium composition versus feed concentration (T=800°C, P=250 bat); (b) Equilibrium com-
position versus feed concentration (IT=500°C, P=250 bat); (c) Equilibtium composition vetsus

temperature (P=250 bar, feed concentration = 80%); (d) Equilibrium composition versus pressure
(T=800°C, feed concentration = 80%).

Figure 2.2a shows the composition of the syngas produced through the SCWG of
glycerol at 800 °C and 250 bar. Water was excluded from the plot in order to improve its
readability. Clearly, the syngas composition significantly varies with the feed concentration
(expressed in weight basis as for Figure 2.1). At low feed concentrations, the products pre-
ferred, besides water, are hydrogen and carbon dioxide. Up to a feed concentration of 10%,
H,, CO, and H,O are almost the only products at equilibrium. When the feed concentra-
tion increases, CH, and CO form at equilibrium. Hydrogen production reaches its maxi-
mum at a feed concentration of about 40% and subsequently starts to decrease, while me-
thane production increases. All trends are quite regular up to a feed concentration of 72%,
the minimum concentration at which solid carbon is expected at equilibrium. At this point
a noticeable change in the slope of all curves involving gaseous carbon compounds occurs,
and their molar fraction starts to decrease.

The situation is completely different when working at a lower temperature. Figure 2.2b
shows the equilibrium behavior resulting from the SCWG of the same compound at the
same pressure, but with a temperature of 500 °C. Significantly, hydrogen production is far
lower than in the previous case, while methane is also found at low feed concentrations.
Carbon monoxide is almost absent at equilibrium. In this case an evident change in the

slope can also be observed by the time solid carbon forms at equilibrium. However, at low-
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er temperatures, solid carbon forms at lower feed concentrations: at 500 °C it forms with a
feed concentration of 60%.

Figure 2.2c shows the equilibrium composition as a function of temperature for the
SCWG of glycerol at 250 bar and feed concentration of 80%. Water was not included in
the diagram for the sake of readability. An increase in temperature plays a favorable role for
hydrogen and carbon monoxide formation, while methane and carbon dioxide are pre-
ferred at medium-low temperatures. Similar trends were observed in the case of atmos-
pheric pressure steam gasification of pine sawdust [136]. The formation of solid carbon is
thwarted at high temperature. Indeed char is found up to 900 °C.

High pressure is favorable for char formation, as shown in Figure 2d. Below 10 bar no
char is expected at 800 °C for an 80% wt. feeding stream. The effect of pressure is that of
minimizing the overall volume of the system. Therefore, a solid, whose specific volume is
normally far lower than that of a gas, is definitely advantaged.

The same analyses were conducted on microalga Spirulina: see Figure 2.3. All analyses
point to trends which are very similar to those observed in studies on glycerol (Figure 2.2).
On the other hand, it is evident that the conditions leading to formation of a solid phase
for microalgae are substantially different than for glycerol. Solid carbon forms at lower feed
concentrations and pressure and at higher temperatures. The formation of a solid phase
seems to be “easier” for this type of biomass, i.e. for a substance with this specific ratios of

carbon, hydrogen and oxygen.

0.5

o
o

o
=

Molar fraction [-]
Molar fraction [-]

0 10 20 30 40 50 60 70 80 80 100 0 10 20 30 40 50 80 70 80 90 100
Feed concentration [% wt.] Feed concentration [% wt.]

0.5

S
IS

e
w

o
Sl

Molar fraction [-]
Molar fraction [-]

o

Q
400 500 600 700 800 900 1000 1100 1200 0 50 100 150 200 250 300 350 400 450 500

Temperature [*C] Pressure [bar]

Figure 2.3 — Model results for the SCWG of microalga Spirulina under different operating condi-
tions. (a) Equilibrium composition versus feed concentration (T=800°C, P=250 bar); (b) Equilibri-
um composition versus feed concentration (T=500°C, P=250 bar); (c) Equilibrium composition
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versus temperature (P=250 bar, feed concentration = 60%); (d) Equilibrium composition versus
pressutre (T=800°C, feed concentration = 60%).

While Figure 2.3a and Figure 2.3b can be directly compared with Figure 2.2a and Fig-
ure 2.2b (temperatures and pressures coincide), this does not apply to other Figures. Figure
2.3c and Figure 2.3d were, indeed, obtained with a feed concentration of 60% (with 40% of
the feed consisting of water and 60% of dry biomass C,H, 5550 5503N0.1275)- This highlights
the shift from a situation where only the supercritical phase is found at equilibrium to one
where solid carbon is also found at equilibrium. In the case of microalga Spirulina, with a
feed concentration of 80% (value utilized for the SCWG of glycerol, see Figure 2.2¢ and
Figure 2.2d) solid carbon is found at equilibrium in the whole range of temperature ana-
lyzed.

The analysis with microalga Spzrulina also enables to account for the presence of nitro-
gen compounds. Looking at Figure 2.3a to d, nitrogen is only found as N, in the product
gas. Its molar fractions in the syngas seem to be solely determined by the biomass concen-
tration in the feed. Neither temperature nor pressure appear to influence N, concentrations
significantly.

A parameter significantly influencing the formation of char in the SCWG process is
the elemental composition of the biomass used, as demonstrated by comparing the model
results for glycerol with the ones for microalga Spirulina.

In order to account for different types of biomass, a representation based on ternary
diagrams was adopted. In this depiction, each of the three axes of the diagram stands for
the molar fraction of C, H and O in the biomass pseudo-molecule, represented by the sim-
plified formula C H O, (nitrogen was neglected for this purpose). With this schematization,

each biomass is represented by a point in the ternary diagram.
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Figure 2.4 — Ternary diagrams for a generic biomass schematized by the pseudo-molecule CiH,O.,.
Values on the axes refer to the molar ratios of C, H and O in the biomass molecule. (a) Char fot-
mation at vatying temperature (P=250 bat); (b) Char formation at varying pressure (T=800°C).

Each axis of the ternary plot was divided into 50 intervals. For each point inside the
triangle, a different run of the model was then performed to verify whether, for that partic-
ular biomass composition, graphitic carbon had been expected or not at equilibrium. Thus,
these simulations are representative of a biomass concentration of 100%, which is the most
favorable condition for char formation.

Figure 2.4a shows the results of the analysis when the system temperature was
changed, holding the pressure constant at 250 bar. It is possible to see that, in general, bi-
omass with a high oxygen content (upper zone of the diagram) does not cause the for-
mation of solid carbon. This is also true for low carbon content feedstock.

The region where solid carbon is found is that in the bottom-left part of the triangle.
However, the boundaries of this region are influenced by temperature. High temperature
discourages carbon formation, as more energy is available for carbon to perform reforming
reactions. Figure 2.4a reflects this statement, inasmuch as the “char formation” region is
slightly wider at 400 °C than at 800 °C and 1200 °C. On the other hand, there is a small re-
gion around H=0.8 and O between 0 and 0.1 where the three curves invert their order,
thus allowing for a char production favored by an increase in temperature.

Figure 2.4b shows the results of the same analysis conducted under different pressure
conditions, while temperature was kept at 800 °C. Pressure plays an important role in char
formation, as char formation is facilitated by high pressure. This can be easily explained
from a thermodynamic perspective, since high pressure favors reactions determining a de-
crease in the total volume of the system. Under high pressure conditions solids are there-

fore favored, as also demonstrated by Figure 2.2d and Figure 2.3d. Figure 2.4b reveals that
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the “char formation” region significantly enlarges when increasing pressure from 1 to 100
bar. However, in the typical pressure range of hydrothermal treatments, the effect of pres-
sure on char formation is very limited: looking at Figure 4b, the curves corresponding to
100 and 500 bar almost overlap.

Interestingly, these ternary plots can also be used for a generic biomass feed with an
arbitrary water/biomass ratio. It is just necessary to consider the amount of water in the
calculation of the stoichiometric index x, y and z. The new point in the plot will then repre-
sent the SCWG of the considered biomass at the concentration desired. This is possible
because the equilibrium composition of the system is determined by the relative amount of

C, H and O supplied with the reagent stream, regardless of its actual composition.

2.4.2. Energy analysis

Another series of simulations were performed to evaluate the energy needs of the
SCWG process. The process heat duty was calculated under different process conditions,
L.e. by varying biomass concentration and temperature.

In order to calculate the process heat duty, isothermal operations were considered.
Therefore, reagents and products are at the same temperature and the heat produced or re-
quired for the reaction (AH) is calculated as the difference between the enthalpy of the
products and that of the reagents. In order to gain information on the quality of the prod-
uct gas, its high heating value (HHV) was calculated, neglecting its water content.

Importantly, this approach only considers the amount of thermal energy required for
(or provided by) the reaction itself. The energy required for the whole process is normally
higher, because the input stream has to be heated up to the reaction temperature and it is
not possible to recover all the sensible heat of the product stream to warm up the reagent
stream.

Moreover, the possibility of using an oxidizing agent like O, was taken into account, in
order to simulate the effect of a partial oxidation of the biomass. The amount of oxidizing
agent was expressed in terms of equivalence ratio (ER), i.e. the ratio between the quantity
of O, which is used and the amount of O, required for the complete stoichiometric oxidi-
zation of the considered biomass. Starting from the stoichiometric reaction for biomass

combustion, ER was defined as:
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ER= R

a Yz, 2.22)
4 2 bio

Figure 2.5 shows the heat duty and the HHV of the product gas for SCWG of glycerol at a
concentration of 10% on weight basis, at varying temperatures and equivalence ratios
(ERs). If no oxidizing agent is used, SCWG is weakly exothermic for temperatures below
680 °C and weakly endothermic above 680°C. If oxygen is added to the reagent stream,
exothermic operations result in the whole range of temperatures analyzed, even with slight
amounts of O,. As ER increases, the HHV of the product gas decreases. At ER=1, the
product gas shows a null heating value, since all combustible gases are oxidized.

Similar considerations apply also to the energy analysis conducted for the SCWG of

microalga Spirulina (the model results are not reported for sake of brevity).
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Figure 2.5 — Energy analysis for the SCWG of glycerol as a function of temperature and equiva-
lence ratio ER () (P=250 bar, feed concentration = 10%). (a) Reaction heat duty; (b) HHV of the
product gas on dry basis.

A similar analysis was performed where ER was kept null and glycerol concentration in
the feed was increased from 5% to 100%. Results are presented in Figure 2.6. Figure 2.6a
shows that, as temperature increases, the reaction requires more energy. Operations are ex-
othermic at lower temperature and then become endothermic as temperature rises. It is
possible to observe a temperature at which the reaction is energetically neutral: above it,
operations are endothermic, while below it they are exothermic. For a feedstock concentra-
tion of 5%, this temperature is of approximately 580°C; for a 100% glycerol feed, this tem-

perature is 1050°C. This suggests that the energy demand of the reaction decreases as the
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feed concentration increases. On the other hand, it is possible to observe that, at high tem-
perature, a higher glycerol concentration leads to slightly higher energy needs for the pro-
cess (see the upper-right portion of Figure 2.6a where the curves cross). In any case, the
amount of energy which the isothermal SCWG process provides or consumes is small, be-
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Figure 2.6 — Energy analysis for the SCWG of glycerol as a function of temperature and feed con-
centration (P=25 MPa, ER=0). (a) Reaction heat duty; (b) HHV of the product gas on dry basis; (c)
Product gas yields per unit mass of fed glycerol; (d) Energy yields for the complete oxidation of the
product gas derived by a unit mass of fed glycerol.

Figure 2.6b shows that, by increasing the feedstock concentration, the gas HHV rises,
too. Anyway, it is important to focus on the amount of dry gas which can be produced,
since at high glycerol concentrations considerable amounts of solid carbon are yielded. Fig-
ure 2.6c reports the specific production of dry gas per unit mass of feedstock. Gas produc-
tion generally rises as temperature increases and glycerol concentration decreases. For high-
ly concentrated streams (60% and 80%), a sudden change is observed in the slopes of the
curves, corresponding to the formation of solid carbon, which lowers the specific gas
yields.

Figure 2.6d shows the energy associated with the gas produced from 1 kg of glycerol.
Given the results presented in Figure 6d (which stem from a combination of the results of
Figure 2.6b and c), energy production is higher for diluted streams than for highly concen-
trated ones. Clearly, temperature does not play a significant role in this regard. Indeed, even

though the gas HHYV is higher at lower temperatures (Figure 2.6b), the specific gas produc-
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tion is higher at higher temperatures (Figure 2.6¢), thus playing a sort of “compensation”
effect.

Some general remarks could be inferred from the energetic results obtained for the
SCWG of glycerol (Figure 2.5 and Figure 2.6) and microalga Spirulina (not reported data).
The isothermal SCWG process is weakly endothermic or energetically neutral in the tem-
perature range 700-900 °C and for feed concentration between 10 and 20%, which atre
probably the most reasonable conditions for real applications of the process. In addition,
for these conditions no char is expected at equilibrium (see Paragraph 2.4.1). Thus, to make
the process energetically (and therefore economically) sustainable, the fundamental point is
not represented by the energy necessary for the SCWG reaction itself but, instead, by the
energy necessary to heat the reagents up to the reaction temperature. Actually, it is worth to
underline that the reagent stream consists of biomass and huge amount of water. An opti-
mal plant design becomes mandatory to make the SCWG process profitable, with efficient
heat exchangers capable to transfer the sensible heat from the process product stream to
the reagent stream. In addition to this, the results reported in Figure 2.5a suggest another
possibility. The whole process could become energetically self-sustainable by adding to the
reagent stream an oxidizing agent like O,. Obviously, in this case the calorific value of the
syngas produced would decrease, but not dramatically as testified by Figure 2.5b.

Future efforts in the SCWG field should cover, among the others (reaction kinetics,
catalyst development, reactor material resistance testing), the design and optimization of
the whole process: in this field nowadays only a few examples are at disposal in the litera-

ture [100].

2.5. Conclusions

A non-stoichiometric two-phase equilibrium model for the SCWG has been devel-
oped. This model enables to foresee the process conditions leading to char formation and
the energy needs of the process.

Char formation is only relevant when processing concentrated streams, especially at
low temperatures and when the carbon content of the chosen biomass is particularly high.

Isothermal energy analysis applied to glycerol shows that SCWG is weakly exothermic
for temperatures below 680 °C and weakly endothermic above 680°C. But if a small
amount of O, is added (ER=0.2), SCWG becomes exothermic in the whole temperature

range analyzed (400-1200 °C).
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2.6. Nomenclature

A dimensionless form for

a Peng-Robinson attraction parameter (N m* mol?)
B dimensionless form for &

b Peng-Robinson repulsion parameter (m” mol)

b term in Peng-Robinson EoS (m’ mol™)

[ isobaric heat capacity (k] mol’ K

E matrix whose elements are 7,
f tugacity (Pa)

G Gibbs’ free energy (k] mol ™)

AH  enthalpy change (k] mol™)

HHV  high heating value (k] kg™

; binary mixture parameter for intermolecular interactions
K mattix whose elements are &,

N number of components

” number of moles (mol)

P pressure (Pa)

;g5 Coefficients for ¢, calculation

r Pearson’s correlation coefficient

R universal gas constant (] mol" K™

AS  entropy change (k] mol' K
T temperature (K)

14 molar volume (m’ mol ")

x molar fraction

Z compressibility factor

Greek symbols

(0 fugacity coefficient

Y/ chemical potential (k] mol™)

Ny binary mixture parameter for packing of unlike components
) acentric factor

Subscripts and superscripts

0 standard

critical

formation

mixture

stoichiometric index for carbon
stoichiometric index for hydrogen

stoichiometric index for oxygen

T e = x 8§ o

stoichiometric index for nitrogen
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Kinetics modeling

While the last Chapter dealt with thermodynamic equilibrium, this Chapter focuses on
kinetics modeling. Such approach is able to describe the dynamic behavior of the system,
that is the reactions transforming the original reactants into intermediates and then final
products. Three models from the literature, developed for combustion or supercritical wa-
ter oxidation, were implemented and run at conditions typical of SCWG. The models were
compared with literature data and the one by Webley and Tester was selected as the most

performing one. The main reaction pathways were identified and outlined.

3.1. Introduction

Thermodynamic modeling focuses on equilibrium, that is the situation in which the
system composition remains constant. It is very important, since it is able to state which are
the reaction final products and which is the energy behavior of the process. On the other
hand, such approach provides no information of the transient state that leads from the re-
actants to the products.

More in deep, thermodynamics is not able to predict which are the reaction intermedi-
ates and which are the reaction chains leading from reactants to products. Above all, it does
not provide any information about time. In other words, though we know which is the sys-
tem equilibrium composition, we do not know how much time will be required to obtain
that composition. This item is of outstanding importance for engineering and design. In
order to properly size a reactor, indeed, it is fundamental to know the rates of the reactions
to be carried out in it. This allows to state the optimal residence time, which determines the

volume of the reactor.

" Part of the present Chapter has been published as D. Castello, L. Fiori, “Kinetics Modeling and Main Reac-
tion Schemes for the Supercritical Water Gasification of Methanol”, The Journal of Supercritical Fluids, vol.
69 (2012), p. 64-74
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The literature (see Paragraph 1.4.4) presents kinetics models which mainly address
combustion or supercritical water oxidation (SCWO). In particular, these models are based
on detailed kinetics, where a large number of elementary reactions is taken into account. It
can be hypothesized that the reactions presented in these models are basically the same as
those involved in SCWG. Thus, if these models are applied to a mixture fuel/water rather
than a mixture fuel/oxidizing agent, they should allow for a successful interpretation of the
experimental data.

The aim of this chapter is to apply the same elementary reaction models utilized for
SCWO and combustion to SCWG of methanol, which can be considered a model com-
pound for more complex alcohols. Moreover, methanol has a great importance on its own,
since it can be used as an energy carrier, easier to handle than hydrogen. Some studies have
thus used the term “methanol economy” to describe a possible scenario of widespread us-
age of this alcohol as energy carrier [137]. Such approach is completely new in the state-of-
the-art literature. Three different models were chosen, implemented and then run. The
models were also compared with literature experimental data. Finally, the main reaction

pathways were identified.

3.2. Structure of the mathematical models

Each kinetics model is composed of a certain number ; of components, i.e. chemical
species, and a certain number 7 of elementary reactions. An elementary reaction describes
the actual physical event leading to the transformation of the reagents into the products
and, consequently, it normally involves a limited number of molecules (in general one or

two). For example, for the generic /~th reversible elementary reaction:

oA+ BB <> yC+ 6D 3.1)
net reaction rate 7; can be expressed as the difference between forward and backward reac-
tion rates:

r=k CCl—k_ C.C; (3.2)

Where term £; is the kinetics constant of the forward reaction, £; is that of the backward
one and C is the molar concentration of specie /. The forward reaction kinetics constant

can be calculated through the modified Arrhenius expression:

ki :ko,iT ' exXp _E (33)
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Where £, is the pre-exponential factor, 7 is an exponent for the dependence on the tem-

perature T, E_,. is the reaction activation energy and R is the universal gas constant.

act,i

Following this procedure, all the forward reaction rates can be calculated. To calculate
the backward ones, thermodynamic considerations can be used. Indeed, at thermodynamic
equilibrium the rates of forward and backward reactions are equal. As a consequence, for a

generic reaction z

kCiCl =k CIC" (3.4)
Thus:

kK CC 3 v,

ko Hcf =T (3.5)

where Vv, is the stoichiometric coefficient of component ; in reaction 7 (positive if ; is a
product, negative if j is a reactant). Term Y, is called reaction quotient and it represents the
product between the reactant and product concentrations at equilibrium, each elevated to
its stoichiometric coefficient. Relating Y, to the reaction equilibrium constant and assuming

ideal gas behavior, Y, can be calculated as reported in eq. (3.6):

(P AG”
Yy=||C" 5 = exp| —
H j RT Pl " RT (3.6)

where AG? is the difference of Gibbs free energy between products and reactants at refer-
ence pressure P, (101,325 Pa).

Thus, the kinetics constant for the backward reaction is straightly determined as:

k.
k= 7 (3.7)

It is worth mentioning that the assumption of ideal behavior for the supercritical phase is
made only for the computation of the kinetics constant for the backward reactions, in ac-
cordance with all the three reference models detailed in Paragraph 3.3. The utilization of a
more complex and reliable equation of state (EoS), such as Peng-Robinson EoS, cannot be
addressed for this scope considering that critical temperature, critical pressure and acentric
factor are not available for the radical species present in the models. Peng-Robinson EoS is

instead utilized to calculate total molar concentration (see Paragraph 3.3).
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3.2.1. Reactions with pressure-dependent rates

Some reactions in the models show pressure-dependent rates. They are often repre-
sented by dissociation reactions and they are modeled following the Lindemann’s ap-
proach.

Considering a generic dissociation reaction, by which a species 4 converts into a spe-
cies P
A->P (3:8)
It can be assumed that reaction (3.8) is the overall reaction of a mechanism made up of two
elementary reactions. In the former, a single molecule of A4 collides with another molecule
in the system to form activated complex .4*
A+ M —— A*+M (3.9)
In the latter, .4* forms final product P
A*——>P (3.10)

The molar balance of P can thus be expressed as:

dciC;P =k (3.11)
At steady state, considering reaction (3.10) irreversible:
dj;* —kC,C,—k C,.C,—kC,=0 6.12)
Thus:
__kC.C,
" kC, +k, (3-13)
Substituting eq. (3.13) into eq. (3.11):
dc;P ) k]fg;?kz Co=kaC, (3.14)
where
_ kk,C,
TS CL Ak (3.15)

Notably, if the pressure is high, the concentration of M is correspondingly high. In this

case, £, can be approximated as:
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v= : (3.16)

Reaction (3.8) is thus first-order. On the other hand, at low pressures, it is unlikely that a
molecule of A collides with a third body. Equation (3.15) becomes:
k,=kC, =k,C, (3.17)
Reaction (3.8) will be thus second-order. For intermediate pressures, then, this type of reac-
tions show an order intermediate between 1 and 2. Sometimes, the overall reaction rate is
also corrected by means of a factor F, the so-called “broadening parameter”, which is de-
tived from RRKM calculations. The final expression for £, is thus:
kk C,
o kC, +k. (3.18)

Kinetics constants £, and £ depend on the temperature as a result of an Arrhenius-like re-

lation; broadening parameter F also has a temperature dependence.

3.2.2. Reactor

To perform mass balances for each of the components involved in the model and
compare the results with the literature data provided by Boukis ez 4/ [50], the kinetics
scheme was implemented for an isothermal and isobaric continuous plug-flow reactor
(PFR).

The PFR is assumed to consist of a tube with cross-sectional area § and longitudinal
coordinate & The steady-state molar balance for generic component ; for infinitesimal con-
trol volume 417 between the sections at £and £+dE gives:

C Z—§+Qi—? ZSZVNJ”,. (3.19)
Where (J is the volumetric flow rate.
Apparent residence time T at coordinate ¢ can be defined as the ratio between the reac-

tor volume up to that coordinate and volumetric flow rate (), at the reactor inlet:

S¢S
r= 0 (3.20)

Importantly, to calculate the actual residence time (time spent by a fluid element inside the
reactor) the volumetric flow rate variability (due to a variable number of moles owing to

reactions) should be considered along the reactor. On the other hand, a simpler definition
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of the apparent residence time is useful to draw a comparison with experimental data, since

the experimental literature normally uses it for the sake of simplicity. Taking the differential
of (3.20):

S
r=—-d¢
) (3.21)

Then, substituting this expression into (3.19), the molar balance equation for generic com-

ponent j becomes:

¢, 0,5, _C do

= R o
dcr Q< "' Q dr (3.22)

This formula expresses the molar balance for generic component ; as a function of resi-
dence time 7.

