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Humankind is facing several critical problems, such as climate change, increasing
population, lack of energy, and increasing amounts of waste. The majority of researchers
agree that fossil fuels have a big effect on the climate change, so alternative energy sources
and fuels are under constant development.

Gasification offers a good solution for both energy crisis and on increasing rate of waste
production. A gasifier can practically utilize any carbon-containing fuel. Gasifying process
converts the fuel into a synthesis gas, which can be converted into more valuable end
products via different refining processes.

The thesis goes superficially through different gasification methods, gasification
technologies, and syngas refining processes. The thesis contains also simple synthesis
process models for each synthesis process, modelled via Aspen Plus — modeling tool. The
models give out an estimation for heat flows, mole conversion rate, and mass conversion
rate within the synthesis processes.
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Ihmiskuntaa uhkaa talla hetkelld useampi suurempi ongelma, kuten ilmastonmuutos,
kasvava véest0, energiapula ja jateongelma. Suurin osa tutkijoista on yhta mieltd siita, etta
fossiilisilla polttoaineilla on suuri vaikutus ilmastonmuutokseen, joten vaihtoehtoisia
energiantuotantomuotoja ja polttoaineita ollaan koko ajan kehittdmdssa ihmiskunnan
tarpeisiin.

Kaasutus tarjoaa hyvén vaihtoehdon niin energiaongelmaan kuin jateongelmaan. Kaasutin
pystyy kéyttdmaan kaytannossd mitd tahansa hiilipitoista polttoainetta. Kaasutus muuttaa
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Greek characters

1-a

energy
molar enthalpy
pre-exponential reaction rate constant
chemical equilibrium constant
Kinetic constant of reaction i
Lower Heating Value

the length of the hydrocarbon
pressure

partial pressure

mass flow rate

the universal gas constant
reaction rate

temperature

voltage

volume

specific volume

vapour content

chance the chain-growth terminates

the chain growth probability

[kJ, MJ]

[kJ/mol]

[MJ/kg]
[-]

[bar, Pa]
[bar]
[kg/s]
[I/kg K]
[-]

[°C. K]
[Vl

[m’]

[m®/kg]

[-]
[-]



p approach to equilibrium [-]
Peat catalyst density [kg/m?]

A air ratio [-]

Dimensionless quantities

ER Equivalence ratio
A coefficient for driving force constant in LHHW Kinetics
B coefficient for driving force constant in LHHW kinetics

Superscripts

a reaction order of a component
b reaction order of a component
c reaction order of a component
d reaction order of a component
Subscripts

1 inflow

2 outflow

a activation

DAF dry, ash free

eq equilibrium

f formation

f fuel

g gas



| liquid

oxidant oxidant
stoichiometric oxygen demand for stoichiometric combustion
th thermal

Abbreviations

-CHz- A building block for longer hydrocarbons
ASF Adams-Schulz-Flory

BFB Bubbling Fluidized Bed

BFBG Bubbling Fluidized Bed Gasifier
CCS Carbon capture and storage

CFB Cycling Fluidized Bed

CFBG Cycling Fluidized Bed Gasifier
CHP Combined Heat and Power

Cn Carbon chain

CxHy Carbon hydrogen

CO Carbon monoxide

CO2 Carbon dioxide

EF Entrained flow

FB Fluidized Bed

FBG Fluidized Bed Gasifier

H> Hydrogen

HTWGS High temperature water gas shift

LHHW Langmuir-Hinshelwood-Hougen-Watson - mechanism



LTWGS Low temperature water gas shift

MSR Methane steam reformer
MSW Municipal Solid Waste
N2 Nitrogen

02 Oxygen

RDF Refuse Derived Fuelr
RWGS Reverse Water Gas Shift

WGS Water Gas Shift
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1 Introduction

There are over 8 billion people on this planet (Worldometer, 17.11.2022), in the year 2019
the number was 7.7 billion and it is predicted to increase to 8.5 billion in 2030, and 9.7
billion in 2050 (United Nations, 2019). The rapid increase in population has led, and will
lead, to increase in urbanization (Singh, 2015), which in part has led to large increase in
municipal solid waste (MSW) production (Harris-Lowett et al., 2018), from
0.5 kgwaste/person/day to 1.7 kgwaste/person/day in a timespan of a few decades
(Ramayah et al., 2012).

Global energy consumption has also increased over 8 times higher than what it was 100
years ago, as illustrated in Figure 1 (Ritchie et al., 2022). It also showcases that the majority
of energy consumed is still produced with fossil energy sources, such as oil and coal, which

in turn increase the rate of climate change.

Other
renewables
Modem biofuels
Solar

Wind
Hydropower
Nuclear

Natural gas

160,000 TWh
140,000 TWh
120,000 TWh
100,000 TWh

80,000 TWh Oil
60,000 TWh
40,000 TWh

Coal

20,000 TWh

Traditional
biomass

0 TWh »‘ : |
1920 1940 1960 1980 2000 2021

Figure 1. Global primary energy consumption by source (Ritchie et al., 2022 / ourworldindata.org, 17.11.2022)

On the other hand, constantly intensifying climate change has driven up need for renewable
energy sources for electricity and transportation fuel markets, as also pictured in Figure 1.
According to Sieminski (2013), the population growth and simultaneously increased
standard of living are the main cause for estimated 56 % increase of global power demand
between years 2010 and 2040 (Sieminski, 2013).
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Municipal solid waste offers multiple advantages in energy recovery, like providing local,
renewable energy simultaneously decreasing the amount of waste dumped in landfills. and
decreasing the demand for fossil fuels. These things have a positive impact on carbon
emissions since waste-to-energy conversion processes decrease the methane emissions from
landfills (Smith et al., 2001). Carbon emissions to atmosphere will remain the same, but
effect on the atmosphere and on the rate of climate change will be considerably decreased
since methane has 25 times higher effect on climate change rate than what carbon dioxide
has (Yvon-Durocher et al., 2014).

Increasing energy demand, environmentally friendly and practically unlimited amount of
waste present a huge opportunity for waste derived energy and fuels in the future, such as
hydrogen and biodiesel. Especially in the western world, the energy crisis is showing now
as the Ukrainian war has stopped the cheap energy coming from Russia. Gasification of
municipal solid waste and refining of the syngas into more usable and valuable end products

is promising solution for the energy crisis and increasing piles of waste.

The aim of this master’s thesis is to calculate preliminary the heat - and mass balances with
Aspen Plus — modelling tool for four different syngas refining synthesis processes, including
the suggested improvement recommendations of syntheses models and the comparation of

different synthesis yields and heat flows.
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2 Municipal solid waste

Municipal solid waste, or as commonly called, garbage or trash, is defined as waste collected
by the municipality or disposed of at the municipal waste disposal site. MSW includes
commercial, industrial, institutional, municipal, residential and construction and demolition

waste (Hoornweg et al., 2015).

As stated in the introduction, in the year 2012, people produced waste with rate of 1.7
kgwaste/person/day. Historically, the most used waste disposal method has been, and still is
the open dump disposal, but it has been developing towards more sustainable and
environmentally friendly ways (Kaza et al., 2018). Global waste treatment and disposal

methods in percentages are shown in Figure 2.

percent

Composting m Sanitary landfill (with landfill gas collection)
Incineration Open dump
m Controlled Landfill Other

Landfill (unspecified) M Recycling

Figure 2. Global waste treatment and disposal (Kaza et al., 2018)

The amount of waste produced and how it is disposed is heavily depended on the region and
wealth of population in that region. MSW generation increases alongside urbanization, and
urbanization increases alongside regions wealth. Hereby wealthier regions generate notably
more MSW per capita than on poorer regions. in the future, the increase in generation of
waste and population are expected to be higher in poorer, not so urbanized developing

regions (Kaza et al., 2018).
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2.1 Composition and properties of waste

According to Kaza et al. (2018), waste composition is also depended on the wealth and the
income level of the region. Lower income regions have larger share of waste in undefined
waste and food waste, meanwhile wealthier regions, which consume more goods, have larger
share of waste composition reserved for rubber, raw wood, and pulp derivative wastes, like
cardboard. The largest share is still food and green waste on every region not depending on
regions income level, but on which part of the production-consumption chain the waste is
produced varies between wasted food in high income countries to more production wastes
in low-income countries (Kaza et al., 2018). The average global waste composition is

presented in Figure 3.

percent

44%
5%
Food and green Other M Rubber and leather
Glass m Paper and cardboard Wood

® Metal Plastic

Figure 3. Global waste composition (Kaza et al., 2018)

Biodegradable wastes like waste food, greens and wood-based products are a good feedstock
for biogas production due their high carbon and hydrogen content (Ardolino et al., 2018).
The problem with them is with their high moisture and ash content, which lower the heating
value of syngas and combustion. Plastics have notably higher heating value since they are

petroleum-based material and have very low moisture content (Idumah and Nwuzor, 2019).
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2.2 Pre-treatment of waste

Raw, untreated municipal solid waste can be used as a fuel in an incineration boiler, in a
gasifier, or in a pyrolysis chamber. However, since MSW is highly heterogeneous mixture
of different particle sizes and components, and it has high moisture content, combusting, or
gasification of untreated MSW is not as profitable. This creates need for pre-treatment of
MSW into a Refuse Derived Fuel (RDF), which according to Nasner et al. (2017) is “a fuel
easily burnt in a combustion chamber.” Usually MSW has Lower Heating Value (LHV)
varying between 12.1 MJ/kg and 22.5 MJ/kg (dry, ash free (DAF)), which is notably lower
than in RDF, where LHVpar ranges from 16.1 to 22.5 MJ/kg (Nésner et al., 2017).

According to Bain (1979), there are six steps of pre-treatment of MSW: preliminary or
primary shredding, separation of inorganics from organic material, drying of organic
fraction, secondary shredding, densification, and chemical treatment. The six steps of MSW

pre-treatment is illustrated in Figure 4 (Bain, 1979).

Organics to
Landfill Shredded
* Organics
(1in)
Municipal . Pell
Solidp — Primary Inorganic Drying Chemical Pelletizer elletized
Wast Shredding Separahono,gan_ Treatment > Organics
e Jics L (% 10 2 in. Pellets)
Nonorganics Secondary Secondary
Shredding Shredding
Iron -
Aluminum «e— Byproduct
Recovery
Glass -
l Ground Ground, nonfibrous
Organics Organics
Inorganic

Wastes

Figure 4. Processing chart of Municipal Solid Waste (Bain, 1979)
Two main functions of the primary shredding are to reduce the particle size into more
uniformed and manageable size and to not add any or to add minimum amount of water

possible into the waste feed. Adding little to no extra water minimizes the need of energy
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for later drying operations, while smaller particle size makes the separation of inorganics
(metals and class) from organic waste and combustion process much easier and efficient. To
maximize the recovery rate of the inorganics from MSW, desired sized material should be
removed from the shredder as quickly as possible. Maximizing the recovery of inorganics
also minimizes the ash content of the organic fraction, increasing the heating value
(Bain, 1979; Nasner et al., 2017).

MSW contains fraction of inorganics, mainly different metals and class, it is important to
separate that fraction from combustible fraction of waste. This operation also increases the
combustion efficiency and LHV by decreasing the ash content of MSW, meanwhile enabling

more efficient recovery of valuable metals (Nasner et al., 2017).

