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Ever increasing awareness of climate change and air quality issues has created a need to develop
alternative solutions to petroleum-based systems in transport. The transition is currently
focused on commissioning of electric vehicles in road transport and increasing the share of
biofuels in the fuel blends. Advances in renewable electricity production enable adaptation of
Power-to-Liquids (PTL) technology in which renewable methanol is produced from renewable
carbon dioxide and electrolytic hydrogen. Methanol can be further synthetized into
hydrocarbons on gasoline, kerosene and diesel ranges. The renewable synthetic fuels can be
utilized by current engine technologies and distributed via existing networks. The main
elements of the technology — electrolysis, carbon capture and storage methods, methanol
synthesis and hydrocarbon processing — are all well-known and industrially proven processes.
Adaptation of PTL technology offers a rapid solution for decarbonizing the all three forms of
transport — road and maritime transport as well as aviation — while dependence on fossil
resources is reduced.

Literature review of this thesis introduces production of fossil, synthetic and renewable
synthetic fuels as well as market and sustainability aspects related to them. In the applied section
of the thesis, steady-state simulation models describing gasoline, kerosene and diesel
production from renewable methanol are created according to the processes introduced in the
literature review. Preliminary investment costs are also given to production plants based on the
models developed in this work.

The results of the simulation models indicate that the required fuel properties are challenging
to achieve using simplified stoichiometric reaction system. Total capital investment cost for
gasoline production plant is approximately 9.2 million euros. The corresponding sum for
gasoline, kerosene and diesel production plant is 12 million euros. The models developed in
this work can be considered as preliminary work for detailed engineering necessary before
realizing the production of renewable synthetic fuels in industrial scale.
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Lis&éntyva tietoisuus ilmastonmuutoksen vaikutuksista ja ilmanlaadun ongelmista on luonut
tarpeen kehittdd vaihtoehtoisia ratkaisuja raakadljyyn pohjautuville liikenteen jarjestelmille.
Muutos on talla hetkelld keskitetty sahkoisten kulkuneuvojen kayttdonottoon seka
biopolttoaineiden osuuden lisdédmiseen polttoainesekoitteissa. Edistysaskeleet uusiutuvan
séhkon tuotannossa mahdollistavat Power-to-Liquids (PTL)-teknologian hyddyntamisen.
Menetelméssa uusiutuvaa metanolia tuotetaan uusiutuvasta hiilidioksidista ja elektrolyysilla
valmistetusta vedystd. Metanoli voidaan jatkojalostaa bensiini-, kerosiini- ja dieseljakeiden
hiilivedyiksi, joita voidaan hyddyntaa nykyisissd moottoreissa ja jaella kédyttden olemassa
olevia jakeluverkostoja. PTL-teknologian padelementit — elektrolyysi, hiilidioksidin kaappaus-
ja varastointimenetelmat, metanolin valmistus seké hiilivetyjen jalostus — ovat kaikki hyvin
tunnettuja ja teollisesti kéytettyja prosesseja. PTL-teknologian avulla liikennesektorin kaikki
kolme liikenteen muotoa — tie- ja meriliikenne seké ilmailu — voidaan muuttaa hiilineutraaliksi
lyhyella aikavalilla. Samalla riippuvuus fossiilisista resursseista véhenee.

Taman diplomityon Kkirjallisuusosa esittelee fossiilisten, synteettisten ja uusiutuvien
synteettisten liikennepolttoaineiden valmistusta sek& niihin liittyvia markkina- ja
kestavyysnékokulmia. Diplomitydn soveltavassa osiossa luodaan bensiinin, kerosiinin ja
dieselin tuotantoa metanolista kuvaavat simulointimallit kirjallisuusosan perusteella.
Tuotantolaitoksille annetaan myds alustavat investointikustannusestimaatit tyossé kehitettyjen
mallien perusteella.

Simulointimallien tulokset osoittavat, ettd vaadittuja polttoaineiden ominaisuuksia on
haastavaa  saavuttaa  kayttaméalld  yksinkertaistettua  stoikiometriaan  perustuvaa
reaktiosysteemid. Bensiinia tuottavan tuotantolaitoksen investointikustannukset ovat noin 9.2
miljoonaa euroa. Vastaava luku bensiinia, kerosiinia seka dieselié tuottavalle laitokselle on noin
12 miljoonaa euroa. Téssa diplomitydssé kehitetyt mallit voidaan mieltda alustavaksi tyoksi
yksityiskohtaisemmalle kehitysty6lle, joka on vélttdmé&tonta ennen uusiutuvien synteettisten
polttoaineiden tuotannon aloittamista teollisessa mittakaavassa.
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LITERATURE REVIEW

1 INTRODUCTION

This thesis considers production methods of synthetic transport fuels and links them to the
Power-to-X (P2X) concept. The aim of the thesis is to create steady-state simulation models
describing production of gasoline, kerosene and diesel fuels from renewable methanol. The
thesis consists of a literature review of relevant literature of the topic, and an applied section

that describes the modeling procedure.

In the literature part of the thesis, transport fuel production processes — petroleum-based,
synthetic and renewable synthetic —are introduced and the properties of the fuels produced with
different methods are compared. Sustainability of the fuels is kept in central focus throughout
the thesis. In the first chapter, the broad context of the topic is introduced. The second chapter
concentrates on conventional petroleum fuels. Production methods of synthetic fuels are
introduced in the third chapter. Fourth chapter of the thesis focuses on applying sustainable
methods in synthetic fuel production. The applied section consists of creation of steady-state
simulation models and presenting the results obtained from the models. Preliminary investment
cost estimates for the production plants are also given based on the simulation models. This

procedure is described in chapters five and six.

In this thesis, term “synthetic fuels” is used to refer to fuels made from other fossil-based raw
materials than crude oil. “Renewable synthetic fuels”, on the other hand, is used as a term for

fuels derived from renewable or recycled resources.

1.1 History

Transport has been dependent on oil since the invention of the internal combustion engine
(ICE). Of current ICE types, spark ignition engines run on gasoline, diesel is used in
compression ignition engines, and kerosene is consumed by aviation in jet engines (EERE,
2013; SKYbrary, 2017). Nearly five million tons of transport fuels — gasoline, diesel and
kerosene — were consumed in Finland in 2017 (IEA, 2019a). The petroleum fuels have taken
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roots deep in transport, but the history of synthetic fuels reaches also farther than just recent
past. The first synthetic fuel production method was developed in Germany in 1925.
Hydrocarbons were produced from coal via gasification instead of crude oil. Millions of barrels
of synthetic fuels were produced in Germany during the Second World War for political
reasons. After the war, low oil prices made coal-based fuel production unprofitable, and interest

towards synthetic fuels faded for a few decades.

In the 1970s, tensions in the Middle East escalated and caused a global oil crisis. The price of
oil increased from 2 to 11 $/bbl within few months during the end of 1973 and the beginning
of 1974. Rapid rise in the oil price revived the synthetic fuel production. During the 1980s,
large oil companies, such as Exxon, Royal Dutch/Shell and Mobil, renewed the existing
technologies and developed novel, more efficient and more versatile methods for synthetic fuel
production. (Shell, 1983; Speight, 2008) Mobil’s technology was utilized in production of
synthetic gasoline in New Zealand in 1985-1999. The gasoline was consumed within New
Zealand, which increased the country’s self-sufficiency in oil-derived products from 25% to
50%. However, production of synthetic gasoline became economically unattractive due to the
declining crude oil price, and the plant was consequently shut down. (Maiden, 1988;

Engineering New Zealand, 2019)

Today, in addition to the willingness to become independent of crude oil, an important driver
for promotion of renewable synthetic fuels comes from climate change. Necessary steps need
to be taken in order to reduce carbon dioxide emissions, and renewable synthetic fuels are in a

central role in the shift towards carbon-neutrality.

1.2 Environmental driver

It has been acknowledged that global warming can only be slowed down, and that its
consequences should be minimized (Shaftel et al., 2020). In 2015, the Paris Agreement was
created as the first global climate agreement to limit the environmental effects of climate
change. The Agreement states that warming of the climate should be limited globally to 1.5 °C
in comparison to pre-industrial levels. Currently 187 of 197 Parties of the Convention have
ratified the Agreement and it entered into force in 2016. (UNFCCC, 2020a; UNFCC, 2020b)
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To achieve the target, European Commission (2017a-2017d) created climate and energy
strategies for years 2020, 2030 and 2050. The 2020 package aims at reducing greenhouse gas
emissions from the 1990 levels by 20%, increasing the share of renewable energy in total energy
production to 20%, and improving energy efficiency to 20%. The corresponding shares in the
2030 framework are 40%, 32% and 32.5%, respectively. Additionally, Renewable Energy
Directive 2018/2001, also known as RED I, sets an obligation to increase the share of
renewable energy in transport to 14% by 2030 (European Union, 2018). The long-term strategy
for the EU is to be carbon-neutral by 2050. The European Union met the greenhouse gas (GHG)
emission reduction target of the 2020 package, but actions need to be accelerated to meet the
2030 targets.

Distribution of final energy consumption by sector in the EU28 Member States and in Finland

in 2017 is illustrated in Figure 1.

EU28 Finland
27 %
m Industry
u Transport
Commercial and public

SEMVICES

Households

17 %

Figure 1 Final energy consumption by sector in the EU28 countries and Finland in
2017. Total energy consumption was 1060 Mtoe in the EU28 and 25 Mtoe in
Finland. Adapted from Eurostat (2020).