Since the system pressure and temperature are constant, total molar concentration C-
(in other words: the system molar density) can be assumed to be constant as well. The sys-
tem composition variation, which takes place along the reactor, does not reasonably have a
significant impact on molar density — this would be strictly exact for a mixture of ideal gas-
es. Thus, if a total molar balance is written, the time derivative of C; will be null. Indicating
with 7, the total molar generation rate (which is obtained summing up all the molar genera-

tion rates of the various components), the following is achieved:

4 _or,

dr  C, (3.23)
The expression of the molar balance for the /-th component thus becomes:

dC Q C QO

Z e (3.24)

i= T
The model output is then the solution of the system of j non-linear ODEs in the form of
eq. (3.24) plus eq. (3.23). To perform the calculations, a set of initial conditions must be es-

tablished, which are the concentration of each species at time zero and the flow rate at the

reactor inlet, whose value can be chosen arbitrarily (for simplicity, it was assumed to be

equal to 1 [m’/s]).
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Table 3.1 — Principal characteristics of the analyzed kinetics models: number of reactions, number
of components and species involved (@ indicates that the species is involved in the model).

GRI-Mech Brock and Savage Webley and Tester

Reactions 215 148 66
Components 34 22 17
Species
@)

O,

H

OH

H,

HO,
H,0,
CH

CO

CH,
HCO
CH,(s)
CH,O
CH,
CH,
CO,
CH,OH
CH,O
CH,OH
CH
CH,
HCCO
C,H;
CH,CO
C,H,
C,H;
C,H,
H,O

HCOOH
CH,CHO
CH,CHO
C,H,
C,H.
CH,OH
CH,O,
CH,0O,H
HOCO
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3.3. Overview of the models and implementation
In the present work, three different models were analyzed. Each of them involves a
certain number of components, i.e. chemical species, and a certain number of reactions. All

the models provide a set of kinetics parameters: for each reaction, £, 7 and E_, are given

act
for the forward reaction. Backward reaction rates are calculated in the way described in
Paragraph 3.2.

The three models which were chosen for the analyses are GRI-Mech 3.0 [138], Brock
and Savage’s model [101] and Webley and Tester’s model [99]. Each of these models ac-
counts for gas-phase radical mechanisms. Radical reactions can be assumed to be the only
reactions that take place in supercritical water at high temperature and pressure. Under
such conditions, the ionic product of water is extremely low, thus ionic reactions can be
reasonably ignored [101]. An overview about each model’s properties, including the list of
the components involved, is given in Table 3.1.

GRI-Mech 3.0 [138] is a model developed to describe the combustion of air/methane
mixtures; however, its application can also be extended to the combustion of other light
hydrocarbons. GRI-Mech 3.0 is one of the most used kinetics models for gas-phase oxida-
tive processes. It was included in the analysis due to the large number of radical chemical
reactions involved and to the possibility to handle different pressures. In its original form,
it consists of 325 reactions and 53 components. However, since many reactions are intend-
ed to describe the formation of nitrogen compounds in combustion reactions, which are
not relevant to the present work, a subset of the model was considered. It comprises 215
reactions and 34 components.

Brock and Savage’s model [101] was conceived for the supercritical water oxidation of
methane, hydrogen and C, compounds. It is based on 148 reactions with 22 components.
All the elementary reactions were taken from existing literature data about combustion and
atmospheric chemistry.

Webley and Tester’s model [99] was also developed for methane SCWO and predicts
66 reactions with 17 components. As well as for Brock and Savage’s model, the model pa-
rameters were taken from existing chemical kinetics literature.

It is worth noticing that neither Brock and Savage’s nor Webley and Tester’s models
were calibrated by their authors to fit the experimental data better. On the other hand,
GRI-Mech 3.0 was optimized for CH, combustion, thus its reliability is questionable out-

side its standard application field.
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The models were implemented by means of the computing package MatLab®. Ther-
modynamic data were taken from NASA polynomials [131]. The resulting system of ODEs
gave rise to a stiff problem, which was solved through the routine ODEI15S, that can deal
effectively with such numerical problems. Among the initial conditions, total molar con-
centration C was calculated through the Peng-Robinson EoS.

The three models were run at a temperature of 600°C and a pressure of 250 bar, with a
methanol concentration of 50% on a weight basis, corresponding to 36% on a molar basis,
the remaining part being water. These operational conditions are the same as those utilized
in the experimental work of Boukis ¢z a/ [50], who gasified methanol in supercritical water
by means of a reactor made of a nickel-based alloy. A comparison between model outputs
and experimental results was then drawn. Webley and Tester’s model was also tested at
600°C, 250 bar and a methanol weight concentration of 26.2% and 64%, which are other

experimental conditions implemented in the above-mentioned work by Boukis ez a/. [14].

3.4. Results and discussion

First of all, each model was run in order to assess its specific behavior. Then, a com-
parison regarding methanol conversion rate and principal gaseous products output was
drawn. Furthermore, the main reaction networks for Webley and Tester’s model are pre-

sented. Finally, a highly-simplified model improvement is proposed.

3.4.1. Model runs

Figure 3.1 shows the model results obtained by means of GRI-Mech 3.0. In the dia-
gram, a logarithmic time scale was adopted, in order to highlight the reactions occurring
very slowly and, as a result, quite late. On the other hand, this choice also emphasizes the

processes taking place in the first seconds of the reaction.
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mol gas / mol CHSOH

Time [s]

Figure 3.1 — Gas composition vs. time as predicted by the model GRI-Mech 3.0. Process condi-
tons: 600°C, 250 bat, CH3;OH 50%wt. in the feed. X-axis in logarithmic scale.

GRI-Mech 3.0 exhibits quite slow reactions, which take place over a relatively long
time scale. Among the products, only H, and CO are present in significant amounts after
the first few hours; formaldehyde is also present as a reaction intermediate in the first se-
conds.

The apparent steady-state, which is achieved after approximately 2000 s of run time, is
determined by the dissociation reaction of methanol into two moles of hydrogen and one
mole of carbon monoxide. Therefore, the ratio of H, to CO is 2:1. Water plays nearly no
role in the reaction mechanism.

However, if the simulation is performed for at least 10*-10° s, the effect of the water-
gas shift (WGS) reaction becomes visible. Water starts to play an active role, since it reacts
with carbon monoxide to yield more hydrogen, along with carbon dioxide:

CO+H,0— H, +CO, (3.25)
After more time, hydrogen ceases to form and begins to be consumed instead. At the same
time, water and methane form, while carbon monoxide continues to decrease. These are
the effects of the methanation reaction, which can be written in the following way:

CO+3H, -»CH,+H,0 (3.26)
By means of this reaction, the system tends to the thermodynamic equilibrium composi-

tion, which is presented in Table 3.2.
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Table 3.2 — Equilibrium composition of the product gas for the three experiments of Boukis e a/.

[50]. Gas yields are expressed as moles of gas per mole of feeding methanol.

CH,0H CH,0H CH,0H

26.2% wt. 50% wt. 64% wt.
H, 0.410 0.196 0.134
CH, 0.644 0.698 0.714
CcO 0.013 0.012 0.012
CO, 0.343 0.290 0.274

Figure 3.2 shows the same analysis applied to the Brock and Savage’s model. First of

all, faster kinetics can be observed: the system reaches a first apparent steady state just after

approximately 100 s. Here, unlike GRI-Mech 3.0, methane is also expected during the

short-time behavior.

3

25+

wn &)
I T

mol gas / mol CHSOH

-

0.5

H,0

Time [s]

Figure 3.2 — Gas composition vs. time as predicted by Brock and Savage’s model. Process condi-

tions: 600°C, 250 bar, CH3;OH 50%wt. in the feed. X-axis in logarithmic scale.

Furthermore, water increases during the first seconds of run time. A more detailed

analysis of the reaction mechanism revealed that the water increase is related to methane

formation, owing to the following mechanism:

CH,OH + H* — CH, *+H,0

CH, *+H*— CH,
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Again, water does not participate in the reaction; in this case, it is even a product. As a con-
sequence of methane formation, H, and CO yields are lower with respect to the GRI-Mech
3.0. Moreover, no formaldehyde formation is noted.

On a long-term horizon, hydrogen and carbon monoxide decrease, while water and
methane increase. What is also noticeable is the formation of carbon dioxide.

This is the combined effect of water-gas shift [eq. (3.25)] and CO methanation [eq.
(3.26)].

The methanation reaction is much slower than methanol decomposition to hydrogen
and carbon monoxide. This is also confirmed by a number of experimental works [49, 50,
80, 139]. The effect of methanation is also partially superposed with the water-shift reac-
tion, which starts taking place later on (around 10 seconds). The occurrence of water-gas
shift is witnessed by the increase in both carbon dioxide and hydrogen; water, after being
formed by methanation, is then consumed by water-gas shift. Brock and Savage’s model
thus considers methanation to be faster than water-gas shift: this causes hydrogen to exhib-
it a minimum at around 10" seconds of run time.

Figure 3.3 shows the results of the analysis for Webley and Tester’s model. Here,
methanol decomposition kinetics is definitely faster and a complete conversion is achieved
in just a few tens of seconds. Water exhibits a behavior similar to the one described above:
it acts as a reaction product, since it is produced along with the formation of methane [eq.s
(3.27-28)]. Formaldehyde formation is also clearly visible in the first seconds of reaction.

This chemical species shows a peak, then it is completely consumed.
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Figure 3.3 — Gas composition vs. time as predicted by Webley and Tester’s model. Process condi-
tons: 600°C, 250 bat, CH3OH 50%wt. in the feed. X-axis in logarithmic scale.

After 10" s, the effect of water-gas shift and methanation becomes clearly visible. Here,
water-gas shift takes place much earlier than methanation. As a result, it is possible to see
that water is first consumed, it then reaches a minimum, and eventually it is again produced
by means of methanation.

Expectedly, all the models proposed converge to the equilibrium composition, since
kinetics expressions are all written in compliance with thermodynamic consistency criteria.
The main processes predicted by each model are essentially the same: methanol decompo-
sition, water-gas shift, methanation. However, the different relative velocity of each of the-
se processes determines a different model behavior. Methanol decomposition, the first to
occur, always results in CO, H, and CH,. Subsequent reactions re-arrange the amount of

each compound towards equilibrium composition.

3.4.2. Methanol conversion
A first comparison among the models was made by contrasting methanol conversion,
that is the ratio between the mass of the reacted methanol and its initial amount. The re-

sults of this comparison are shown in Figure 3.4.
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Figure 3.4 — Comparison between the methanol conversion foreseen by the three models and the
experimental data of Boukis e a/. [50]. Process conditions: 600°C, 250 bar, CH;0H 50% wt. in the
feed.

Methanol conversion rates are quite different for each model. Webley and Tester’s
model is the most effective in predicting methanol conversion, since it is the fastest one.
On the other hand, it is still slower with respect to the experimental data. The other models
show even slower kinetics. GRI-Mech mechanism is the slowest: in the first 10 seconds, it
foresees a conversion lower than 10%.

These results can be explained by analyzing the structures of each model. GRI-Mech,
which was designed for methane combustion, was optimized for high temperature reac-
tions. Moreover, some important reactions involving methanol are not foreseen, as they are
not significant in the methane combustion context.

Models by Brock and Savage and Webley and Tester present nearly the same key-
reactions. However, they use a different approach to pressure-dependent reactions. In
Webley and Tester’s model, the pressure dependence of such reactions was taken into ac-
count by means of the falloff curves method and/or by RRKM calculations [99]. As a re-
sult, kinetics parameters are modified to take into account the pressure effect, but the reac-
tions are always considered as first order ones. This does not always apply to Brock and
Savage’s approach, where the same reactions have reaction orders between 1 and 2, with

generally slower rates.
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Owing to these results, it was decided to restrict any other comparison to the sole
Webley and Tester’s model, since the others exhibit too different responses with respect to

the experimental data.

3.4.3. Product gas composition
The comparison between the product gas composition predicted by Webley and Test-

er’s model and the experimental findings of Boukis e a/. [50] is presented in Figure 3.5.
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Figure 3.5 — Comparison between the product gas composition foreseen by Webley and Tester’s
model and the expetimental data of Boukis e# a/. [50]. Process conditions: 600°C, 250 bar, CH30OH
50 % wt. in the feed. Points: experimental data. Solid lines: model predictions.

Although the model is able to foresee the methanol decomposition rate in an almost
effective way, the product gas composition is not predicted with the same accuracy. Indeed
the experimental data show that hydrogen decreases after a peak at around 10 seconds. A
similar behavior is found for carbon monoxide, while methane and carbon dioxide show a
monotonic increasing trend.

The presence of a peak for CO and H, is justified by the fact that the methanation re-
action [eq. (3.20)] is much slower than methanol decomposition to CO and H,. As a con-
sequence, H, and CO accumulate in the system until the methanation reaction is able to
convert them. The occurrence of such peaks can also be observed in other experimental

works, not necessarily concerning supercritical conditions [49, 140].
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Webley and Tester’s model does not succeed in forecasting these trends. It generally
overestimates CO, and the H, peak is not present. Carbon dioxide is completely absent
from the model results. On the other hand, the model seems to interpret methane correct-
ly. This suggests that direct methanol decomposition to methane is an important reaction
pathway, especially for the very-short-time system behavior.

The model was also tested under different conditions, in order to assess its capability
to provide meaningful results. It was subsequently run with feeding methanol concentra-
tions of 26.2% and 64% on a weight basis. The experimental results corresponding to these
conditions are also present in the work of Boukis ef a/. [14].

The results can be seen in Figure 3.6 and Figure 3.7. The model allows for a methanol
conversion which is slower than the experimental data and it does not succeed in forecast-
ing the trends for carbon monoxide and hydrogen, while the fitting is quite good for me-

thane. Previous conclusions can be thus extended to the present cases.
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Figure 3.6 — Comparison between methanol conversion (a) and product gas composition (b) fore-
seen by Webley and Tester’s model and the experimental data of Boukis e a/. [50]. Process condi-
tions: 600°C, 250 bar, CH3OH 26.2% wt. in the feed. Points: experimental data. Solid lines: model
predictions.
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Figure 3.7 — Comparison between methanol conversion (a) and product gas composition (b) fore-
seen by Webley and Tester’s model and the experimental data of Boukis e a/. [50]. Process condi-
tons: 600°C, 250 bat, CH3;OH 64% wt. in the feed. Points: experimental data. Solid lines: model
predictions..

A possible explanation for the experimental trends is the presence of two important
reactions: water-gas shift [eq. (3.25)] and methanation [eq. (3.20)]. Both preferably take
place through catalytic mechanisms, where a metallic surface is involved. Common catalysts
for the WGS reaction are iron, copper, platinum and gold [141], but nickel was also used
for this purpose [142]. During the experimental activities, the metallic surface is usually that
of the reactor walls, which exerts a significant influence on kinetics according to several au-
thors [143]. It is actually possible to observe the water-gas shift reaction in homogeneous
phase (see Paragraph 3.4.4), that is without any catalyst. Anyway, such reaction would be
some orders of magnitude slower than the catalyzed one [144].

The same considerations apply to CO methanation. A homogeneous methanation re-
action is actually possible. All the three models are able to foresee it in a homogeneous
phase but its kinetics is always extremely slow. Methanation is rather carried out on ruthe-
nium and nickel catalysts, with appreciable rates [145]. It is very likely that in real reactors
methanation also occurs on some metallic surfaces as a result of this heterogeneous mech-
anism.

Since the implemented model is developed for homogeneous gas-phase reactions, reac-
tions (3.25) and (3.26) do not show significant kinetics. As a consequence, only methanol
decomposition to CO, H, and a few CH, is predicted in a short time.

The good correspondence between the model results and the methanol decomposition
experimental data may suggest that CH;OH decomposition reactions take place to a signif-

icant extent in the homogeneous-phase. On the other hand, the other reactions, through
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which the gaseous species rearrange themselves to give the final equilibrium products, are
most likely to occur on the surface of a catalyst. An extension of the model with such het-

erogeneous reactions should help to obtain better results.

3.4.4. Main reaction mechanisms

Webley and Tester’s model was more deeply analyzed in order to identify the main re-
action pathways it involves, thus trying to acquire a more systematic and critical knowledge
about methanol SCWG reactions. It is worth noticing that the reaction schemes drawn for
Webley and Tester’s model can be generally extended to the other two models.

In order to identify the main reaction pathways, the reactions with the highest rates
were considered. However, it should be emphasized that other reaction paths are also pos-
sible, though with less importance.

As the proposed mechanism is radicalic, it is necessary to have initiation reactions
where radicals form starting from stable species. The initiation mechanism of the analyzed
model is the one depicted in Figure 3.8. This mechanism is determined by the formation of
the OH* radical from the methanol molecule. Such radical subsequently reacts with anoth-
er methanol molecule, forming water and CH,OH*. The latter will be able to generate H*
through reaction 2 in Figure 3.9. H* is the most active in the successive propagation reac-

tions.

CH,OH  CH,OH*

OH* H,0
CH;0H

*
CH,
Figure 3.8 — Radicalic initiation reactions involved in Webley and Tester’s model.

After initiation, propagation reactions take place. These reactions neither create nor
destroy the radicals, but they allow for the transformations from complex molecules to
simpler species. Propagation reactions are the most important in the model, since they ex-

hibit the highest rates. Figure 3.9 shows the most important mechanisms.
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Figure 3.9 — Radicalic propagation reactions for methanol degradation involved in Webley and
Tester’s model.

In the upper branch of Figure 3.9, it is possible to see that radical H* acts as a sort of
catalyst for the reactions converting methanol into hydrogen and carbon monoxide (1-4).
This reaction chain can also be divided into two parts, since the reactions leading to the
formation of formaldehyde (1-2) are faster than those which convert formaldehyde into
CO (3-4). As a result, CH,O accumulates as a reaction intermediate, as witnessed by Figure
3.3. The occurrence of formaldehyde as a reaction intermediate was also experimentally
registered by van Bennekom e7 4/ [51]. Radical H* also plays a fundamental role in the con-
version of methanol into methane, which is represented by reactions 5 and 6.

Another important mechanism is the one describing the water-gas shift reaction, by
which CO reacts with water to form H, and CO,. In gas-phase, this reaction can be ex-

pressed by the well-known Bradford’s mechanism [146], which is shown in Figure 3.10.

co OH* H,0

co, H* H,

Figure 3.10 — Reaction scheme for homogeneous water-gas shift involved in Webley and Tester’s
model (Bradford’s mechanism).
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The WGS mechanism is thus made up of two chained reactions where both radicals
OH* and H* are involved. Bradford’s mechanism results in very slow reaction rates, which
occur in a medium-long time scale, as shown by Figures 3.1-3.

It is worth noticing that in Webley and Tester’s model water does not play any role in
methanol decomposition. In other words, water only intervenes after the products of
methanol decomposition form, in order to adjust the equilibrium between CO and CO,
through the water-gas shift reaction.

Figure 3.11 describes the mechanism for methanation.

H,

H*

CH,OH*
CHO* CH,0
a
CH,0H
H*

H,0

Figure 3.11 — Reaction scheme for homogenous methanation involved in Webley and Tester’s
model.

Methanation can be considered a cyclic scheme, catalyzed by radical H*. It is interest-
ing to note that many of the reactions involved in this scheme are the same as in the meth-
anol decomposition scheme shown above (Figure 3.9), but they take place in the opposite
direction. Moreover, while in Figure 3.9 all the reactions have a non-negative molecularity
(they produce a net increase in the total number of moles), in the methanation scheme all
the reactions entail a non-positive molecularity (see reactions 1 and 3), thus reducing the
total moles of the system. This behavior can be favored when operating at high pressure as

in the case of SCWG.
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3.4.5. Model improvement

The identification of the most important reaction pathways plays a fundamental role
for improving the model in order to comply better with experimental data. Here, a rough
attempt of model upgrade was carried out by changing the pre-exponential factors in
Webley and Tester’s model for the reactions shown in the reaction pathways.

In particular, the £, of the reactions in Figure 3.8 and Figure 3.9 (methanol decomposi-
tion to H,, CO and CH,) were multiplied by a factor of 2.5; the £, of the water-gas shift re-
actions (Figure 3.10) was multiplied by a factor of 10°. Model results before and after im-
provement were compared with the experimental data of Boukis ez @/ [50] in parity plots
(Figure 3.12). All the experimental data of Figure 3.4 to Figure 3.7 are accounted for in
Figure 3.12. Table 3.3 shows the values of the RMSPE (root mean square percentage error,
defined by eq. (3.29)) calculated for both the original model and the upgraded one. The last
shows far better agreement with experimental data than the original model. This is true for

methanol conversion and production of all the gases but methane.
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Figure 3.12 — Comparison between model predictions and experimental data of Boukis ez a/. [50].
Filled circles: original Webley and Tester’s model. Empty circles: upgraded model. (a) Conversion;
(b) Hydrogen; (c) Carbon monoxide; (d) Carbon dioxide; (¢) Methane.

Table 3.3 — Root mean square percentage error (RMSPE) for the original Webley and Tester’s
model and the upgraded model, obtained by comparison with the experimental data of Boukis e a/.
[50].

Webley and Model
Tester improvement
Conversion 0.2889 0.0453
H, 0.5342 0.3385
CO 3.2210 0.8810
CO, 0.9721 0.5638
CH, 0.9743 2.9470
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Though this procedure is just a sort of “exercise”, it clearly highlights the contribution
of the single reaction pathways. Methanol conversion forecasts improve significantly with
only a slight change in the kinetics parameters, showing that, probably, the real reaction
mechanism is very close to the modeled one. On the other hand, the water-gas shift mech-
anism needs a huge multiplier to give a better fit. This suggests that the rate of such mech-
anism is extremely under-estimated and that, certainly, some catalytic kinetics should be

considered.

3.5. Conclusions

In the present work, three different models were implemented to describe methanol
gasification in supercritical water. Model results were also compared with experimental da-
ta. Although the different models are based nearly on the same set of key-reactions, their
results are very different. Webley and Tester’s model is the most effective in interpreting
methanol conversion experimental data.

The most significant reaction pathways for Webley and Tester’s model were obtained
and outlined. A fundamental role is played by radical H*, which is able to propagate the
radicalic reactions converting methanol into CO and H,.

The runs of the three models revealed that they can apply almost exclusively to metha-
nol decomposition to CO, H, and CH,. Other important reactions, such as water-gas shift
and methanation, show extremely slow kinetics. In our opinion, this is certainly explained
by the fact that such reactions usually take place on the surface of a catalyst which, in ex-
perimental conditions, is provided by the reactor walls. The three implemented models on-
ly address homogeneous gas-phase reactions. A future extension of such models with cata-

lytic kinetics should contribute to an improvement in the results.

3.6. Nomenclature

C Concentration (mol m~)

E.. Activation energy (J mol")

F Broadening parameter

G°  Standard Gibbs free energy (] mol™)

k Kinetics constant (dimensions depending on reaction order)

k, Pre-exponential factor (dimensions depending on reaction order)
m Temperature exponent

N Number of experimental data
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P Pressure (Pa)

q value of the variable (see eq. (29))

Q Volumetric flow rate (m”s™)

R Universal gas constant (] mol”’ K

r Reaction/generation rate (mol m™~ s™)
S Cross-section (m?)

T Temperature (K)

\Y Volume (m’)

Y Reaction quotient (dimensions depending on reaction order)
Greek symbols

A Variation

v Stoichiometric coefficient

14 Longitudinal coordinate (m)

T Apparent residence time (s)
Subscripts

00 At extremely high pressure

0 Standard/reference

eff Effective

Index for reaction

Index for backward reaction
Index for component

Total
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Chapter 4

Process modeling

In this Chapter, the supercritical water gasification (SCWG) of biomass for H, produc-
tion is analyzed in terms of process development and energetic self-sustainability. The con-
ceptual design of a plant is proposed and the SCWG process involving several substrates
(glycerol, microalgae, sewage sludge, grape marc, phenol) is simulated by means of
AspenPlus”®. The influence of various parameters — biomass concentration and typology,
reaction pressure and temperature — is analyzed. The process accounts for the possibility of
exploiting the mechanical energy of compressed syngas, later burned to sustain the SCWG
reaction, through expansion in turbines; purified H, is fed to fuel cells. Results show that
the SCWG reaction can be energetically self-sustained if minimum feed biomass concentra-
tions of 15-25% are adopted. Interestingly, the H, yields are found to be maximal at similar
feed concentrations. Finally, an energy balance is performed showing that the whole pro-

cess could provide a net power of about 160kW_/(1000kg;.../h).