Drying crushed MSW extracts the excess moisture in it, increasing its heating value. Dryer
can also be located before shredder to reduce the need of energy but need of it depends

strongly on the moisture content of the raw MSW (Bain, 1979; Nasner et al., 2017).

Densification, or briquetting, is one of the last two pathways of RDF production. After
drying, separating the organics and inorganics from each other, and milling the MSW into a
small, uniformed size by two mills, the milled MSW is compressed into briquettes.
Briquettes have very high bulk and energy density, low moisture content and ash content,
and thus are capable to be used as a fuel even in a boiler designed to burn coal (Bain, 1979;

Consonni and Vigano, 2012).

The aim for chemical treatment and modification is to break down the lignocellulosic fibres
in the organic biomass, separating cellulose, hemicellulose, and lignin via small amount of
inorganic acid. This step is not required for gasification, but it does help later stage secondary

shredding cutting down its cost (Bain, 1979).

2.3 Waste gasification

When the RDF, or any other biomass particle is rapidly heated at high temperature over
600 °C, up to 80 % of dry mass of biomass is converted into organic vapour and permanent
gases. All is left is variable amounts of char and solid mineral ashes (Materazzi et al., 2013).
According to Gomez-Barea et al. (2010), 90 % of devolatilization of waste happens in

milliseconds. In devolatilization solid carbon is separated from other compounds like water
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and non-condensable gases. The rest of RDF gasification, consisting mainly heterogeneous
reactions, take one to two orders of magnitude longer time to devolatilize (Gomez-Barea et
al. 2010).

Municipal solid waste is a valid choice for gasification feedstock after the pre-treatment
processes. As stated, the biggest difficulties come with heterogeneity of MSW and with the
high moisture fraction and ash fraction from dry biomass, lowering the heating value and
gasification efficiency. High temperature gasification in a fluidized bed gasifier can lead to
melting of the bed material by the smelting of alkalis in the MSW.
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3 Gasification

Gasification is a thermochemical conversion method, which is used to produce high-value
syngas from biomass or fossil fuel. Syngas contains hydrogen, carbon monoxide, carbon
dioxide, methane, and light hydrocarbons. Other compounds obtained from the process
include char and tars. Due the versatility of the technology, all kinds of biomass are
acceptable as fuel (Kundu et al., 2018; Li et al., 2022).

The gasification process consists of five subprocesses: dehydration of biomass, pyrolysis,
cracking, reduction, and combustion (Kundu et al., 2018). Gasifier uses heat to dry up the
fuel and devitalization to gasify the evaporating compounds in the fuel, until only part of the
fuel left is carbon in form of char. The leftover carbon is gasified by combusting it in under-
stoichiometric conditions with gasification agent, meanwhile also forming hydrocarbons by

removing oxygen atoms (Huhtinen et al., 1994b).

3.1 Gasifier technologies

Gasification of biomass can be done with multiple different gasifiers: downdraft -, crossdraft
-, and updraft gasifiers, which are fixed bed gasifiers, fluidized bed - (FB), and entrained
flow (EF) gasifiers (Sumitomo SHI FW, 2021). There are also technologies utilizing dual
fluidized bed, plasma, and crossdraft fixed bed, which is form of downdraft gasifier, in
gasification process (E4Tech, 2009), but those technologies are not discussed further in this

thesis.

Each gasifier technology has its own strengths and weaknesses and the selection of the
gasifier technology used is based on the size of the operation, and the properties of the fuel.
The main differences between gasifier types can be found in the gasification agents, type of
injection (where the fuel is fed from), how the fuel is moved through the reactor, heating

type, operation temperature - and pressure ranges (E4Tech, 2009; Chhiti and Kemiha, 2013).
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3.1.1 Fixed bed gasifiers

Fixed bed gasifiers are divided into two sub-categories: downdraft gasifier (Figure 5) and
updraft gasifier (Figure 6). Main differences between fixed bed gasifiers are found in the
currents of syngas and oxidant, quality of produced syngas, fuel quality tolerance, and
gasifier’s power level (Beenackers and Manitatis, 1997). Downdraft and updraft gasifiers
are also known as co-current and counter-current gasifier. Naming is done by the way the
syngas is drafted out (Chhiti and Kemiha, 2013).

L~ N

......................................

-+ Air

Gasification

Figure 5. Schematic of a downdraft gasifier (Basu, 2010)
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Biomass

Pyrolysis

Gasification

Grate

Steam plus air ——»
E r\Ash

Figure 6. Schematic of an updraft gasifier (Basu, 2010)

As illustrated in Figure 5 and Figure 6, the fuel feed into a fixed bed gasifier is done from
the top of the reactor onto the grate. Fuel is moving through the reactor by the impact of
gravitation, so gasifiers have multiple different reaction zones with varying temperatures
(E4Tech, 2009). After fuel is fed in the reactor, it starts to dry up, and sinks into the
gasification zone, where volatile substances are evaporated, and tars and char are formed.
Tars and char move downwards to gasification zone, and depending on the gasifier
technology, syngas moves ether towards top of the reactor, or towards bottom of the reactor.
Tars and char end up in the combustion - and oxidation zone, where char is oxidized and tars
are cracked down, forming carbon compounds of syngas. The unreacted portion of fuel is

flows on the bottom of the reactor in form of ash (Basu, 2010; Kundu et al., 2018).

A downdraft gasifier is a co-current reactor, where gasification agent and fuel flow at the
same direction. Gasification agent is fed on the reactor at a certain height below the fuel
feed. Itis a good application to produce relatively clean, high quality syngas due tar cracking
under high temperatures, but it also requires a secondary heat recovery system because
syngas exits at approximately temperature of 700 °C (Basu, 2010; Chitti and Kemiha, 2013).
High heat of syngas does not mean that output energy would be high. A downdraft gasifier

is an excellent application for small scale power generation, because throat of the gasifier
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cannot properly be scaled up, limiting the power level to 1 — 2 MW4,. Although the tar
content is low in co-current gasifier, tars are more stable than in an updraft gasifier, which
may still cause problems in tar removal (Beenackers and Manitatis, 1997). A downdraft
gasifier can use both biomass and charcoal as fuel, but it must be dried to low moisture
content and particle size should be relatively small (Basu, 2010).

An updraft gasifier is the oldest and simplest gasifier technology. It is also known as a
countercurrent gasifier because fuel and oxidizing agent are flowing in different direction.
A crossdraft gasifier is suitable gasification technology for poor quality fuels, with high
moisture and ash content. Oxidizing agent is fed in the reactor from the bottom, and after
reacting with the fuel, syngas exits from the top of the reactor. Because syngas passes
through the bed, pyrolysis and drying processes use some of the heat, and syngas cools down
from around 1000 °C to quite low temperature, around 500 °C. (Basu, 2010; Chitti and
Kemiha, 2013). Low exit temperature of product gas leads to high thermal efficiency and
makes an updraft gasifier a good technology for small-scale heat production, up to 10 MWt
(Beenackers and Manitatis, 1997). Low exit temperature does not crack tars formed in
pyrolysis process efficiently and leads to high tar yields, which needs an extensive clean-up
process (Kundu et al. 2018).

3.1.2 Fluidized bed gasifier

Fluidized bed gasifiers (FBG), like FB boilers, are divided into two subgroups: bubbling
fluidized bed gasifier (BFBG) and circulating fluidized bed gasifier (CFBG) (Figure 7).
Velocity of the fluidizing air or gasification agent, size of bed sand and particle size of fuel
and most importantly, the structure of the gasifier chamber are the most important
characteristics separating BFBG and CFBG from each other (Basu, 2010; Pefia, 2011). On
other words, the division is based on the same attributes than in boilers. The thermal power
of the FBG also has effect on the gasifier type, but that is usually a side issue, since prior

mentioned factors have more weight in this matter.
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Figure 7. Schematic of a circulating fluidized bed gasifier (Sumitomo SHI FW, 2021)

Fluidized bed gasifiers work much alike FB boilers. In a FBG, a primary air fan is used to
blow the gasification agent through a very fine grained catalytic or an inert sand bed. Bed
material is fluidized into the turbulent state, which creates an even distribution of
temperature and is used to transport heat and mass through the reactor. Turbulent flow of the
bed has an average operation temperature of 700 — 900 °C and pressure range varies between
0 (atmospheric) — 70 bar (Chitti and Kemiha, 2013). In theory, the bed temperature could be
higher, but then the alkalis and ash start to sinter, causing bed material to melt and process
to be shut down (Huhtinen et al., 1994a). Another big disadvantage of fluidised bed gasifiers
is their relatively high tar content and ash content in the syngas flow. Tar content is around

10 g/Nm?, which is between a crosscurrent - and co-current gasifiers syngas tar content
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(Milne et al., 1998). In real world application the tar content is considerably higher, even

near 100 g/ Nm? in the worst case scenario.

A BFBG uses coarser sand and slower fluidizing velocity than CFBG, so a BFBG is more
often used for medium-size operations (<25 MWh), and a CFBG is typically chosen for large
scale operations (>100 MW4,) (Basu, 2010). On the other hand, a BFBG has simpler design
than a CFBG, since it does not have need to separate circulating solids and syngas from each
other and rotate the solids back in the boiler. A CFBG has higher fuel quality demands than
a BFBG, preferring woody biomass. Less optimal fuels, like peat, bark and straws are also
sometimes used and different wastes and plastics have been tested. A BFBG has a wide
range of fuels it accepts and can tolerate even 150 mm large fuel particles, meanwhile a
CFBG is demanding fuel particle size to be approximately under 50 mm. Both reactor types
prefer fuel to be dried to around 10 — 15 % moisture content but can both reactor types can
also operate with wet feedstocks (E4Tech, 2009).

3.1.3 Entrained flow gasifier

An entrained flow gasifier (Figure 8) has the strictest feedstock quality requirement of
gasifier technologies. An EF gasifier is a very good option for gasification of coal, because
it can be slurry fed in direct gasification mode, making solid fuel feeding at high-pressure
inexpensive. Coal is crushed to dust, approximately particle size of 50 — 100 um (Knoef,
2005). It can also use wood as a fuel, and RDF pellets, sorted MSW, sewage sludge, straws
and grasses have been tested as feedstock (E4Tech, 2009). As coal, biomasses are also
crushed to dust, but their particle size can be up to 1 mm across, but then the feedstock feed
system must be changed from pneumatic feeder to screw feeder (Van der Drift et al., 2004).
Because an EF gasifier has a very short residence time, feedstock must be crushed to dust
and dried up to quite low moisture content to maximize the gasification efficiency (E4Tech,
2009; Chitti and Kemiha, 2013).
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Figure 8. A schematic of a top-fed downflow entrained-flow gasifier. (Basu, 2010)

As illustrated in Figure 8, the fuel is fed in the reactor from the top with co-current flow of
pressurized oxidizing agent. High contact surface and small particle size leads to very short
reaction times in a dense particle cloud in high temperature, well over 1000 °C and very hot
syngas must be cooled down in downstream processes, for example with a superheater
(Basu, 2010). High temperature cracks down nearly all tars formed in reactions, thus small
particle size and short residence time along with the temperature cause almost perfect
conversion of feedstock to clean syngas (E4Tech, 2009; Chitti and Kemiha, 2013). Ash
formed in combustion melts in high heat and flows down the reactor surfaces as slag, forming
protective layer from the heat. When the slag is discharged from the reactor, it is cooled

down into granules and disposed from the system (Boerrigter and Rauch, 2006).
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3.2 Gasification agents

Gasification process takes place in the presence of high temperature and gasification agent.
The most used gasification agents are air, oxygen, and steam. Oxygen cannot be used alone
as a gasification agent, but it is used in different oxygen-enriched blends (Sumitomo SHI
FW, 2021). The quality and proportions of compounds of syngas produced in the gasification
process depends on the gasification agent and amount of the agent, quantity of feedstock,
from the equivalence ratio (ER), which is defined with Equation 1 and is typically between
0.19 — 0.43, and the operating temperature (Shayan et al., 2018; Chen et al., 2020).