As seen in Figure 1, nearly one third of total energy is consumed by transport in the EU28
region. In Finland, the share of transport is smaller than in the EU in average. Approximately
25% of GHG emissions in the EU originate from transport, and passenger transport activity is
expected to grow steadily during the years 2020-2050 (European Commission, 2017e; Capros
et al., 2016). Emissions are to be cut by decarbonizing the transport sector. The EU published

a clean fuel strategy aiming at promotion of alternative fuels, such as hydrogen, natural gas and
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biofuels. Electric vehicles and charging infrastructure are also included in the strategy.
(European Commission, 2013a) Recent efforts have been made to ensure the adaptation of low-
emission transport and to direct freight transport towards railways and waterways (European
Union, 2019; Pape, 2019).

Despite the development that has been achieved already, the transport sector in the EU is still
94% oil-dependent (European Commission, 2020). Oil remains the most used fuel source in the
future, but natural gas is expected to gain the second largest share of the fuel mix in transport.
Carbon dioxide emissions are projected to decline especially in the cases where petroleum fuels
are replaced with natural gas. (IEA, 2017) Zero-CO; emission target, however, cannot be

achieved as long as fossil fuels are used in transport.

According to RED 11, 3.5% of transport fuels in the EU should be covered with biofuels by
2030. IEA’s Sustainable Development Scenario, that is in line with the Paris Agreement,
expects tenfold annual growth in biofuel markets in the EU between 2019 and 2030 to meet the
3.5% target (Teter et al., 2019). Biofuels are an important tool in reducing the CO, emissions
from transport, but they are a rather temporary solution. Schmied et al. (2014) have estimated
that the global energy demand in the transport sector in 2050 is 28-47 PWh of which only 4-5
PWh can be covered with second generation biofuels produced from agricultural and forestry
wastes. First generation biofuels produced from dedicated feedstock crops are used to increase
the contribution of biofuels in the fuel mix, but agricultural change related to feedstock
acquisition has raised a public concern (Upreti, 2004). Increasing the cultivation of feedstock
crops for biofuel production to the detriment of food production might turn out challenging
especially in the areas where arable land is scarce. Particular attention should therefore be paid
to both environmental and social sustainability of the cultivation of biofuel crops so that food
crops are not risked.

Approximately 5.3 Mtoe of electricity was consumed by transport in the EU28 in 2014 (IEA,
2019a). According to European Environment Agency (2016), total electricity consumption by
electric vehicles will increase from 0.03% to 9.5% between 2014-2050 in Europe. Significant
amount of additional electricity generation must therefore be created to meet the substantially
increasing electricity demand. Germany aims at having carbon-neutral transport sector by 2050

by covering the electricity demand with renewable energy sources (Purr et al., 2014) Generation
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of renewable electricity, especially solar and onshore wind power, is projected to increase in
the future in general while the costs are to decline (Capros et al., 2016). Even though the amount
of available green electricity is going to increase, infrastructure of charging stations needs to be
improved. In Finland, for example, long distances and inadequate charging possibilities
currently present a challenge to the users of fully electric vehicles.

A fast growth in the number of electric vehicles would result in significant consumption of
lithium batteries. Weil et al. (2018) have evaluated that global lithium demand is on its way to
exceeding known lithium reserves even if recycling is utilized to a large extent, including
electronic devices, power tools and stationary batteries. Lithium scarcity can lead to limitations
in battery production for electric vehicles since lithium-ion batteries are still technologically

the most viable option.

Even if electric vehicles can be utilized in some extent in road transport, aviation and long-haul
maritime transport are still going to be dependent on liquid fuels for decades. Renewable
synthetic fuels are not restricted by fossil, biological or mineral resources since they can be
produced from renewable carbon dioxide, and the process and hydrogen production can be
powered with renewable electricity. Carbon dioxide, that already exists in the carbon cycle, can
be captured and reused as the carbon source of fuel hydrocarbons. Thus, renewable synthetic

fuels are in a key role in decarbonization of the transport sector.

2 PETROLEUM FUELS

This chapter introduces conventional petroleum fuels. First, the chemistry of crude oil and
petroleum fuels is discussed, followed by the description of a typical oil refining process.
Finally, current market status of crude oil and petroleum fuels are previewed, and the emissions

related to the use of the products are assessed.
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2.1 Chemical composition of crude oil

Chemical composition of crude oil varies based on its geological origin. Average elemental and

molecular compositions of crude oil are collected in Tables I and I1.

Table | Elemental composition of crude oil (Hyne, 2001).
Element | Weight, %
Carbon 84-87
Hydrogen 11-14
Oxygen 0.1-2
Nitrogen 0.1-2
Sulfur 0.06-2
Table 1l Molecular composition of crude oil (Hyne, 2001).
Molecule type | Weight, % | Range, %
Paraffins 30 15-60
Naphthenes 49 30-60
Aromatics 15 3-30
Asphaltics 6 remainder

According to Table I, crude oil consists mainly of carbon and hydrogen. Traces of nitrogen and
sulfur are also present as impurities. Variation in the molecular composition of crude oil is
rather large, as can be seen in Table Il. Majority of the molecules occur as cyclic and acyclic
alkanes and alkenes. In some cases, the fraction of aromatic compounds can be as high as

naphthenes.

2.2 Petroleum-derived fuels

Since petroleum fuels consist of a large variety of hydrocarbons in a certain carbon number
range, the final composition of the fuels depends on the crude oil used as a raw material. Typical
carbon number distributions of petroleum-derived gasoline, diesel and kerosene are shown in

Figure 2.
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Figure 2 Typical carbon number distributions of petroleum fuels. Adapted from Altin
& Eser (2004).

As seen in the figure, the fuel species overlap each other in terms of hydrocarbon contents.
Gasoline mainly consists of C3-C13 hydrocarbons while diesel has a wide distribution of Cg-Co4

compounds. Kerosene falls in between of the first two, being a mixture of C4-C17 molecules.

The quality standards for gasoline, diesel and kerosene are presented in Tables I11-V.
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Table 111 Quality standard for gasoline according to 2009/30/EC directive (European
Union, 2009). Flash point acquired from Shell Chemicals (2013).
Unit | Minimum | Maximum
Research octane number - 95 -
Motor octane number - 85 -
Reid vapor pressure kPa - 60
Flash point °C -40 -
Distillation:
percentage evaporated at 100 °C | vol% 46 -
percentage evaporated at 150 °C | vol% 75 -
Hydrocarbon content:
olefins vol% - 18
aromatics vol% - 35
benzene vol% - 1
Oxygen content wt% 3.7
Oxygenates:
methanol vol% 3
ethanol vol% 10
isopropyl alcohol vol% - 12
tertbutyl alcohol vol% - 15
isobutyl alcohol vol% - 15
Cs+ ethers vol% - 22
other oxygenates vol% - 15
Sulfur content mg/kg - 10
Lead content g/l - 0.005
Table IV Quality standard for diesel according to 2009/30/EC directive (European

Union, 2009). Flash point acquired from Jones (2006b).

Unit | Minimum | Maximum

Cetane number - 51 -
Flash point °C 60 -
Distillation:

95 vol% recovery °C - 360
Polycyclic aromatic hydrocarbons | wt% - 8
Sulfur content mg/kg - 10
FAME content vol% - 7
Density at 15 °C kg/m?® - 845
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Table V Quality standard for Jet A-1 kerosene type jet fuel according to ASTM D1655
standard (Jones, 2006b; ExxonMobil Aviation, 2008).

Unit | Minimum | Maximum

Aromatics vol% - 25
Flash point °C 38

Freezing point °C - -47
Distillation:

Initial boiling point| °C

10 vol% recovery °C - 205
Final boiling point °C - 300
Density at 15 °C | kg/m? 775 840

It can be concluded by looking at Tables I11-V that the quality of the fuel types is mainly ensured
by setting upper limits to the fuel properties. The low flash point of gasoline makes the fuel

highly flammable, which is a serious health and safety risk.

2.3 Petroleum refining process

Fossil transport fuels are produced from crude oil in a complex refining process. Crude oil is
first demineralized in a desalter unit to remove water and water-soluble impurities. The oil is
then heated and fractioned in an atmospheric distillation unit based on the different boiling point
ranges of the fractions. The lightest distillation fraction, refinery gas, contains mainly butane
and other light hydrocarbons which are utilized in liquid petroleum gas (LPG) production. The
heaviest fraction, distillation residue, is a mixture of hydrocarbons with several dozens of
carbon atoms. The residue is highly viscous, and it is used in bitumen production. Since the
boiling point ranges of the other liquid fractions are rather wide, further treatment is required
to separate the fractions from each other. The steps include, for instance, hydrotreating,
hydrocracking, catalytic reforming, isomerization and alkylation. Sulfur and nitrogen
impurities are removed in hydrodesulfurization and hydrodenitrogenation processes after the
distillation unit. (Hsu & Robinson, 2019a; Yassin et al., 2019) Figures 3 and 4 illustrate a

fractional distillation unit and a diagram of a typical oil refining process, respectively.
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Gasoline
40 - 205 °C
R —

Naphtha
60 -100 °C

Kerosene
175-325°C

Diesel
250 - 350 °C

Lubricating oil
300 - 370 °C

Fuel oil

Crude oil 370 - 600 °C

Residue
> 600 °C

!

Figure 3 Fractional distillation of crude oil and the fractions with their boiling point
ranges. Adapted from Yassin et al. (2019).
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Figure 4 Diagram of a typical oil refining process (Hsu & Robinson, 2019a).