4.1. Introduction

In the previous Chapters, thermodynamic equilibrium and kinetics models were pre-
sented. The importance of these two approaches has been already stated: the first is able to
foresee the system composition at equilibrium, while the second gives an insight in the
transient state reactions. Though their intrinsic importance, the two approaches merely de-
scribe the reaction itself, thus neglecting the engineering aspects of the whole SCWG pro-
cess. Such aspects include, for instance, the necessity to pump and heat the reacting stream,
the energy recovery by means of heat exchangers to guarantee energy self sustainability,
syngas treatment and conversion into heat and power, etc. All of these items are of crucial
importance, since they allow to determine whether the process is economically feasible or

not.

* Part of the present Chapter has been published as L. Fiori, M. Valbusa, D. Castello, “Supercritical Water
Gasification of Biomass for H» production: Process Design”, Bioresource Technology, vol. 121 (2012), p.
139-147
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In this Chapter a comprehensive process aimed at hydrogen production and based on
the SCWG of biomass is proposed. Here, the hydrogen-rich syngas is utilized to feed fuel
cells for high efficiency energy production. The process scheme is designed to be as simple
as possible ahead of the construction of an actual pilot-scale or industrial-scale plant. How-
ever, the need for energetic self-sufficiency is also taken into account. The goal is to ex-
plore the possibility to have a self-sufficient small-scale plant, which could be a concept for
future industrial development.

To our knowledge, the work of Gutierrez Ortiz ef al. [108] is the first in-depth study
aimed at designing and optimizing a complex process scheme for SCWG. The idea is to
produce power by expanding the high pressure syngas exiting the SCWG reactor in a tur-
bine. The syngas is then burned with air in a combustor to provide the heat needed to sus-
tain the SCWG reaction. The process accounts for several heat recoveries designed with a
view to optimizing the process itself. It is intended to treat a feed stream consisting of a
water-glycerol mixture.

The energy needed to sustain the SCWG reactor comes from a furnace powered with
the gasification gases, as in [108]. However, this scheme foresees the separation of hydro-
gen by means of a metallic filter placed upstream of the furnace and its recovery to feed
fuel cells. Higher electrical production can be expected with fuel cells, especially if com-
bined with turbines to expand the gasification products. On the other hand, sustaining the
process with a less energetic syngas (hydrogen-free) is an issue which has to be carefully in-
vestigated.

The process lay-out was implemented by means of the commercial software Aspen
Plus® (Aspen Tech, Inc.), which was used to simulate the process at different operating
conditions. A wide range of biomass and residual biomass is considered as feedstock for
the process: glycerol, phenol, microalga Spzrulina, sewage sludge and grape marc. This ena-
bles to infer some ‘general rules’ applying to the SCWG of any biomass, specifically with
regard to the range of concentration of the biomass in the feed stream allowing for an axuto-
thermal regime (i.e. all the heat necessary to run the SCWG reactor is furnished by burning
the syngas produced by the process itself), the range of hydrogen obtainable per mass unit

of feed stream (kg;2/kg..q), the process heat duties, the electric power production.
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4.2. Materials and Methods

In this Paragraph, the different biomass substrates used to carry out the simulations are

first presented. After that, the proposed process layout for SCWG is shown.

4.2.1. Biomass characterization

Different substrates which are promising candidates for the SCWG process were se-
lected and utilized in the simulations: glycerol, phenol, microalga Spirulina, sewage sludge
and grape marc.

Opver the last few years glycerol has been gaining an increasing importance, since it is
the most abundant by-product of bio-diesel industry. 70% of the glycerol production
worldwide is due to the bio-diesel industry [133]. The glycerol market cannot accommodate
this huge glycerol production and, as a matter of fact, glycerol has become an industrial
waste.

Phenol is a well known compound and can be considered representative of the more
complex lignin, which is one of the main constituents of woody biomass, along with cellu-
lose and hemicelluloses. Lignin is an extensive by-product of the paper industry, which on-
ly employs cellulose in its productive process [147]. In addition, phenol and its derivatives
are typically found in a variety of industrial wastewaters. Before such waters can be released
into the environment, the phenol concentration must be reduced. Traditional biological
wastewater treatment processes (e.g. activated sludge) often fail to treat phenol streams,
owing to the bio-tossicity of phenol, which inactivates the bacteria responsible for the dep-
urative process [148]. Partial oxidative gasification of phenol in supercritical water for hy-
drogen production has been investigated by Guan e a/. [149].

Microalga Spirulina 1s widely used as food supplement for both humans and animals.
Microalgae are biomass with a great potential for exploitation, as they can be grown quite
easily and their growth is fast. As a result of their high water content, standard gasification
technologies seem to be poorly applicable to them [134]; on the other hand, hydrothermal
processes might be a viable way.

Sewage sludge has to be disposed of somehow. Furthermore, as its water content re-
mains significant — higher than 80% [150] — even after dewatering, it is not considered a
suitable feedstock for conventional thermo-chemical processes [151].

Finally, grape marc is a residue of the enological industry that includes all grape parts

discarded during wine-making. Its world production is estimated at about 7 million tons
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[152]. Experimental measures revealed a moisture content in the range of 60-70% [153].
Consequently, even though grape marc can be fed to traditional combustion or gasification
plants after a drying pre-treatment [153], the SCWG option seems to be an appealing one.

The representative formula of the various dry substrates is reported as C,H,0,5,N, in

Table 4.1, where the possible presence of ash and the HHV are also indicated. The formu-
lae for microalga Spirulina, sewage sludge and grape marc were calculated on the basis of

the elementary analyses available in “Phyllis”, a database for biomass and waste run by the

Energy Research Centre of the Netherlands [135]. The values of pedices o, f § and .

s X
assume the mass of one “ideal mole” of these substrates to equal 100 grams, as required by

™

Aspen Plus . The HHV values for these substrates were also derived from “Phyllis”. The
HHYV values of glycerol and phenol were calculated on the basis of their enthalpy of for-

mation [154] by using the theoretical combustion reaction.

Table 4.1 - Composition of the various biomass used in the simulations [135].

Ash  HHV,,

Biomass Formula [%] [M]/ke]
Glycerol C,HO, - 18.01
Phenol CHO, - 32.53
Microalga Spirulina Cs66H 5102165001 No 47 7.77 19.82
Sewage sludge CyesHu 5601255004 34 35.10  15.10
Grape marc Cy57H: 7605048001 N 15 4.3 21.8

4.2.2. Model and simulation

A first objective of this study was to design a possible plant layout for the SCWG of
biomass and the production of H,. The plant is conceived as capable to treat a throughput
of 1000 kg/h, but the process design presented here can also suit different plant capacities.
The process scheme is designed to be as easy as possible, ahead of a possible implementa-
tion. On the other hand, the process must be energetically convenient and its self-
sustainability is an important point.

The basic plant scheme is reported in Figure 4.1, where a flow chart developed by

means of the software AspenPlus™ is shown.
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FLUE3

RGIBBS

Figure 4.1 - Schematic flow sheet of the SCWG plant for hydrogen production.

Through AspenPlus™, simulations were performed at various operating conditions, i.e.
at different temperatures (500, 700 and 900 °C), pressures (250, 300, 350 bar) and feed
concentrations (biomass in the feed stream ranging from 5% to 35%, the rest being water).

In order to explain the process scheme, we report here a description relevant to the
SCWG of a feed stream with a 10% glycerol content, where the reaction occurs at 700°C
and 300 bar.

The input of the plant is made up of two flows, glycerol (100 kg/h) and water (900
kg/h). Both fluxes are at standard conditions, i.e. 25°C and 1 bar. After being mixed and
pumped up to 300 bar, the flow is first heated up by a heat exchanger. This block,
HEATX-1, uses the stream exiting from the reactor (SYNGAS) for heat.

The region delimited by the dashed rectangle is the SCWG reactor. It was modeled as a
system made of a heat exchanger (HEATX-2) and a reactor (REACTORI) based on the
minimization of Gibbs free energy. This approach was followed because the real-life reac-
tor is conceived as a single vessel or as a countercurrent flow pipe-in-pipe where reaction
and heat exchange take place simultaneously. The stream PREHEATT is heated up by
means of an air burner, combusting the portion of the product gas which does not contain

H, (thus a mixture of CH,, CO and CO,). The burner can also be fed with auxiliary me-
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thane, if the gas produced by the SCWG process cannot supply the amount of energy re-
quired to keep the reaction temperature (in this case fixed at 700°C) constant.

The process is thus isobaric (300 bat) and isothermal (700°C). A negative Q-REACT
thermal flux corresponds to the value of energy the reactor needs to be sustained. In the
event of a positive Q-REACT, the reaction is self-sustainable, since it produces a net quan-
tity of thermal energy. Based on a user-defined list, the REACTORI1 block calculates the
chemical species minimizing the Gibbs free energy for the thermodynamic conditions giv-
en.

The resulting stream, exiting the dashed block, is SYNGAS. It is first cooled in the
HEATX-1 heat exchanger, where it serves as heating stream for the incoming feed to the
reactor. This heat exchanger is designed in such a way that the vapor fraction of the result-
ing SYNGAS?2 stream is equal to 1. This choice was made to avoid any complications and
damage to the equipments due to a two-phase flow.

Subsequently, the SYNGAS2 stream is cooled at 60°C in order to separate water
(block SEPAR). In this unit 877.5 kg/h of water can be recovered, meaning that the water
consumption due to the reaction amounts to 22.5 kg/h. The most interesting aspect of this
unit is the thermal load (stream Q-SEPAR) which must be dissipated. Since it is heat at a
relative low temperature, its reuse in the process is quite difficult. Moreover, the dissipation
of this waste heat requires energy, as explained in Paragraph 4.3.2.2.

After water separation, hydrogen is separated from the other product gases. This is
achieved by means of the Hysep™ [155] palladium filter, which is modeled by the SEPAR2
block. This device is operated at a minimum temperature of 300°C and a pressure of 60
bar: thus, the stream must be heated up (HEAT-AIR heat exchanger) and depressurized
(LAMINAT1 lamination valve). The heating up followed by the depressurization step ena-
bles to avoid problems related to the Joule-Thompson effect. In this specific case, the latter
causes the temperature to reduce with the expansion of the gas, possibly leading to the
freezing of the mixture. The recovery index of the palladium filter can be reasonably fixed
at 1 (that is, all the H, of the incoming feed is separated by the filter) in view of its high op-
erating pressure [150].

After hydrogen separation, the resulting stream is further expanded to 1 bar by a lami-
nation valve, for it to be fed to the air burner previously described. The air to the burner is

pre-heated in the HEAT AIR 2 heat exchanger.

82



Process modeling

The scheme of Figure 1 is slightly modified when the possibility of exploiting the me-
chanical energy of the compressed syngas is analyzed (see Paragraph 4.3.2.3). Furthermore,
another slight difference exists between the simulations performed with glycerol or phenol
and those with microalgae, sewage sludge or grape marc. Actually, such difference is only
fictitious, as it stems from the different way Aspen Plus™ treats simple molecules (such as
glycerol and phenol) and pseudo-compounds representative of real biomass (microalgae,
sewage sludge and grape marc). It regards the modeling of the reactor (area inside the
dashed rectangle), which is modeled as consisting of a heat exchanger and a “Gibbs reac-
tor”, as previously explained, for simple molecules. When a pseudo-compound is used, it
cannot be fed directly to a “Gibbs reactor”. It first needs processing in a devolatilizer, i.c. a
reactor breaking up a molecule in its elementary components (C, O,, H,, N,, S). These
products can then be fed to the “Gibbs reactor” which calculates the equilibrium composi-
tion. Thus, in this case the reactor is modeled as consisting of a heat exchanger, a first reac-
tor (devolatizer), and finally a “Gibbs reactor”, with the two reactors being connected
through a heat stream. This scheme is reported in the inset A of Figure 4.1.

Given the composition of the biomass used in the simulations (Table 4.1), the chemi-
cal species considered as possible reaction products are H,O, CO, CO,, N,, N,O, NO,
NO,, SO,, SO,, H,, CH, and solid carbon (graphite). Higher molecular weight hydrocar-
bons (C,H,, C,H,, etc.) are not considered taking into account the results of previous ther-
modynamic calculations [108, 157] where they were not found among the SCWG products.

To reduce water consumption, the water exiting the separator can be reintegrated into
the process, after removing any ash. For the sake of simplicity, the schematization in Figure
4.1 depicts all the ash initially prevailing in the biomass as exiting the process together with
the water. In an actual reactor, that would occur to some fly-ash. Larger ash aggregates
would collect at the bottom of the SCWG reactor and be occasionally drained out together
with precipitated salts [129] and possibly non-equilibrium heavy organic species resulting
from the process (char).

In Table 4.2, the values of flow, temperature and pressure of each stream in the plant
are reported to exemplify a simulation with microalga Spirulina, assuming a feed concentra-

tion of 20% and a reaction occurring at 700°C and 300 bar.
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Table 4.2 - Flow, temperature and pressure for each stream of Figure 4.1 for a feed consisting of
20% microalga Spirulina and for a SCWG occurting at T=700°C and P=300 bar.

Stream Flow Temperature  Pressure
[kg/h]  [°C] [bar]
H20 800 25 1
BIOMASS 200 25 1
MIXED 1000 25 1
PUMPED 1000 28.3 300
PREHEAT1 1000 297.1 300
PREHEAT2 1000 953.0 300
IN-REACT 1000 700 300
SYNGAS 1000 700 300
SYNGAS2 1000 350 300
WATER * 749.0 60 300
GAS-1 251.0 60 300
GAS-2 251.0 310.4 300
GAS-3 251.0 303.7 60
COMB-1 242.4 303.7 60
H2STREAM  8.56 303.7 3
COMB-2 242.4 295.0 1
CH4 0 - -
COMB+ 242.4 295.0 1
AIR® 1063.2 25 1
AIR2 1063.2 217.1 1
FLUE 1305.6 1733.3 1
FLUE2 1305.6 320 1
FLUE3 1305.6 230 1
FLUE4 1305.6 85 1

a This stream consists of water (733.5 kg/h) and ash (15.5 kg/h)
b The air flow rate is determined considering to operate the combustor with an ER (equivalent ratio) equal to

1.2
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4.3. Results and discussion
The model runs resulted in two classes of outputs. First, the model response was ob-
served focusing on the composition of the gaseous products. Then, the process was ana-

lyzed in terms of its energy performance.

4.3.1. Syngas and H, production

Figure 4.2a shows the syngas production vs. biomass concentration in the feed for the
various substrates analyzed, for a SCWG occurring at 700°C and 300 bar. Figure 4.2b and
Figure 4.2c evidence the CH, and H, production at the same operating conditions. While
syngas and methane production rises as the biomass concentration increases, the behavior
of hydrogen is peculiar: at increasing biomass concentration, the H, production first in-
creases, then stabilizes around a maximum, finally starts to decrease. This behavior is
shared by all the five substrates analyzed: Figure 4.2c testifies it for phenol, microalga
Spirnlina and grape marc, while for glycerol and sewage sludge this trend is proved by fur-
ther simulations performed at biomass concentrations equal to 30% and 35% respectively
(data not reported in Figure 4.2c). The points of maximal hydrogen production occur at
different biomass concentrations for the various substrates: about 13% for phenol, 17% for
grape marc, 20% for microalga Spzrulina and sewage sludge, 25% for glycerol. The maxi-
mum in H, production can be interpreted as the combined effect of two contrasting phe-
nomena: at increasing biomass concentration the absolute production of gas increases
(Figure 4.2a), but according to thermodynamics in this gas the H, concentration decreases.
This is shown in Figure 4.2d, where the syngas composition is reported as a function of bi-
omass concentration for microalga Spirulina.

Figure 4.2e and f show the effect of temperature and pressure on the H, production,
respectively. An increase in the SCWG temperature causes a significant rise in the H, pro-
duction: this effect is more pronounced at high biomass concentration in the feed (Figure
4.2e). An increase in the SCWG pressure causes a decrease in the H, production (Figure

4.21).
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Figure 4.2 - SCWG gaseous products. The indicators represent the simulation outputs, the curves
connecting the indicators are intended to help the reader in the comprehension of the figure. (a)
Syngas production (after water separation: GAS-1 in Figure 1) vs. biomass concentration in the
feed (T=700°C, P=300 bat); (b) methane production vs. biomass concentration in the feed
(T=700°C, P=300 bat); (c) hydrogen production vs. biomass concentration in the feed (T=700°C,
P=300 bar); (d) syngas composition (after water separation: GAS-1 in Figure 1) vs. biomass con-
centration in the feed (microalga Spimilina, T=700°C, P=300 bat); (¢) hydrogen production vs. bio-
mass concentration in the feed at different temperatures (microalga Spirulina, P=300 bar); (f) hydro-
gen production vs. biomass concentration in the feed at different pressures (microalga Spirlina,
T=700°C).

As far as nitrogen gas species and sulphur oxides are concerned, nitrogen is found as
N, and sulphur (mainly) as SO,. Their presence is maximal at 250 bar, 500°C and 25% bi-
omass concentration in the feed. At these operating conditions, as an example, the syngas
composition (after water separation: GAS-1 in Figure 4.1) foresees a molar fraction of
0.055 for N, and of 0.0026 for SO, in the case of microalga Spirulina.

Solid carbon is never found as SCWG product for the range of operating conditions

simulated.

4.3.2. Energy analysis
An interesting issue arising from process modeling is represented by the analysis of the

energy requirements. Looking at the process lay-out in Figure 4.1, two thermal streams are
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present, power is required to increase the pressure of the feed stream, hydrogen is pro-
duced and, possibly, methane is consumed.

The two thermal streams, Q-SEPAR and Q-REACT, have two different kinds of en-
ergy demand. The former results in a cooling request, since the heat arising from separation
must be properly dissipated. The latter is the thermal flux arising from the energy balance

in the reactor.

4.3.2.1. The reactor
Two scenarios are possible, depending on whether Q-REACT represents an energy

demand or an energy production: see Figure 4.3a.
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Figure 4.3 - Energy analysis. The indicators represent the simulation outputs, the curves connect-
ing the indicators are intended to help the reader in the comprehension of the figure. (a) Thermal
flux Q-REACT as a function of biomass concentration in the feed (from simulations where no CH4
is supplied to the burner; T=700°C, P=300 bar); (b) relation between the biomass HHV and the
auto-thermal concentration (T=700°C, P=300 bar); (c) thermal flux Q-REACT as a function of mi-
croalga Spimlina concentration in the feed at various temperatures and pressures (from simulations
where no CHy is supplied to the burner); (d) thermal flux Q-SEPAR as a function of biomass con-
centration in the feed (from simulations where the reaction step occurs at T=700°C and P=300
bar).
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In the first scenario Q-REACT has a negative value, which means that the reactor
needs to be sustained by an external source of thermal energy. This gap of energy can be
covered by supplying the stream “CH4” to the burner, whose quantity can be easily evalu-
ated (LHV of methane is equal to 50.0 MJ/kg [154].

In the second scenario Q-REACT is positive. There will thus be a production of ther-
mal energy, meaning that the process is self-sustainable. According to our calculations, the
process achieves auto-thermal regime (Q-REACT=0) at a biomass concentration in the
feed (in what follows referred to as auto-thermal concentration) equal to 22.9% for sewage
sludge, 20.5% for glycerol, 18.3% for microalga Spirulina, 16.6% for grape marc, 11.4% for
phenol (for a SCWG occurring at T=700°C and P=300 bar ). An almost linear correlation
exists between the values of auto-thermal concentration and the HHV of the various sub-
strates, as witnessed by Figure 4.3b.

Gutierrez Ortiz et al. [108] calculated a glycerol value of 21.78% in the feed to achieve
auto-thermal regime of their SCWG process, occurring at 800°C and 240 bar. This value is
close to the value calculated here (20.5% for a reaction step occurring at 700°C and 300
bar). Actually, the two values can be compared to a limited extent, given that the two pro-
posed conceptual designs present a key difference: here H, is separated from the syngas for
power production; in [108] power production is achieved through syngas expansion in tur-
bine.

Notably, the maximum H, production occurs more or less in concurrence with the au-
to-thermal concentration. Though a theoretical explanation is hard to be found, this fact
indicates that working with concentrations of around 15-20% is beneficial for both hydro-
gen production and process energy sustainability.

Figure 4.3c shows the dependence of the reaction heat duty on the SCWG temperature
and pressure. An increase in temperature and a decrease in pressure lead to a rise in the re-
action heat duty. The dependence on temperature is particularly significant, while pressure
has a lower impact. By contrasting Figure 4.2e and Figure 4.2f with Figure 4.3c, it is possi-
ble to notice that the higher is the quantity of hydrogen produced, the higher is the reaction
heat duty or, equivalently, the higher is the auto-thermal concentration. Notably, at the
temperature of 900°C, which assures the best performances in terms of H, production
(Figure 4.2¢), the process is not thermally self-sufficient in the whole range of biomass

concentration analyzed.
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Thus, working at 700°C seems to be a good compromise between energy self-
sustainability, H, production, reactor material resistance and feed stream pumpability, alt-
hough admittedly no in-depth process optimization is performed. An exercise of process
optimization is reported in Appendix B (Paragraph 4.0): the results confirm what stated

above.

4.3.2.2. The water separator

Figure 4.3d reports the heat to dissipate (Q-SEPAR) in order to have a temperature of
60°C in the water separator. The cooling request is only slightly dependent on biomass ty-
pology, while it is more significantly influenced by biomass concentration.

The decrease of Q-SEPAR is proportional to the increase of the biomass concentra-
tion in the feed. This can be easily explained. When the quantity of biomass increases, the
amount of water decreases; thus, less energy is needed to perform the cooling down and
condense the water. Moreover, the stteam SYNGAS2 was imposed to be in vapor phase
(see Paragraph 4.2.2). As the biomass concentration increases, the minimum temperature to
obtain a one-phase stream decreases on account of the lower water content. This enables
to use lower temperature for the stream SYNGAS2, thus achieving a larger heat exchange
in the HEATX-1 block.

The dependence of heat dissipation on the SCWG temperature and pressure is not

significant (data not reported).

4.3.2.3. Syngas expansion in turbines

A possible improvement to the scheme of Figure 4.1 is the adoption of turbines in-
stead of lamination valves, which is more feasible in large plants. These devices could ena-
ble to recover part of the mechanical energy of the high pressure syngas, producing power,
thus increasing the global electrical yields.

Thus, referring to Figure 4.1, LAMINA1 and LAMINAZ2 have been replaced by two
turbines through which the syngas expands, respectively, from the SCWG reactor pressure
to 60 bar and from 60 to 1 bar.

The expansion processes are considered to have isentropic efficiencies of 90% and
mechanical losses are assumed equal to 2% owing to the coupling of turbines with alterna-
tors [158]. The expansion occurring in turbines causes a significant reduction of the syngas
temperature. To mention an example, in the case of a feed stream to the process consisting

of microalga Spirulina (20%) and water (80%), the first turbine causes the syngas tempera-
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ture to drop by 188°C, while the second turbine prompts a temperature decline of almost
300°C. Thus, considering the minimum working temperature of the H, separator, the syn-
gas entering the first turbine (GAS-2, Figure 4.1) should be at a temperature as high as
490°C. Analogous considerations apply to the other biomass analyzed. As a result of the
above, when turbines are adopted, the auto-thermal concentrations are slightly higher than
the corresponding concentrations calculated in Paragraph 4.3.2.1 and relevant to a process
with lamination valves. This data is reported in Table 4.3: the increase in auto-thermal con-
centration is minimal for phenol (0.8%) and maximal for sewage sludge (1.5%). Table 4.3
also reports the value of the power resulting from the syngas expansion in turbines when
working at the new auto-thermal concentrations: it ranges from 49.3 kW/(1000kg;.../h) for
glycerol to 54.9 kW/(1000kg;.../h) for grape marc.
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4.3.2.4. Economy of the process: energy balance

This section aims at analyzing the energy input and output characterizing the process.