Moxidant
ER My 1)
- moxidant,stoichiometric (
mg
, were ER Equivalence ratio
Moxidant mass of oxidant used
mg¢ mass of fuel
Moxidant, stoichiometric mass of oxidant needed for stochiometric reaction.

3.2.1 Air

Air is the cheapest, and the most widely used option for gasification agent due the ease of
access (Saidi et al., 2020), but it also produces the poorest quality syngas. This is due large
nitrogen content in air, which as an inert gas, does not react with feedstock, thus needing
more air in the reactor and cooling the system down (Shayan et al., 2018). Temperature of
air does have an impact on reaction balance and product gases quality, higher inlet

temperature increases the yield and quality of syngas (Saidi et al., 2020).

A syngas produced with an air-blown gasification typically has higher heating value (HHV)
of 4 — 7 MJ/Nm®. By using oxygen enriched air, syngas b ecomes a little bit more valuable
(Schuster et al., 2001). Because air is mostly nitrogen, the syngas composition also has a

large proportion of nitrogen in it. The rest of the syngas consists of in order from the most
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amount to the least amount: carbon dioxide (COz), carbon monoxide (CO), methane (CHa),
hydrogen (H), and other carbon hydrates (CxHy) (Arena et al., 2014).

3.2.2 Oxygen-enriched

When using an oxygen-enriched gasification, the nitrogen dilution is avoided or at least,
diminished (Reed, 1981). It also means that the equivalence ratio must be on smaller side,
since high oxygen content will shift the gasification reactions balance from high CO
production to high CO. and closer to combustion. A syngas produced with an oxygen-
enriched air-blown gasification typically has HHV of 10 — 12 MJ/Nm?, where combustion
product, flue gas, has no residual heating value. The main products of oxygen-enriched air-
blown gasification are carbon dioxide and carbon monoxide, but it also produces 15 — 30
volume percentages of hydrogen. The CH4 production is very low or even none because the
agent has no hydrogen in it, so only hydrogen is from the feedstock and its reactions are left
low (Rauch et al., 2014).

An oxygen-enriched air-blown gasification is much more expensive option than an air-blown
gasification since oxygen must be produced by freezing air with liquid nitrogen, and thus
the cost for gasification agent can rise to be over 20 % of the overall electricity production
(Belgiorno et al., 2003).

3.2.3 Steam

Steam and oxygen enriched steam are used to produce high quality syngas, which HHV is
typically between 10 — 18 MJ/Nm?®. Steam shifts the gasification reaction towards hydrogen
production (Basu, 2010). Hydrogen is the main product of the steam gasification process,
but hydrogen in the steam reacts with feedstock and forms more methane than other
gasification agents. CO and CO account for approximately 40 — 50 volume percent of the
syngas (Rauch et al., 2014).

Steam negates little bit of forming of tars in the gasification, but it is also a good inert gas

for syngas cleaning, but it should be in low- to mid-pressured, and to some extent,
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superheated to prevent condensation problems, while the temperature should be at least

200 °C, depending on the pressure of the reactor (Palonen, 2018).

Prior feeding the steam into the atmospheric gasifier, the steam pressure is reduced to
0.5 -2 barg. This is done to ensure the safety of process, since gasifiers and fuel feed systems
design pressures are usually approximately 0,5 barg. The design of gasifier also always

includes safety relief valves, bursting discs and condensate removal system (Palonen, 2018).

3.3 Syngas purification processes

Waste derived fuel has high content of impurities, the syngas has also unwanted compounds
in it. Impurities cause catalyst sintering and poisoning, lowering the reactivity, so they have
to be removed prior the refining process. Homogeneous and heterogeneous impurities need
different purification methods. The impurities include mainly solids, halogens, alkalines,
acids, basic species, tars, and heavy metals. Solid impurities include mainly dust and fly ash.
Purification methods are divided in two main methods: mechanical separation and diffusion-
based separation methods. While diffusion-based separation processes are more effective on
homogeneous gas mixtures, mechanical separations methods, such as water scrubbing and
filtration, are used for separation of heterogeneous solid-gas mixture. Cyclones are used
often to separate larger particles from the syngas, but their effectiveness is reduced while
particle size gets smaller. Smaller particles in heterogeneous solid-gas mix are removed from
the syngas stream via wet scrubbers, ceramic candles, and sintered metal filters, which can
operate near the temperature of 800 °C (Pérez-Fortes et al., 2011).

The diffusion-based separation processes are more suitable for purify homogeneous gas
mixtures and their aim is to convert an impure syngas into two or more products that differ
in composition. Diffusion-based separation processes have two main ways to purify the
homogeneous gas mix: adsorption and absorption, which is also divided into two methods:

physical absorption and chemical absorption (Pérez-Fortes et al., 2011).

Physical absorption and chemical absorption utilise liquid solvent to selectively remove
acids and basic species from the syngas in the temperature of around 200 °C. Physical
absorption is used for simple bonds, such as methanol and dimethyl ether of polyethylene
glycol, while chemical absorption is for more complex bonds, like water-based solutions and
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amines. Absorption process is usually formed by two columns: absorption and desorption,
where the solvent is cleaned from pollutants and recycled to be used again. Absorption
process does also need a set of heat exchangers and pumps to transform solvent back to the

absorber conditions (Sharma et al., 2008; Pérez-Fortes et al., 2011).

Adsorption system is typically formed by a solid bed, which adsorbs the selected compounds
from the syngas stream. Adsorption capabilities of the bed will reduce over time, so the bed
has to be changed over time. Like absorption system, adsorption system consists of
adsorption and desorption cycles. Unlike absorption process, adsorption-desorption process
revolves around the changes in pressure and temperature. Adsorption side needs low, near
ambient temperature and high pressure, while desorption happens in high temperature and

low pressure. (Sharma et al., 2008; Pérez-Fortes et al., 2011).

Temperature of syngas purification process varies between three temperature regimes: hot
cleaning, warm cleaning, and cold cleaning. Hot cleaning takes its place in the temperature
over 300 °C, cold cleaning under 25 °C, and warm has temperature range of 25 °C — 300 °C.
Selected cleaning processes and temperature depends on the final application of the syngas
but comparatively, cold and warm syngas is used by all commercially available processes.
This leads to major losses in efficiency in plants obtaining the syngas in high temperatures
and cooling the syngas down for warm and cold temperatures increases the risk of slagging
(Sharma et al., 2008).

According to Brown et al. (2009), controlling of tars is important since they cause both
operational and environmental trouble by being condensable by their nature. Condensed tars
can cause damage to all equipment’s of the process flowsheet. Tars can be removed via
primary and secondary cleaning methods (Brown et al., 2009). Using representative type of
process intensification, like recirculation of syngas and catalytic conversions, is proven to
reduce both tars and solids from the syngas stream (Arena et al., 2010). A wet scrubbing
process works well in cold and warm syngas cleaning processes for removal of tars while
also reducing the content of other unwanted compounds, such as halide, cyanide, and

nitrogen (Pérez-Fortes et al., 2011).
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4 Syngas refining processes

Syngas can be refined into many different end products, like into fuel for combined heat and
power production (CHP), hydrogen, biomethane, biodiesel or chemicals. Different end
products need different refining methods, so the method chosen for refining of syngas is
chosen by the wanted end product. Methods used to syngas utilization and refining include
methanation, chemical synthesis, cogeneration, Fischer-Tropsch synthesis (FT) and water
gas shift (WGS) (Sumitomo SHI-FW, 2021). Since cogeneration of heat and electricity is
well known technology and is not a form of syngas refining, it is not discussed further in this

thesis.

Refining syngas always needs a catalyst to react over, and different reactions demand
different characteristics from the catalysts. Catalysts are metal oxides, which have different
chemical properties, favour different products over others and operate in different pressure
and temperature ranges. In all cases, the catalysts’ main function is to achieve equilibrium
conversion while maintaining low drop of pressure. In tubular and convective reformers
catalysts also have to keep the tube temperatures low (Rostrup-Nielsen and Christiansen,
2011).

4.1 Water Gas Shift

One of possible end products of syngas refining process is hydrogen, which can be derived
from syngas via water gas shift reaction. In the base water gas shift reaction, the carbon
monoxide in the syngas reacts with water vapour and is converted into hydrogen and carbon
dioxide, like it is presented in the Equation 2

kJ
H H AH® . = —41,2— 2
CO + H,0 < H, + CO, o 2 (2)

, were AH,?lf molar formation enthalpy.

Although there have been several extensive studies done on the water gas shift reaction, and

it is a simple reaction, since the catalysts are very sensitive to even minor changes in
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operational conditions, the reaction mechanism of the WGS reaction is complicated and
controversial. Two significant mechanisms for the WGS reaction are the regenerative - and
the associative mechanism (Ebrahimi et al., 2020). According to Kim et al. (2020), it is
generally accepted that the WGS reaction follows the regenerative redox mechanism in high
temperature WGS reactions. In redox mechanism the CO molecule absorbs on the surface
of the catalyst abstracting one oxygen atom from the metal-oxide which creates an oxygen
vacancy. Dissociating a water molecule fulfils the oxygen vacancy and creates two hydrogen
and one oxygen atom, which is captured by the oxygen-deficient metal-oxide. Hydrogen

atoms combine and desorbs as hydrogen gas (Kim et al., 2020).

Hydrogen can also be produced form methane via WGS, by breaking methane molecules
with steam, producing carbon dioxide, carbon monoxide and hydrogen. The overall WGS
process of methane is presented in Equations 3 and 4 (Rostrup-Nielsen and Christiansen,
2011; LeValley et al., 2014), and the entire WGS reaction-cycle from methane to carbon

monoxide and carbon dioxide all the way to hydrogen is illustrated in Figure 9.

k
CH, + Hy0  CO +3H, AHY, 206% (3)
o k]
% CO %%blh o COs

CHy cgﬂ <:3

Figure 9. Overall WGS process from methane to hydrogen and carbon dioxide over metal-oxide catalyst (LeValley et al.,
2014)

WGS has two applications: high temperature water gas shift (HTWGS) -, and low
temperature water gas shift (LTWGS) reaction. HTWGS takes its place in the temperature
of 300 — 450 °C, and LTWGS reaction takes its place in the temperature of 180 — 270 °C
(Spath and Dayton, 2003). According to Gabrovska et al. (2021), the WGS reaction is
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reversible reaction, favoured by lower temperatures. High temperature applications leave
approximately 2 — 5 % of residual carbon monoxide, while low temperature applications
residual carbon monoxide is usually under 1 %. In higher temperatures the equilibrium
constant starts to shift towards the reactants (Gabrovska et al., 2021). HTWGS usually uses
iron-based catalysts, which can withstand better the heat than copper-based catalysts usually
used in the LTWGS reaction catalysts. Activity of iron-based catalysts decreases quickly
with rising temperature, hampering the operation in low temperature. Meanwhile copper-
based catalysts are more sensitive to thermal sintering by migration of surface. Sintering
decreases the activity of catalyst and makes it not capable to work in the temperature over
250 °C (Ratnasamy and Wagner, 2009).