2.4 Market overview

Oil production volumes in the EU28 and Organisation for Economic Co-operation and
Development (OECD) Europe in 2017 are shown in Figure 5. Finland has no domestic oil
production due to the lack of natural oil reserves. However, Finland has oil refining industry
with significant global influence. Consumption of oil by product in the EU28 and Finland in
2017 is illustrated in Figure 6.
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Figure 5 Oil production in the EU28 and OECD Europe in 2017. Adapted from IEA
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Figure 6 Consumption of oil by product in EU28 and Finland in 2017. Total oil
consumption was 468 Mtoe in the EU28 and 7.3 Mtoe in Finland. Adapted
from IEA (2019a).

As can be seen in Figure 5, there is a significant difference in crude oil production between the
EU28 and OECD Europe. The difference is mainly due to the extensive oil reserves of Norway.
The oil consumption in Figure 6 follows a similar pattern in Finland than the EU in general.

Over two thirds of crude oil are consumed as diesel and gasoline.

Average crude oil and petroleum fuel spot prices in July-December of 2019 are shown in Figure
7. In the figure, the price of crude oil corresponds to Brent Crude from the North Sea. The



23

gasoline price indicates regular Reformulated Gasoline Blendstock for Oxygenate Blending
(RBOB) gasoline with a research octane number of at least 85. The prices of diesel and
kerosene-type jet fuel are U.S. Gulf Coast prices and the gasoline price is reported in Los
Angeles. (EIA, 2020a) The prices were converted from USD to EUR using an exchange rate of
0.90 valid on 04.03.2020.
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0,40
— /\/\ e Crude oil
S~
W .
o 0,30 Gasoline
2
a Diesel
0,20 Kerosene
0,10
0,00
Aug-19 Sep-19 Oct-19 Nov-19 Dec-19 Jan-20
Figure 7 Average crude oil and petroleum fuel spot prices in August-December of

2019 and January of 2020. Adapted from EIA (2020).

As seen in the figure, there has been some variation in the price of gasoline while the prices of
crude oil and other fuels have remained relatively stable. It is also worth noting that refining
crude oil into petroleum fuels increases the price of oil only a little when the refined oil is sold

as a transport fuel.

According to analysts, oil refining industry can be seen as moderate to high risk business in
medium and long term. Profitability of the refineries has decreased as a result of increasing
crude oil prices and lower raw material quality. Additional costs come from obligations to adapt
renewable energy systems, to improve waste treatment systems and to fulfil the biofuel blending
obligations. (Grande & Karlsson, 2014) Conventional oil refining would likely continue even
if renewable synthetic fuels were adapted in large scale, but the oil refining companies would

be forced to change their strategies to remain profitable.
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2.5 Emissions

Total carbon dioxide emissions and emissions due to the utilization of crude oil in the EU28
and Finland in 2017 are shown in Figure 8. Transport related emissions are included in the
emissions originating from oil consumption, but they are presented independently to

demonstrate the magnitude of the emissions.

EU28 Finland
8.u ;;;; 8‘“ 25 21 mmm Emission source
= 20 g, : Tota
1500 1335 o~ 15 -
-1 m L
v Qil Transport . Qil Transport
Figure 8 Carbon dioxide emissions in EU28 and Finland in 2017. Adapted from IEA
(2019a).

It is evident that a clear majority of oil related CO, emissions come from transport in the EU28
countries. In Finland, on the other hand, oil is still used in residential heating which results in a
smaller share of transport in emissions that originate from utilization of oil. It is also worth
noting that the total CO2 emissions of Finland are approximately one seventieth of the total

emissions in the EU region.

When considering the transport related GHG emissions, it is clear that decarbonization of the
transport sector is still a distant goal. Competition on the fuel markets against low petroleum
fuel prices is a challenge for alternative fuels. Brynolf et al. (2018) found in their literature
review that the production costs of renewable synthetic gasoline are approximately 320 € MWh
in average, whereas the production of petroleum gasoline costs approximately 90 €/ MWh. Most
of the production costs of renewable synthetic fuels originate from electrolytic production of
hydrogen, that is highly energy intensive. Higher production costs are therefore a clear
disadvantage for renewable synthetic fuels. However, the dynamics of the markets is about to

change when the general price level of petroleum fuels increases in the future due to the
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decrease in global oil reserves. It is also likely that higher taxation of petroleum fuels will be
utilized to make carbon-neutral fuels a more attractive option to consumers (OECD, 2019).

Until now, taxation of aviation fuels has not been mandatory in the EU (Faber et al., 2018).

3 SYNTHETIC TRANSPORT FUELS

Current synthetic transport fuel production processes are based on fossil-based raw materials.
Different production technologies have the same core principle, but individual characteristics
have been added during the decades of research and development work. This chapter introduces
the most common synthetic liquid fuel production technologies. The current state of industrial-
scale synthetic fuel production is introduced via an overview of the operation of different

production plants.

3.1 Current raw materials

Synthetic fuel production processes were developed to decrease the dependency on crude oil in
the transport sector. Fuels were and still are produced using synthesis gas derived from
alternative fossil sources, mainly natural gas and coal. This paragraph is an overview of the

current raw material usage.

3.1.1 Natural gas

Synthesis gas, also referred to as syngas, is a mixture of hydrogen and carbon monoxide, and it
can be produced from natural gas via catalytic reactions. Catalyzed by Ni/Al>Os-based catalyst,
dry reforming of methane (DRM), steam reforming of methane (SRM) and partial oxidation of
methane (POM) all produce syngas in varying ratios according to the following equations
(Johnson Matthey, 2018; Aramouni et al., 2018; Alvarez-Galvan et al. 2019; Zou et al., 2017,
Lavoie, 2014).
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Ni/Al, 05 K

CH4 + C02 «— 2C0 + 2H2, AH298K = 247 m (1)

CH, + H,0 «<—23CO + 3H,, AHao5 = 205 —= )
Ni/Al,O

CH, +20, /A28 00 + 2H,, AHpopx = —38 — 3)

Natural gas could alternatively be produced synthetically, but the price of the synthetic option
is projected to remain several times higher for the next 30 years in comparison to its fossil-
based counterpart (Gorre et al., 2019). It is therefore unlikely that syngas is produced from

synthetic methane in the near future.

3.1.2 Coal

Gasification of coal also produces syngas according to the following generic reaction (EI-Nagar
& Ghanem, 2019; Rodriguez-Reinoso, 1991).

5C + 4H,0 + 0, - 3CO + H, + CO, + H,0 + CH, 4)

As can be seen from Equation (4), gasification of coal produces carbon dioxide, water gas and
methane in addition to hydrogen and carbon monoxide. Nitrous products may also be present
as nitrogen and ammonia gas. In addition to gaseous by-products, solid and liquid residues —
tar, char and ash — are formed during the process. (EI-Nagar & Ghanem, 2019) Carbon dioxide
emissions are significantly larger when producing syngas via gasification of goal than from
natural gas. Natural gas is also less expensive than coal — the price of natural gas proportional
to its energy content is currently approximately ten times lower than the price of coal (Markets
Insider, 2020a; Markets Insider, 2020b). Methane is thus often preferred over coal for synthetic
fuel production.

3.2 Production processes

This paragraph introduces the currently used synthetic fuel production methods. Process

description, operating conditions and product characteristics are given for each technology.
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3.2.1 Methanol-to-gasoline

Methanol-to-gasoline (MTG) process was first developed by ExxonMobil (former Mobil). The
process converts methanol into gasoline via dimethyl ether (DME) intermediate. Generic
overall reaction of the synthesis can be presented as in Equation (5). Reaction steps of the
sequence occur according to Equations (6)-(8). (CH2)nydrocarbons in Equations (5) and (8) refers
to a mixture of cyclic and acyclic paraffins, aromatics and Ce+ olefins (Chang & Silvestri,
1977).

k]
CH30H - (CHZ)hydrocarbons + H,0, AHgsax = —44.8 mol (5)
y=AlL; 03 K
2CH3;0H «——— CH3;0CH; + H,0, AHg4ax = —10.1 mol (6)
HZSM-5 k]
CH3;0CH; — 2(CHZ)olefins + H;O0, AHgqax = —18.7 mol (7)
HZSM-5 k]
(CH2)olefins — (CHZ)hydrocarbonsr AHgaax = —16.0 mol (8)

As can be seen from Equations (6) and (7), water is formed in large quantities. The hydrocarbon
yield of Equation (5) is approximately 44 wt% and the remaining 56 wt% consists of water
(Yurchak, 1988). In the early designs, the conversion of methanol to gasoline was executed in
two separate adiabatic reactor to handle the highly exothermic reaction heat of the system.
According to Yurchak (1988), adiabatic temperature rise of the overall reaction can be as high
as 600 °C. The dehydration of methanol was performed in the first reactor over a y-alumina
catalyst at a reactor feed temperature of 310-320 °C and a pressure of 27 bar. Hydrocarbon
production from DME was then executed in the second reactor over an HZSM-5 zeolite catalyst
at a reactor inlet temperature of 350-366 °C and inlet pressure of 19-23 bar. (Keil, 1999) The
latter reactor is depicted in Figure 9. A simplified flow diagram of Mobil’s fixed-bed MTG
process is illustrated in Figure 10.
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Figure 9 Mobil’s fixed-bed reactor for catalytic conversion of dimethyl ether to
gasoline (Krohn & Melconian, 1988).
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Figure 10 Simplified flow diagram of Mobil’s fixed-bed methanol-to-gasoline process.
Adapted from Yurchack (1988).