First of all, it seems sensible to run the process at auto-thermal concentrations. In this
case, no methane has to be supplied when the plant is in normal operation (steady state), as
it is only necessary for the start-up operation.

The process produces hydrogen, which can be fed to Proton Exchange Membrane
(PEM) fuel cells to produce electric power. Significantly, hydrogen production is virtually
the same when working at the auto-thermal concentration for both processes adopting
lamination valves and, alternatively, turbines: see Table 4.3. This is due to the “flat behav-
ior” around the maximum of the hydrogen production curve (Figure 4.2c) and to the fact
that, as mentioned in Paragraph 4.3.2.1 and testified by the values of Table 4.3, the maxi-
mum H, production occurs in good approximation in coincidence with the auto-thermal
concentrations. The hydrogen is produced in high purity (at a concentration ranging be-
tween 99.5% and 99.995% [155]). Nevertheless, to avoid any CO poisoning effect on PEM
tuel cells, a small catalytic shift reactor may be foreseen to convert CO into CO,. The PEM
fuel cells efficiency has been conservatively assumed to be equal to 0.45 [159], even though
higher efficiencies can be achieved [1506].

The power generated through feeding hydrogen to PEM fuel cells results in a range of
122-131 kW/(1000kg;. ./ h) for all the biomass considered: see Table 4.3.

Considering the low working temperature of the water separator (60°C), this heat is
unlikely to be exploitable in any industrial process. Possible uses include, for instance, the
warming up of pools or greenhouses. However, should such an end usage not be possible,
as is generally the case, this heat would be wasted, thus entailing an extra energy cost.

The energy request depends on the cooling cycle adopted. The power needed to run a
typical mechanical refrigeration system can be evaluated by dividing the values of Q-
SEPAR (Figure 4.3d) by the coefficient of performance (COP) of the system. A COP of ~
2.5 could be reasonably adopted [160]. Considering all the substrates and the relevant con-
centrations at auto-thermal point, the power for cooling results in a range of 190-220
kW /(1000kg.../h), which is much greater than the power available from fuel cells.

A cycle based on evaporative cooling towers can assure better performances and satisfy
the process needs with a consumption lower than 10 kW /(1000kg.../h). A gross sizing of
this cycle is reported in Appendix A (Paragraph 4.5).
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Finally, an important issue is the pumping of the feed stream.

Glycerol and phenol are soluble in water and, consequently, the resulting mixture is
liquid. Water-glycerol or water-phenol mixtures can be pumped at high pressure with
standard process equipment.

Conversely, where the solid is not completely soluble in the liquid but remains in the
form of suspended particles, as is the case for microalgae, sewage sludge or grape marc, the
pumping of solid-liquid mixtures can become a challenge. If the solids are present in small
percentages (0-5%), the pumping can be still performed through standard equipment. If
the solids are present in larger percentages, it might be necessary to resort to ad hoc pre-
treatments [126] or special pumps, such as cement pumps [161]. Kruse reports that their
largest plant for hydrothermal biomass gasification is capable of treating a slurry up to 20%
(g/g) dry matter, depending on the natutre of biomass [39].

In light of the above, we considered increasing the pressure of the various biomass-
water mixtures to 250-350 bar with a device having a low efficiency, namely 0.5. Accord-
ingly, the power for pumping ranges between 13.9 and 19.4 kW/(1000 kg.../h), depending
on the desired reaction pressure.

The energetic sustainability of the proposed process seems assured, and possibly en-
hanced by exploiting the mechanical energy of the high pressure syngas with turbines. In
this case, an additional power of about 49-55 kW /(1000kg.../h) is obtained (Table 4.3),
provided that a slightly higher concentration of biomass in the feed is supplied.

Making an overall energy balance of the whole process with turbines, its net energy
output can be evaluated at 145-157 kW per 1000 kg/h of feed stream or, equivalently, 520-
565 MJ./1000kg;. ;. Although these values are overestimated because no heat and head
losses were taken into account, they provide us with an insight into the potential intrinsic in
the SCWG of biomass and biomass waste.

In Appendix B (Paragraph 4.6) some results concerning process optimization are re-
ported which confirm the values of net power evaluated above in this section.

Finally, an evaluation of the process’s overall electrical efficiency leads to interesting
conclusions. Taking into account that the SCWG process is designed for biomass with a
high moisture content or waste waters containing a large amount of organic matter, the
SCWG electrical efficiency is defined here as the percentage ratio between the net power
produced and the low heating value (LHV,)) of the feed stream. If the SCWG process is as-

sumed to be performed with turbines at auto-thermal concentration (Table 4.3), the follow-
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ing electrical efficiencies are found: 34.6% for grape marc, 34.2% for glycerol and microal-
ga Spirnlina, 33.9% for phenol, 33.2% for sewage sludge.

Future work will consist in designing and comparing alternatives processes, for in-
stance by coupling directly the SCWG reactor with high temperature fuel cells. Moreover, a
challenging issue for future research will consist in sizing and designing the various
equipments and in performing a cost analysis to state the effective convenience and profit-

ability of the SCWG technology.

4.4. Conclusions

A conceptual design for a SCWG plant aimed at H, production was developed, and the
process was simulated with different biomass types: glycerol, phenol, microalga Spirulina,
sewage sludge and grape marc. The SCWG reaction can be energetically sustained by burn-
ing the syngas produced if a minimum biomass concentration in the feed of 15-25% is
adopted. Notably, at this concentration the H, production is maximal (around 8.5
kg/1000kg..q). An energy balance showed that, by feeding H, to fuel cells and expanding
the high pressure syngas in turbines, a net power of about 150 kW _/(1000kg../h) can be

achieved.

4.5. Appendix A: Gross sizing of an evaporative cooling tower system

A possible solution to the problem of cooling is offered by the use of an evaporative
cooling tower system. Such device is likely to guarantee a minor energy consumption by
exploiting the volatilization of water in the air. Since the technology is well known, only a
gross sizing is reported in this section.

Referring to standard applications, water can be supplied to the tower at 40°C and re-
covered at 30°C. Consequently, the tower works with a AT of 10°C. Knowing the isobaric
heat capacity of water (C,=4179.3 J/kg K at 35°C) and the heat to dissipate (Q-
SEPAR=550 kW, see Figure 4.3d) the flow of cooling water is found to equal about 47,400
kg/h.

The electric consumption of the evaporative cooling tower is given by two machiner-
ies: the water circulation pump and the fan, which creates an air flow from the bottom to
the top of the tower. The power consumption of the pump can be evaluated at 6 kW, con-

sidering a head loss of 22 m and an efficiency n of 0.5. The nominal power of the fan mo-
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tor is equal to 4 kW [162]. According to a conservative estimate, a global power consump-
tion of 10 kW can be assumed.

The evaporative cooling tower evaporates about 820 kg/h of water (AH,,,,=2418
k] /kg at 35°C). The water reintegrating into the cycle can be estimated at about 1500 kg/h,

allowing for a water discharge of around 680 kg/h, which is necessary to avoid an excessive

rise in the salinity of the water in the cooling circuit.

4.6. Appendix B: Economy of the process: optimizing the net power
produced

The aim of this section is to present an insight in the optimization of the SCWG of
microalga Spirulina. Reference is done to the scheme of Figure 4.1, both with lamination
valves and, alternatively, turbines. A first series of simulations has been performed to calcu-
late the auto-thermal concentration (Q-REACT=0) as a function of the independent varia-
bles pressure and temperature: Figures B.1a and b. To construct Figure 4.4, several simula-
tions have been performed considering a matrix temperature/pressure where the tempera-
ture varied in the range 500 — 900 °C with step of 20°C and the pressure varied in the range
250 — 350 bar with step of 25 bar. Figure 4.4a and Figure 4.4b report values of auto-
thermal concentration varying from a minimum of 13% to a maximum of 25%. Values
higher than 25% are not reported because they are out of the range of concentration al-
lowed in an actual plant, where the threshold concentration due to pumpability issues
should be around 20% [39], as discussed in Paragraph 4.3.2.4. It is confirmed that at 900°C
the process is not thermally self-sufficient. Moreover, by contrasting Figure 4.4a and Figure
4.4b, it can be noticed that utilizing turbines shifts the “iso auto-thermal concentration
curves” slightly to the left, i.e. higher concentrations are required for energy sustainability.
Just to mention an example, at 250 bar the auto-thermal concentration of 25% occurs at
about 825°C with lamination valves (Figure 4.4a) and at about 800°C with turbines (Figure
4.4Db). This behavior corresponds to the increase in the auto-thermal concentrations at fixed

temperature and pressure occurring when replacing lamination valves with turbines (Table

4.3),
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Figure 4.4 - Auto-thermal concentration as a function of temperature and pressure in the case of a
process adopting lamination valves (a) and, alternatively, turbines (b). Net power produced in the
case of a process adopting lamination valves (c) and, alternatively, turbines (d) when running the
process at auto-thermal concentration.

Figure 4.4c and d report the net power produced by the process as a function of tem-
perature and pressure when operating at the auto-thermal concentration shown in Figure
4.4a and Figure 4.4b, respectively. The net power is calculated as the power obtained by
feeding hydrogen to fuel cells plus the power generated from turbines (where present) mi-
nus the consumption of the cooling circuit and the feed stream pump. The assumptions
made to calculate these values are reported in Paragraphs 4.3.2.3, 4.3.2.4 and 4.5 and are
not repeated here. Looking at Figure 4.4c, the pink upper-left area testifies a negative value
of the net power produced, that is the power necessary to run the process results higher
than the power generated by it. At increasing temperature (and biomass in the feed) the net
power progressively increases. The maximum value of the net power is of about 250
kW./(1000kg;../h) with lamination valves (Figute 4.4c) and of about 290
kW./(1000kg;.../h) with turbines (Figure 4.4d). These values correspond to the maximal
auto-thermal concentration allowed for the simulations, i.e. 25%. Considering a more rea-
sonable value of auto-thermal concentration, i.e. 20%, the values of the net power pro-

duced change at about 130 kW_/(1000kg;..,/h) with lamination valves (710°C, 250 bar) and
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at about 160 kW_/(1000kg;.../h) with turbines (690°C, 250 bat), confirming the values re-
ported in Paragraph 4.3.2.4.
Interestingly enough, the above analysis furthermore allows to quantify to which extent

the process performances can be improved by utilizing turbines to replace lamination

valves.
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Chapter 5

Batch Gasification of Model Compounds

Starting from this Chapter, experimental activities are presented. Here, experimental
tasks are accomplished using simple organic molecules which are able to “simulate” the
main components of real biomass. Such molecules are glucose, which is the monomer of
cellulose, and phenol, one of the base constituents of lignin. This approach allows to sim-
plify the complex scenario of hydrothermal reactions involved during gasification by con-
sidering a feedstock with a precise chemical characterization and whose main reaction
pathways are known in the literature. Tests in both sub- and supercritical conditions were
performed, with residence times ranging from 1 to 5 hours. Special focus was paid to the
role of the reactor material, which can strongly influence the composition of the produced

syngas.

5.1. Introduction

In order to perform experimental tests, useful to understand the way supercritical wa-
ter gasification works, the usage of model compounds offers the possibility to investigate
SCWG in a more simplified way than with real biomass.

Unlike real biomass, which exhibits an incredibly high number of organic molecules ar-
ranged in a peculiar way, model compounds allow the experimenter to choose a definite
material, whose composition is a priori known. Moreover, for these simple organic mole-
cules some information is available in the literature, concerning the fundamental reaction
pathways at hydrothermal conditions (see Paragraph 1.4.1). This helps in understanding the
main reaction pathways and allows acquiring knowledge about how process conditions in-
fluence the process outputs.

In this Chapter, two kinds of model compounds were used: glucose and a glu-
cose/phenol mixture. As already explained (see Paragraph 1.4.1), glucose can be assumed

as a model compound for cellulose, while phenol is useful to model lignin. The adoption of
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glucose/phenol mixture allows to simulate actual biomass, which can be roughly schema-
tized as a set of cellulose and lignin.

The methodology here adopted is based on small-scale 5 ml batch reactors: the so
called “micro-autoclaves”. They allow performing experimental tests with relative ease of
operations and may be manufactured of different materials. Indeed, besides the fundamen-
tal gasification behavior of the two model compounds, we tried to answer the question
whether catalytic effects due to the metallic reactor walls, are able to affect gasification out-
puts in a significant way.

Catalysis in SCWG has always been a relevant topic; a comprehensive state of the art
can be found in Paragraph 1.4.3. The influence of metal catalysts has been widely investi-
gated. In many works, like [78-81], the presence of the metal is reproduced by adding a
wire or a powder inside the reactor. Though such approach allows clearly to understand the
influence of a precise metal, it is quite distant from reality, where the metal surface is repre-
sented by the whole inner part of the reactor.

Nevertheless, some authors reported that reactor wall effects are not negligible in
methanol SCWG [50, 143] and they are also present in biomass gasification [161]. Moreo-
ver, in industrial operations the reactor surface is exposed to the reaction conditions for
several hours. It would be thus interesting to observe if, even after several runs, the reactor
material still plays a catalytic role. Furthermore, all the data available in the literature only
evaluates the catalytic effects after a few minutes of operations. It would be useful to un-
derstand if such catalytic effects only take place and are evident in the first minutes or they
can also play a role on a longer time-scale.

To this purpose, two micro-autoclaves made, respectively, of stainless steel and In-
conel” 625 were utilized. Both sub-critical (350°C) and supercritical (400°C) conditions
were considered. Tests were conducted at different residence times, ranging between 60
minutes to 300 minutes, in order to evaluate the effect of those reactions and processes
taking place at very low rates.

All the experimental activities were conducted at the Karlsruhe Institute of Technology
(Germany), Institute of Catalysis Research and Technology (IKFT), under the scientific su-
pervision of prof. A. Kruse.
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5.2. Materials and methods

The work performed in this study involves a number of experimental tests performed
with small batch reactors. These devices were used to perform more than 80 experimental
tests, where solid, liquid and gaseous products were sampled, quantified and analyzed. In
order to observe the behavior of the metallic surfaces, tests were executed adding metallic

burrs to the reacting mixture and visually observing them with SEM technique.

5.2.1. Micro-autoclaves preparation and reaction

Tests were executed by means of small-scale batch reactors: micro-autoclaves. These
devices are small metallic vessels, with a volume of 5 ml, which are able to withstand high
pressures. Thanks to their small volume, they can be heated-up quite fast. Moreover, they
are very easy to handle and can be used for virtually any type of biomass or model com-
pound, possibly adding catalysts or any other material. The reduced dimensions result in
extremely safe operations and the batch configuration avoids clogging issues, common for
tubular continuous plants. The micro-autoclaves consisted in two hollow cylindrical ele-
ments to be screwed together. The reaction volume was then the internal cavity obtained
from screwing up the two parts. This concept of micro-autoclaves has already been suc-
cessfully used for previous studies in the literature [54, 163]. For each material, two identi-
cal micro-autoclaves were adopted in order to exclude that the results were affected by any

peculiarities of the specific device, rather than being a general behavior.

Table 5.1 - Average composition of the metal alloys adopted in this study.

Ni Cr Mo Nb Mn Fe C Minor

Stainless steel 1.4571 11.5 164 21 - 1.5 67.8 0.04 0.7
Inconel 625 61.0 215 90 36 - 2.5 0.06 23

Two different micro-autoclaves were provided: the former made of stainless steel, the
latter manufactured in Inconel® 625. This choice was made to draw a comparison between
the two materials and thus to assess the significance of wall effects, due to the specific ma-
terials. Stainless steel was chosen since it is one of the most popular manufacturing materi-
als for chemical plants. It is relatively cheap and it can bear the most severe reaction condi-

tions of the present study (400°C and 30 MPa). Stainless steel 1.4571 was used, the main
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constituents of which are iron, chromium and nickel, in the amounts exposed in Table 5.1.
Inconel® 625 is a non-iron alloy made of nickel, chromium and molybdenum (see Table 5.1
for detailed composition). Nickel-alloys are generally used in hydrothermal processes, since
they show great mechanical resistance to harsh reaction conditions, i.e. very high tempera-
ture and pressure. Furthermore, they also have sufficient high chemical resistance to corro-
sion [127]. However, Inconel® 625 is much more expensive than stainless steel, making its
usage particulatly burdensome.

Tests were performed with two substrates: glucose and a mixture of glucose and phe-
nol. Glucose can be considered a model compound for biomass, since it is the monomer of
cellulose, one of the main constituents of vegetal tissues. Moreover, many studies actually
schematize biomass as a compound of carbon, hydrogen and oxygen (C.H,O,) [93, 157]
and this approach is consistent with the actual composition of glucose. Furthermore, glu-
cose has the advantage of a definite composition, which helps in the understanding and in-
terpretation of the results. For this study, glucose monohydrate (Merck KGaA, Darmstadt,
Germany) was used; in order to obtain the right amount of glucose, the hydration water of
the glucose monohydrate molecule was duly considered.

Besides pure glucose, tests were performed with a mixture of glucose and phenol. The
addition of phenol to the reacting mixture is motivated since such compound is one of the
“building blocks™ of lignin, which is the other important macro-molecule that constitutes
ligno-cellulosic biomass. It was thus thought that a mixture of glucose, modeling cellulose,
and phenol, modeling lignin, could be more representative of the behavior of real biomass.
The mixture was made mixing together 75% wt. glucose (the same reported above) and
25% wt. phenol (Merck-Schuchardt, Hohenbrunn, Germany). The elemental composition

of the two obtained substrates is reported in Table 5.2.

Table 5.2 - Elemental compositions (% wt.) of the substrates tested in this study.

C H O

Glucose 40.0 6.7 53.3
Glucose/Phenol 49.1 6.6 443

Before performing each series of experiments, the micro-autoclaves first underwent an

“aging” treatment. This was done to avoid the possible catalytic effect of clean non-utilized
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reactor walls, which is expected to be maximum when the reactor walls are completely new.
The aging treatment consists in reacting the micro-autoclaves for a long time with a source
of carbon at the same temperature and pressure as the following series of experiments. In
this way, the conditions of a real-life reactor were reproduced. The influence of such aging
treatment has already been reported, e.g. in the work by Yu et al. [164].

In all performed experiments, both substrates (i.e. pure glucose and the mixture glu-
cose/phenol) were used at 15% wt., the remaining part being constituted by Milli-Q water.
This is a relatively high concentration if compared with other studies in the literature,
where greater dilutions are usually adopted [30, 31, 42]. Nevertheless, this choice was
thought to be more interesting from a technical point of view, since processes with very
high water/biomass ratios appear to be hardly energetically self-sustainable [165].

The amount of mixture to be used for reactor loading was determined according to
steam tables [166] to ensure that, after the reactor heats up to the desired temperature, the
system is able to reach the desired pressure. For this purpose, it was assumed that the react-
ing mixture had approximately the same density as pure water. At 400 °C and 30 MPa, wa-
ter was found to have a density of 357.6 g/1. Thus, since the reactor internal volume was
5 ml, the total mixture to be loaded in the autoclave was 1.78 g. In the very same way,
when a reaction temperature of 350 °C was selected, the water density of 644.0 g/1 leads to
a mixture amount of 3.22 g.

After being loaded with the desired reacting mixture, the micro-autoclaves were put in
a special closed containment and purged with N, to remove oxygen and other atmospheric
gases from the inside. By using a dynamometric key, the two parts of the reactor were fas-
tened with a specified momentum (100 Nm) to ensure perfect sealing. Reactors were then
put in a hot fixed-temperature oven. To this purpose, a GC oven (HP series) was used,
since it allows a very good temperature control. The oven was pre-heated to the reaction
temperature and the micro-autoclaves were then put inside it; this choice was made to
achieve the fastest reactor heating rate to minimize the effect of thermal transients. After

reaction, the reactors were quenched in ice instantaneously to stop any reactions.

5.2.2. Analytic procedure
For sampling operations, a device was adopted (Figure 5.1), constituted by sealed cell
connected to a pipe, closed at the opposite side by a valve; in the middle of the tube, a

sampling volume with a septum was placed. Once room temperature had been reached, the
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reactor was put inside the containment and the device was purged with N,. The reactor was
then opened inside such containment, making the syngas flow into the pipe. There, gas
samples were taken from the septum by using a 100 pl syringe and injected into gas-

chromatographs.
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Figure 5.1 — Schematics of the gas sampling equipment.

The sample was first injected into a GC Agilent® 6890A with TCD and FID detectors,
helium as a carrier gas, Molsieve® 5A 80/100 and Porapak® Q columns. This apparatus
enabled to measure the amounts of: CO, CO,, CH,, C,H,, C.H,, C;H,, C;H,, C,H,,. The
analytical method applied in this device, however, did not allow to determine the presence
of small amounts of H, (<20%) with adequate accuracy. For this reason, a second injection
into another GC was done, an Agilent® 5890 model with TCD detector, nitrogen as a car-
tier gas, and a packed ShinCarbon® ST 80/100 column.

Once gas sampling had been performed, a gasometer was connected to the pipe. Such
device involved a glass column, filled with water, put in a vessel where air was drawn. Once
the valve on the pipe was opened, the gas was allowed to bubble inside the gasometer and
the water level in the column lowered. By measuring the level of the water meniscus, it was
possible to determine the volume production of gas achieved in the experiment.

After gas sampling activities, the reactor was pulled out of the containment and opened
to take liquid samples. The liquid inside the reactor was sampled by means of a 2 ml sy-

ringe, filtered using a 0.45 um round filter and collected. The TOC of the liquid sample was
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measured to estimate the amount of organic compounds dissolved in water after reaction.
A Dimatec® 2000 (Dimatec, Germany) analytical device, based on the principle of thermo-
catalytic oxidation with subsequent IR detection, was used to that end.

The solid which had remained inside the reactor was removed by washing the micro-
autoclave three times with acetone, carefully stirring with a glass stick. The liquid-solid mix-
ture was thus poured into a beaker, together with the syringe and the filter used for filtra-
tion. All these tools had been previously weighted with a Mettler Toledo® balance. Beaker,
syringe and filter were then put in a dryer at 105°C overnight, later to be cooled down with
hygroscopic salts and weighted again. The solid content was thus determined as the differ-
ence between the two weights. The solid sample also underwent elemental analysis, pet-

formed using ICP Agilent 7025 ICP-OES.

5.2.3. Surface analysis

To explain why the inner surface of the reactors can still give rise to relevant differ-
ences in terms of syngas composition (see Paragraph 5.3.1), even after the aging treatment
and many experimental runs, direct observation of the reactor surface was proposed. Any-
way, it was not possible to get images of the direct surface of the reactor without destroy-
ing it. Alternatively, it was decided to use small pieces of the reactor material, actually burrs
provided by the workshop that manufactured the micro-autoclaves themselves.

The metallic burrs, two of stainless steel and two of Inconel® 625, were first washed
carefully with acetone, in order to remove the manufacturing oils. After that, they were re-
acted with a solution of 15% glucose during 7 runs of 16 hours each, for a total duration of
112 hours. After each run, the reactor and the metallic piece were treated exactly in the
same way, washing them three times with acetone and drying before the next run.

The four samples were then observed by means of a scanning electron microscope
(SEM) FE-SEM DSM 982 Gemini (Carl Zeiss Ltd., Oberkochen, Germany), equipped
with an annular high brightness inlens-SE detector for high resolution and true surface im-
aging. A laterally mounted secondary electron detector (Everhart-Thornley-type) provides
topographical contrast.