Noble metals resist much better oxidation and corrosion, so some noble metals have also
been used as a catalyst for WGS reaction. Noble metals used as WGS reactions catalyst
include gold, rhodium, platinum, and palladium. The activity of catalysts depends on the
crystal size, dispersion, metal loading, preparation method, and the support. If noble metals
are being used, the amount of the noble metal has also an effect on the catalyst activity
(Ebrahimi et al., 2020).

Water gas shift is also used to increase the Ho/CO-ratio, which is essential to other processes,
like Fischer-Tropsch synthesis (Boerrigter and Rauch, 2005). Separate WGS reactor can also
be integrated with reactor producing synthetic methanol or methane to produce the hydrogen

needed in those conversion processes (Spath and Dayton, 2003).

4.2 Fischer-Tropsch synthesis

Fischer-Tropsch synthesis was developed in Germany in 1920’s to derive liquid fuel from
syngas (Fischer and Tropsch, 1926). According to Tijmensen (2000), the liquid fuel formed
in the FT synthesis is sulphur free, different length hydrocarbons, which can be shipped just
like a more traditional fossil fuel. Unlike traditional diesel and gasoline, the synthetic diesel

has only a few aromatics (Tijmensen, 2000).

The main reaction of Fischer-Tropsch synthesis is presented in Equation 5
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K]
- — — 0 _ _ -
CO + 2H, CH, —+H,0  AHy,f 165 o (5)

, Were -CH»- a building block for longer hydrocarbons.

The Fischer-Tropsch synthesis is overall an exothermal process, so reactor must be cooled
down. The best choice for reactor cooling method is the same as with a normal steam boiler,
the cooling medium, water, is held at the equilibrium vapour pressure at desired temperature.
Liquid cooling water is evaporated by using reaction enthalpy and the produced steam can
be used to produce electricity and/or process steam. The FT synthesises performance is
heavily depended on the reaction temperature (Schulz, 1999). and the main characteristic of
performance is the process liquid selectivity. Long hydrocarbon chains (carbon chain of five
or more carbon atoms) are the desired product from the FT synthesis and to obtain the
maximum amount of them, it is necessary that the FT synthesis has a high liquid selectivity.
FT synthesis produces also shorter hydrocarbons, which can be used as a fuel for power
generation in a gas turbine. Increasing the selectivity for long carbon chains decreases the

yield of shorter hydrocarbons (Tijmenesen, 2000).

Adams-Schulz-Flory (ASF) describes the relation between selectivity and hydrocarbon

yields as long as Equation 6 is true (Schulz, 1999), and is presented in Figure 10

C,=loga™1(1-a) (6)
, were Cn carbon chain
n the length of the hydrocarbon
o the chain growth probability

1-a chance the chain-growth terminates.
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Figure 10. Product distribution for different o (Tijmenesen, 2000)
Liquid selectivity of FT synthesis is influenced by catalyst dependent, and non-catalyst
dependent factors. Catalyst is typically ether iron or cobalt, and the difference between them
is in cost, reactivity, and recoverability. The age and pre-conditioning of catalyst with
support and preparation of system have also an effect on the synthesis, meanwhile non-
catalyst dependent factors include the type of reactor. A fluidized bed -, a fixed bed -, and a
slurry phase reactor are the main reactor technologies. H2/CO ratio of the syngas, and the
temperature and pressure of the system have an effect too. Pressure of the system ranges
between 20 — 40 bar, while low temperature FT synthesis has the temperature range of
180 — 250 °C and high temperature FT synthesis between 300 — 350 °C. The H2/CO ratio in
syngas is dependent on the probability of chain growth (o). When a is 0, the H2/CO ratio is
3 and when the Ho/CO ratio decreases, selectivity increases, since there is less available Ha
to stop the chain growth. Besides H2 and CO, all main components in syngas can considered
to be inert gases, which decrease the partial pressures of H2 and CO, thus decreasing the

selectivity of whole FT synthesis (Tijmensen, 2000).

A Fischer-Tropsch synthesis produces a wide range of hydrocarbons with varying lengths
and properties. From the lightest to the heaviest, it can produce fuel gases, liquefied
petroleum gas, gasoline, naphtha, kerosene, diesel, middle distillates, and soft, medium, and
hard waxes (Laan et al., 1999).
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In this thesis, the Fischer-Tropsch synthesis is modelled as a kerosene synthesis. As it is
presented in the Figure 10. Product distribution for different a (Tijmenesen, 2000)Figure
10, the probability of chain growth is at its highest for kerosene formation, when a gets
approximately value of 0,82. This means that for the maximized kerosene production, the
H2/CO ratio should be 2,18.

Fischer-Tropsch synthesis is a valid and profitable option for syngas reforming. According
to Okoye et al. (2017), biodiesel reduces CO2 emissions by over 52 % compared to fossil
fuels (Okoye et al., 2017), making it a good choice for syngas reforming in point of view of
climate change. In addition to this, the ongoing energy crisis and increasing oil prizes do

increase the attractiveness of the technology.

4.3 Methanation

Methanation process produces synthetic natural gas (SNG) from syngas by converting
carbon oxides and hydrogen into methane. It was first discovered in tandem of the
development of the Fischer-Tropsch synthesis (Spath and Dayton, 2003). Since the process
needs to convert both carbon monoxide and carbon dioxide into methane, process has two
main reactions, which are presented in Equations 7 and 8 (Domenichini et al., 2013), which

are reversed versions of equations 3 and 4.

K]
0 _ _ -
CO+ 3H; & CHy+ Hy0  AHpp=—206—~ (7)
CO,+ 4H, & CH,+ 2H,0 AHO, = 165 (8)
2 2 4 2 mf ol

Methanation of CO: is a linear combination of CO methanation and reverse water gas shift
reaction (Ronsch et al., 2016b).

Carbon dioxide tends to be more potent to convert than carbon monoxide due considerably
lower activation energy of the reaction, which is discussed later more. Thus, carbon
monoxide converts also to carbon dioxide via water gas shift reaction. Similar phenomenon
occurs also in the methanol synthesis (Lee et al., 1993; Ronsch et al., 2016a;
Ronsch et al., 2016Db).
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Like Fischer-Tropsch synthesis, methanation process does need a catalyst, which does even
have an effect on reactor design. First catalyst used was nickel, but nowadays several other
metals in element groups 8 — 10, like iron, ruthenium, cobalt, and molybdenum, are found
to be active for methanation reaction (Ronsch et al., 2016b). The activity of methanation
catalyst is also influenced by supports, promotors and preparation conditions. Metal oxides
with large surface area are common supports, meanwhile promoters are used to improve the
supported catalyst (Gao et al., 2015). Catalyst should be designed to reach the maximum
conversion rate at the reaction temperature, usually around 350 °C, due the fact that the
methanation reaction is a reversible reaction and methanation reaction favours methane
production in low temperatures. Since the methanation process also includes the reverse
water gas shift reaction, and carbon dioxide is the main reactant of the methanation process,
and the lowish temperature also favours the carbon dioxide production. High pressure
process favours the methane production, so usual pressures vary between 10 and 30 bars
(Ronsch et al., 2016b).

The reaction is strongly exothermic in nature, so it is important to provide heat removal from
the reactor. Water cooling has also the ability to reduce the forming of coke. Methanation
process has also the feature that the tar removal prior the reactor is not necessary if the
process temperature is higher than the condensation temperature of the tar, but this is rarely
the case. Chloride - and sulphur compounds must still be removed, preventing the catalyst

deactivation during the methanation process (Ren et al., 2020).

4.4 Chemical synthesis

Syngas can also be refined into different chemicals. According to Kamm et al. (2006), many
basic chemicals or platforms, like cellulose, starch, and protein are usable as biorefineries’
chemical routes foundation (Kamm et al., 2006). Product chemical depends strongly on raw
syngas, temperature and pressure of synthesis, and the catalyst. For example, syngas from
air gasification contains a lot of nitrogen, which is possible to refine into ammonia which
with carbon dioxide can be refined further into urea (Lozano and Lozano, 2018). Production
of ammonia and urea are not discussed further in this thesis since oxygen-steam gasification
used by Sumitomo SHI FW produces next to no nitrogen to refine. Syngas from oxygen-

steam gasification contains mainly carbon oxides, methane, and hydrogen, so chemical
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synthesis options include production of methanol, which synthesis does this thesis focus on

in this respect, ethanol, and higher alcohols (Lozano and Lozano, 2018).

In methanol production a high CO/CO; ratio is needed, depending on the feedstock and
production technology used. For gasified biomass the CO/CO; ratio should be 6,1 while
natural gas to methanol via steam reforming needs 2,8 and coal gasification demands
CO/CO2 ratio of 10,1 (Rostrup-Nielsen and Christiansen, 2011). Methanol synthesis has two
variations: a high temperature, high pressure methanol synthesis, and a low temperature, low
pressure methanol synthesis. High temperature, high pressure synthesis is older technology,
and it takes its place in temperature of 350 °C and in pressure up to 350 bar. As a catalyst, it
uses chrome oxide supported zinc oxide-based catalyst. Nowadays the low temperature, low
pressure synthesis is more common method for methanol synthesis. It takes its place in
temperature range of 220 — 275 °C, pressure range of 50 — 100 bar. Usually low temperature,
low pressure methanol synthesis uses more active copper-based catalyst, supported by zinc
oxide and aluminium - or chrome oxide. Change to low temperature and low pressure
synthesis process was made possible by improved gas cleaning processes, enabling more
effective and considerably more easily poisoned copper-based catalysts to be used (Spath
and Dayton, 2003; Martin and Pérez-Ramirez, 2013).

Methanol synthesis is a combination of three equilibrium reactions: carbon monoxide
synthesis, Equation 9, carbon dioxide synthesis, Equation 10, and reversed water gas shift
(RWGS), Equation 11 (Spath and Dayton, 2003; Portha et al., 2017).

K]
U _
CO + H, & CH;0H AHmf = —90,64 ol 9
0 K
CO, + 3H, & CH30H + H,0 AH,) ; = —49,67 — (10)
CO,+ H, & CO + H,0 AH? =411—kI (11)
2 2 2 mf ’ mol

According to Lee et al. (1993), carbon dioxide synthesis is the primary source of methanol
under normal synthesis conditions, producing approximately 2/3 of methanol obtained from
the synthesis. Methanol synthesis from carbon monoxide is a parallel reaction with RWGS,

but carbon monoxide is mainly participating in the synthesis converting first into carbon
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dioxide via water gas shift (Lee et al., 1993). Same kind of phenomenon happens in the

methanation synthesis.