The process presented in Figure 10 has an additional sequence for heavy gasoline treatment
(HGT) to remove durene from the heavy gasoline fraction. Durene — 1,2,4,5-tetramethyl
benzene — has a melting point of 79 °C, causing carburetor icing in internal combustion engines
if it is not removed from the gasoline (Miller, 1988; Larson et al., 2012). Durene content in
synthetic gasoline typically varies between 3 and 6 wt% whereas durene is virtually absent in
petroleum gasoline (Parker, 2018). Purified heavy gasoline is blended with the light gasoline

fraction to obtain finished gasoline.
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The Mobil’s fixed-bed process was further developed by changing the reactor type to fluidized
bed reactor (Grimmer et al., 1988). An isothermal fluid-bed reactor configuration allows

executing the synthesis in a single step at 413 °C and 2.75 bar (Keil, 1999) The process is shown

in Figure 11.
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Figure 11 Flow diagram of a fluidized bed reactor methanol-to-gasoline process

(Pechstein & Kaltschmitt, 2018).

The major difference between the two reactor configurations is the placing of the catalyst. In a
fluid-bed reactor, the catalyst moves freely inside the reactor and it is recovered in a cyclone in
the reactor outlet (Pechstein & Kaltschmitt, 2018). The catalyst is simultaneously regenerated
during the recovery. In a fixed-bed reactor, on the other hand, the catalyst is fixed in catalyst
packings inside the reactor. Other advantages of fluid-bed reactors, in addition to a single
reactor configuration and constant regeneration of the catalyst, include more efficient heat
transfer, 7.5% higher gasoline yield and lower durene contents in comparison to fixed-bed
reactors. Catalyst aging tends to change the product distribution over time in fixed-bed
operation, whereas continuous regeneration of the catalyst in fluid-bed mode allows the
distribution to remain constant. (Yurchak, 1988; Grimmer et al., 1988)
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3.2.2 Topswee Integrated Gasoline Synthesis

A variation of Mobil’s technology was introduced by a Danish company Haldor Topsge in the
1980s. Topsee Integrated Gasoline Synthesis (TIGAS) process integrates methanol and DME
production into a single unit without the isolation of methanol before the gasoline synthesis. A

block diagram of the process is shown in Figure 12.

Recycle Gas
MNat IGgﬁ Purge
2 L;ra Synthesis v Oxygenate Gasoline Separation
—Steamyl ~gag > > >
__'.EEE‘,. Production Synthesis Synthesis Unit (LBG
Water
Gasoling >
Figure 12 Block diagram of the Topsge Integrated Gasoline Synthesis process (Topp-

Jorgensen, 1988).

The process steps — syngas production, MeOH/DME synthesis and gasoline synthesis — are
operated at the same pressure level instead of increasing the operating pressure for methanol
synthesis and decreasing it before the gasoline synthesis as is done in the conventional MTG
process. Therefore, the entire process from synthesis gas to gasoline can be carried out in a
single loop with the operating pressure of approximately 20 bar. (Topp-Jargensen, 1988)

3.2.3 Methanol-to-olefins and Mobil Olefins to Gasoline and Distillate

Instead of converting methanol merely to gasoline, it can be used in diesel and kerosene
production as well. ExxonMobil altered the original MTG process so that methanol is first
converted to olefins — according to Equations (6) and (7) — in a methanol-to-olefins (MTO)
process, and the olefins are then refined into gasoline and distillate fractions in the Mobil
Olefins to Gasoline and Distillate (MOGD) unit. The reaction sequence is the same as in the
MTG process, but the product yield is altered with a different catalyst choice and reaction
conditions. HZSM-5 catalyst is used in both MTO and MOGD syntheses to give high light
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olefin and branched iso-olefin yields. The reaction conditions in the MTO reactor are 430-510
°C and 1-6 bar. The corresponding figures for MOGD are 200-345 °C and 40-105 bar. The
distillate fraction can be utilized as diesel or it can be separated into diesel and kerosene
fractions. (Avidan, 1988; Harandi, 1991; Grimmer et al., 1988) Figure 13 illustrates a block
diagram of the MTO process integrated with MOGD.
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Figure 13 Block diagram of the methanol-to-olefins/Mobil Olefins to Gasoline and

Distillate process (Grimmer et al., 1988).

In the process depicted in Figure 13, a product distribution of 18:24:55 wt% for gasoline,
kerosene and diesel, respectively, can be obtained. Additionally, 3 wt% of LPG is formed

during hydrocarbon fractioning after the MTO reactor. (Pechstein et al., 2017)

3.2.4 Fischer-Tropsch process

Fischer-Tropsch process was the first production method of synthetic fuels. It was developed
by Franz Fischer and Hans Tropsch in 1925. The process was utilized in a large scale in
Germany for strategic reasons during the World War 1l. The process converts syngas into
gaseous and liquid products which are refined into several hydrocarbon fractions. A generic

reaction of FT synthesis can be expressed in the form of Equation (9). More detailed
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descriptions of the reactions are shown in Equations (10)-(14). (Speight, 2008) A block diagram

of the FT process is shown in Figure 14.

Fe/Co

nCO + (Zn + 1)H2 — CTLHZTL+2 + nHzo (9)
CO + 2H, — —CH, — +H,0, AHgg x = —165 - (10)
2C0 + H, — —CH, — +CO,, AHgg = =205 -2 (11)
3C0, + H, — —CH, — +2C0,, AHggq = —245 - (12)
CO, + 3H, — —CH, — +2H,0, AHsg0x = —125 % (13)
CO + H,0 = CO, + H,, AHgp0 = —39.8 - (14)
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Figure 14 Block diagram of the Fischer-Tropsch process. Adapted from EFSA (2012).

As can be seen in the reaction equations and Figure 14, the FT synthesis produces a wide variety

of hydrocarbons that require further upgrading. Polymerization of light Cz and C4 olefins

produces paraffins with higher carbon numbers, thus modifying the hydrocarbon mixture

towards a suitable composition for liquid fuels. Hydrogenation also decreases the content of

olefinic compounds in the fuel fractions which improves the octane rating and stability of the
fuels. (van der Westhuizen et al., 2011; Kreutz et al., 2008) The treated fractions are blended

together in suitable portions to produce liquid fuels. Heavy waxes are separated as individual

products by fractionation of heavy hydrocarbon compounds.
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Due to the exothermic nature of the FT reactions, heat removal and temperature control are the
most important factors in the reactor operation. Four different reactor types have been
developed over the years and used in commercial scale production. Multi-tubular fixed-bed and
fixed slurry bed reactors are used in low-temperature Fischer-Tropsch (LTFT) processes,
whereas circulating and fixed fluidized bed reactors are suitable for high-temperature (HTFT)
operation. Of the reactor types, multi-tubular fixed-bed and circulating fluidized bed reactors
are early versions that are now either partially or completely replaced with more efficient and
lower-cost fixed slurry bed and fixed fluidized bed reactors. (Spath & Dayton, 2003; Speight,
2008; Wood et al., 2012) Figure 15 shows the different reactor types and comparison between

their characteristics is presented in Table VI.
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Figure 15 Fischer-Tropsch reactor types (Spath & Dayton, 2003).
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Table VI Comparison between different Fischer-Tropsch reactors (Spath & Dayton,
2003; Speight, 2008; Wood et al., 2012).

Reactor type | Process type | Temperature, °C | Pressure, bar | Catalyst| Products Design
Multi-tubular Cobalt-
fixed-bed LTFT 220-260 20-30 based Waxes Early
Circulating Iron- Gasoline,
fluidized bed HTFT 350 25 based | light olefins | E2"Y
Fixed fluidized | = \ppp 350 25 Iron- 1| iquid fuels | Advanced
bed based
Fixed slurry LTFT 200-240 25 Cobalt- |\ aves, diesel | Advanced
bed based

In general, the higher the temperature, the lighter the produced hydrocarbons. The operation
temperature of FT synthesis should be limited to 400 °C to minimize methane formation.
Cobalt-based catalysts are used in LTFT processes to prevent significant methane generation
which occurs at elevated temperatures. Therefore, Co catalysts produce predominantly linear
waxes with high carbon numbers. Iron-based catalysts have a higher activity towards lighter FT
products than Co, but Fe also participates in the WGS reaction which decreases the carbon
conversion to products. Another downfall of Fe catalysts is the higher tendency to form carbon
deposits on the catalyst surface leading to deactivation of the catalyst. However, Fe catalysts
are considerably less expensive than Co catalysts, but the higher catalyst costs of Co can be
compensated with longer catalyst lifetime and higher product conversion. (Spath & Dayton,
2003)

A unique configuration can be found in South Africa where a Conversion of Olefins to Distillate
(COD) unit is linked to a HTFT process. The COD technology allows converting light olefinic
compounds formed but not utilized in the FT process into gasoline and diesel fuels. The
technology is patented by The Petroleum Qil and Gas Corporation of South Africa (PetroSA)
and used only in South Africa. (PetroSA, 2012; Knottenbelt, 2002; Minnie, 2006)

3.2.5 Shell Middle Distillate Synthesis

Oil and petrochemical company Shell developed a synthesis process maximizing diesel and
kerosene production. Shell Middle Distillate Synthesis (SMDS) converts synthesis gas derived

from natural gas into gasoline, diesel and kerosene. Synthetic crude suitable for mixing with
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crude oil can also be produced by simplifying the process. (van der Burgt et al., 1988) A block

diagram of the process is shown in Figure 16.

Fuel gas, LPG
Gasoline
Synthesis gas Heavy paraffin Gas/liquid Heavy paraffin Kerosene
synthesis > separation > conversion > Distillation Diesel ’
7'y
Hydrogen
Figure 16 Block diagram of the Shell Middle Distillate Synthesis process. Adapted from

van der Burgt et al. (1988).