Additionally, a highly sensitive 4-quadrant solid state back scattered electron (BSE) de-
tector for material contrast and a diode-type transmitted electron (TE) detector for thin

specimen (STEM-in-SEM) are available (K.E. Developments Ltd., Cambridge, UK).
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The same samples were also observed before the test, in order to provide the blanks

for comparison.

5.3. Results

For each biomass, balances are presented showing the mass yields of the gaseous and
solid phases, as well as the distribution of carbon between the two; moreover, mass pro-
ductions of the analyzed permanent gases are shown. Subsequently, the liquid phase is tak-
en into account, highlighting the molar contents of C, H and O: this contributes to under-
standing the nature of the possible liquid products arising from gasification. Finally, SEM

images of the metallic burrs used to simulate the inner reactor surfaces are displayed.

5.3.1. Gasification of glucose

Figure 5.2a and Figure 5.2b show the mass yields of solid and gas products respective-
ly. The yield is defined as the mass of the considered phase divided by the amount of bio-
mass fed. Generally, it is possible to notice that more solid is obtained than gas, at the con-
sidered experimental conditions. More solid is obtained at subcritical conditions (~35%)
than at supercritical ones (~25%). Vice versa, more gas is yielded at supercritical conditions
(~20%) than at subcritical ones (<15%). This witnesses that the increased temperature
promotes the selectivity to gaseous products. Anyway, a careful scrutiny of the figures
makes it clear that the largest part of organics is actually present in the liquid phase. More-
over, the amount of liquid does not seem to be greatly affected by the reaction conditions,
and it always stays at around 50%. The trend in time shows that solid yields are slightly de-
creasing as the reaction proceeds, while gas yields slightly increase. As far as the reactor ma-
terial is concerned, Inconel® 625 seems to promote gas production instead of solid for-

mation at both sub- and supercritical conditions.
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Figure 5.2 - Mass balance for glucose gasification. (a) Mass yields of solid; (b) Mass yields of gas;
(c) Carbon balance in the solid; (d) Carbon balance in the gas.

It is interesting to compare the results of the mass balance with those of the sole car-
bon balance, both in the solid and in the gas, as shown in Figure 5.2c and Figure 5.2d. The
first noticeable difference is that, presently, the fraction of fed carbon found in the solid is
about 70% for sub-critical experiments and 55-60% for supercritical ones. A comparison
with Figure 5.2a highlights that carbon is largely concentrated in the solid phase. The car-
bon fractions in the gas (Figure 5.2d) nearly reflect those found in the total gas mass
(Figure 5.2b). As a consequence, the carbon fraction in the liquid is in the range 20-30%,
while the mass fraction, as already stated, is ~50%. Differences among metals are essential-

ly the same as shown in Figure 5.2a and Figure 5.2b.
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Figure 5.3 - Gas production for glucose gasification. (a) Hydrogen; (b) Methane; (c) Carbon diox-
ide; (d) Carbon monoxide; (e) Ca+ hydrocarbons; (f) Hydrogen balance in the gas.

Figure 5.3 presents the yields of single permanent gases. In Figure 5.3a, hydrogen
yields are shown. Subcritical conditions generally lead to lower H, specific productions than
supercritical ones. However, here the reactor material plays a key role. Up to 120 minutes
residence time, Inconel® 625 shows a higher hydrogen production than stainless steel at
both reaction temperatures. Nonetheless, the trend for stainless steel is always increasing,
while in Inconel® it is approximately constant. Starting at 180 min. residence time, H, pro-
duction starts becoming much higher in stainless steel. After 300 min. of reaction, stainless
steel at 350°C is even capable of producing more H, than Inconel® at 400°C.

Things are completely different when it comes to methane. Figure 5.3b shows that, for
both reactor materials, the trend is always increasing in time. On the other hand, while at
subcritical conditions the two metals give approximately the same yields, at supercritical

conditions Inconel® produces more CH, that stainless steel. However, at 400°C and for a
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reaction time of 300 min., the spread between the two metals become smaller as the CH,
production in Inconel® tends to stabilize.

A similar trend can be found in Figure 5.3e, where the hydrocarbons with more than
one carbon atoms, the so-called C,,, are displayed. Inconel® 625 reveals a greater attitude
to produce hydrocarbons than stainless steel, both at 350°C and 400°C.

Based on these results, stainless steel seems to yield more H,, while Inconel® promotes
the formation of hydrocarbons. It would be therefore interesting to assess which metal is
able to transfer more hydrogen to the gas phase. This information can be obtained through
a balance on hydrogen, which is presented in Figure 5.3f. Here, the amount of elemental H
present in the gas, divided by the total amount of hydrogen fed with the glucose, is report-
ed. It can be observed that, at supercritical conditions, Inconel® is able to shift more hy-
drogen into the gas than stainless steel despite its generally lower H, content. In other
words, Inconel® yields more hydrogen in the gas, but preferably in the form of hydrocar-
bons (methane and other light C,, compounds). Stainless steel enhances selectivity towards
H,.

A useful information is provided by carbon monoxide (Figure 5.3d). Here, a noticeable
difference between the two reactors is shown. Stainless steel causes much higher produc-
tions of carbon monoxide than Inconel®, at both reaction temperatures; at 400°C, CO pro-
ductions are higher than at 350°C, and the trend is always decreasing. For Inconel®, CO
productions is only remarkable at 60 min. of residence time. After that, the measured
amounts often decreased below the detection threshold of the gas-chromatograph. The dif-
ference in the CO trend is crucial to understand the different behavior of the two reactors,
since CO is involved in both water-gas shift (WGS) and hydrogenation (i.e. methanation)
reactions. This will be better explained in Paragraph 5.4.

Finally, Figure 5.3c shows CO, production. Here, Inconel® presents higher yields,
which generally increase with the residence time. At supercritical conditions, more CO, is
produced, holding the same reactor material. However, it must be clarified that the increase
in the amount produced is essentially due to the larger quantity of gas produced. If the gas
volumetric composition is taken into account, it can be proved that Inconel® at 350°C
yields a gas with an average CO, content of 86%, while at 400°C it is 73.5%. Such analysis
also allows to state that stainless steel produces a gas with lower CO, concentration: 74.7%

at 350°C and 63.2% at 400°C.
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5.3.2. Gasification of a mixture of glucose and phenol
The results were compared also with the analogue experiments carried out with the

glucose/phenol mixture.
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Figure 5.4 — Gas yields for glucose and glucose/phenol mixture supercritical water gasification at
400°C and 30 MPa.

In Figure 5.4, the specific gas production resulting from supercritical water gasification
of glucose only and of the glucose-phenol mixture is compared. It is clearly noticeable that
the presence of phenol depresses gas formation. The glucose-phenol mixture presents, at
the same concentration, a higher carbon content than pure glucose. This would result in
higher gas productions, if thermodynamic equilibrium would be achieved. Gas productions
are however much lower. This implies to conclude that phenol has a much lower tendency
to gasify and it can be considered as a inhibitor of the gasification process. As a conse-
quence, it is also possible to notice that, while for pure glucose there is also a large differ-
ence between the stainless steel and the Inconel® reactor, when the glucose-phenol mixture
is adopted the discrepancy is less evident.

Figure 5.5 shows the production of the main permanent gases for the gasification of
this glucose-phenol mixture. Unlike Figure 5.3, here gas production is reported in terms of
volume percentages. This allows to directly compare gas composition, focusing on the na-

ture of the gaseous product, rather than on the extensive amounts.
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Figure 5.5 — Syngas composition for glucose and glucose/phenol gasification in supercritical water
at 400°C and 30 MPa. Volume fractions of (a) hydrogen; (b) methane; (c) carbon monoxide; (d)
carbon dioxide; (e) Co+ compounds.

The first thing to be noticed is that the glucose/phenol mixture yields a gas much rich-
er in hydrogen than only glucose (Figure 5.5a). Of course, this does not imply that more
hydrogen is produced: since overall gas production is lower (Figure 5.4), less hydrogen is
produced in terms of mass. Hydrogen volumetric fractions, for the two reactor materials,
appear to be comparable in the long-time. For stainless steel, a sudden increase between
120 min. and 180 min. of residence time can be observed.

On the other hand, hydrocarbons production seems to be hampered by the addition of
phenol. Results about methane (Figure 5.5b) and especially for C,, (Figure 5.5¢) reveal that
hydrocarbons in glucose/phenol gasification are far less present than in the corresponding

experiments with glucose.
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As far as carbon monoxide is concerned, Figure 5.5¢ shows that, in the same way as
for glucose (Figure 5.3d), gasification conducted in a stainless steel reactor leads to higher
carbon monoxide productions than Inconel® 625. The frame is reversed when CO, is ana-
lyzed (Figure 5.5d): now the nickel alloy causes the production of a gas with higher CO,
content. In this case, only differences related to the reactor material can be seen, while the
two substrates seem to behave in a substantially similar way.

As far as the liquid phase is concerned, it can be seen that, when phenol is added, more
carbon is stored as liquid compounds. Figure 5.6 shows the fraction of TOC found in the
liquid after reaction, referred to the initial amount which, for glucose, is 60.00 g/1 and, for
the glucose-phenol mixture, is 64.64 g/1 (calculated values).

In both cases, the fraction of TOC that is found in the liquid phase after reaction is a
much smaller part than the original one, implying that most of carbon is shifted to the solid
or the gaseous phase. By the way, it is clearly noticeable that, when the glucose/phenol
mixture is gasified, a higher part of TOC is unconverted, which is around 30%. Pure glu-
cose gasification exhibits higher TOC reductions: usually less than 15% of the original
TOC is then found in the liquid. As far as materials are concerned, in stainless steel higher

TOC conversions are obtained, though data do not testify completely clear trends.
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Figure 5.6 — Fraction of TOC remaining in the liquid after gasification of glucose and glu-
cose/phenol mixture at 400°C and 30 MPa.
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Differently from the gaseous and liquid products, solids production does not exhibit
any significant change when phenol is added to the reacting mixture, as it can be concluded
by means of Figure 5.7. Though data exhibit some oscillations, they allow to state that
practically no changes can be observed when phenol is added to the reacting mixture. Char

production appears to be stable.
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Figure 5.7 — Specific char production for SCWG of glucose and glucose/phenol mixtute at 400°C,
30 MPa and biomass concentration of 15% wt.

5.3.3. Metal surface observation

Especially in the case of glucose gasification, the results showed large differences be-
tween the two reactor materials. Such differences are extremely significant, since they are
present even after the “aging” treatment undergone by the reactors and a very large num-
ber of experimental runs. It was thus interesting to understand why catalytic activity is still

possible.
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Figure 5.8 - SEM images of the reacted metallic surfaces with glucose 15% wt. after 7 cycles of 16
h reaction each. (a) Inconel® blank; (b) Stainless steel blank; (c) Inconel® at 350°C; (d) Stainless
steel at 350°C; () Inconel® at 400°C; (f) Stainless steel at 400°C.

Figure 5.8 shows the SEM images of the metallic pieces, which were reacted with glu-
cose (see Paragraph 5.2.3). Figure 5.8a and Figure 5.8b present the metallic pieces before

reaction. They appear quite similar. Both surfaces are characterized by very thin stripes,
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which are due to the cutting machinery. Figure 5.8¢ and Figure 5.8d show the surfaces re-
acted at 350°C for more than 100 hours. In both cases, a black layer deposited on the metal
can be noticed. Upon the layer, small carbon spheres can be observed. A more detailed ob-
servation revealed that these spheres have a diameter of around 1 um or less. It can be no-
ticed that the surface coverage by the carbon is not uniform. In the upper-left part of Fig-
ure 5.8c, two metal spots can be noticed. In Figure 5.8d, an even more interesting phenom-
enon is shown. Here, it is clearly visible that the carbon layer detaches from the bottom
metal and a shiny metal region becomes evident.

Figure 5.8¢ and Figure 5.8f represent the surfaces after reaction at 400°C. Now, the
carbon layer is less uniform than at 350°C. Carbon tends to form more aggregates of
smaller spheres, which leave more “exposed” metal regions. This tendency seems to be
more pronounced in stainless steel than in Inconel® 625.

Despite the differences between the two metal surfaces, the latter are not covered uni-
formly with carbon material and some metallic spots are still exposed to the reactive envi-

ronment, thus exerting a catalytic activity that persists in the longer run.

5.4. Discussion

A number of observations can be made by analyzing the experimental results more in
depth. A noticeable difference between the two materials resides in the composition of the
produced gas. Especially at 400°C, stainless steel seems to yield more hydrogen than In-
conel®. Vice versa, the nickel-alloy is more effective in methane production, especially in
the case of glucose conversion. To account for these differences, it is useful to focus on the
different ways through which hydrogen can be produced.

There are mainly three ways to produce H, through hydrothermal processing: (@) direct
production from small organic compounds, () water dissociation induced by metal, (¢) wa-
ter-gas shift (WGS) reaction.

Direct production is generally achieved by dissociating small organic molecules into
permanent gases: mainly H,, CO, CO,, CH,. A possible pathway is, for example, de-
carboxylation of formic acid:

HCOOH = H, + CO, (5.1)
or de-carbonylation of formaldehyde, which results in:

HCHO = H, + CO (5.2)
In both reactions 5.1 and 5.2, hydrogen as well as CO and CO, are directly produced
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through the thermal decomposition of small organic molecules, originating from the hydro-
thermal degradation reactions of biomass. In these reactions, water plays a limited role and
mostly does not intervene as a reactant.

Under certain conditions, hydrogen can also be produced directly from water, through
the action of a metal catalyst. Resende and Savage, for example, reported H, formation
when some metals were exposed to supetcritical water at 500°C [81]. This pathway does
not seem to be relevant for the present study, since temperatures are too low to allow for a
significant contribution of the water dissociation reaction.

Finally, hydrogen can be produced through gas-phase reactions, whereby the previous-

ly formed permanent gases are allowed to re-arrange by reacting among them. The most
important reaction is WGS, taking place in compliance with the following pattern:
CO + H,0 > CO, + H, (5.3)
Here, water acts as a reactant and, as a result of hydrothermal conditions and their large
water excess, the reaction equilibrium should be shifted to the right side. WGS is a key-
reaction in hydrothermal conditions. It has been reported that H, production from hydro-
thermal biomass gasification is mainly due to the WGS reaction [167]. The reaction tem-
peratures considered in this study fall inside to the so-called “high temperature WGS”,
which includes the range between 310°C and 450°C [168]. At these conditions, “ferro-
chrome” catalysts are commonly used, that is to say catalysts whose main constituents are
iron (Fe,O;) and chromium (Cr,0O;) oxides [141]. Indeed, chromium oxide acts as a stabi-
lizer and prevents iron oxide sintering, thus enhancing the catalytic activity of iron oxide.
Stainless steel, which is mainly an iron-chromium alloy, can act as a good catalyst for WGS,
as is easily proved. Nonetheless, WGS can also be effectively catalyzed by nickel to some
extent [142].

Another key-reaction that occurs during hydrothermal processing is CO methanation,
which belongs to the family of hydrogenations. Through this reaction, CO reacts with H,
to produce methane:

CO + 3H, 2 CH, + H,0 (5.4
Similar reactions could be envisaged for the formation of higher hydrocarbons. They all be-
long to the well-known Fischer-Tropsch chemistry.

In the tests with Inconel® 625, lower CO, lower H, and higher CH, concentrations are
measured after reaction, with comparison to stainless steel. All these elements corroborate

the hypothesis that Inconel® 625 enhances CO methanation reaction. Nickel is the most
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widely used CO methanation catalyst. In the literature several studies can be found where
CO methanation is achieved using Ni- or Ru-based catalysts, possibly doped with noble
metals [145, 169, 170]. Owing to its high nickel content, Inconel® 625 can effectively serve
as a CO methanation catalyst.

By observing the experimental results, it can be stated that the solid produced is almost
constant during time, as it does not decrease significantly even after several hours of run. It
is known that solid char is far less reactive than biomass. Once it is formed, it is hardly re-
converted into liquid intermediate or gases, thus representing a sort of “kinetic sink”. This
is a consequence of the lower polarity of char because of the lower oxygen content. Water
as polar compounds preferably reacts with polar bonds, therefore coke is relatively inert.

Indeed, the role of char as a kinetic sink is widely confirmed by other studies in the lit-
erature. In a work by Chuntanapum and Matsumura, who studied and modeled glucose
gasification in both sub- and supercritical water [30], no reaction involving char as a reac-
tant is present. Therefore, it can be deduced that, once char is formed, its further conver-
sion is assumed to be negligible. Furthermore, the same assumption of a non-reacting char
was also made in the work by Resende and Savage [104], who modeled the SCWG of cellu-
lose and lignin. It is thus evident that a strategy to improve gasification efficiency cannot go
without an « priori prevention of char formation, which constitutes a permanent loss in gas-
ification efficiency.

Interesting pieces of information are offered by the comparison between glucose and
glucose/phenol gasification. The compatison of gas production yields allows to conclude
that phenol acts as an inhibitor for gasification. When phenol is added to the reacting mix-
ture, in fact, gas yields are sensibly lower than with pure glucose. It could be hypothesized
that phenol forms a structure that inhibits organic molecules from gasification. In the liter-
ature, it has been reported about the so-called “free-radical scavenger” effect of phenol
[47]. It consists in the formation of relatively stable free-radicals that are able to stop
radicalic reactions chains, thus resulting in lower gasification yields.

The refractoriness of phenol towards SCWG can be also taken as a possible explana-
tion of the gas composition achieved. As it was mentioned in Paragraph 5.3.2, hydrogen is
relatively more present than hydrocarbons (CH, and C,,). It is known from thermodynam-
ic modeling that hydrogen is the preferred product at lower biomass concentrations, while

methane is preferred when higher biomass/water ratios ate involved (see Chapter 2 and
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[157]). If phenol is considered as an inert, the consequence is that the real water/biomass
ratio is higher. This would provide some justification about the experimental results.

Consistently, the presence of organic compounds in the liquid phase is higher, as wit-
nessed by the data about TOC (Figure 5.6). This suggests that phenol molecules are proba-
bly more refractory to gasification and tend to stay in the liquid phase. The action of phe-
nol could be that of stabilizing the organics intermediates, that is to prevent organic com-
pounds from undergoing any further reactions, neither to form smaller gas species nor to
aggregate into more complex macro-molecules.

To some extent, this theory can be supported by an analysis of the data about solid
production. The experimental results, indeed, tend to exclude that the presence of phenol
could imply higher polymerization rates. Figure 5.7 testifies that the measured amounts of
solid obtained after gasification of glucose and glucose/phenol mixture are comparable. In
other words, though the gasification of organic molecules is inhibited, their polymerization
to solid products is equally not favored: organic molecules mostly stay in the liquid phase.

Probably, phenol itself is refractory to both gasification and polymerization. Phenol
could also prevent other organic molecules from gasification/polymerization, as well. Alt-
hough a study by Weiss-Hortala ez a/. [47] supports this thesis, no conclusion can be drawn
based on the present data. However, the problem will be further discussed in Chapter 7,

where different glucose/phenol mixtures will be gasified in a continuous reactor.

5.5. Conclusions

In this study, several tests of supercritical water gasification were performed with glu-
cose and glucose/phenol as model compounds. An experimental methodology based on
metallic micro-autoclaves was used and easily allowed to obtain results for many different
experimental conditions. Supercritical and subcritical conditions were explored, as well as
the influence of the reactor material.

The study highlighted that, in the considered experimental conditions, some of the re-
actions take place over quite long time scales. These are essentially gas phase reactions,
which are mainly represented by water-gas shift and CO methanation.

As far as the effect of material is concerned, the adoption of a nickel alloy resulted in
slightly higher gas productions. Inconel® 625 promotes hydrogenation reaction, as CO
methanation, which consumes CO and hydrogen producing methane and other light hy-

drocarbons. On the other hand, stainless steel shows higher hydrogen yields, which can be
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attributed to its ability to catalyze water-gas shift reaction. This is strictly true for supercriti-
cal conditions, while at subcritical conditions the two materials appear to give almost the
same results. Tests at 400 °C showed significantly higher gas yields than those at 350 °C.

Based on these results, it can be suggested that at 400°C a stainless steel reactor can be
a viable choice for many applications, since it is cheaper than Inconel® 625 and it is able to
enhance H, production.

Gasification tests with a glucose/phenol mixture allowed to understand that phenol is
an inhibitor for supercritical water gasification. Its addition to the reacting mixture results
in considerably lower gas production, higher concentrations of organics in the liquid and
almost equal solid yields. Extending these results to real biomass, it can be inferred that a
higher lignin content depresses gasification yields and enhances the production of liquid

products, at least at the considered reaction conditions.
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Chapter 6

Batch Gasification of Real Biomass

In the present Chapter, batch experimental tests with real biomasses are reported. Real
biomass is considerably different from model compounds, involving a more complex struc-
ture and the presence of other elements beyond carbon, oxygen and hydrogen. The exper-
imental tests which were executed can be grouped into three main lines. First, batch exper-
iments were conducted on beech sawdust, in order to compare the results with those of the
previous Chapter concerning glucose. Then, the focus was moved on the analysis of supet-
critical water gasification conducted with the solid product arising from hydrothermal car-
bonization process (HTC). Finally, long-time tests were performed by reacting biomass for

16h in reactors made of different materials, possibly using K,COj as a catalyst.

6.1. Introduction

In the previous Chapter, the attention was focused on the gasification of model com-
pounds: glucose and phenol were used to schematize cellulose and phenol, which are the
main constituents of biomass. As it has been already stated, this methodology involves sev-
eral advantages, since it allows to provide ease of reasoning. Model compounds have, in
fact, a precise composition, since they are characterized by a precise molecular formula.
Moreover, for these simple organic molecules some information is available in the litera-
ture, concerning the fundamental reaction pathways at hydrothermal conditions. This helps
in understanding the main reaction pathways and allows to acquire information about how
process conditions influence the process outputs.

On the other hand, such approach also shows its intrinsic limits. First of all, glucose
and phenol can be only considered as the monomers of more complex organic macro-
molecules. The reaction steps leading from polymers to monomers are reasonably very im-
portant, and they can influence the kinetics of the process in an outstanding way. The
model compounds approach actually neglects this crucial depolymerization step, where hy-

drolysis plays a fundamental role. Additionally, cellulose, hemicellulose and lignin in real
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biomass are arranged in a peculiar way, that differs from one vegetal species to another. As
a consequence, each substrate is intrinsically different from another, even with a similar
composition.

Another weakness point of processing model compounds like glucose and phenol is
the fact they can only schematize ligno-cellulosic biomass. In this category, mostly tradi-
tional biomasses are included: for example, trees and some types of agriculture residues (i.e.
straw). On the other hand, supercritical water gasification can potentially deal with non-
conventional types of biomass, like municipal waste or algae. These substrates do not pre-
sent a ligno-cellulosic structure, thus the schematization with glucose-phenol has only lim-
ited value.

An important thing that differentiates real biomass from the model compounds ap-
proach is that biomass cannot be described only in terms of CHO-based components. It is
well known that biomass is also constituted also by heteroatoms, like nitrogen and sulfur,
which are parts of some organic molecules (e.g. proteins). Another important difference is
represented by the presence of the so-called “ashes”. This term is usually employed to indi-
cate those compounds that are found after burning biomass: it is substantially the mineral
part of biomass. Despite their apparent inertia, ashes may exert a crucial role in hydrother-
mal reactions, since they can act as catalysts for important reactions, like water-gas shift
(WGS) [39].

In the present Chapter, batch SCWG of real biomass is treated. The experimental tests
which were executed can be grouped into three main lines. First, batch experiments with
beech sawdust were executed. The aim was to compare the results with those obtained for
glucose in the previous Paragraph 5.3.1, trying to find analogies and differences between
the investigated substrate and the model compound.

Then, the gasification of the solid product from hydrothermal carbonization (HTC)
process was studied, in order to understand the reaction behavior of a material deriving
from another hydrothermal process, which could have interesting practical applications
(Paragraph 6.4). An insight on the processes involved during SCWG was made through the
observation of SEM images of the solid products.