Before raw syngas can be converted into methanol or other chemicals, it is cleaned up and
simultaneously cooled down. After cleaning processes, the syngas goes through the steam
reforming process, is compressed, and heated up into reaction pressure and temperature.
After the chemical synthesis, the product gas-liquid mixture is then cooled down, de-
pressurized, and distilled in multiple stages (Spath and Dayton, 2003; Portha et al., 2017).
Since the synthesis process is an equilibrium reaction and the conversion is limited by
thermodynamic equilibrium, the unconverted gas phase is necessary to be recycled back to
process cycle (Portha et al., 2017). A simplified methanol synthesis process flow diagram

for natural gas is presented in Figure 11.
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Figure 11. Simplified natural gas to methanol synthesis process flow diagram (Spath and Dayton, 2003)
The syngas to methanol synthesis is skipping the steam reforming process presented in figure
above, but otherwise the synthesis flow diagram is the same for syngas and for natural gas

to methanol syntheses process.
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5 Syntheses models

The modelling work for each synthesis process was done with Aspen Plus V12.1 -simulation

program. Following settings and assumptions were done for every synthesis model:

e The base thermodynamic method: PENG-ROB, based on the Peng-Robinson

equation of state

e All syntheses processes use the same properties and composition of cleaned syngas,

presented in Table 1
¢ No heat - or pressure losses in pipes, reactors, flash drums, and heat exchangers
e Single stage compressors are set to be isentropic
e Flash drums are set to be adiabatic
e Side reactions are neglected

e Other compounds do not have an effect on the synthesis process.

Table 1: Properties and composition of purified syngas

Om [Ko/s] 7,0
LHV [MJ/kg] 7,6
T[C] 40

p [bar] 11
V-% [%] 100,00 %
(6{0) 22,10 %
CO; 33,01 %
H> 34,24 %
CH, 3,83 %
H.0 6,60 %
Other components 0,22 %

The syngas is produced in a hypothetical example CFBG with power of 80 MW, using
oxygen-steam as a gasification agent, thus having example values for composition and

properties, presented in the Table 1. Other components include nitrogen compounds, argon,
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sulphur compounds, and longer carbon hydrates such as benzene. Since their fraction is small
enough, they do not have impact on the synthesis processes and are ignored in the
simulations. Due kinetic and thermodynamic equilibrium nature of reactions, the side

reactions are ignored.

5.1 Water Gas Shift

In this model, the water gas shift reaction synthesis process of a high temperature water gas
shift reactor and a low temperature water gas shift reactor. HTWGS uses iron oxide-based
catalyst (Fe203/Cr,03/CuO) and LTWGS uses copper oxide-based catalyst
(CuO/ZnO/Al>03), while MSR would use nickel-based catalysts (Ni/Al.O3). The process
includes also a steam reformer (MSR), where methane contained in purified syngas is

reformed into carbon monoxide and carbon dioxide.

Before syngas can be refined into hydrogen via water gas shift reaction, it must be heated
up, pressurised and small traces of methane could be reformed into carbon monoxide and
carbon dioxide in a reforming reactor. In this case, syngas is heated up to remove all liquid
components in the syngas and then compressed in a three-stage compressor with fixed
discharge pressure from last stage up to 20 bars of pressure. Multistage compressor has
intercooling between stages 1-2 and 2-3 to 200 °C and 300°C to increase the efficiency of
compressor and is specified to use Equal pressure ratio. After the compression syngas is
heated up again in the temperature of 850 °C. According to Di Giuliano et al. (2017), the
conversion of methane is total at this temperature is total (Di Giuliano et al., 2017), and
pressure is selected due it being a typical operating pressure of WGS reactor. Due conversion
being total, the methane steam reforming is modelled using RSTOIC reactor. Steam
reforming of methane is endothermic reaction and favours carbon monoxide in higher
temperatures, so the conversion ratio is estimated to be 70 % for carbon monoxide and 30 %

for carbon dioxide.

Water gas shift reactions are modelled with power law kinetic model, based in the research
of Chen et al. (2008), and Boon et al. (2009), where the chemical equilibrium constant (Keq)

can be calculated with the Equation 12



39

— ,(5693,5T71+1,077 In(T)+5,44%10~4T+1,125%x10"7T2—-49,170T~%2-13,148
Keq =e (12)

, were T temperature in K.

A good description of the measured reaction rates from experimental data for the WGS

reactions can be acquired from Equations 13 — 15

1 = thwes * P& * Phyo * Péo, * P, * (1= B) * peae (13)
, were ri reaction rate
Pi partial pressures
a,b,c,d reaction orders
B approach to equilibrium
Peat catalyst density,
p= il (14)
Keq Pco * Puyo
kugs = ko e R (15)
, were ko pre-exponential factor of the WGS reaction
Ea activation energy
R the universal gas constant

(Chen et al., 2008; Boon et al., 2009).

After methane steam reforming syngas is cooled down to the temperature of HTWGS,
450 °C, and syngas stream is combined with steam stream. The steam stream also has the
pressure of 20 bars and the temperature of 450 °C. The HTWGS is a kinetic reaction, and
thus is modelled using RSTOIC reactor, specified to be at constant at specified reactor

temperature at 450 °C. HTWGS reactor is defined to having catalyst present in reactor with
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specifications of bed voidage of 0,4 and particle density of 724,7 kg/m? based on the research
of Ryu et al., (2010), using real-world industrial catalyst PC, produced by KEPRI (Korea
Electric Power Research Institute) (Ryu et al., 2010). The reactor has dimensions of 5,0 m
of length and diameter of 0,3 m, based on the research of Ryu et al., (2010). Power law
Kinetics are based on research of Boon et al. (2009), where activation energy Ea =112 kJ/mol,
pre-exponential reaction rate constant ko = 3,2E-06 and reaction orders for C O, H20, COs,
and H are 0,84; 1,17; -0,36; and 0,09 (Boon et al., 2009). The reacting phase is set to be

Vapor, rate bases to be Cat (wt) and [Ci] basis to be Partial pressure.

Before LTWGS reactor, the syngas is then again cooled down in a heat exchanger to reaction
temperature of LTWGS reactor, 220 °C. Like HTWGS, LTWGS is a Kinetic reaction
modelled with RSTOIC reactor. It is specified to be at constant at specified reactor
temperature of 220 °C and has dimensions of 6,0 m of length and diameter of 0,0635 m,
based on the research of Margull et al., (2022). Catalyst in LTWGS reactor is also based on
research of Ryu et al., (2010), set to be present in reactor with bed voidage of 0,4 reflecting
a real-world industrial catalyst MDC-7, produced by Stid-chemie (Ryu et al., 2010). Power
law kinetics are based on research of Chen et al. (2008), where activation energy
Ea = 35 kJ/mol, pre-exponential reaction rate constant ko = 2,18E+06 and reaction orders for
CO, H20, CO, and H: are 0,85; 2; -1,9; and -0,57 (Chen et al., 2008). The reacting phase is

set to be Vapor, rate bases to be Cat (wt) and [Ci] basis to be Partial pressure.

To separate unreacted steam from the hydrogen and carbon dioxide, the gas flow is then
depressurised in a pressure valve to 1 bar of pressure, cooled down in a heat exchanger to
25 °C of temperature. Liquid water is then separated in a flash drum specified to be an
adiabatic process with no loss of pressure. Side reactions in all three reactors were neglected
and the mole flow of reaction steam was adjusted with design spec to be two times the CO
mole fraction in the syngas flow. The base model for hydrogen production via water gas

shift and steam reforming is presented in Figure 12.
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Figure 12. Model of hydrogen production via MSR and WGS reactions

The model of hydrogen production via methane steam reforming and water gas shift
reactions produces 0,396 kg/s (196,36 mol/s) of hydrogen from 7 kg/s (308,933 mol/s) of
syngas and 1,729 kg/s (95,99 mol/s) of steam. Thus MSR/WGS reactions have a mass
conversion rate of 4,54 % and molar conversion rate of 48,50 %. The other compounds
formed in the synthesis include 7,11 kg/s of carbon dioxide and 1,06 kg/s of water. The
multistage compressor needs 6,0 MW of power and 1,70 MW cooling. Heaters before MSR
consume 6,94 MW of heat and MSR itself needs 2,27 MW of heat to convert methane into
carbon monoxide and carbon dioxide. The three coolers after each of the three reactors
provide 14,13 MW of heat in total and the WGS reactors produce in total of 2,61 MW of
heat.

The summary of heat - and mass balances of water gas shift synthesis are presented in

appendices 1 and 2.

5.2 Fischer-Tropsch synthesis

The Fischer-Tropsch synthesis uses carbon monoxide and hydrogen as reactive elements, so
to maximise the biofuel outflow, the syngas must first be refined to increase the CO content
in syngas flow. The beginning of the FT synthesis follows a similar pattern like WGS
process, starting with removal of moisture in the syngas stream in a preheater. Following
preheating, syngas is compressed it up to 20 bars of pressure in a multistage compressor, and
heated syngas up to 850 °C of temperature. The multistage compressor is defined to have
three stages with intercooling between stages to 200 °C and 300 °C. The syngas goes through
the reverse water gas shift reactor (RWGS), which is defined to be a RSTOIC reactor with
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temperature of 850 °C and pressure of 20 bars. Reaction happens over nickel-based catalysts
(Ni/Al203), which reflects on commercial industrial catalyst NIAP-07-02, produced by
NIAP Katalizator. Reaction rate is defined to be 62 % of component CO, based on the

research of Vazquez et al. (2017).

The reformed syngas is then cooled down to 100 °C in a heat exchanger and excess water
formed in a RWGS, is removed in a flash drum. The reformed syngas flow is then combined
with hydrogen flow and cooled down to normal reaction temperature of 220 °C. The
hydrogen flow is modelled coming in a compressor at the atmospheric pressure and 25 °C
of temperature, and then compressed to 20 bars of pressure, the pressure of syngas flow and
the FT reaction. The mole flow of hydrogen is modelled with design spec, that the outflow

of FT reactor has the mole-flow of 10 = 5 mol/s.