As seen in the figure, the process consists of synthesis, conversion and separation steps. In the
heavy paraffin synthesis step, syngas is converted to heavy hydrocarbons via FT process in a
multi-tubular fixed-bed reactor. A proprietary catalyst was developed for the synthesis to
maximize the amount of the distillate fraction and to minimize the formation of light gaseous
hydrocarbons. Consequently, yield of the gasoline fraction is also decreased. The heavy
paraffins are then converted to compounds with a desired chain length utilizing
hydroisomerization and hydrocracking. The final product ratios vary from 15:60:25 to 25:25:50

for gasoline, diesel and kerosene, respectively. (van der Burgt et al., 1988; Ansorge, 1997)

3.2.6 Summary of the methods

Tables VI1I-1X summarize the properties of synthetic gasoline, diesel and kerosene produced
using the technologies presented in this chapter. In Table VII, Cs+ refers to components in
gasoline product range. The distillation results are obtained by ASTM D86 method, and the
total sulfur contents of petroleum fuels are reported prior to hydrodesulfurization. Additionally,

a dash indicates a property with unavailable information.
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Table VII Properties of petroleum-derived and synthetic gasoline produced with
different methods (Jones, 2006a; Kristoferson & Bokalders, 1986; Lu et al.,
1989; Khalil, 2015; Yurchak, 1988; Topp-Jargensen, 1988; Udengaard et al.,
2015; Avidan, 1988; Tabak & Yurchak, 1990; de Klerk, 2011; Atrax Energi,
2007; EIA, 2020Db).

Property Petroleum MTG TIGAS | MTO/MOGD FT
Components, vol%

Cs+ 25 81 80 84 -
Cys- 2 19 20 9 -
Octane number

RON 91-100 93 88 93 97
MON 82-92 83 83 85 89
Distillation, °C

Initial boiling point 32 - - - 39
10 vol% recovery 46 46 - 48 -
50 vol% recovery 101 99 - 105 -
90 vol% recovery 167 166 - 135 -
Final boiling point 199 204 - 178 192
Composition, wt%

n-Paraffins 15-17 5 5 -
i-Paraffins 28-36 42 45-55 3 -
Olefins 1-11 10 5-15 94 18"
Naphtenes 3-5 9 5-10 1 -
Aromatics 20-49 35 25-35 2 26"
Durene 0 2 7 - -
Total sulfur, ppm 565 <10 - <5 -
Yield, wt% 46 38 57 8 40

* The fractions are listed in vol%.
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Table VIII Properties of petroleum-derived and synthetic diesel produced with different
methods (McCormick & Alleman, 2003; Jones, 2006a; Avidan, 1988;
Ansorge, 1997; van der Burgt et al., 1988; Knottenbelt, 2002; EIA, 2020b;
Minnie, 2006).

Property Petroleum | MTO/MOGD | SMDS FT COD
Cetane number (CN) 45 52 76 > 74 51
Distillation, °C

Initial boiling point 233 - 200 159-210 230
10 vol% recovery 264 258 - - -
50 vol% recovery 288 270 - 244-300 254
90 vol% recovery 312 302 340 327-334 323
Final boiling point 328 338 360 338-358 361
Composition

Aromatics, vol% 30 0 0 0.1-2 10
Total sulfur, ppm 10410 0 0 <1 <0.001
Yield, wt%o 29 24 25-60 7 40-66

Table IX Properties of petroleum-derived and synthetic kerosene produced with
different methods (Timko et al., 2011; Jones, 2006a; Avidan, 1988; Tabak &

Yurchak, 1990; Ansorge, 1997; van der Burgt et al., 1988, de Klerk, 2011).

Property Petroleum | MTO/MOGD | SMDS FT
Distillation, °C

Initial boiling point 184 - 150 -
10 vol% recovery 197 205 - 171
50 vol% recovery 218 226 - 208
90 vol% recovery 239 235 - 247
Final boiling point 256 238 200 260
Composition

Paraffins, vol% 57 95 - >99
Aromatics, vol% 18.5 5 0 0
Total sulfur, ppm 542 0 0 -
Yield, wt% 10 25 25-50 52

It can be seen by inspecting the tables that the properties of synthetically produced fuels are
rather similar to their petroleum-derived counterparts. According to Table VII, a remarkably
larger share of hydrocarbons with a suitable carbon number distribution for gasoline fuels can
be produced via synthetic methods in comparison to the conventional petroleum gasoline
production. A common advantage of synthetic methods is the low sulfur content in the finished

fuels which eliminates the need of additional desulfurization that is required in petroleum
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refining. However, petroleum gasoline does not contain problematic durene that needs to be
treated in a separate heavy gasoline treatment process, as is often required in the case of

synthetic gasoline.

Mass yields of the fuel fractions are often higher when produced via synthetic routes. The yields
can be affected in some extents by using process conditions and catalyst optimal for certain fuel
type. For instance, the yields of diesel and kerosene in SMDS process can be altered so that the
production of either fuel is maximized. On the contrary, the yields of petroleum fuels can be
hardly affected due to the composition of crude oil. Therefore, production of any petroleum

fuel always yields other fuels as well.

The octane ratings of synthetic gasoline in Table VII are too low to be sold as gasoline with a
minimum octane rating of 95. Methanol has a research octane number of 109 (Eyidogan et al.,
2010) and it could therefore be used to adjust the octane rating of synthetic gasoline, as it
already exists in the fuel processes producing methanol as an intermediate. However, the
amount of methanol in gasoline blends is limited to 3 vol% by the EU directive 2009/30/EC, as
presented in Table I1l. Ethanol is allowed up to 10 vol% making methanol/ethanol blend a

viable option for adjusting the octane rating of gasoline.

3.3 Production plants

A summary of production plants producing synthetic fuels is shown in Table X.
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Table X Summary of production plants producing synthetic fuels (Maiden, 1988;
Engineering New Zealand, 2019; ExxonMobil, 2018; PetroSA, 2012; Shell,
2016; Shell, 2018; Haldor Topsge, 2019; CAC, 2013; CAC, 2015; Chemicals
Technology, 2012)

Company Location | Technology | Raw material | Products | Capacity Current state
Synfuel New Zealand MTG Natural gas Gasoline | 600 kt/a | Operational in 1985-1999
JAMG China MTG Coal Gasoline | 110 kt/a Operational
PetroSA South Africa | FT, COD Natural gas I}'L?;Ld 2000 kt/a Operational

. Liquid .
Malaysia SMDS Natural gas fuels 500 kt/a Operational
Shell —
Qatar SMDS Natural gas L;ﬁg;gs 9500 kt/a Operational
Haldor Topsge | Turkmenistan | TIGAS Natural gas Gasoline | 600 kt/a Start-up in 2019
CAC Germany MTG Natural gas Gasoline - Pilot and demonstratlon
plant operation tested
CRI Iceland ETL Captured .COZ’ Methanol | 4 kt/a Operational
electrolytic H

Instead of converting fossil resources into methanol, Carbon Recycle International (CRI)
developed emission-to-liquid (ETL) technology to turn carbon dioxide captured from a
geothermal power station in Iceland to a raw material for the fuel process. Hydrogen for the
methanol synthesis is acquired by electrolysis of water and the entire process is powered by
renewable hydro and geothermal energy. The produced methanol is currently blended with
gasoline with the maximum of 3 vol%. Plans are being made to build corresponding plants
outside Iceland to locations were renewable energy is readily available. (Chemicals
Technology, 2012; Hobson & Marguez, 2018)

4 RENEWABLE SYNTHETIC FUELS

The key distinction between synthetic and renewable synthetic transport fuels is the raw
material sourcing. As the name implies, renewable synthetic fuels are produced using
sustainable carbon and hydrogen sources instead of using fossil resources. At the same time,
large scale utilization of renewable energy requires storage options to balance fluctuations in
energy production. These two concepts can be combined in a method generally referred to as
power-to-X. The idea of the method is to store renewable energy in a stable storage, in this case
in liquid transport fuels. Therefore, a method converting electricity into renewable synthetic
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fuels, such as methanol, gasoline, diesel and kerosene, is called power-to-liquids (PTL). This
chapter introduces raw material acquisition, feasibility of the technologies and the market

potential of PTL fuels based on the current and prospective regulations.

4.1 Potential raw materials

Of carbon-neutral raw materials, carbon dioxide and hydrogen are the most viable options. In
this paragraph, carbon dioxide and hydrogen sources and volumes are previewed briefly, and
the role of electricity in PTL technology is discussed.

4.1.1 Carbon dioxide

Carbon dioxide is the most relevant source of carbon in terms of reducing GHG emissions and
decarbonizing the transport sector. CO2 can be acquired for the fuel synthesis by direct air
capture or by utilizing the CO- derived from a point source, such as an industrial exhaust gas
stream. CO; capture from a point source is generally technically more viable and less expensive
than direct air capture due to larger CO2 concentrations. For instance, an exhaust gas stream of
a Finnish cement producer contains approximately 20 vol% of CO, whereas the atmospheric
concentration of CO2 was 407 ppm in 2018 (Blunden & Arndt, 2019). Other large industrial
point sources of CO: include for example steel and pulp mills (IEA GHG, 2005). A
comprehensive preview of carbon capture technologies can be found in a master’s thesis by

Joonas Hyvérinen (2019).