Finally, long-time tests (16 hours) were performed by reacting different types of bio-
mass (beech sawdust, HTC char, municipal waste and malt spent grains) for 16h in reactors

made of different materials, eventually using K,COj; as a catalyst. The aim of this activity
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was to compare different substrates in terms of gasification yields and to investigate about
the combined catalytic effects of reactor walls and added catalyst (Paragraph 6.5).

As for the previous Chapter, the experimental activities were conducted at the Karls-
ruhe Institute of Technology (Germany), Institute of Catalysis Research and Technology

(IKFT), under the scientific supervision of prof. A. Kruse.

6.2. Materials and methods

The experimental activities presented in this Chapter consisted in batch experiments
made with different real biomasses. The methodologies for the experimental procedure and
for gas, liquid and solid products analysis are the same as the ones reported in Chapter 5.
In this paragraph, their description will be consequently briefer: all the required details can

be found in Paragraph 5.2.

6.2.1. Biomass typologies

For this work, four types of real biomass were selected. The way they were chosen is
related to the availability of the specific substrate and to its significance. The selected mate-
rials were: beech sawdust, municipal waste, malt spent grains and hydrothermal char deriv-
ing from corn silage. Each material was first analyzed by means of ICP (Agilent® 7025 ICP-

OES) in order to obtain its elemental composition (Table 6.1).

Table 6.1 — Elemental composition of the selected biomass and model compounds (% wt.).

Biomass C H o N S
Glucose 40.0 6.7 533 - -
Beech sawdust 489 62 406 1.0 01
Municipal waste 452 66 418 21 02
Hydrothermal char 642 56 200 23 02
Malt spent grains 49.7 69 343 43 03

The first type of biomass chosen was beech sawdust. This substrate is indicative of
ligno-cellulosic biomass, which is the category of biomass which has been usually adopted
in bio-energy applications. Such material is characterized by the fact its composition in-

volves cellulose, hemicelluloses and lignin. In this study, sawdust was used with an average
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granulometry of 0.7 mm. It can be said that this material is of relative importance, since it is
usually produced as a by-product, for example, of the furniture industry.

On the other hand, ligno-cellulosic biomass is not the sole that can be of interest for
bioenergy production. Many other types of biomass are not actually included in this class,
since their composition involves different organic constituents. The huge domain of non-
ligno-cellulosic biomass is very extended, and it can be said that it represents the largest
part of world available biomass, usually present as waste or by-product.

To this purpose, municipal waste were chosen. To obtain this substrate, a mixture of
an average kitchen waste was built, using different wastes: egg shells, fruit skins, food rests,
etc. The obtained material was dried and then crushed, obtaining a powder. Municipal
waste is very interesting for supercritical water gasification, since this material is also natu-
rally very wet, thus traditional technologies are not the most recommended for its energy
valorization. The problem of an efficient treatment of municipal waste, in an economic fea-
sible way, is of particular interest since it represents a huge cost for the whole collectivity
and hydrothermal processes could be the right answer.

Another waste biomass is represented by malt spent grains. This is a by-product of bier
industry. Malt spent grains are the residue that is obtained in a brewery after the mashing of
malt. It is constituted by a mixture of grain husks, pericarp and fragments of endosperm.
From a composition point of view, this residue involves a quite high protein content, along
with vitamins. These characteristics has allowed this material to be very popular for the
production of animal feed or as a soil fertilizer. On the other hand, this is an interesting
substrate for hydrothermal processing, since, after the mashing process, this material pre-
sents a natural high water content.

Finally, hydrothermal char was considered for analyses. This substrate is the product of
another hydrothermal process, that is hydrothermal carbonization (HTC), which is aimed
at producing a carbonaceous solid material from biomass through reaction in hot pressur-
ized water (see Paragraph 1.2.2). In this work, hydrothermal char obtained through carbon-
ization of corn silage was used. The original feedstock, corn silage, is obtained through the
fermentation of the whole corn plants in silos, through a process called “ensilage”. The
product of such process can be stored for longer times than the original plant and is com-
monly used as a feed for cud-chewing animals. Corn silage underwent a hydrothermal car-

bonization treatment for 2 h at 200°C.
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6.2.2. Experimental plan

The experimental activities of this chapter can be summarized into three typologies.
First, beech sawdust was tested at both subcritical and supercritical conditions. For this bi-
omass, the very same tests as for glucose were performed (see Paragraph 5.2), using the
same reaction conditions and methodology. In this way, comparison could be provided.

A second experimental task involved hydrothermal char gasification. Tests were con-
ducted at 400°C and 30 MPa, with a substrate concentration of 15% wt. This activity was
performed in order to acquire information about the possibility to treat a product that had
already undergone a hydrothermal process. Tests were repeated in stainless steel and In-
conel® 625 reactors, with residence times ranging from 1 hour to 5 hours. Liquid, solid and
gaseous samples were analyzed as for the previous point. Moreover, the solid product was
also considered and it was analyzed for both structure and composition. In particular, SEM
images of the char products were taken for each reacted sample. The elemental composi-
tion was then obtained through a microanalysis unit, connected to the SEM instrument,
and constituted by an Energy Dispersive X-ray (EDX) analyzer with a Si(Li) detector
INCA PentaFET-x3 (Oxford Instruments, UK).

Finally, all the considered biomasses were used for long-time tests, involving 16 hours
of reaction, again using both stainless steel and Inconel® 625 micro-autoclaves. This kind
of tests were aimed at understanding what is the behavior of different biomass in the long-
time, also comparing the experimental results with the equilibrium predictions of the previ-
ously proposed thermodynamic model (see Chapter 2).

Besides the already presented 5 ml metallic micro-autoclaves, another reactor was em-
ployed in this activity. Such device consisted of an external containment of stainless steel
and of an interior inlay of aluminum oxide (alumina, Al,O,), whose volume was 23.59 ml.
This apparatus is shown in Figure 6.1. The ceramic inlay was put inside the containment,
but a small gap was ensured between the metallic and the ceramic walls. This allowed a
pressure balancing that prevented the ceramic inlay from rupture; ceramics have, indeed,
poor tensile strength and thus they are not indicated for the manufacturing of pressurized

vessels.
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Figure 6.1 — Metallic containment and ceramic inlay manufactured in alumina (Al,O3).

The reactor was closed on the top by a flange, which could be screwed in and off to al-
low reactor loading. On the top of the flange, two sampling ports were present: one, closed
with a valve, allowed gas sampling; the other was used to plug a manometer, in order to
measure the actual reactor pressure.

Tests with such ceramic reactor were made for two main reasons: () to provide results
less affected by the catalytic activity of metallic walls, since alumina is commonly referred
as inert; (b) to test a reactor solution.

Long-time tests were also repeated adding a catalyst to the reacting mixture. The used
catalyst was potassium carbonate (IKK,CO;). It was added in a ratio 1:4 to the reacting bio-
mass, which was then reacted in the very same way. K,COj; is known as a catalyst for bio-
mass gasification, which is able to increase the gaseous yields [73]. Moreover, it is a quite
inexpensive material, thus its usage as a possible industrial catalyst appears to be reasonably
feasible. The possibility to have results that can better deal with equilibrium was consid-

ered.

6.3. Beech sawdust gasification

The same analyses carried out for glucose were repeated for beech sawdust. In this
case, biomass was initially present in the reacting mixture as solid phase. Thus, a prior step
of dissolution into liquid should be hypothesized to happen before gasification. Moreover,
in this case heteroatoms like N and S, but also potential catalysts like alkali ions, are pre-

sent.
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6.3.1. Gaseous products
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Figure 6.2 - Mass balance for beech sawdust gasification. (a) Mass yields of solid; (b) Mass yields of
gas; (c) Carbon balance in the solid; (d) Carbon balance in the gas.

Figure 6.2a and Figure 6.2b report the mass balance which highlights how biomass gets
parted between solid and gas phases. As for glucose, Inconel®” 625 appears to yield more
gas than stainless steel, even though the difference is extremely low. Solid yields tend to
slightly decrease in time, but it can be stated they are essentially constant.

Carbon balance (Figure 6.2c and Figure 6.2d) also does not show an evident difference
between the two materials. It can be noticed, however, that the carbon fraction found in
the gas is approximately the same as for glucose (Figure 5.2d). On the other hand, the frac-
tion found in the solid is generally lower: this allows to conclude that more carbon is found

in the liquid phase.
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Figure 6.3 - Gas production for beech sawdust gasification. (a) Hydrogen; (b) Methane; (c) Carbon
dioxide; (d) Carbon monoxide; (¢) Co+ hydrocarbons; (f) Hydrogen balance in the gas.

Gas composition obtained with beech sawdust is shown in detail in Figure 6.3. Follow-
ing the same way of thinking as in Paragraph 5.3.1, the first noticeable thing is the greater
H, production measured in the stainless steel micro-autoclaves, especially at 400°C, with
respect to Inconel®” 625. The production trend highlights that, after an initial equivalence at
60 mins residence time, H, production in stainless steel booms from 1.5 to 2.2 mg/g bio-
mass and it holds approximately constant. On the other hand, H, produced by the Inconel®
625 reactor seems to decrease in time, except for the last point, at 300 mins, where it in-
creases again. Since Figure 6.3b shows that the total gas production in Inconel® and stain-
less steel is substantially the same (the former even yields something more) it can be said

that H, is somehow reacted to form some other gaseous species.
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Moving to methane, generally higher productions are achieved with respect to glucose.
At 400°C an average production of ~12 mg/g can be appreciated. The differences between
the two materials are not so evident in the case of beech wood. The same way of reasoning
can be applied for the C,, hydrocarbons (Figure 6.3¢) and also for the hydrogen fraction in
the gas (Figure 6.3f). It is worth-noticing the behavior of CO (Figure 6.3d). The tendency
that has been already reported for glucose (Figure 5.3d) can be appreciated again, thus
stainless steel is able to yield more CO, especially at higher temperatures. However, the
amount produced is now much lower (maximum 4.5 mg/g, while it used to be well over 30
mg/g for glucose). On the other hand, it must be said that CO is only found in significant
amounts at 60 min. residence time. After then, CO is decreasing (thus it reacts with other
molecules) but the amount is very small and it falls under the detection threshold of the
measuring instrument. It can be thus affirmed that practically no CO, or at least, no signifi-
cant amount of CO is detected from 120 min. ahead.

The differences between the two reactor materials are also quite negligible in the case
of CO, (Figure 6.3c). The trends are the same as for glucose, but the amounts of CO, are

higher, probably as a consequence of the higher carbon content in the biomass fed.

6.3.2. Liquid phase

An interesting result is represented by the amount of carbon, hydrogen and oxygen,
originating from feedstock, which are found in the liquid phase. This information can be
acquired through the elemental balances, since the elemental composition of feedstock
(Table 6.1), gas and solid, as well as the carbon content in the liquid, are known. The
amounts of oxygen and hydrogen transferred to the liquid phase were calculated by differ-
ence. Through the analysis of the elemental molar ratios, it is possible to have an idea of
which kind of compounds are present in the liquid phase.

In order to establish a useful comparison, the same results were calculated on the basis
of the experiments with glucose, carried out in Chapter 5.

Table 6.2 reports the milli-moles of C, H and O, originating from glucose and beech
sawdust, which are found in the liquid phase. For glucose, C, H and O are approximately in
the molar ratio 1:12:6, while the feedstock has 1:2:1. For beech sawdust, the ratio is ap-
proximately 1:6:2, and the initial biomass has 1:1.5:0.6. In both cases, a high number of hy-
drogen and oxygen atoms for each atom of carbon was found. The “excess” in hydrogen

and oxygen is more pronounced for glucose than for beech sawdust. These results allow to
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formulate the hypothesis that, at the considered experimental conditions, water is formed
among the liquid products and, thus, H,O is a product rather than being a reactant. This

thesis will be better debated in the subsequent Paragraph 6.4.

Table 6.2 - Milli-moles of C, H and O, derived from glucose and beech sawdust, present in the liq-
uid phase (averaged values).

Glucose Beech sawdust
Reactor material and conditions

C H 0] C H 0]
Inconel® 625 350°C 21 255 11.8 3.6 200 6.7
Stainless steel 350°C 20 254 121 3.7 20.1 6.9
Inconel® 625 400°C 1.0 12.7 5.6 1.7 12.0 3.4
Stainless steel 400°C 0.8 13.5 6.1 1.7 11.8 3.7

At this stage, focusing on the role of water in hydrothermal reactions is appropriate. If
the data concerning carbon balance and total mass balance in the liquid phase is considered
(see Figure 5.2 and Figure 6.2), high liquid mass yields are measured, although with a much
lower carbon fraction. Moreover, the data in Table 6.3 shows that most of the hydrogen
and oxygen originally contained in the biomass is found in the liquid phase. As a result,
C:H:O molar ratios of approximately 1:12:6 and 1:5:1.5 are observed for glucose and beech
sawdust, respectively.

Especially in the case of glucose, it is very unlikely that these molar ratios can be entire-
ly imputed to organic compounds. Indeed, small organic molecules, which are often found
in the liquid, have very different molar ratios. In formaldehyde, for example, the C:H:O ra-
tio is 1:2:1, in formic acid 1:2:2, in pentane 1:2.4:0, and in 5-HMF 1:1:0.5. Evidently, the
observed C:H:O ratios cannot be achieved, not even by combining such possible organic
products, since H and O are far higher than C. This gives value to the hypothesis that water
(whose ratio is 0:2:1) is formed during feedstock hydrothermal degradation. Water thus
seems to be a product, rather than a reactant, as would be expected under high water ex-
cess conditions.

A possible source for water formation can be represented by glucose degradation
steps. As reported in [40], glucose gives different products when degraded at hydrothermal
conditions. A number of these reaction steps actually take place through dehydration, with

the production of water. Examples of this pathway are the dehydration of glucose to

130



Batch gasification of real biomass

levoglucosan, or the formation of 5>-HMF (C,H,O5) from fructose [171]:

C.H,,0O, 2 C,H,O; + 3H,0 (6.1)
Such reaction is of outstanding importance, since 5>-HMF is considered the main precursor
of char/coke [52]. If 5-HMF is not subsequently hydrolyzed, it undergoes polymetization
reactions leading to solid products formation. Therefore, water formation is compatible
with the observed occurrence of coke in our experimental results.

The production of water during feedstock hydrothermal degradation was also high-
lighted in Chapter 3, where methanol SCWG was kinetically modeled (see also [172]). In
that work, it was predicted that water is only consumed through the water-gas shift reac-
tion. Indeed, the reactions leading to the “direct” formation of the small permanent gas
molecules (CO, CO,, H,, CH,) occurred with a net water production. The comparison of
results shows an influence of the type of metal stronger for glucose than for beech saw-
dust. The explanation might be that the small ash content with alkali salts leads to a cataly-
sis of the WGS, which is superimposed on the metal surface catalysis effect.

Looking at the molar ratios in the obtained liquid, it can be affirmed that water is pro-

duced in a higher amount for glucose than for beech sawdust. This could be explained by
considering that, as beech sawdust is a biomass composed of cellulose and lignin, it needs a
prior dissolution step, occurring with the hydrolysis process [173]. Hydrolysis involves the
reaction of bio-macromolecules with water for them to de-polymerize to form smaller oli-
gomers or monomer units. For example, hydrolysis of cellulose is of the form:
[CH,,O4),11 + HO 2 [CH,,04], + C;H,,0 (6.2)
Thus, water actively takes part in the hydrolysis process, which implies that real biomass
has a higher “water demand” than model compounds. In other words, water is still a prod-
uct in beech sawdust, but a lower quantity is formed because a part was previously em-
ployed for hydrolysis.

As stated when discussing Eq. (6.1), the production of water is directly linked to the
formation of solid char. Since the solid phase is much richer in carbon than the original
feedstock, hydrogen and oxygen must be released in the other phases, which causes water
formation. It was observed that char formation is greatly enhanced by biomass concentra-
tion, since its reaction order is around 3+4 [52, 61]. It can be concluded that, along with
char, water is formed as well and its amount becomes higher as the biomass concentration
in the feed increases.

Importantly, thermodynamic equilibrium actually foresees that water acts as a reactant,
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which means that, at equilibrium, less water than that present in the fed would be expected.
The fact that water is formed evidently reveals that equilibrium is not achieved under the
experimental conditions considered. Non-equilibrium can also be promptly deduced by ob-
serving that solid and liquid products are formed: at thermodynamic equilibrium, only gas-
eous products should be present [157]. Equilibrium is not achieved even after several hours

of operations: this reveals the existence of strong kinetics constraints.

6.4. Hydrothermal Char (HTC) gasification
The results concerning the gasification of hydrothermal char are reported in this para-
graph. They are presented distinguishing those about products yields and gas composition

and the observation of the solids arising from the gasification operations.

6.4.1. Products yields and gas composition
The very same analyses carried out for glucose and beech sawdust were also performed
for hydrothermal char. Figure 6.4 shows the yields of solids and gas and the carbon bal-

ance.
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Figure 6.4 — Mass balance for hydrothermal char gasification. (a) Mass yields of solid; (b) Mass
yvields of gas; (c) Carbon balance in the solid; (d) Carbon balance in the gas.

Also in this case, most of the initial feed (around 60%) is converted to solid products.
Gas yields are again quite low, ranging from 15% to 20% wt. Compared with Figure 6.2,
higher solid yields and slightly lower gas yields are shown. This is indicative of the lower
tendency of hydrothermal char to gasify, due to the lower content in volatile organic mat-
ter. No evident differences between the two reactor materials can be seen.

Data about the carbon balance, show that the largest part of the original carbon is still
contained in the solid phase. The comparison with beech sawdust data clearly shows that,
in the case of HTC, around 20% more carbon is found in the solid. At the same time, Fig-
ure 0.4d shows that the part of carbon passing to gas phase is lower than for beech saw-
dust, but the effect is less evident. This implies that the part of carbon going to the liquid

phase should be much more reduced.
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Figure 6.5 — Gas production for hydrothermal char gasification. (a) Hydrogen; (b) Methane; (c)
Carbon dioxide; (d) Ca+ hydrocarbons; (¢) Hydrogen balance in the gas.

Figure 6.5 presents the production of the main permanent gases obtained through
HTC gasification. It is possible to see that hydrogen seem to be increasing only at the be-
ginning (60 minutes test). After that, from 120 to 300 minutes of residence time, it appears
to be steady, also without any significant difference between the two materials. A similar
trend is shown by carbon dioxide (Figure 6.5¢), with a stable gas production of around 150
g/kg.

On the other hand, the production of hydrocarbon species differs considerably. Gas
production is, indeed, always increasing for both methane (Figure 6.5b) and C,, (Figure
0.5d) species. The trend is also confirmed by the H fraction found in the gas, which is al-
ways increasing. This reveals that HTC is preferably gasified into methane. However, this
should be foreseeable, since thermodynamics affirms that a higher carbon content results

in higher methane productions (see Chapter 2).
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It can be also noticed that, in Figure 6.5, no chart concerning carbon monoxide was
reported. This was done since, in all the performed experiments, CO was never found
among the reaction products. Also when discussing about beech sawdust, it was high-
lighted how, practically, no CO was measured except for the lowest residence time (60
minutes). The fact CO is here completely absent tends to confirm the hypothesis that in
real biomass gasification CO is not produced due to lower de-carbonlyation (Eq. 5.2) or to

higher consumption for methanation (Eq. 5.4) or water-gas shift (Eq. 5.3).

6.4.2. Solid products observation

An interesting aspect concerning hydrothermal char gasification is represented by the
direct observation of solids. In Figure 6.6, SEM images of the solid products deriving from
HTC are shown after 1 hour and 5 hours of gasification. The images of the blank sample
are shown as well.

The observation of the blank samples shows the nature of the material being gasified.
HTC char is in the form of an intimately porous solid, with a very rough surface. This tex-
ture is typical of hydrothermal carbonization process, which enhances porosity. When a
higher magnification is adopted (Figure 6.6b), it is possible to distinguish how the porous
structure is obtained. The surface of the material is practically composed by several grains

of char, with different dimension, resembling sort of “chips”.
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Figure 6.6 — SEM observation of the solid gasification products deriving from HTC char SCWG at
400°C, 30 MPa, 15% wt. (a) blank sample at 3000x magnification; (b) same at 10000x; (c) after 1 h
reaction at 3000x; (d) same at 10000x; (e) after 5 h reaction at 3000x; (f) same at 10000x.

After 1 h reaction, some changes can be observed. The image taken at 3000x magnifi-
cation does not differ from the homologue previous one in a significant way. The same
structure as the blank material can be, indeed, observed. Things change when a 10000x

magnification is adopted. In Figure 6.6d the already observed char structure can be seen.
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However, it can be noticed that, on the pre-existent surface, many small spheres are now
present, whose radius is extremely small (less than 1 pm).

The last couple of images report the situation after 5 h of reaction. Now, significant
changes can be detected at both magnification scales. At 3000x (Figure 6.6¢), the surface
appears to be more “messy”. In other words, unlike in the other figures some larger struc-
tures could be recognized, now the scene is dominated by very small char aggregates. Fig-
ure 0.6f shows, at higher magnification, the material structure. Small char “chips” are ob-
served and the presence of the small spheres is even more enhanced than before.

In the literature, two forms of solids are usually distinguished when dealing with hydro-
thermal treatment. A first category is represented by “char”. This expression, used in its
strict sense, applies to those solid products originated by solid-solid reactions. Through
these reactions, the solid material looses oxygen and hydrogen and, consequently, its cat-
bon content increases. Char usually retains the structure of the initial biomass, eventually
shrinking its dimensions. On the other hand, another class of solid products can be found,
and they are referred as “coke”. By this term, compounds deriving from polymerization of
liquid intermediates are commonly indicated. According to its origin, coke is found as par-
ticles, since polymerization proceeds through a process of nucleation and successive
growth [163].

Such conclusions apply also in the case here considered. Coke particles are produced
and they stick on the surface of char. This one acts like a scaffold: the surface of char
seems able to attach coke particles, perhaps through physical or chemical adsorption.

It can be also hypothesized another way of formation of the coke spheres, which
comes from reactor quenching. During reaction, it is very probable that all the organic
compounds are present in a single supercritical phase. If polymerization takes place to a
large extent, solid particles can precipitate; otherwise, if the attained molecular mass is not
enough high, they still keep dissolved in supercritical phase. As the system is quenched,
their solubility is suddenly decreased, inducing precipitation. In other words, what we now
observe as a solid could be present in the homogenous phase, at reaction conditions.

Furthermore, the solid surface was characterized by means of elemental composition.
Through this technique, the telative carbon to oxygen ratio (C/O) was obtained for all the

tests. The results are reported in Figure 6.7.
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Figure 6.7 — Carbon to oxygen ratio in the produced solids from supercritical water gasification of
corn silage hydrothermal char at 400°C and 25 MPa.

Apart from experimental errors, data show that, at the beginning of the SCWG treat-
ment, C/O increases from an initial value of 3.63 to values well over 10 As long as the pro-
cess proceeds, char gets more and more enriched in carbon.

A slight difference between the materials can be observed. The Inconel® reactor, in-
deed, seems to produce a char with higher carbon content. Although this effect is very con-
tained, substantial agreement can be found if the carbon balance in the gas is considered
(Figure 6.4d). Indeed, stainless steel gives rise to higher carbon yields in the gaseous phase
than Inconel® 625. As a consequence, more carbon is held in the solid phase when In-

® - . . .
conel” is present in the reaction environment.

6.5. Long-time testing
The four considered biomasses were all processed through long-time tests, involving
16 hours of reaction. These experimental runs were effectuated for two main reasons. First,

it was interesting to understand what is the behavior of supercritical water gasification after
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very long time, which is quite unknown in the literature. Moreover, by considering very
long reaction times, it is possible to understand if the reactions involved in SCWG achieve
the equilibrium conditions predicted by thermodynamics, or at least approach them. To

this purpose, the possibility of adding a low cost catalyst (potassium carbonate) was tested.