Biofuel produced with FT synthesis has almost endless amount of different hydrocarbon
compounds in it, it is important to narrow down the wanted end product of the synthesis. In
this case, the model is set to produce kerosene. Because kerosene alone can have over 300
different hydrocarbon compounds in it (Pearson et al., 2015), Table 2 showcases the weight
fractions of hydrocarbon compounds in A-1 jet fuel used as the base of this model. Even
though FT synthesis is a kinetic synthesis, to simplify the modelling by excluding kinetic
reactions, the FT reactor is modelled as RSTOIC reactor. The same fractions presented in
Table 2 are used as fractional conversion rates for outflow of FT reactor, and it is assumed
that no other reactions do happen in the reactor. This is obliviously not realistic but makes

modelling much easier.
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Table 2: Mass content [wt-%] of hydrocarbon groups by carbon atom number in desulfurized Jet A-1. (Pearson et al.,
2015)

Aromatic

Cycloalkanes Iso-alkanes n-alkanes
Number of [NA] hydrocarbons [l [] ot
carbon atoms [-]
CnH2n CnHzne CnHan+2 CnHans2
6 0 0,01 0 0 0,01
7 0,15 0,23 0 0,03 0,41
8 1,48 4,45 0,33 1,08 7,34
9 7,75 10,9 1,44 6,27 26,36
10 8,7 4,33 13 8,94 34,97
11 2,06 2,45 3,71 5,92 14,14
12 0,42 0,66 1,26 2,83 5,17
13 0,05 0,21 0,94 1,38 2,58
14 0,02 0 0,38 0,69 1,09
15 0 0 0,09 0,3 0,39
16 0 0 0 0,13 0,13
17 0 0 0 0,05 0,05
18 0 0 0 0,02 0,02
tot 20,63 23,24 21,15 27,64 92,66

After the conversion, the outflow consists of water, carbon dioxide, hydrocarbons and the
unreacted carbon monoxide and hydrogen. To ease the separation process, the pressure of
outflow is then reduced down to 1 bar with a pressure valve and cooled down in a heat
exchanger down to 25 °C of temperature, liquifying the water content in the stream. Finally,
kerosene, water and unreacted parts are separated from each other in a flash drum. Lighter
compounds exit from the top of the reactor, which can be combusted in a gas turbine. Liquid
water exists from the bottom of the flash drum and kerosene from the middle of the drum.

The model of FT synthesis is presented in Figure 13.
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Figure 13. Model of Fischer-Tropsch synthesis

The model of Fischer-Tropsch synthesis produces 1,411 kg/s (10,6 mol/s) of kerosene from
7,0 kg/s (308,933 mol/s) of syngas and 0,373 kg/s (184,792 mol/s) of hydrogen, having mass
conversion rate of 19,10 % and mole conversion rate of 2,14 %. The process also produces
2,16 kg/s of off-gas and 3,81 kg/s of water, of which 1,78 kg/s is from RWGS reaction and
2.03 kg/s from the FT synthesis. The compressors do need 7,65 MW of power and multistage
compressor also needs 2,91 MW of cooling duty. Heater prior the multistage compressor
needs 1,95 MW of heat to remove the moisture from the syngas stream. Heater between the
RWGS reactor and the multistage compressor consumes 7,44 MW of heat and the RWGS
reactor uses 1,87 MW of heat. The coolers in the process produce 20,72 MW of heat and the
FT reactor produces 16,68 MW of heat.

The summary of heat - and mass balances of Fischer-Tropsch synthesis are presented in

appendices 3 and 4.
5.3 Methanation

Unlike previous models, the methane synthesis does not need a reforming of specific
compound to increase the proportion of another. This is because the synthesis consists of
three separate reactions, CO methanation, CO. methanation, and a WGS reaction, so

synthesis uses all compounds found in the syngas.

Hydrogen stream is brought in the synthesis at atmospheric pressure and 25 °C of
temperature and is combined with the syngas stream. Mass flow of hydrogen flow is

determined with design spec, that outflow of carbon dioxide from the reactor has mole flow
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of 32 + 5 mol/s. As the temperature rises the reaction rate of CO2, methanation decreases, the
value for carbon dioxide outflow is estimated from average reaction rate of CO, methanation
at the temperature of 330 °C, 64,5 %, based in the research of Lalinde et al., (2020). After
heating, syngas is compressed in a three-stage compressor. The multistage compressor is
defined to be isentropic and specified to have a fix discharge pressure from last stage of 15
bars with equal pressure ratio. Multistage compressor has intercooling between stages 1-2
and 2-3 down to 150 °C and 220 °C. Two compressor system was tested resulting in higher
consumption of electricity and lower need of heating. Since electricity is often more
expensive resource than heat in a power plant environment, combined compressor process
was chosen. The final step prior methanation reactor is heating the gas-mix up again in the
reaction temperature of 330 °C in a heat exchanger and is run through the methanation

reactor.

Since methane synthesis is a kinetic reaction, the methanation reactor is modelled as a
RPLUG reactor. Reactor is defined to be a reactor with specified temperature and constant
at specified reactor temperature of 330 °C. Reactor consists of 50 tubes, dimensioned with
length of 0,8 m and inner diameter of 0,03 m. Reactor is modelled having nickel-based
catalysts (Ni/Al2Os) present in reactor with specifications of bed voidage of 0,4 and particle
density of 750 kg/m3, reflects on commercial industrial catalyst NIAP-07-02, produced by
NIAP Katalizator. Power law kinetics of water gas shift and CO methanation are based on
research of Ronsch et al., (2016a). Power law kinetics can be calculated with Equations
12 — 15. RWGS reactions activation energy Ea = 62 kJ/mol, pre-exponential reaction rate
constant ko = 2,175E+06, and reaction orders for CO and H.O are 0,38 and -0,1. Reacting
phase was set to be vapor, rate basis cat (wt), and [Ci] basis partial pressure. CO methanation
reactions activation energy Ea = 103 kJ/mol, pre-exponential reaction rate constant
ko = 1,944E+10, and reaction orders for CO and H> are 0,0984 and 0,6545
(Ronsch et al., 2016a). Reacting phase was set to be vapor, rate basis cat (wt), and [Ci] basis
partial pressure. The kinetics of CO. methanation are based on the research of Chiang and
Hopper (1983), were activation energy Ea = 61,0864 kJ/mol, pre-exponential reaction rate
constant ko = 1176450,094, and reaction orders for CO, and H. are 0,21 and 0,66
(Chiang and Hopper, 1983). Reacting phase was set to be vapor, rate basis cat (wt), and [Ci]

basis partial pressure.
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After the methanation reactor the product gas is then depressurized in a pressure valve,
dropping pressure down to 1 bar, and cooled down in a heat exchanger down to 25 °C.
Finally, the product and wastewater are separated in a flash drum. The model of methane

synthesis is presented in Figure 14.

Figure 14. Model of methane synthesis

The model of methane synthesis uses 7 kg/s (308,933 mol/s) of purified syngas and
0,65 kg/s (321,739 mol/s) of hydrogen to produce methane and wastewater. The mass
conversion rate for methane is 26,88 % and the mole conversion rate is 20,32 %, making
product outflow to be 3,52 kg/s and 128,16 mol/s. The other outflow of the process,
wastewater is 4,14 kg/s. The methanation process has one multistage compressor, which
demands 8,82 MW of electricity and 5,4 MW of cooling to work properly. The heaters before
the reactor and the multistage compressor need 2,3 MW and 2,01 MW of heat and the heat
exchanger cooling the product-wastewater mixed stream to flash separator has a cooling duty
of 15,04 MW. The reactor itself produces 23,3 MW of heat from the exothermic nature of
the methanation and reversed water gas shift reactions.

The summary of heat - and mass balances of methanation synthesis are presented in
appendices 5 and 6.
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5.4 Methanol synthesis

Chemical synthesis, set to produce bio-methanol, begins with the removal of the moisture
from in a heat exchanger, just like models of another syntheses. Heated syngas and hydrogen,
coming in the temperature of 25 °C and in the atmospheric pressure, streams are compressed
to the reaction pressure in two multistage compressors. One compressor figuration was also
tested in this synthesis model, resulting a little bit higher consumption of electricity and
marginally lower demand of heat, so figuration of two multistage compressor was chosen.
Compressors are both defined as isentropic three-stage compressors, specified to have a fix
discharge pressure from last stage of 80 bars with equal pressure ratio. Intercooling is set to
be after stages 1 to temperature of 170 °C, and after stage 2 to temperature of 220 °C. The
mass flow of hydrogen is modelled so that mole-flow from the methanol synthesis reactor is
100 = 5 mol/s. After compression hydrogen and syngas streams are mixed up with each other
and loop-back stream, which is discussed later. Because the loopback stream cools the
syngas-hydrogen gas mix down, the mixed gas flow of three streams is then heated up to the

reaction temperature of 255 °C in a heat exchanger.

The reactor design and reaction kinetics are based on the research of Graaf et al.
(1986;1988;1990), and of Portha et al., (2017). The methanol synthesis is combination of
three kinetic reactions, so the reactor is modelled as RPLUG reactor. Reactor type is set to
be reactor with specified temperature, constant at specified reactor temperature of 255 °C.
The reactor has length of 2 m and diameter of 1 m. The reactor uses copper-based catalyst
(Cu/ZnOJ/Al03), the same catalyst LHWGS reactor uses in chapter 5.1. Chemical synthesis
reactor is defined to have the catalyst present in reactor with specifications of 6000 kg
catalyst loading and bed voidage of 0,4. Reaction kinetics of methanol synthesis were based
on a Langmuir-Hinshelwood-Hougen-Watson (LHHW) mechanism. LHHW Kkinetics differ
from power law kinetics by having driving force expressions, where term 1 includes reaction
input reactants, reactant exponents and coefficients for driving force constant. Coefficients
for driving force constant consists of four coefficients (A-D), and in term 1 they all are 0,
while in term 2, including concentration exponents for products, coefficients C and D are 0,
while A and B have values calculated by Graaf et al. (1986). The equilibrium constants for
methanol synthesis and reverse water gas shift with LHHW kinetics can be calculated with

Equation 16
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logsa(K) = 7~ A (16)
, were T temperature in K
A coefficient for driving force constant
B coefficient for driving force constant

(Graaf et al., 1986).

The kinetic constants for methanol synthesis and RWGS with LHHW Kinetics can be

calculated with Equation 17

_Ea
ki = ko *eRT (17)
, were ki kinetic constant of reaction i
(Graaf et al., 1990).

Carbon monoxide to methanol reactions LHHW kinetics include activation energy
Ea = 113 kJ/mol, pre-exponential reaction rate constant ko = 4,89E+07, reacting phase of
vapor, rate basis in Cat (wt). Driving force expressions [Ci] basis is set in molarity, and term
2’s coefficients A and B for driving force constant are -12,621 and 5139. Carbon dioxide to
methanol reactions LHHW Kkinetics include activation energy E. = 87,5 kJ/mol, pre-
exponential reaction rate constant ko = 109000, reacting phase of vapor, rate basis in
Cat (wt). Driving force expressions [Ci] basis is set in molarity, and term 2’s coefficients A
and B for driving force constant are -10,592 and 3066. Reverse water gas shift reactions
LHHW kinetics include activation energy Ea = 152,9 kJ/mol, pre-exponential reaction rate
constant ko = 4,89E+07, reacting phase of vapor, rate basis in Cat (wt). Driving force
expressions [Ci] basis is set in molarity, and term 2’s coefficients A and B for driving force

constant are -2,029 and -2073.

After the methanol synthesis, the exiting gas mix consists mostly of methanol, water, and
unreacted hydrogen, alongside with unreacted carbon oxides and methane. To reduce the
need of feedstock and hydrogen, it is important to recycle the unreacted hydrogen and carbon
compounds. According to Bampaou et al. (2021), recycling ratio of 90 % can reduce the
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need of fresh hydrogen by half per unit of methanol produced, mass of feedstock required
up to 40 %, and leads to higher methanol yield (Bampaou et al. 2021). To separate
wastewater and wanted methanol from off-gases, vapour fraction in the stream has to be
lowered via reduction of temperature and pressure of the gas-mix. The gas-mix is run
through a heat exchanger, reducing the temperature down to 95 °C, a pressure valve,
dropping pressure by 10 bars, and through the second heat exchanger. Outlet temperature of
gas-mix after the second heat exchanger and prior a flash drum is 35 °C. Flash drum
separates most of unreacted hydrogen, carbon oxides, and methane from water and methanol.
Off-gas is directed to stream separator, where 10 % of off-gas is steered to blowout from
stream separator and rest of off-gases form the prior mentioned loop-back stream. Not
looping back all of off-gas also reduces the cooling the loop back stream causes to the
hydrogen-syngas gas-mix, reducing the need of heating up. The loop-back stream is then
compressed back up to reactors pressure of 80 bars and combined to the hydrogen-syngas

stream.