In 2017, industry sector of the EU28 Member States emitted a total of 405 Mt of CO: (IEA,
2019a). The price of European Emission Allowance in the EU emissions trading system, on the
other hand, was approximately 25 € per ton of CO2 emitted in the end of January of 2020 (EEX,
2020). Demand for CO> as a raw material will increase dramatically when carbon dioxide-based
chemical production, including renewable synthetic fuels, reaches its full scale. Adaptation of
carbon capture technologies could therefore be an attractive alternative for industrial businesses

since the emissions with an ever-increasing price could be turned into a source profit.
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4.1.2 Hydrogen

Hydrogen can be sustainably produced by electrolysis of water powered by renewable energy.
In water electrolysis, liquid water is split into oxygen and hydrogen gas with electric current.
Alternatively, hydrogen produced as an industrial by-product can be utilized as a raw material
if industrial symbiosis is possible. For instance, hydrogen is formed as a by-product in a
production process of bleaching chemicals for pulp and paper industry. However, transportation
and storing hydrogen to the site it is used is challenging due to its low density as well as high
flammability and reactivity. Hydrogen is therefore rather converted and stored as methanol or
other compound with less handling related challenges.

Global hydrogen demand was approximately 74 Mt in 2018 and it has grown steadily for the
last few decades (IEA, 2019b). The value of hydrogen produced with renewable energy will
increase even further in the future due to numerous applications of hydrogen, such as production
of bulk chemicals and reduction of steel, in addition to fuel production (Hydrogen Europe,
2019). In addition to current applications, hydrogen has potential to participate in
decarbonization of several economy sectors. The role of hydrogen in this transition is illustrated
in Figure 17.
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Figure 17 The role of hydrogen in decarbonization of several economy sectors
(Hydrogen Council, 2017).

As seen in the figure, the potential of carbon-neutral, hydrogen-based energy sector is
remarkable. Advances in water electrolysis and renewable energy technology will make it
possible for economy sectors to become independent on fossil sources of energy to which

current economies are heavily relied on.

4.1.3 Electricity

As discussed above, electricity can be seen as a raw material for PTL processes in addition of
being the power enabling the process. Large scale adaptation of PTL technology requires
investing in renewable energy production to ensure sufficient power for fuel production. The
amount of renewable energy generation has increased during the last couple of decades, and the
price of generated electricity has consequently decreased. Development of average auction

prices of wind and solar power is illustrated in Figure 18.
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Figure 18 Average auction prices of onshore wind and solar photovoltaic electricity in

2012-2019. Adapted from IEA (2019c).

As is evident in the figure, the prices have declined significantly within few years. The
development has been rapid especially in the case of solar PV. According to a recent report by
Hydrogen Council (2020), the costs of onshore wind and solar PV power have been reduced by
80% within 10 years. This was also observed in a 1.5 GW Saudi tender in April 2020 where the
lowest bid of 15 €/MWh for solar power was quoted (Bellini, 2020). Processes utilizing

renewable electricity are thus soon becoming economically viable with the current price trend.

4.2 Methanol

The role of methanol is emphasized in this thesis since it has multiple beneficial features PTL-
wise. Methanol can be used as an energy storage via hydrogen production, it can be blended
with gasoline to decrease transport related GHG emissions, and it can be used as a raw material
of other liquid fuels. This paragraph concentrates on the production of methanol and its use in

transport.
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4.2.1 Production process

Natural gas-derived syngas is conventionally used in industrial scale methanol production (Ott
et al., 2012). Alternatively, methanol can be produced using carbon dioxide and hydrogen as
raw materials. In the latter synthesis, following reactions occur at 250 °C and 65 bar over a
Cu/ZnO/Al,03 catalyst (Ott et al., 2012; Atsonios et al., 2016):

Cu/Zn0/Al,05 K]
€O + 3H, ————— CH30H + H,0, AHzg0x = —49.2 — (15)

Cu/Zn0/Al,04 K]
CcoO + 2H2 — CH30H, AH300K = —90.8 m_ol (16)

In addition to these, the reaction shown by Equation (14) takes place during methanol synthesis
but in a reverse order. The reaction is generally known as the reverse water-gas shift reaction
(RWGS). A simplified flow diagram of a methanol production process is shown in Figure 19.

Gases

Hz, CO,

H;

MeOH,

Gas/liquid
separatlon

Preheater Cooler

Compressors

Reactor Gas/liquid Distillation
separation

Figure 19 Simplified flow diagram of carbon dioxide hydrogenation to methanol

process. Adapted from Nieminen et al. (2019).

In the process, hydrogen and carbon dioxide gases are first compressed to the synthesis
pressure. The compressed gases are then pre-heated and led to an adiabatic or near-isothermal
reactor with catalytic packings (Ott et al., 2012). The reaction mixture is cooled after the reactor
since the methanol-forming reactions — Equations (15) and (16) — are highly exothermic.
Gaseous compounds are then separated from methanol and water in a flash column, and the
gases are recycled back to the reactor feed. Liquid products are separated in a distillation unit

and methanol is recovered from the final flash column after the separation of remaining gases
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from the product. After the treatment, methanol can be fed to a further process to refine it into

liquid hydrocarbon fuels.

4.2.2 Methanol in transport

Methanol can be used as a transport fuel in methanol-fueled vehicles and ships, or it can be
mixed with gasoline in either low or high MeOH/gasoline ratios. Low-ratio mixes can be used
in a conventional gasoline-fueled vehicles, but high-ratio mixes require a flexible fuel system.
(Methanex, 2019) A disadvantage of methanol as a fuel is its significantly lower energy content
of 20 MJ/kg (LHV) in comparison to 43 MJ/kg of petroleum fuels, which results in increased
fuel consumption. Thus, larger fuel tanks and more frequent refueling are required. (Celik et
al., 2011; Rachow et al., 2018; Engineering ToolBox, 2003)

Despite the disadvantages of methanol as a fuel, its utilization has been demonstrated in large
scale tests. Ford Motor Company reacted to the 1970s oil crisis by initiating a pilot project to
test the feasibility and practicability of methanol fueled vehicles in California. A fleet of flexible
fuel Ford vehicles run on M85 fuel — up to 85% methanol and 15% gasoline — were brought to
markets and used by consumers for several years. The pilot gained a warm reception and
seemed successful. Improvements in air quality in California were also reported as a result of
lower transport related emission levels. However, introduction of reformulated gasoline to
markets and increased interest towards utilization of natural gas lead to gradual decrease in M85
consumption. The reformulated gasoline brought to markets by the major oil companies had
less severe environmental effects and it swayed the status of M85 as a cleaner alternative. The
pilot was eventually forgotten by the consumers and the project was stopped before the change
of the millennium. The flexible fuel vehicles were converted to E85 vehicles that were produced
simultaneously with the M85 fueled cars. The E85 vehicles can be run on a fuel mix with up to
85% ethanol instead of methanol. (Nichols, 2003)

The use of methanol in transport has also been piloted recently in China. Due to the rapidly
growing population, energy consumption and air pollution issues, methanol was chosen to
multiple pilot tests as a potential alternative fuel. The pilots were initiated in 2013 in several

provinces with industrial scale production of methanol from coal. The goal was the same as in
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California few decades ago: to test the markets of methanol-fueled vehicles and to improve air
quality. (Li et al., 2019) The outcomes of the pilots were positive and a policy promoting the
adaptation of methanol-fueled vehicles among consumers in China was established in the early
2019 (Chan, 2019).

As discussed in Chapter 2, only low blending ratios of methanol in gasoline are allowed in
Europe even if fuels with high MeOH contents have been used successfully in China and USA.
The latest Worldwide Fuel Charter (ACEA et al., 2019) recommends limiting the amount of
methanol to 3 vol% in gasoline used in vehicles not dedicated to methanol. Thus, replacing
gasoline with methanol in a large extent in short term in Europe is unlikely, and alternative use

for methanol should be considered.

4.3 Power-to-liquids

Power-to-liquids (PTL) process combines conventional synthetic fuel production technologies
and a storage solution for renewable energy. The process consists of hydrogen production
electrolytically from water, a carbon dioxide source and the fuel synthesis step. Generic

diagram of PTL is illustrated in Figure 20.

Wind H,O CO,
. . e H, Carbon
Eledrlc!ty > Hydmg?n > dioxide > Synthesis > Liquid fuel
generation production
supply
T | |
Solar Cco,
Figure 20 Generic diagram of power-to-liquids processes. Adapted from Schmidt et al.
(2016b).

Synthesis technologies vary depending on the desired final composition of the fuel. Two of the
most important synthesis routes are via methanol and Fischer-Tropsch synthesis. Gasoline,

diesel and kerosene can all be produced synthetically using either route, and the properties of
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the fuels are similar to their fossil counterparts. Block diagram of the PTL process via methanol

route is illustrated in Figure 21. In the figure, process borders are indicated with a dashed line.

Table XI shows the reactions occurring during the production of kerosene. The reactions are

presented to kerosene with an average carbon chain length of 11 carbon atoms.
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Figure 21 Block diagram of the power-to-liquids process via methanol route. Adapted
from Schmidt et al. (2016a).
Table XI

Reactions and their approximate yields in kerosene production in a power-to-

liquids process utilizing methanol route (Schmidt et al., 2016a; Smolinka et
al., 2011; Nieminen et al., 2019; Yurchak, 1988; Avidan, 1988; Glover &
Huebner, 2001).

Water electrolysis: 34 H20 — 34 H, + 17 O 72 %
Methanol synthesis: 33 H2+ 11 CO2 - 11 CH30H + 11 H,O 81 %
Dimethyl ether synthesis: 11 CH3OH — 5.5CH30CHz +55H20 100 %
Olefin synthesis: 5.5 CH30CHz3 —  55(CH2)2+5.5H0 100 %
Oligomerization: 5.5 (CH>): —  CuHx 25 %
Hydrogenation: CuH2 + Ho — C11Ho4 80 %
Total: 12H0+11CO2; — CiuH24 + 17 O2 11%

As can be seen in Figure 21 and Table XI, methanol synthesis is rather simple but the conversion

of methanol into liquid fuels requires several additional steps. Methanol is first converted into

dimethyl ether (DME) that is then used in alkene formation. Light alkenes are linked together
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to form long-chained hydrocarbons. Finally, the oligomerized hydrocarbons are treated with
hydrogen to saturate the compounds, which increases the stability and octane rating of the fuel
(Murphree et al., 1940).