6.5.1. Reaction products analysis
In Figure 6.8 the specific gas production is shown for each considered biomass, with
and without catalyst, for both stainless steel and Inconel® 625 reactors. Non-catalytic tests

with the ceramic reactor were also conducted (see Paragraph 6.2.2).
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Figure 6.8 — Specific gas production for the supercritical water gasification of different biomasses.
Temperature: 400°C, pressure: 300 bar, biomass concentration 15 % wt., residence time: 16 h.

Tests with the ceramic reactor showed that gasification yields obtained in such device
are comparable to those measured in the Inconel® and stainless steel microautoclaves: no
significant differences can be observed.

As far as the role of the catalyst is concerned, the frame that is depicted is quite peculi-
ar. It was foreseeable that the addition of potassium carbonate to the reacting mixture
could have the effect of increasing gas production. Anyway, such effect is evident only for

some of the considered biomasses. In beech sawdust, it is possible to notice the large in-
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crease, of ca. 50%, in gas production with respect to the non-catalyzed case. Unfortunately,
it was not possible to obtain the datum for the catalyzed stainless steel experiment, since
the reactor got broken twice while performing the tests. This was due probably to a par-
ticularly strong corrosive environment or to a large pressure increase caused by a large gas
production. The situation is similar when municipal waste is taken into account. Here, the
effect of the catalyst is less evident, but an increase in gas production in the order of 20%
can still be noticed.

Generally, in the non-catalyzed case, stainless steel appears to yield more gas than In-
conel®, even though such effect is very limited. On the other hand, when the catalyst is
added the differences between the two materials almost tend to disappeat.

Hydrothermal char and malt spent grains seem to behave in a different way. Here, the
addiction of a catalyst to the reacting mixture does not appear to have any visible effect.
The gas production is indeed constant: for malt spent grains it seems even to be smaller.

This apparent contradiction can be explained if the data about the production of the
single gas species is observed. The specific production of hydrogen, methane and carbon

dioxide are shown in Figure 6.9.
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Figure 6.9 — Gas production for 16 h biomass supercritical water gasification. (a) Hydrogen; (b)
Methane; (c) Carbon dioxide.

Now it is possible to have a clearer frame on the effect of catalysis during real biomass
gasification, for both reactor wall effect and potassium carbonate addiction. Figure 6.8a
shows the specific hydrogen production. The effect of K,CO; is evident: when this salt is
used, hydrogen production dramatically increases and is often doubled. The effect of the
reactor material is now more evident, but only for beech sawdust and municipal waste. For
the other two biomasses, no significant differences can be envisaged. Comparing the results
of the ceramics reactor, it can be more evidently observed the specific effect of stainless
steel in catalyzing hydrogen production. Hydrogen production in this typology of reactor
appears to be slightly higher than Inconel®, perhaps due to two possible reasons: (4) the

fact that Inconel® catalyzes methanation, thus consuming H,; (b) a possible catalytic activity

141



CHAPTER 6

played by aluminum oxide. The former hypothesis seems to be more plausible, since alu-
mina is usually referred as an inert material at such conditions

The situation is substantially confirmed for methane (Figure 6.9b). Also in this case,
the catalyst boosts gas production, though to a lower extent. Again, the effect is maximum
for beech sawdust, then municipal waste and the others. It is interesting to notice that, as
far as the reactor material is concerned, Inconel® 625 allows to have higher methane pro-
ductions than stainless steel. This contributes to support the validity of the conclusions
drawn for the case of glucose gasification: Inconel® favors methanation reactions, while
stainless steel seems to be more effective in promoting water-gas shift.

Figure 6.9c shows the specific production of carbon dioxide. The general trends of
Figure 6.8 are here confirmed: indeed, carbon dioxide is generally the most abundant
product in the considered reaction conditions. The CO, trend thus “dominates” gas pro-
duction and it is clearly reflected on the total gas production chart. For beech sawdust and
municipal waste, potassium carbonate also increases CO, yields For the other two bio-
masses, the effect is neutral or even opposite.

The other permanent gases are here neglected, since they are produced in very low
amount. It is worthy to state that carbon monoxide was not found in the final products,
both with and without catalyst. This is quite reasonable, since the other tests conducted in
batch micro-autoclaves clearly showed that, already after 4-5 hours of reaction, no CO can

be found among the gaseous products (see Paragraphs 6.3.1 and 6.4.1)

Table 6.3 — Equilibrium yields of permanent gases for SCWG of 15% wt. biomasses at 400°C and
30 MPa (gcas/gpiomass)-

B e e Mt en
H, 2.8 2.8 3.1 3
CH, 358.3 345.4 539.5 415.7
CO, 967.7 894 1238 938.3

An interesting aspect is represented by the comparison with the equilibrium data, ob-
tained from a thermodynamic model based on Gibbs’ free energy minimization [157] and
reported in Table 6.3. It is possible to notice that equilibrium conditions are not achieved,
even after 16 h experiments. This could be imputed to char formation, which represents an

intermediate of very low reactivity under the experimental conditions applied and therefore
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difficult to gasify once produced [104].

6.5.2. Ceramic reactor surface observation

An interesting information to be acquired is the direct observation of the surface of the
ceramics reactor. This information is important, since it allows to understand if a ceramic
inlay can resist the harsh reaction conditions typical of SCWG. Moreover, it can give an in-
teresting insight about the physical-chemical phenomena involved in the process.

The SEM images of the ceramic inlay are shown in Figure 6.10. The blank sample
(Figure 6.10a) shows the intimate structure of alumina: it looks like a sort of mosaic, with
many irregular grains merged together. After reaction, the ceramic surface visually appeared
black. SEM picture (Figure 6.10b) shows that very small spheres of char are present and
they cover the surface almost uniformly.

After cleaning the reactor, we found that the carbon layer got detached in some points
of the surface, which appeared bright white; these fragments were also observed with SEM.
The surface (Figure 6.10c) exhibits the same structure as the blank sample, and no signifi-
cant changes can be noticed. This suggests that alumina can resist to the experimental con-
ditions considered. In the picture, anyway, ceramic grains are now more evident than be-
fore: their borders are, indeed, more accentuated and definite. Though no clear evidence
could be deduced, it could be inferred that, over very long time scales, inter-grain corrosion
could take place.

Figure 6.10d shows the carbon layer with higher magnification (3000x). It is possible to
appreciate that the covering of the surface is represented by a lot of microspheres, with
very regular shape. Though different dimensions could be observed, most of the spheres

have a sub-micrometric diameter.

143



CHAPTER 6

"
- HHITE

* 1000 20pm —————— 10KY Gmm
#io REACT . BLACK KITAIKFT

Figure 6.10 — SEM images of the ceramic inlay: (a) blank; (b) black area after reaction; (c) white ar-
ea after reaction; (d) Higher magnification of char microspheres.

6.6. Conclusions

Real biomass gasification was carried out in this Chapter, providing different experi-
mental tests.

First, the same methodology as Chapter 5 was applied to beech sawdust, analyzing the
differences between this substrate and glucose. The analyses pointed out that the large dif-
ferences of behavior between Inconel® 625 and stainless steel reactors are less evident in
the case of beech sawdust. This was attributed to the higher complexity of real biomass
compared to a model compound. In beech sawdust, indeed, lignin is also present; further-
more, minor ions, usually present in the ashes, can play a significant role in catalyzing some
reactions, like water-gas shift, thus hiding the catalytic effect of the reactor walls.

Through an analysis of mass balances, it was found that water is here a reaction prod-
uct rather than being a reactant. Furthermore, an important difference between glucose and

beech sawdust gasification was found: the former produces significantly more water than

144



Batch gasification of real biomass

the latter during gasification. This was attributed to the process of hydrolysis, required to
dissolve cellulose, which is absent for glucose, being it already solubilized.

Gasification of hydrothermal char is a new perspective in hydrothermal processing.
Hydrothermal carbonization could be seen as a pretreatment for a subsequent supercritical
water gasification. The results showed lower gas yields if compared to other biomass, due
to the lower volatility of such kind of biomass. The observation of the solid residues after
gasification gave important information about the way gasification proceeds. Further work
should investigate the real profitability of such process as a competitive pretreatment in bi-
omass gasification.

Finally, long-time tests showed that, even with very long reaction times, equilibrium
composition are not achieved in the analyzed experimental conditions. This evidenced the
presence of kinetics constraints which limit the production of gas from the considered bi-
omasses. The role of K,COj as an effective catalyst for gasification was tested. Its relevance
appeatred to be decisive in boosting gas and hydrogen yields, especially for beech sawdust
and municipal waste. In the other two biomasses, the effect of the catalyst was considerably
lower. This suggests further investigations about the effectiveness of catalysis for non

lighocellulosic and/or highly proteic biomass.
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Chapter 7

Gasification in a Continuous Tubular Reactor

In the present Chapter, glucose/phenol mixtures were gasified in a continuous tubular
reactor. This rector configuration allows overcoming some limitations of batch reactor test-
ing, such as the impossibility to perform tests with a very short residence time and the scar-
city of the sample gathered. Four solutions with increasing amounts of phenol, but with the
same overall organic content (5% wt.), were tested over residence times ranging from 10 to
240 seconds. Results showed that the addition of phenol causes less gas production. The
question whether this should be attributed to the minor glucose amounts fed or to an actu-
al inhibition behavior of phenol is addressed. A reaction scheme for glucose SCWG is pro-

posed, in order to explain the large amounts of methanol measured in the liquid phase.

7.1. Introduction

In the previous chapters, several experiments with model compounds and real biomass
gasification were conducted in batch reactors. As it was possible to see, this methodology
allows a great flexibility and is able to give important results with a relative ease of experi-
menting. Batch reactors are, thus, a very versatile methodology to carry out laboratory ex-
periments. They can be very effective, for example, to understand how certain process pa-
rameters influence the products yields, what is the effect of a certain catalyst, and so on.

On the other hand, batch reactors also present important disadvantages. One of them
is the transient state which, for such typology of apparatuses, cannot be eliminated in any
way. Operations with batch autoclaves, indeed, require to load the reactor and then to heat
it up to the desired temperature. The system is thus subjected to a thermal ramp, from
room temperature to the final reaction conditions, which is variable according to reactor
and heater geometries. This can affect results in a significant way, since the rapidity of heat
transfer is an important factor in determining gasification yields [63].

Furthermore, during the thermal transient the system experiences several reaction con-
ditions, starting subcritical, crossing the critical point and then arriving at supercritical state.

It is very plausible that all these changes could affect the final results to some extent.
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This transient state also makes difficult to state when reactions are really starting. Even
though time measuring is started from the instant when the reactor has reached the desired
temperature, reactions have already started before, at lower temperatures. This problem can
be overcome if long residence times are considered, so that the transient state can be con-
sidered as negligible. On the contrary, if very short reaction times are required, it is impos-
sible to perform experiments with meaningful results.

Operating with very small reactors can be an advantage, since reduced volumes trans-
late into short heating up times. However, this also implies that very small amounts of re-
acting mixture must be loaded inside the reactor. Thus, very small amounts of samples are
available and the analytic procedure is much more complicated: experimental errors are po-
tentially higher and there is not enough sample to make a large number of analytical chem-
istry investigations and to check for measures reproducibility.

Moreover, batch processing is also quite distant from real-scale industrial processes,
which most of times are carried out in continuous plants. In the previous Chapter 4, it was
pointed out that the application of an industrial process for hydrogen production through
SCWG should be a continuous plant. Thus, though batch experiments are extremely useful
to understand many aspects of the process functioning, tests in a continuous plant are po-
tentially able to give more interesting results.

It was decided to investigate the behavior of glucose/phenol mixtures. As it has been
reported in the state of the art (Paragraph 1.4.1), the behavior of such mixtures is very im-
portant, being them representative for cellulose and lignin. In the literature, only a few
works deal with the effects of phenol on carbohydrates gasification in supercritical water.
One work was performed by Goodwin and Rorrer [48], who tested the influence of phenol
on xylose (main constituent of hemicelluloses) gasification at 750°C, finding that phenol is
very refractory to gasification. Another work was carried out by Weiss-Hortala ez a/. [47],
who gasified glucose/phenol mixtures at 600°C. They noticed that phenol acts as an inhibi-
tor for glucose gasification: when phenol was added to the mixture, glucose yielded less gas
than when it was gasified alone.

In the present Chapter, the effect of phenol on glucose gasification was tested at
400°C and 25 MPa. Four different aqueous solutions were prepared, each with 5% wt. of
feedstock. However, in each solution an increasing phenol content was adopted, from 0
(pure glucose) to 30%. This methodology was selected in order to understand how the

presence of phenol affects gasification, without changing the total amount of organics fed
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to the mixture, which would affect overall equilibria. Furthermore, the utilized glu-
cose/phenol mixtures can be considered as models for real biomass, since the relative
amounts of glucose and phenol reflect those of cellulose and lignin in a reasonable way.
Liquid and gaseous products were sampled and analyzed, allowing obtaining useful infor-

mation about phenol reactivity and reaction mechanisms in supercritical water.

7.2. Materials and methods
Experimental activities were performed in a continuous tubular plant operated at
400°C and 25 MPa. In this Paragraph, details concerning the experimental plant, prepata-

tion of the mixtures and analytical methods are provided.

7.2.1. Experimental apparatus
The experimental apparatus which was adopted for the research work is a continuous
system for supercritical water gasification. A schematics of the plant is depicted in Figure

7.1.
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Figure 7.1 — Flowsheet of the experimental continuous plant.

The plant was fed by means of two bottles containing, respectively, de-mineralized wa-
ter and the water solution to be gasified (glucose and phenol in different relative concentra-
tions). The liquid was pumped by means of an HPLC (high performance liquid chromatog-
raphy) pump to the desired pressure of 25 MPa and passed through a pre-heater, constitut-
ed by three electrical resistors of 250 W each (Hz1-3 in Figure 7.1), which were set at the

constant temperature of 250°C.
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After the pre-heater, the reacting mixture entered the reactor, constituted by a tube of
stainless steel (length: 320 mm; internal diameter: 8.2 mm). The reactor was put inside a
heater constituted by a ceramic shell with four electrical resistors of 500 W each. This heat-
ing element was able to increase the temperature of the fluid up to the reaction conditions.
Inside the tube, a K-type thermocouple, located at approximately 150 mm along the axis of
the reactor, was used to read the inner temperature.

After reaction, the reaction products were cooled down to room temperature by means
of a cooling system constituted by a heat exchanger with a solution of water and ethylene-
glycol at -1.0°C powered by a refrigeration cycle. Then, a back-pressure regulator
TESCOM" 26-1721-24A was used to expand the products to room pressure. This appa-
ratus was used to keep the pressure at the desired value in all the units upstream the valve
itself. The valve was dynamically controlled by a compressed air regulator which received
the inline measure of the reactor pressure through a digital manometer and drove the head
of the back-pressure valve in order to keep the pressure constant at the desired set-point
(25 MPa).

After expansion, a three-way valve allowed to select the desired output (liquid or gase-
ous) for sampling (see Paragraph 7.2.2).

Four different water/glucose/phenol mixtures were considered for gasification exper-
iments. All of them presented a feedstock concentration of 5% on weight basis, the re-
maining part being Milli-Q water. However, the composition of the feedstock in each mix-
ture was varied, with increasing phenol contents. Table 7.1 reports the composition of the

mixtures used for the experiments.

Table 7.1 — Composition of the water/glucose/phenol mixtures used in the experiments (% wt.).

Mixture Water Glucose Phenol
Glucose 95 5.0 0.0
Glu/Phen 10% 95 4.5 0.5
Glu/Phen 20% 95 4.0 1.0
Glu/Phen 30% 95 3.5 1.5

For preparation, glucose monohydrate (Merck KGaA, Germany) and phenol for syn-
thesis, with purity higher than 99% (Merck-Schuchardt, Germany) were adopted.
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7.2.2. Sampling procedure and analytics

The plant was started only with water, put under pressure, and then very slowly heated
to the desired reaction temperature. This procedure was adopted in order to prevent the
risk that during the heat up phase biomass could polymerize, causing rapid reactor clog-
ging.

Only after the temperature had been reached (usually after 1-2 h), the feeding was
switched from water to glucose/phenol solution by means of a three-way valve. After that,
a waiting time between 20 and 150 minutes, depending on the flow rate, was observed be-
fore sampling, in order to reach steady-state conditions.

First, gas flow rate was measured by means of a water gasometer. Such measuring de-
vice was constituted by a bottle, filled with water, where another transparent pipe, open at
one side and closed on the opposite one, was immerged. Gas was able to bubble inside this
transparent pipe, starting to accumulate in the upper part of it and lowering the level of the
liquid meniscus, in the very same way as the apparatus used in Paragraph 5.2.2 (see Figure
5.1). The time required to produce a fixed volume of gas was measured with a chronome-
ter, allowing to obtain gas flow rate. For each experimental run, such measure was repeated
at least four times in order to ensure reproducibility and to get a reasonable experimental
errof.

Through the same device, gas was also sampled for subsequent analyses. A gas trap,
previously purged with nitrogen, was indeed connected to the aforementioned plastic tube.
The gas stored in its upper part flew into the trap, from where it was taken by means of sy-
ringe and injected in GC apparatuses. The analytic procedure of the gas is the same proce-
dure already presented in Paragraph 5.2.2.

After that, the three-way valve was switched and the liquid started dropping inside a
sampling vial, allowing a straightforward sampling. The sample underwent several analyses
to determine the amounts of several organic species, as well as other useful parameters
such as phenol index, COD and TOC. Table 7.2 summarizes all the performed measure-

ments and reports details about the analytical devices used to the purpose.

7.3. Results

In this Section, the results of the measuring operations are presented for both gaseous
and liquid phases. In some cases, data were fitted by means of mathematical functions, in

order to achieve useful quantitative information.
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Table 7.2 — Measuring devices adopted to analyze the liquid phase deriving from SCWG of glu-
cose/phenol mixtures in a continuous tubular plant.

Parameter Measuring device
Phenol HPLC VWR-Hitachi®

Column: Phenomenex Kinetex PFP

Detector DAD

Eluent: 7.6 ml H,PO, 85% and 12 ml NaHPO,
Furfural HPLC Merck-Hitachi®

Organic acids -
alcohols

Phenol index

Glucose, fruc-
tose

COD

TOC

Column: Merck LiChroCART® 250-4
Detector UV 290 nm
Eluent: water/acetonitrile 90/10

HPLC Rezex ROA-Organic acids H+
Detector UV 110 nm (organic acids) and RI-
Detector L.-7490 (alcohols)

Eluent: 10* M H,SO,

Test LCK 346 by Hach Lange”

Enzymatic test by R-Biopharm® according to
DIN 10381

Test LCK 314 by Hach-Lange® (Germany)

TOC analyzer DimaTOC® 2000 (Dimatec, Get-
many)

7.3.1. Gas phase

In Figure 7.2a, specific gas production per unit feedstock fed is shown. Results show

that, evidently, as far as phenol is added to the reacting mixture, less gas is formed. For in-

stance, if results at 180 s reaction time are considered, gas yields go from around 80 ml/g

for pure glucose to around 50 ml/g when phenol constitutes the 30% of the feed.

Moreover, an observation of the experimental points trends allows distinguishing two

main phases through which gasification takes place. A first phase up to, approximately, 60

seconds, where gas production increases approximately linearly. After that, gas production

becomes more steady and the trend become substantially constant or only slightly increas-

ing.
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Figure 7.2 — Specific gas production for the supercritical water gasification of glucose/phenol mix-
tures at 400°C and 25 MPa. Points: experimental measures. Lines: fitting curves. (a) Gas production
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per unit feedstock; (b) Gas production per unit glucose fed.

In Figure 7.2b data of gas production are reported on a different scale. Rather than
considering gas production per unit feedstock, now gas production was divided by the
mass of glucose fed, thus neglecting phenol. Obviously, this leads to the same output for
pure glucose, but it increases the values for the other mixtures. The rationale behind this

choice is the hypothesis that only glucose contributes to gas production or, at least, it is the

major contributor.
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It can be seen that, though experimental points practically follow the same trend as in
Figure 7.2a, now the differences among the points are extremely reduced. Despite quite
small differences, different gas yields are conserved up to 60 seconds residence time. After
then, the experimental points become very close to each other and they start to overlap.

By observing the trends of the experimental points, it was decided to fit them through
a function of the form:

bx
c+bx

=a (7.1)

Such function tends to zero as x tends to 0; when x tends to infinite, y tends to the con-
stant value 4, which is thus the maximum achievable gas yield. Curve fitting was performed
by means of the software Microsoft Excel® through the minimization of the root of the
mean squared percentage error (RMSPE). The results of this fitting are reported in Table
7.3.

Table 7.3 — Results of the fitting for specific gas production (per unit mass of organics fed) from
supercritical water gasification of glucose/phenol mixtures at 400°C and 25 MPa.

Feedstock a b } c RMSPE Initia-l1 sl-?pe
[mlg] [s] [-] [%e] [mlg s7]
Glucose 120.3 5.55E-4  0.011 9.21 5.163
Glu/Phen 10%  79.3 527E-5 8.74BE-4 7.57 4.787
Glu/Phen 20%  75.7 -43E-4  -0.010  5.93 3.140
Glu/Phen 30% 61.6 -2.16 -50.50  6.71 2.641

A comparison among the values of the coefficient « allows to reproduce all the consid-
erations made: the addition of phenol causes lower gas productions. In particular, for
“Glu/Phen 30%” the maximum gas production is approximately half the one obtained for

pure glucose experiments. Moreover, the derivative of equation 7.1 gives:

dy abc

dx (c + bx)2 (7.2)
which tends to zero when x tends to infinite, but tends to «b/c when x tends to zero. This
value represents the initial slope of the curve, that is the initial gas production rate. The ini-
tial slope is always decreasing as far as phenol concentration increases, testifying that gas

production occurs with lower rates when less glucose is present in the mixture.
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The same elaboration was performed for the gas productions referred to only glucose,
thus without considering the phenol fed along with the mixture. The results are reported in

Table 7.4.

Table 7.4 - Results of the fitting for gas production (per unit mass of glucose fed) from supercriti-
cal water gasification of glucose/phenol mixtures at 400°C and 25 MPa.

Feedstock a ; b ; c RMSPE Initia-l1 sl-(l)pe
[mlg] [s] [-] [%o] [mlg s]
Glucose 102.3 554E-4  1.10E-2 9.22 5.163
Glu/Phen 10% 87.8 -2.87 -47.22 7.57 5.332
Glu/Phen 20% 94.7 -398E-3 -9.59E-2 593 3.927
Glu/Phen 30% 88.0 -2.17 -50.69 6.71 3.772

This time, looking at the values of 4, it can be seen that less differences are found. Pure
glucose still continues to yield the highest maximum amounts of gases, though now the dif-
ference is much lower than it used to be when results were referred to the whole organics
fed. As far as the initial slope is concerned, glucose and the mixture at 10% phenol show
similar values. The remaining two mixtures exhibit lower values.

In Figure 7.3 the measured gas composition is reported for each analyzed mixture,
showing only the most significant permanent gases: H,, CO, CH, and CO,. Other gaseous

species were not reported since their amounts were minimal.
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Figure 7.3 — Volume fractions of the gas produced in supercritical water gasification experiments
at 400°C and 25 MPa. (a) Glucose; (b) Glu/Phen 10%; (c) Glu/Phen 20%; (d) Glu/Phen 30%.

A result which is immediately observable is that the produced gas is mainly composed
by carbon monoxide and carbon dioxide. Taken together, they represent up to 90% of the
whole volume sampled. However, their mutual ratios vary throughout the test. At very low
residence times, the preferred product seems to be CO,. Then, as long as the reaction takes
place, CO is measured in increasing amounts, which overcome those of CO,. CO trend
appeats approximately steady, unless for Glu/Phen 30% (Figure 7.3d). Here, CO trend is
clearly decreasing and CO, appears to be symmetrical to it. A decreasing trend can be also
observed in Figure 7.3a for pure glucose, for the highest residence times points. The trends
of both CO and CO, show relatively large variations in the first part of the test, that is up

to approximately 60 seconds and, then, they become almost constant. This tendency is in
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line with what already said when commenting Figure 7.2, where higher gas production rates
were observed during the first minute of reaction.