The liquified portion from the flash separator flows through two pressure valves reducing
the pressure down to 35 and 1,2 bars, to the next flash separator. Flash drum primarily
separates methane from the product stream, which can be combusted in a microturbine, but
some traces of other compounds can also be found in the methane separation stream. After
the methane separation the product flow is consists almost entirely of methanol and water,
which is pre-heated up in a heat exchanger up to 75 °C of temperature, prior running it to

the stripper.

Wastewater in the product stream is separated from the methanol in a stripper, modelled as
a RadFrac-column. Calculation type is set to equilibrium, number of stages to 44, condenser
to none, and reboiler to kettle. Stripper’s valid phases is set to be vapor-liquid and
convergence to be standard. Operation specification is defined by mole reflux ratio of 1,2.
Reflux ratio (reflux rate/distillate rate) excludes free water for all cases except when valid
phases is set to vapor-liquid-FreeWaterAnyStage. Pressure view is set to top/bottom where
top stage / condenser pressure is 1 bar. Feed stream enters in the stripper from stage 1. Liquid
wastewater sinks through the stages extracting methanol from it and exits from stage 44.
Vaporized methanol and leftover wastewater rise back up to stage 1, where it exits to the

next process steps.
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Product stream from the stripper is at temperature of 79,96 °C with vapour fraction of 1 at
the pressure of 1 bar. To collect the methanol, the stream has to be liquified in a heat
exchanger, cooling the stream down to temperature of 40 °C before flow runs to the final
flash drum, which separates final gaseous components from the stream. The model of
chemical synthesis for methanol production is presented in Figure 15.

v

[l

Figure 15. Model of methanol synthesis

The model of methanol synthesis has raw inflow of syngas of 7 kg/s (308,933 mol/s) and
hydrogen of 0,612 kg/s (303,428 mol/s). Outflows of the process includes a methane stream,
an off-gas stream, a wastewater stream of 1,07 kg/s, and a methanol stream of 6,27 kg/s
(232,739 mol/s). Methanol stream consists of 4,75 kg methanol, 1.523 kg water and small
traces of hydrogen, carbon dioxide, carbon monoxide and methane. This gives the mass yield
of methanol 62,37 % and molar yield of 24,19 %. The single stage compressor needs
0,096 MW of electricity and multistage compressors demand 7,547 MW and 7,717 MW of
electricity. The multistage compressors also need 5,97 MW and 6,21 MW of cooling. The
summed-up need of heating prior the reactor in two heat exchangers is 4,40 MW and heat
exchanger prior the stripper needs 1,13 MW of heat. Heat exchangers after the reactor
provide 15,85 MW of heat, heat exchanger after the stripper provides 9,93 MW of cooling.
The reactor needs 12 MW of cooling, and the strippers reboiler needs 9,2 MW of heat.
Overall, the process provides 35,3 MW of heat and consumes 15,4 MW of electricity.

The summary of heat - and mass balances of methanol synthesis are presented in appendices
7 and 8.
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6 Discussion

The syntheses models give out a generic example what kind of heat flows and mass flows
are present in the synthesis, but they still hold some inaccuracies compared to real world
applications. Heat transfer and heat flows between processes should also be defined.
Syntheses also produce side products, which might also be harvestable. Some processes
could also be integrable with each other to possibly enhance the entire synthesis process.

6.1 Inaccuracies of syntheses modelling

The uncertainties and inaccuracies in the modelling come mainly in form of assumptions
and simplifications, and from possible mistakes in the reaction kinetics. Models are also
modelled as being in the peak condition: brand new catalyst and optimum reaction

temperature, pressure, uniformed syngas, etc...

It was assumed that there does not happen any losses of pressure or heat in the system
components, such as heat exchangers and pipelines. In reality, the assumption of no losses
of pressure or heat in the pipes and components is incorrect, and losses occur in every stage
of the process. Since pressure and heat have a major effect on the reaction rate, losses create
the need for compressors to do more compressing work to the syngas and heat exchangers
to be dimensioned with higher heat duty. Larger compressors and heat exchangers will cause
higher investments. Respectively, the pressure valves and heat exchangers will not have as

much depressurising and cooling to do.

In addition to pressure losses compensation in syngas and reactant gas compressions, with
the compressor dimensioning the compression efficiency and mechanical efficiency should
be counted in real world application. Again, this will cause extra investments. Multistage
compressors do also demand intermediate cooling, which can be done different kinds of

coolants.

Flash drums are not adiabatic either and they cause losses in heat and pressure. Despite of
the losses, they do not have that big effect on the overall process because their function is to

separate liquid and gas compounds from each other, and thus tend to locate at the end of the
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process. The one exception comes in the chemical synthesis, where unreacted syngas flow
is recycled back in the chemical loop, causes the need for higher compression rate in a single

stage compressor prior adding the off-gas stream back in the syngas/hydrogen mix.

Different syntheses utilize different reactants, such as water gas shift and the Fischer-
Tropsch synthesis convert only the carbon monoxide and some other compound into wanted
end product. Meanwhile methanation and chemical syntheses can convert both carbon
monoxide and carbon dioxide to wanted end product, with the help of another reactant. Thus,
the simplification of the same syngas composition in every synthesis model does not give
out the optimal outcome from the syntheses. The syngas composition can be influenced in
the gasification and syngas cleaning processes, and it should be optimized by the need of

wanted synthesis process.

Inaccuracies also appear from the assumption that only specific reactions occur in the reactor
due excluding all the unknown side reactions from the models to simplify them. The
conversion rate can approach perfect conversion, like in the water gas shift reaction, but
conversion rate of any process should not be 100 % in any real-world application. In the
extreme case, as it was presented in Figure 10, the kerosene proportion of outflow of a
Fischer-Tropsch synthesis should be around 15 — 20 % of product mass flow, but now it is
nearly 100 % of product mass flow. Lighter hydrocarbons (C1 — C4) have higher forming
rate than longer carbon chains, so in reality, the mass flow of the off-gas should be, as should
be of lighter hydrocarbons in the product flow. The number of reactions should remain close
to number happening in the model, so the heat flow of the FT synthesis should not be affected

by a large amount.

The lack of side reactions can be also seen in methanation synthesis and methanol synthesis.
The product flow of methanol synthesis would also contain higher alcohols, and methane

should react at some rate in the chemical synthesis.

Methanation processes mass outflow consists circa 53 % of methane. Rest of it consists of
unreacted reactants, but in real-world application there should also be some other, longer

hydrocarbon compounds.

The temperature of water gas shift synthesis is low enough to keep the equilibrium constant
to side of product and to prevent the formation of methane. As stated in this chapter and in

chapter 4.1, the conversion rate approaches complete conversion, but low temperature water
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gas shift should have conversion rate somewhere between 99 — 99,9 %. Thus, the
composition of product flow of model should be close to a real-world application, as well as
the heat flow should be, but there should be some small traces of carbon monoxide ether in

the wastewater or in the product streams.

Finally, the reactor should not be at constant temperature. As more and more reactions
happen in the reactor, the temperature profile should increase. This indicates that the heat
transfer of the reactor would be more effective when executed in counter-flow application,

rather than via co-current thermal fluid flow.

6.2 Heat transfer and flows in syntheses models

Syntheses models have a lot of build in heat transfer. Multistage compressors used in every
synthesis model do need some sort of intermediate cooling and different stages of processes
need different temperatures to operate properly, so there has to be cooling and heating done
in between the processes. For example, methane steam reforming process needs considerably
higher temperature than a water gas shift. Sure, they could and do operate in different
temperatures, but that has a negative effect on the reaction rate and the yield of the wanted
end product.

The intermediate cooling of multistage compressors could in theory be done via blow-air,
but liquid coolant should be more effective and economical. Since the demand of cooling
duty with each of these compressors is relatively high, the mass flow of blow-air would rise
too high to be effective and economical coolant. Thus, a liquid coolant such as oil -, water,
or glycol-water coolant would be better suited for intermediate cooling fluid of multistage
compressors due their higher specific heat capacity and heat transfer properties. Water is the
most used coolant due it is having low cost, good heat transfer properties and it being usually
easily accessible and recyclable material. In higher compression rate applications, where the
excess heat from the compression process gets higher, the intermediate cooling might
demand coolant with better properties. In addition, three of four syntheses discussed in this
thesis use hydrogen as a reactant, which has to also be pressurized to the reactor pressure.
Liquid coolant has the benefit of higher safety with hydrogen compression compared to air

cooled system, where a small leak could lead to an explosion.
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Steam and feed water is used to coolant or heating fluid to change the stream temperature to
suitable for specific process, control the temperature of reactor, and to change the vapour
content of the stream. Feed water can be taken from the feed water tank and used to cool
down the syngas stream and to control the reactor temperature. Feed water boils and
evaporates forming steam, which can be superheated. Steam is used to heat up the syngas
prior compression and reverse water gas shift, and steam methane reformer to ensure
maximum conversion rate. Steam is also providing the necessary heat energy for these
endothermic reactions. Water is also used to cool down the gasifier itself, the component

providing the majority of process heat and steam.

A stripper-component is found in the methanol synthesis, which needs 9,15 MW of heat.

This should be able to be provided with use of process steam.

6.3 Side products of syntheses

Side products varies from synthesis to synthesis, but none of those produce only that one

wanted end product.

All of them except the water gas shift synthesis consume hydrogen and produce wastewater,
while the only major side product of WGS reaction is carbon dioxide. Carbon dioxide is
harvestable compound via carbon capture and storage (CCS) — system, making the process
carbon neutral. Captured carbon dioxide can be inserted into ground, dried oil- or gas well,
or into water. It can also be used to boost the production of an oil — or natural gas well by

pumping CO: into the well simultaneously increasing the pressure difference.

Methanation synthesis does not have extra flows besides wastewater and product streams,
but product stream includes the unreacted part of syngas containing carbon oxides, water,
and hydrogen besides methane. The largest off-gas concentration in the product gas flow is

with carbon dioxide, which is possible to remove and store via use of CCS — system.

Besides wastewater, the Fischer-Tropsch synthesis produces off-gases, and waxes as side
products. Off-gases contain unreacted parts of syngas and shorter and lighter carbon chains
(C1 - C4), which do not have real value for end product and are combusted. Waxes can be
categorized into three groups: soft -, medium -, and hard wax, according to their carbon chain

lengths. Waxes can be gathered from the bottom part of the FT-reactor
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Methanol synthesis utilizes recycling of off-gases, reducing the amount of unreacted syngas
blown to the roof. The model was built that the methane in the syngas would not react in the
reactor, so in downstream from the reactor, separated methane stream can be obtained from

the synthesis.