The corresponding diagram for PTL via FT synthesis is shown in Figure 22 and the reactions
in Table XII.
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Figure 22 Block diagram of the power-to-liquids process via Fischer-Tropsch route.

Adapted from Schmidt et al. (2016a).
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Table XII Reactions and their approximate yields in kerosene production in a power-to-
liquids process utilizing Fischer-Tropsch route. (Schmidt et al., 2016a;
Smolinka et al., 2011; Joo et al., 1999; de Klerk, 2011).

Water electrolysis: 34 H20 — 34H2+ 1702 72 %

Reverse water-gas shift: 11 CO2 + 11 H» - 11CO+11H0 49%
Fischer-Tropsch synthesis 11 CO + 23 H» - CuHxa+11HO  52%
and upgrading:

Total: 12H0+11CO2 —  CuH2+17 O2 18 %

The basic principle of the FT-based process is similar to the methanol route, as can be seen in
Figure 22. Raw material acquisition is more straightforward in the methanol synthesis since
CO2 can be used as it is. The FT process uses syngas as a raw material, and energy intensive
RWGS reaction unit is therefore required. The product distribution in the FT process varies
from methane to heavy hydrocarbons with dozens of carbon atoms. To obtain products with
desirable structure, too long carbon chains must be shortened via cracking. Finally, the

hydrocarbons are isomerized to increase the octane rating of gasoline (Shell, 1983).

As can be seen in Tables X1 and XII, the overall yields in kerosene production are below 20%
in both processes. The yield is the lowest in the actual kerosene-producing oligomerization
reaction of the methanol route. As discussed in paragraph 3.2.3, kerosene can be produced less
than half of the amount of diesel in the MTO/MOGD process. If the overall yields were
calculated for diesel instead of kerosene, the value for the methanol route would be
approximately 27%. Therefore, methanol-based transport fuel production is an attractive

alternative for FT-based processes.

4.4 Transition from synthetic fuels to renewable synthetic fuels

The novelty of PTL technology is combining existing synthetic fuel technologies with
renewable raw material acquisition. All the required technologies — water electrolysis, carbon
capture and synthesis of liquid fuels — are well-known and already in use in industrial processes.
Combination of these technologies still lacks large scale operation, but the technologies are
ready to be used in a new application. Table XIII shows comparison of technology readiness

levels (TRL) of different production technologies of renewable synthetic fuels. In the table, the
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TRLs of FT and MeOH processes utilizing two different electrolysis technologies — low
temperature alkaline electrolysis and high temperature solid oxide electrolyzer cell (SOEC) —
are compared. Of the electrolysis technologies, alkaline electrolysis is the most used in
commercial applications. SOEC was chosen as the other alternative since it is utilized ona PTL
demonstration plant in Germany by the company Sunfire (Beckman, 2014). Definitions of the
TRLs are listed in Table XIV.

Table XIII Technology readiness levels of different renewable synthetic fuel production
methods. Adapted from Schmidt et al. (2016Db).
Technology TRL | Critical element
Power-to-liquids (PTL) 5-8 | COz2 capture from air (TRL 6)
FT (low temperature) 6 Reverse water-gas shift (RWGS)
FT (high temperature) 5 Solid oxide electrolyzer cell (SOEC)
MeOH (low temperature) 8 Final conversion
MeOH (high temperature) 5 SOEC, final conversion
Biomass-to-liquids (BTL) 5-9 | Gasifying feedstock other than wood
FT 5-9
MeOH 5-8 | Final conversion
Hydroprocessed esters and fatty acids (HEFA) 4-9 | Feedstocks
Used cooking oil 9 Quantity, logistics
Palm and rape seed oil 9 Quantity, sustainability
Algae 4-5 | Extraction, reactor
Hydro-thermal liquefaction (HTL) 4-6 | Feedstocks
Wastes and residues 6 Quantity, structure
Algae 4 Extraction, reactor, conversion
Table X1V Definitions for different technology readiness levels (European Commission,
2013b).
TRL | Definition
1 Basic principles observed
2 Technology concept formulated
3 Experimental proof of concept
4 Technology validated in laboratory
5 Technology validated in relevant environment (e.g. industrial environment)
6 | Technology demonstrated in relevant environment (e.g. industrial environment)
7 System prototype demonstration in operational environment
8 System complete and qualified
9 Actual system proven in operational environment (competitive manufacturing)
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Of the PTL technologies, methanol route with low temperature electrolysis already has a TRL
of 8 whereas the TRL of FT route is only 6, as seen in Table XII. The lower score of the FT
route is due to the need of the RWGS step which complicates the process in comparison to the
synthesis based on syngas. In their study, Dimitriou et al. (2015) simulated the production of
FT fuels utilizing carbon capture technology. The process included an RWGS unit to produce
syngas for the synthesis, and it was estimated that the specific power consumption of RWGS
per CO2 processed is nearly 20 times higher than the of the FT synthesis. It is therefore justified
to conclude that development in RWGS technology is still required to cut down the operational

costs of the unit.

The dependence on the raw material type can be seen in the case of BTL technology where the
gasification of biomass gives the FT route even a TRL of 9. However, utilization of biomass,
plant-based materials and different types of wastes have several hurdles to tackle. Perhaps the
greatest issue is the limited available quantity of the feedstock. Variation in the raw material
quality sets a need for flexible operation window for the conversion process, which can
sometimes be challenging to achieve. Sustainability of the feedstocks is also an important topic
when handling natural resources. For example, palm oil was excluded from the French biofuel
scheme in the early 2020 as a result of high level of deforestation of Southeast Asian rainforests
(Evans, 2020).

Currently, FT-based PTL and BTL technologies have an advantage over the MeOH processes
since they are approved by ASTM to be used in jet fuel kerosene production. The standard
allows blending 50% of FT fuels with conventional aviation kerosene. However, International
Civil Aviation Organization (ICAO) is preparing a standard that allows any fuel regardless of
the production process as long as the quality targets of the fuel are met (ICAO, 2017). If 50%
of all the aviation fuel is replaced with renewable synthetic kerosene, remarkable GHG

emission savings could be achieved.

Figure 23 shows the sustainability of renewable synthetic fuels based on the raw material and
electricity types. The comparison is based on an arbitrary scale from -10 to 10 where -10

indicates the least sustainable and 10 the greenest option.
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Figure 23 Sustainability of renewable synthetic fuels based on the raw material and

electricity types.

As is evident, fossil CO2 — derived from coal or natural gas — and hydrogen produced via SRM
both consume limited resources and produce fossil GHG emissions, which is the least
sustainable option in the long term. Replacing coal or natural gas as carbon sources with
renewable CO; is already a step in a more sustainable direction, but emissions from the process
cannot be avoided if the power consumption of the process is covered by fossil electricity. It is
therefore essential to use renewable raw materials, and to power the PTL process entirely with

renewable electricity. The conditions are also emphasized in RED Il (European Union, 2018).

4.5 Market prospects

Based on the TRL comparison, the technology for producing renewable synthetic fuels is
already available and applicable. Renewable synthetic fuels can be produced so that their
chemical composition corresponds to petroleum fuels, making it possible to use them in the
existing infrastructure. RED I1 enables including renewable liquid and gaseous transport fuels
of non-biological origin — a category of fuels into which PTL fuels can be included — in national
schemes of increasing renewable energy in transport. Adopting PTL fuels in the Finnish

distribution obligation of biofuels would be a remarkable advancement in reducing the CO>
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emissions. Demand of PTL fuels originating from legislation also accelerates investments in

renewable energy production and distribution networks.

Figure 24 shows the prices of diesel fuel produced from different raw materials. Non-petroleum
diesel is produced using FT technology. The price of petroleum diesel is based on an average
price of diesel shown in Figure 7. GTL, CTL and BTL prices are average values of alternative
production schemes estimated in 2009 by van Vliet et al. The PTL price is an average value of
a range estimated by Fasihi et al. in 2016. The prices are converted to the current price level

taking inflation into account.
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Figure 24 Comparison of diesel fuel prices produced from different raw materials.
Adapted from EIA (2020a), van Vliet et al. (2009) and Fasihi et al. (2016). In
the figure, GTL refers to gas-to-liquids, CTL to coal-to-liquids and BTL to

biomass-to-liquids technologies.

It can be concluded from the figure that PTL diesel via FT route is already competitive with
petroleum-derived diesel since BTL fuel is estimated to be nearly 25% more expensive than
PTL. It is important to remember that the comparison of prices is not based on actual market
prices, but the orders of magnitude can be used as guidance when evaluating the profitability
of PTL technology.
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Assessment of the suitability of different transport fuels to existing infrastructure is shown in
Table XV.

Table XV Suitability of different transport fuels to current infrastructure. In the table,
CNG refers to compressed natural gas, and LNG to liquefied natural gas.
Adapted from The Royal Society (2019).