As far as hydrogen and methane are concerned, their sum is approximately 10% of
the total gas volume. A trend for hydrogen can be only seen in Figure 7.3a, where H, is in-
creasing in the first 60 seconds of reaction. An opposed tendency is shown in Figure 7.3d,

with hydrogen concentration decreasing over time.

7.3.2. Liquid phase
Interesting results can be obtained through the analysis of the liquid phase. A first
worth-noticing result is the conversion of phenol, which is defined according to the ex-

pression:

¢, -Cl)
c (7.3)

0

X =

where C{?) is the concentration of phenol at time # and C, is the initial phenol concentra-

tion. Results are displayed in Figure 7.4
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Figure 7.4 — Conversion of phenol as a function of residence time for supercritical water gasifica-
tion of glucose/phenol mixture (T = 400°C, P = 25 MPa).

When increasing phenol concentrations are used in the reacting solution, this does not

change phenol conversion in any way. Trends are indeed substantially coincident, thus al-
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lowing to conclude that phenol concentration does not play any effect on phenol conver-
sion. In other words, it can be affirmed that, at the considered experimental conditions, the
reaction is zero-order with respect to phenol.

Data were fitted by means of a straight line, whose equation is:

X =0.0161+0.0775 (7.4)

The slope of this line represents the reaction rate of phenol. Thus, phenol conversion rate
can be estimated in 0.016 s'. However, such fitting would give phenol conversion of
around 8% at time zero, which is obviously not possible. This implies that, in the first se-

conds of reaction, significant higher conversion rates are obtained.
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Figure 7.5 — Total organic carbon (TOC) measured in the liquid after supercritical water gasifica-
tion of glucose/phenol mixtutes at 400°C and 25 MPa. (a) Measured TOC; (b) Relative TOC; (c)
TOC without phenol; (d) Relative TOC without phenol.
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An important parameter in the liquid phase is represented by the total organic carbon
(TOC). Through such parameter, it is possible to have an overall estimate of the organics
present in the liquid phase, although it does not allow to define which substances are actu-
ally present.

In Figure 7.5a the trend of the measured TOC is reported. The trends are always de-
creasing and the measured values appear to be increasing as far as higher phenol concentra-
tions are fed within the mixture. Figure 7.5b reports the same data but in relative form, that
is after normalizing them by the TOC of the original solution fed. The three curves now
appear to be much more grouped, showing similar TOC conversions. It is worth-noticing
that TOC conversion exhibits two different slopes. Up to about 40 seconds, the trend is
linear and quite steep, indicating very high removal rates. Then, for higher residence times,
lower TOC removal rates are shown.

As witnessed by Figure 7.4, phenol conversion throughout the experiment is not very
high, and it does not exceed 50%. As a result, high quantities of phenol are present in the
liquid, deriving from the original feed. It was therefore decided to subtract the TOC due to
phenol from the total TOC, thus obtaining a new parameter, which was plotted in Figure
7.5c. Now, much more difference is obtained: if the unreacted phenol is subtracted from
TOC, the four curves are clearly distinguished. This can be a clear consequence of the fact
that, if phenol is subtracted, less feedstock is fed as long as phenol concentration in the
mixtures increases (and, as a consequence, glucose concentration decreases).

However, Figure 7.5d reports the same data normalized by the initial TOC without
phenol. Results are quite different from the analogue non-dimensional parameter of Figure
7.5b. Here, the trends still look differentiated, even though normalization was performed.
TOC removals are generally higher as far as phenol concentrations are increased. The solu-
tion with only glucose shows the lowest TOC removals conversion with respect to the oth-
er ones. Whenever this would suggest that more organic feedstock was gasified, a compari-
son with Figure 7.2 clearly shows that this higher TOC conversion does not imply higher
gas productions, even if such productions are referred per unit glucose (Figure 7.2b). It is
quite reasonable, thus, that the presence of phenol results in production of organic sub-
stances which were not considered in TOC and, possibly, created different phases not

sampled with the liquid.
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Finally, in Figure 7.6 the concentrations of some compounds found in the liquid are
reported. The most significant compounds were selected, in order to show the possible re-
action pathways.

In Figure 7.6a, b and ¢, 5-hydroxymethylfurfural (5-HMF), furfural and methylfurfural
are shown. These compounds all belong to the family of furfurals, heterocyclic compounds
with four atoms of carbon and one atom of oxygen, which are commonly produced from
glucose gasification [40]. 5-HMF and furfural have similar trends. They are both decreasing
with reaction time and the concentrations found in the liquid are proportional to glucose
concentration in the feed. On the other hand, methylfurfural presents an opposite behav-
ior, being it produced as far as the reaction takes place. However, concentrations of
methylfurfural are much lower than those of the two previously considered compounds.

Figure 7.6d and Figure 7.6e show the trends of glyceraldehyde and glycolic acid. They
are both intermediates of glucose decomposition in supercritical water, as it is possible to
observe in Figure 1.7 and in [40, 43]. In particular, the mechanism of glucose degradation
would foresee that glyceraldehyde is first produced from glucose hydrolysis and, then, gly-
colic acid is produced from its further degradation. The observed trends seem to confirm
this hypothesis. Indeed, it is possible to notice that glyceraldehyde has a decreasing trend,
and it tends to zero at higher residence times. On the other hand, glycolic acid shows an
opposite behavior, as it is produced when glyceraldehydes is consumed. Some relevant dif-
ferences can be observed among the different reacting mixtures. Again, the trends follow
the glucose concentrations in the feed (except for Glu/Phen 10% in Figure 7.6d). By the
way, it is remarkable observing that, in the experiments with only glucose, sensibly higher
concentrations of both compounds were observed.

Figure 7.6f presents the production of methanol. First of all, it can be noticed that
much higher concentrations are observed with respect to all the other compounds consid-
ered, even one order of magnitude greater. Methanol is thus the most present compound in
the liquid phase, if phenol is not considered. Looking at the trend, the shape of the curve
exhibits a maximum point occurring at around 60 seconds. Methanol is thus formed during
the first phase of gasification and is consumed afterwards. Again, more methanol is pro-
duced when more glucose is present, but when pure glucose is adopted considerably higher

methanol amounts are obtained, up to 22 g/1.
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Figure 7.6 — Concentration of some compounds found in the liquid phase after supercritical water
gasification of glucose/phenol mixtures at 400°C and 25 MPa. (a) 5-Hydroxymethylfurfural; (b)
Furfural; (c) Methylfurfural; (d) Glyceraldehyde; (e) Glycolaldehyde; (f) Methanol.

7.4. Discussion
The results presented in Paragraph 7.3 enable to make some considerations about glu-
cose and phenol gasification in supercritical water at 400°C. Such discussion involves the

role of phenol as well as the general mechanism of glucose gasification.
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A first thing to be discussed concerns quantitative gas production. It was shown that,
by adding phenol to the reacting mixture, the amounts of gas produced become smaller.
There are two possible ways to explain this phenomenon. A first possibility could be that
phenol plays an active role in inhibiting gasification. Therefore, glucose conversion is not
able to take place to the same extent as it would happen without phenol. On the other
hand, the lower amounts of gas produced could be merely explained because less glucose is
fed. In this case, phenol would not play any real inhibition role, but it should be only re-
garded as a sort of inert. Of course, the two approaches are not mutually exclusive.

Figure 7.2 would allow to say that the latter hypothesis has a higher weight. Indeed,
when phenol is simply not considered and the results are referred only to the glucose fed
(Figure 7.2b), the four series of experiments give much similar results, especially for longer
reaction times. The inhibition effect is also present and it can also be appreciated (see Para-
graph 7.3.1 and Table 7.4), but its effect appears to be smaller. This hypothesis is also sup-
ported by gas composition (Figure 7.3), which is practically the same for all the four con-
sidered feeds.

According to this theory, phenol is thus only an inert, not influencing gasification at all,
ot, at least, to a limited extent. It is not necessary that it is an inert in the strict sense of the
word, i.e. a compounds not reacting at all. This definition would be contradicted by Figure
7.4, where it is clearly shown that phenol reacts, though with very low rates. Phenol could
be considered as an inert only with respect to the gas formation, meaning that its reaction
does not result in gaseous products.

However, the observation of TOC reveals that the addition of phenol causes an in-
crease in phenol-free-TOC relative conversion (Figure 7.5d): organics are removed from
the liquid phase with higher percentages. On the other hand, the specific production of gas
does not show any higher gas production for glucose/phenol mixtures when compared to
pure glucose. A possible explanation is that phenol actually interacts with some intermedi-
ates from glucose gasification to form some products which are not found in the liquid
phase anymore. It could be that the interaction with such products is responsible for the
formation of tar and char, which could have stick on the reactor and pipelines walls and,
sometimes, were also visually observed (e. g. during reactor washing).

Besides the role of phenol, other considerations concern the general behavior of glu-
cose gasification. First of all, all the performed tests showed that two periods can be distin-

guished. In a first period, up to until 40-60 seconds, very high reaction rates are observed.
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Gas is produced with very high rates and, at the same time, TOC in the liquid is converted.
During this phase, glucose is completely consumed.

A quite surprising result among those presented in Paragraph 7.3.2 is the high concen-
tration of methanol that was measured in the liquid. It is known from the literature that the
degradation of biomass and model compounds first results in small organic molecules (al-
cohols, aldehydes, carboxylic acids, etc.), which are later further converted into permanent
gases or can polymerize to form tar and char [30, 174, 175]. To our knowledge, no work
has reported that, at the considered reaction conditions, methanol is the most present

compound in the liquid phase.
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Figure 7.7 — Postulated mechanism for glucose decomposition in supercritical water and formation
of methanol.

Methanol can be formed through different pathways. In Figure 7.7 a mechanism for
glucose decomposition in supercritical water is reported. The formation of compounds de-

riving from glucose decomposition, such as glyceraldehyde, glycoaldehyde, erythrose and
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glycolic acids (reactions 1, 2 and 3), was taken from the existing literature [40, 43, 44]. The
other reactions were postulated, accounting for the typical reactions taking pa lace in hy-
drothermal environment. Three possible ways for methanol production are individuated.
Methanol could be formed from reaction number 4, that is by decarboxylation of acetic ac-
id (or glycoaldehyde), where such acid loses its carboxyl group producing CO,. Another
pathway is shown by reaction number 5, that is the hydrolysis of glyceraldehyde, forming
methanol and one molecule of glycolic acid. Such compound can undergo a
decarbonylation reaction, producing another molecule of methanol and CO. As it can be
seen, methanol represents a very important node of the decomposition mechanism of glu-
cose.

Formation of large amounts of methanol could be a possible explanation to the fact
that reaction rates become very low after the first 40-60 seconds. Methanol, indeed, is
known to be very difficult to gasify at 400°C. Boukis e# a/. report that, after 100 seconds at
400°C, a conversion of less than 22% was obtained by gasifying a methanol solution at
26.2% wt. [50]. Methanol gasification is usually performed at much higher temperatures
(600-700°C), where very high rates are established and approximately total conversions can
be achieved.

By the way, methanol refractoriness to gasification would suggest that its concentration
should remain stable. Vice versa, the experimental trend shows a typical intermediate be-
havior, with an evident peak. This means that methanol, after being formed through the
aforementioned reactions, is somehow depleted. Since TOC, from 60 seconds of residence
times ahead, does not change in a relevant way and, at the same time, gas production is un-
changed, the only conclusion can be that methanol is transformed into other soluble com-
pounds, contributing to TOC.

In particular, it can be hypothesized that methanol interacts with other compounds, for
example allowing them to polymerize. Since all the molecules of simplest organics were
measured, and no increase was registered for them, methanol could have been involved in
the formation of polymers. To this purpose, it is relevant to cite the studies of
Chuntanapum and Matsumura, who gasified 5-HMTF, a precursor of char [52, 53]. The au-
thors observed that 5-HMTF alone does not produce any char when gasified at supercritical
conditions. They thus concluded that char is likely formed through the interaction of 5-
HMF with small organic molecules in the liquid phase. Turning back to the present study,

methanol could have been involved in polymerization reactions with 5-HMF (which is
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consumed) and with other molecules. Further analyses are needed to proof this hypothesis
in a rigorous way.

The fact that methanol is one of the most important intermediates opens new perspec-
tives in the design of SCWG plants. The mechanisms of methanol reactions in supercritical
water are indeed already known (see Chapter 3 and [51, 121, 172]). This would help finding
the appropriate reaction conditions to enhance gasification yields. To this purpose, further
research is needed, with special concern to the study of the interactions between methanol

and other organic compounds originating from biomass degradation.

7.5. Conclusions

In the present Chapter, supercritical water gasification of glucose/phenol mixtures was
executed in a continuous tubular plant at 400°C and 25 MPa. Four different mixtures with
increasing phenol contents were tested over a range of reaction time between 10-240 se-
conds and both gaseous and liquid products were sampled and analyzed.

Results showed that phenol actually plays an inhibition role on glucose gasification, but
this effect seems to be quite small. At the considered reaction conditions, it is more likely
to think that phenol acts as a sort of inert with respect to gasification, being it converted
mainly to liquid products. Phenol probably interacts with other organic molecules in the
liquid phase also derived from glucose degradation. Further analyses are required to deter-
mine which compounds are actually formed.

The analysis of the liquid products revealed that methanol is a key intermediate in glu-
cose SCWG at these experimental conditions. A reaction mechanism for glucose SCWG
was postulated which stated that it could derive from many reaction pathways. This infor-
mation could help to better understand the way SCWG works and to increase gasification
yields, e. g. by using appropriate catalysts. Further work should be carried out to describe
the reactions of methanol with other compounds that compete with gasification in the con-

sidered experimental conditions.
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Final remarks

This work considered several aspects of supercritical water gasification of biomass, tak-
ing into account both mathematical modeling and experimental aspects.

The first part was devoted to mathematical modeling activities about SCWG, involving
equilibrium, kinetics and process modeling.

A thermodynamic equilibrium model was developed for the supercritical water gasifi-
cation of biomass, following the approach of non-stoichiometric modeling, based on Gibbs
free energy minimization. The model was able to deal with the formation of two phases at
equilibrium: solid and gas. The model allowed to foresee how the process parameters influ-
ence gasification outputs. A specific issue was to state if solid carbon can be foreseen at
equilibrium. The model stated that, though this possibility can be realized for some kinds
of biomass and for some operating conditions, carbon formation at equilibrium appears
quite unlikely. Indeed, for most biomasses, relatively high concentrations would be re-
quired, while, in practice, much lower biomass-to-water ratios are adopted (usually up to
30% wt.). Since solids are actually formed, as the experiments reported in this thesis work
clearly showed, it must be concluded that kinetics constraints prevent from achieving
thermodynamic equilibrium.

The same thermodynamic model allowed performing an energy analysis of the SCWG
of glycerol. Isothermal operations were considered, thus helping to quantify only the
amount of energy needed to sustain the reaction itself. Results proved that SCWG can be
an exothermal process. These results were very encouraging, since they revealed that
SCWG can be an effective process and paved the way for the subsequent process modeling
activities. The obtained results were the first to show SCWG energy behavior through a
non-stoichiometric model and were published in [157].

On the basis of these results, a more comprehensive modeling activity was established,
developing and simulating a possible layout for a full-scale SCWG plant. In this way not
only the (exothermal) SCWG reaction was taken into account, but all the other unit opera-
tions, such as pumps, heat exchangers and separators, were considered. The results proved

that a SCWG process aimed at hydrogen production can be self-sustainable, when biomass
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concentrations above 15-25% wt. are adopted. This piece of information is very important
for engineering the process, in order to go from its current laboratory scale application to a
future possible industrial exploitation. The results of this study were published in [165].

Moreover, the analysis enabled to find the process bottlenecks. One of them is consti-
tuted by the heat exchangers, whose efficiency is crucial to ensure process sustainability and
whose design should be thus carefully optimized for this application. Another point which
revealed to be very important, is the energy demand for cooling down the reaction prod-
ucts, which turned out to be very significant. In the considered case a cooling tower was
proposed, but the necessity to think about cooling is a new and original issue that has not
been addressed by the existing literature. Other technical issues are those related to the
pumpability of a solid-liquid mixture at high pressures, which could be technically difficult,
and to ashes collection and disposal. All these possible bottlenecks should be further stud-
ied: their overcome would allow SCWG to be proposed as an effective way to produce hy-
drogen from waste biomass in a very efficient way.

Modeling activities were also performed in the field of kinetics. To this purpose, a
novel approach was adopted, by considering elementary reaction models developed for
combustion and supercritical water oxidation and applying them to SCWG of methanol.
Though some discrepancies with the experimental data, possibly due also to unaccounted
catalytic effects, one of the investigated models (the one by Webley and Tester) was able to
describe methanol conversion in a quite satisfactory way. An analysis of such model re-
vealed the possible reaction mechanisms involved in methanol SCWG, which were sub-
stantially confirmed by other experimental works. Furthermore, an upgrade of Webley and
Tester’s model was proposed, based on increasing the rates of certain groups of elementary
reactions, obtaining a significant better agreement with the experimental results. Although
this was only a sort of “exercise”, this is a clue to address further efforts in methanol
SCWG kinetics modeling, which, in the future, should also account for a better description
of water-gas shift and methanation reactions, possibly including catalytic kinetics. The re-
sults of kinetics modeling were published in [172].

Though some relevant achievements were obtained in the field of SCWG modeling,
many further outputs can be envisaged for future studies. In the field of thermodynamic
modeling, it would be very interesting to pursue the so-called stoichiometric approach, thus
hypothesizing a small number of reactions and calculating the equilibrium for them. This

would help to understand the role of the single reaction steps involved in SCWG at varying
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operating conditions. For kinetics modeling, much work should be still done, trying to de-
scribe the mechanisms of gasification of other organic compounds and real biomass. A
useful tool would be to combine a simplified lumped model for the more complex sub-
stances and a more detailed approach to describe the transformations of the simpler ones,
which could constitute a good tradeoff for technical purposes. Kinetics modeling could be
also combined with computational fluid dynamics (CFD) techniques, thus creating a tool
for reactor design. In this way, also process modeling could be upgraded, considering other
issues like non-equilibrium conversions and thermal losses. Moreover, such approach
would allow an estimate for plant costs, that is a parameter of outstanding importance for a
practical realization of SCWG.

The second part of the work dealt with experimental tests. The activities were all con-
ducted at 350-400°C with pressures of 25-30 MPa, that is in subcritical and slightly super-
critical conditions. Tests were performed with different typologies of biomass and model
compounds, using both continuous and discontinuous reactors.

Batch tests with glucose were carried out, using micro-reactors made of different met-
als: stainless steel and Inconel® 625. This allowed to test the catalytic effects of reactor
walls, which turned out to have a significant influence on gasification yields. Stainless steel,
indeed, tends to promote hydrogen production, while Inconel® is effective in catalyzing
CO hydrogenation reactions leading to CH, and higher hydrocarbons. Moreover, at super-
critical conditions much higher gas productions were recorded. Direct observation of me-
tallic surfaces allowed to clarify the possible reasons why catalytic effects are still present
even after several hours of exposure to the reaction environment.

The same tests were carried out with beech sawdust. Results confirmed the catalytic ef-
fects of the reactor walls, but the differences between stainless steel and Inconel®™ experi-
ments were much slighter. An interesting analysis was the one conducted by performing
the elemental balances. This procedure showed that gasification operations caused the pro-
duction of water, which is thus a product rather than a reactant at the considered experi-
mental conditions. However, higher water production resulted from glucose than from
beech sawdust: this was attributed to the water uptake for cellulose hydrolysis.

Other real biomasses were also tested, possibly not belonging to the ligno-cellulosic
ones. One of them is hydrothermal char (HTC) that is the product of another process

based on hot compressed water: hydrothermal carbonization. Its usage as a gasification
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feedstock is completely novel in the literature. Results showed that hydrothermal char from
corn silage can be gasified, though with lower gas yields.

The batch reactor technology also allowed performing experiments with very long re-
action times. This is useful in order to acquire data to be compared with the forecast of
thermodynamic equilibrium models. A series of tests lasting for 16 hours was established,
involving different substrates: beech sawdust, hydrothermal char, municipal waste and malt
spent grains, a byproduct of brewery industry. Results showed that much lower gas produc-
tions than equilibrium are achieved. Differences between Inconel® and stainless steel were
also highlighted, though they occurred at a different extent for each substrate. Potassium
carbonate (K,CO;) was also tested as a catalyst and it caused higher gas productions. Its
catalytic activity was mainly explicated in hydrogen production, where values comparable to
equilibrium were achieved. Further work should be undertaken in order to better under-
stand the catalytic mechanism and how this interacts with the nature of the biomass fed.

A perspective that was sketched out is the possibility to use a ceramic reactor, that is a
vessel with an inner ceramic inlay, for supercritical water gasification of biomass. Such
choice would allow to reduce corrosion issues which are common for hydrothermal pro-
cesses and, consequently, the cost of the plants. Observation of the ceramic surface ex-
posed to reactions in supercritical water did not show any significant change or corrosion
phenomena, though a more systematic study should be established.

Turning back to model compounds, the behavior of glucose/phenol mixtures was
tested. Such practice is very important, since glucose and phenol are the model compounds
of cellulose and lignin, respectively. Such two macromolecules are the main constituents of
ligno-cellulosic biomass, thus tests with glucose/phenol may help to understand the behav-
ior of real biomass. To this purpose, both batch and continuous tests were conducted.
Batch tests were performed with mixtures at 15% wt. (overall concentration of organics in
water), whereof 75% was constituted by glucose and 25% by phenol. If compared with gas-
ification of pure glucose, results showed a general reduction in gas yields and an increase in
liquid organic products (TOC), though solid char productions were found to be substan-
tially similar.

Glucose/phenol mixtures were also investigated in a continuous tubular reactor. Such
configuration, indeed, is more similar to a possible real scale process and it allows repro-
ducing short residence times, useful to investigate the reaction kinetics in the first minutes

of reaction. Mixtures at 5% wt. of organic compounds, with increasing phenol concentra-
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tions (up to 30%), were used. Results showed that the addition of phenol causes less gas
production. Though a real inhibition effect is actually present, this phenomenon was at-
tributed to the lower availability of glucose, assuming that phenol is substantially inert, with
regard to gas production. Phenol actually gets converted, but with very low rates.

An interesting point resulting from these experiments was the analysis of the liquid
species. Through it, it was possible to observe that methanol is one of the most abundant
products in glucose SCWG at 400°C. A reaction mechanism, partly based on the existing
literature and partly postulated, was proposed in order to justify methanol production. Fur-
ther work is required to better prove these assumptions and to validate the model. On the
other hand, the fact that methanol is an important node in glucose degradation mechanism
enables to produce an even more detailed reaction scheme. In this work, indeed, methanol
degradation pathways have been already explored through mathematical modeling and thus
they are known. Combining the two models would allow producing a powerful mathemati-
cal tool to describe glucose degradation reactions in a more satisfactory way.

In conclusion, this work has presented several aspects of SCWG and it has shown that
such technology is potentially very effective. Nevertheless, it is also quite complex, since
there are many aspects to be considered at the same time. SCWG actually needs much
more scientific and technical work in order to be fully developed and applied to real scale.
My personal wish is that, in the future, further research could be devoted to supercritical
water gasification, as well as to other hydrothermal processes for biomass energy valoriza-
tion. Biomass can be the oil of tomorrow: refining it into energy means to ensure next gen-
erations the possibility of a clean and sustainable development, not depending on fossil re-
sources anymore. Doubtless, this is a big challenge. A challenge that, in my opinion, we can

win. One day.
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