As it can be seen, the methanol synthesis and Fischer-Tropsch synthesis both produce off-
gases, which can be utilized. As stated in chapter 4.2 off-gases of Fischer-Tropsch synthesis
can be combusted in a gas turbine. This is possible due the composition of off-gases.
Majority of off-gases of methanol synthesis are recycled, decreasing need of raw syngas and
hydrogen, and increasing the methanol yield. The mass flow of these leftover off-gases is
low; 0,02 kg/s. Leftover off-gases contain pure, unreacted methane, which can be gathered

and combusted.

According to modelling, wastewater side streams contain small traces; 0,0076 mass-% on
average of other compounds, like CO, and Hz. These wastewaters are run through the

wastewater treatment plant.

6.4 System integration

As previously mentioned and presented, some of the syntheses would benefit to have another
reversed refining synthesis prior the reactor of wanted synthesis. A good example can be
found in a chapter 4.2 , where the purified syngas is run through the RWGS reactor to
decrease the carbon dioxide content and to increase the partial pressures of hydrogen and
carbon monoxide. This leads to increased conversion rate and thus higher amount of heat to

be removed from the FT reactor.

Now, it can be argued is the syngas reformer reactors in water gas shift and Fischer-Tropsch
synthesis needed. The customer has to evaluate the extra building and running cost of
reformer and catalyst used in it compared to lower product yield and decreased production

of process steam.

The methanation synthesis, methanol synthesis and the Fischer-Tropsch synthesis need
hydrogen to convert syngas to wanted end product. Hydrogen could be provided into the
process system via electrolyser or via a water gas shift reaction. All three syntheses use

hydrogen and carbon monoxide to produce the end product, but since methanation and
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methanol syntheses also utilize carbon dioxide for conversion, limiting the use of a WGS
reactor out only from the FT synthesis. In fact, several research have shown that in methanol
synthesis carbon dioxide is responsible for majority of methanol conversions and carbon
monoxide is converting more into carbon dioxide via water gas shift reaction. Some
experiments have also been conducted to integrate a WGS reactor with methanation
synthesis process with positive results. Despite of that, it should not be a viable solution to
combine a WGS reactor and an end product-synthesis reactor into one single unit. This is
due a fact of adding a steam flow into the reactor for water gas shift, it would lower the
partial pressure of other compounds in the reactor, thus decreasing the rate of the reaction,
heat provided from the reaction, and the product yield.

Another solution for providing hydrogen for methanation -, FT -, and methanol syntheses is
previously mentioned Power-to-X technologies, usually an electrolyser. This solution is
applicable in all three synthesis processes. The downside of this solution is the increased
electricity consumption and acquisition cost. Meanwhile an integrated WGS reactor needs

another reactor and catalyst but provides more process heat.

As mentioned before, methanation synthesis is not able to convert all the carbon oxides into
methane. Thus, a carbon capture and storage - system can be integrated at the end of WGS
synthesis, but it should also be able to integrate at the end of methanation synthesis. Since
the unreacted reactants in the Fischer-Tropsch synthesis are removed and combusted
alongside lighter hydrocarbons but CCS can still be integrated at the end of FT -synthesis to

remove the flue gases formed in the combustion process.

Finally, the heat from gasifier itself and from other components of refining process can be
used to produce process steam. Process steam can be used to provide heat for processes

needing it and to generate electricity in a steam turbine and a generator.

6.5 Development suggestions

The Aspen Plus models of syngas refining syntheses give a good basis for future
development of processes and models. The need of modelling improvements appears in the

light of problem points chapter 6.1 made clear.
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Reaction kinetics is probably the most critical area in this thesis and in the models, which
needs improvement and clarifying. Reaction kinetics depend strongly on the reaction
temperature and pressure, partial pressures of the reactants, and the catalyst itself. Even the

reactor design effects on the catalyst, and vice versa.

The models done in this thesis were rather preliminary, so more accurate versions of them
could be useful to be done. These models could include the whole process from RDF or
biomass to specified end product, like methanol. Then the model would give out more
accurate prediction for product yield and heat balance.

Another specific these models did not touch were the actual heat transfer. Sure, there are
heat transfer components, but the heat transfer fluid flow does not exist in these models.
Reactors should be modelled more accurate with coolant flows integrated in them. The
coolant water and steam loop from feedwater tank to different components to heat or cool
them to steam turbine could be integrated into the model, giving an estimate of power
production the system gives out and how much electricity the pumps and compressors
demand.

The catalyst has to be defined by the synthesis process. First, what synthesis is asked, then
the operating conditions, and finally, the budged. Syntheses have many different catalysts
suitable for them, but the compositions, selectivity, activity, and theoretical usable age are
all effecting the catalyst choice. Catalysts have many viable base metals or metal oxides, and
usually they are supported and promoted by one or two different metals or metal oxides for
each of synthesis reactions. Catalysts react differently and start to sinter and lose reactivity
as the temperature rises, and some catalysts prefer other end products over others. Catalysts
and kinetics in this thesis were based on multiple different research, but as explained above,

the reaction kinetics can vary between the reactors.

Another area in need of development would be the reactors itself, as they are also based on
the literature references, although they should be in industrial sizes. These models give out
estimates for product yields and heat — and cooling demands for synthesis processes. More
specific investment calculations about the reactors would be useful to do. Catalyst
manufacturers should be found out, although that might be more project specific thing, if the

Sumitomo SHI FW starts to produce multiple different options for syngas refining synthesis.
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6.6 Usability of the current synthesis process models

The models made for this thesis are contain faults and should be improved further, as
suggested in previous chapter. The models should currently still be usable for customer
work, when discussing about generic values for conversion rates, what components process

would contain, and which kind of heat flows the synthesis process contains.

When developed further, efficiencies and the refined reaction kinetics are put in, the models
should reflect more accurately the real-world scenario, but there will still be the usual factors
separating the simulation and the real-world application from each other. These factors

include stationary stasis, not real losses, fixed parameters, etc.
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/7 Summary

This master’s thesis was conducted for Sumitomo SHI FW to find out the further refining
processes of syngas after gasification. The aim was to calculate the heat - and mass balances
of water gas shift process, Fischer-Tropsch synthesis, methanation synthesis, and methanol
synthesis. Gasifier technologies, gasification agents, and current situation of municipal solid

waste, and its treatment - and refining processes were discussed for background information.

The synthesis models made for this thesis give out estimates for heat flows within the
models, mass conversion rate and mole conversion rate. The models contain some flaws and
inaccuracies, but with some refining and further development they should be able to get to

give out rather accurate results compared to a real-world application.

The product mass and mole yield of the water gas shift synthesis process were 4,54 % and
48,50 %. For Fischer-Tropsch synthesis the product mass and mole yield were 19,10 % and
2,14 %, but they should be lower, as the chapter 6.1 stated. The product mass and mole yield
of the methanation synthesis process were 26,88 % and 20,32 %. The product mass and mole
yield of the methanol synthesis process were 62,37 % and molar yield of 24,19 %. The large
difference in mole — and mass yields is explained by the molar wights of the compounds.
For example, hydrogen molecule has extremely low molar weight of 2 g/mol, while a carbon

dioxide has considerably bigger molar weight of 44 g/mol.

The complete heat balance for synthesis island was done for each synthesis process, but they
were not joined with the values in the syngas island, so the complete combined heat and

mass balances are lacking.

The Water gas shift synthesis process produces 7,58 MW of heat in total. The WGS reaction
is only mildly exothermic, and methane steam reforming contains two highly endothermic
reactions, so the majority excess heat in the WGS synthesis process comes from the cooling
between the processes, not the synthesis itself. The synthesis process does also need at least
6 MW of net work to be done to the syngas but pumping the cooling fluid will also need

work and electricity.



60

The Fischer-Tropsch synthesis process produces 26,14 MW of heat in total and needs
7,66 MW of compressing work to be done to the streams. The FT reactor itself produces
16,7 MW of heat.

The methanation synthesis process produces 32,02 MW of heat in total and needs 8,46 MW
of compressing work to be done to the stream. Methanation reactor produces 21,83 MW of

heat in the process.

The methanol synthesis process produces 24,68 MW of heat in total while needing
14,86 MW of net work to be done into the streams. The methanol synthesis reactor produces
itself 11,99 MW of heat, but the reboiler in the stripper consumes 9,48 MW of heat energy.

Out of these four synthesis processes, the methanation synthesis process has the highest
excess heat flow, which could be used to produce process steam and electricity. The highest
mass yield was in the methanol synthesis process and the highest mole yield can be found

from the water gas shift process.

There are still multiple areas of further development of synthesis process models. These
areas include more accurate reaction kinetic calculations, more accurate reactor design, heat
transfer calculations and modelling within the process. Combining the gasification process
with wanted refining synthesis process flow chart would also be beneficial to unravel the

actual conversion rate of biomass or waste to end product.
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Appendix 1. Mass balance of water gas shift synthesis

1
T
0¢
0¢
0¢
0¢
TT

[teq] d

Gc

Gc

0c¢

0SY
£8808'87y

048

07

ac

ac

0c¢

0SY
£8808'87y

048

07

[0] L

682€9.L0T°L
G0-3EV68E'T
€8T.LLL0T°L
6786.8T¥T'S
LY8ETI8TTY
LV8ETI8TT Y
16/9.0086°€

vE0TY0S'TIT
60LSTE0000
T6Ti770G TIT
£e88reg'9TT
G79T0Y8S'E6
G79T0V8S'c6
T8YTIEY'06

‘0D

0

0

0
8TOV0GC'T
6.99T06'T
6.99T06'T
80€6569'T

0

0

0
929097y
£6v168'L9
£6v168'L9

o O O o o

0
GEEBIT'0

o O O o o

0

T16.2.T'0
6T89€G0'T
€LY9CCT

¢L02T1e0'C
18,0052
8€1802.'0
9559960

LS9ET6S'6
JANAS S A
/656,089
ET6Y.LCIT
9€T
WZTITO O

L9Y9¥S'09 ¥6826¥'0T 600CS9°ES

0)0)

"HD

O°H

¥8£2¢8G6€0
80-3r€000°T
G8EC8S6E0
L2¥S./S0E0
69t770685¢ 0
691770685 0
96¥T0T68T0

£8/87GE'96T
90-3€296 7
£€88CGE'96T
9/¥E€€89'TGT
L08YZey'8eT
L08YCEr'8eT
¥88¢6508'€6

H

10Npo.id
191eM3]ISeAN
SOMLT I8V
SOMLH 134V
SOMLH Joud
dSIN 19UV
sebuAs

[s/B] “b
10Npo.id
191eM3]ISeAN
SOMLT 18
SOMLH 18V
SOMLH Jold
SN 18l
SebuAs

[snow] "o



70

Appendix 2. Heat balance of water gas shift synthesis
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Appendix 3. Mass balance of Fischer-Tropsch synthesis
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Appendix 4. Heat balance of Fischer-Tropsch synthesis
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Appendix 5. Mass balance of methanation synthesis
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Appendix 6. Heat balance of methanation synthesis
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Appendix 7. Mass balance of methanol synthesis
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Appendix 8. Heat balance of methanol synthesis
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