Vehicle and duty cycle . ..
o ty ¥ PTL fuels |Biomethane | Hydrogen | Electricity
compatibility
City car CNG Fully compatible
Long distance car CNG Minor restrictions
Urban van CNG . o
Heavy- duty truck LNG Major restrictions
L. Short haul - Severe restrictions
Aviation
Long haul DIC Distribution infrastructure
. Short j 7
Marine 10 _!Olll‘lle} challenge
Long journey RIC Refueling infrastructure
Distribution and challenge
. DIC | RIC RIC RIC | DIC | RIC )
refueling challenge

As seen in the table, major and severe restrictions are faced especially in aviation and in existing
infrastructure in the case of biomethane, hydrogen and electricity. PTL fuels have the advantage
of fitting into existing distribution and refueling systems, as well as engine technology. Thus,
PTL fuels could be brought to markets as drop-in fuels and they would have the same market
potential as the petroleum fuels. In the present day, renewable synthetic fuels are more
expensive than their fossil-based counterparts. National commitment is imperative in driving
the transition from fossil to renewable energy systems. The transition can be realized in

transport sector relatively easily if the required investments are being made.
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APPLIED SECTION

5 MATERIALS AND METHODS

In this chapter, modeling procedure of gasoline, kerosene and diesel production from renewable
methanol is described. Two separate models were created using Aspen Plus simulation
software. The first model was developed based on the Methanol-to-Gasoline (MTG) process
and it covers only the production of gasoline from methanol. The second model was built using
Methanol-to-Olefins (MTO) and Mobil Olefin to Gasoline and Distillate (MOGD) as a
reference. Since MTO/MOGD technology is not developed into commercial scale and reported
process information is limited, some parts of the process were modeled using common
engineering principles. Peng-Robinson method was used to estimate physical properties of the
compounds in both models. Equipment specifications used in the simulation are listed in
Appendix 1. Modeling of catalyst regeneration in any reactor or closed hydrogen cycle loop

were not in the scope of this thesis.

5.1 Simulation of gasoline production

This paragraph summarizes the development of the model based on MTG technology. The work

of Yurchak (1988) and Grimmer at al. (1988) was used as primary references when building

the model.

5.1.1 Description of the model

Figures 25 and 26 illustrate the simulation and flow diagrams of the MTG model, respectively.
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Figure 25 Simulation diagram of the MTG model.
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Methanol is fed to the process in atmospheric conditions. Pressure of the methanol feed is
increased in pump P-101 and the flow is heated in heat exchanger E-101 utilizing effluent from
reactor R-102. Heater E-102 serves as a start-up heater that is used only to heat the reactor feed
on the first cycle. Reactors R-101 and R-102 are modeled as adiabatic stoichiometric reactors.
The effluent from R-102 is further cooled in heat exchanger E-104 as well as in coolers E-105,
E-106 and E-107 before sending the stream into a three-stage separation system. In the first
flash column FLASH1, liquid hydrocarbons and water are separated from readily vaporized
compounds. The liquid hydrocarbons in the bottom product of the flash column are further
separated from water in decanter D-101. Light hydrocarbons are separated from heavier
compounds in the second flash column FLASH2. The liquid hydrocarbon streams from D-101
and FLASH2 are combined by mixing valve V-102. The non-condensable light hydrocarbons,
mainly C:-Cs compounds, are recycled back to R-102 via recycle compressor C-101 that
compensates the pressure drop in the recycle loop. A pressure drop of 1 bar was assumed in
every reactor. Also, a small portion of the stream is purged from the process via split valve V-
108 to prevent accumulation of inert species. Finally, the recycle stream is returned to R-102

feed via mixing valve V-102.

The dewatered gasoline is sent to a distillation train to separate and further treat the fractions.
The pressure of the feed is first increased to 20 bar in pump P-102 and then sent to the first
distillation column DISTL. In the column, the remaining light gases are separated from the
hydrocarbon mixture. The gases can be utilized to in energy production to cover a portion of
the heat demand of the process. The bottom product of the first distillation column is fed to the
second column DIST2 where C4 compounds are separated from the hydrocarbon bulk and sent
to an alkylation unit. The bottom fraction is directed to the third distillation column DIST3

where durene-containing fraction is separated and sent to heavy gasoline treatment.

The gasoline fraction with high durene content is treated in a heavy gasoline treatment unit. In
the process, durene is converted into its two other isomers with considerably lower melting
points in the presence of hydrogen. The feed is pumped to 17 bars in P-103, preheated in heat
exchanger E-108 with reactor effluent and vaporized in heater E-109. Hydrogen is fed to the
synthesis via compressor C-102 and mixing valve V-103. The hydroisomerization reactor R-
103 is an isothermal stoichiometric reactor with a cooling jacket. The reactor outlet is cooled in

coolers E-110 and E-111. Hydrogen is then separated from the effluent in a two-stage separation
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unit. The first flash column FLASH3 operates at high pressure and removes a majority of the
hydrogen present in the stream. The remaining amount is separated in low-pressure flash
column FLASH4. The liquid product from FLASHA4 is sent to gasoline product mixing and the
hydrogen-rich top products are sent back to the isomerization reactor inlet via mixing valves
V-104 and V-105. A small fraction of the gas stream is removed from the cycle via valve V-
104. The hydroisomerization process is modeled based on a scheme reported by Hidalgo-Vivas
& Joensen (2013).

In the alkylation unit, octane rating of gasoline is increased by converting isobutane and butene
into isooctane — 2,2,4-trimethylpentane. The unit consists of isothermal stoichiometric
alkylation reactor R-104 with a cooling jacket, sulfuric acid separator D-102 and distillation
column DIST4 that separates the isooctane formed in the unit. The remaining lighter
hydrocarbons are recycled back to the reactor feed via valve V-109. A small portion of the
recycle stream is purged via valve V-112 to maintain overall mass balance in the loop. The
removed stream mainly consists of C3 and C4 compounds. The production rate of LPG is
determined by the purge rate of the recycle stream. The alkylation unit is modeled by

simplifying the system presented by Hsu & Robinson (2019b).

Mixing valve V-106 combines the top product of DIST3, alkylate from the bottom of DIST4
and the isomerized product from FLASH4. The pressure of the blended gasoline product is
lowered in a pressure reduction valve V-107 and cooled in heat exchanger E-112 with the top
product of DIST1. Finally, the gasoline stream is condensed in cooler E-113.

5.1.2 Process specification

Conversion of methanol to dimethyl ether and water occurs according to Equation (6) in R-101.
It was assumed that a methanol conversion of 90% can be achieved. Hydrocarbon formation in
R-102 according to Equations (7) and (8) was simplified due to the vast amount of possible
reaction products. Crude gasoline was considered as a mixture of C1-Cyo paraffins, olefins,
naphthenes and aromatics. DME conversion to hydrocarbons was assumed to be complete.

Additionally, durene formation was taken into account according to Equation (17).
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HZSM-5
C6H6 + 4‘CH3OH — C6H2 (CH3)4 + 4‘H20 (17)

All olefininc compounds were considered to be 1-olefins and isoparaffins were assumed to
contain only one methyl group in the second carbon of a carbon chain. An exception was
isooctane that was included in the model as 2,2,4-trimethylpentane. Cyclopentane and
cyclohexane were the only naphthenes considered. Aromatic compounds included in the model
were benzene as well as durene and its two isomers. Fractional conversion of each reaction in
R-102 was adjusted to produce yields corresponding to experimental yields reported by
Yurchak (1988). The conversion of methanol to hydrocarbons was carried out in two separate

adiabatic reactors to better handle the highly exothermic reaction heat.

Hydroisomerization of durene was modeled in accord to technology patented by Haldor Topsge
(Hidalgo-Vivas & Joensen, 2013). Isomerization reaction occurs over a ZSM-5 zeolite catalyst
in the presence of hydrogen gas, as illustrated in Figure 27. The catalyst has hydrogenation-
dehydrogenation activity but cracking and hydrogenolysis reactions also occur in a minor scale.
In their experimental work, Hidalgo-Vivas & Joensen (2013) discovered that approximately 6
vol% of the hydrogen fed to the isomerization reactor was consumed in the synthesis while the
yield of C3-C7 fraction was increased. Thus, it was assumed that n-pentane is formed in the
reaction of durene and hydrogen by the amount that corresponds to the reported hydrogen

consumption.

ZSM-5
2 —_— +
Ho
Figure 27 Hydroisomerization reaction of durene.

In the alkylation unit, octane rating of gasoline is increased by converting isobutane and butene
into isooctane. The reaction is catalyzed by liquid 96 wt% sulfuric acid, as proposed by Albright
et al. (1988). The alkylation reaction occurs as presented by Figure 28. The sulfuric acid feed
to R-104 was fixed so that the volumetric ratio of acid and hydrocarbon feeds was 1 to 1, as
was proposed by Mosby & Albright (1966).
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H2S04
+ W —_—
Figure 28 Alkylation reaction of isobutane and butene.

5.2 Simulation of gasoline, kerosene and diesel production

This paragraph summarizes the development of the simulation model based on MTO/MOGD
technology. Studies of Avidan (1988) and Tabak & Yurchak (1990) were used as references.
The design was complemented using other literature sources and general engineering

principles.

5.2.1 Description of the model

Simulation and flow diagrams of the MTO/MOGD model are shown in Figure 29 and 30,

respectively.
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Methanol enters the process in atmospheric conditions. Its pressure is increased in pump P-101
and it is preheated in heat exchanger E-101. Heater E-102 stabilizes the feed temperature prior
to isothermal stoichiometric reactor R-101 where methanol is first converted to dimethyl ether
and then to light olefins. Heat of the reactor effluent is utilized in heating the reactor feed and
some of the heat is transferred to waste water exiting the process in heat exchanger E-103. The
remaining heat is removed in cooler E-104 before sending the olefin mixture to a separation
stage. Light hydrocarbon compounds are separated from the mixture in flash column FLASH1
and compressed in compressor C-101. Liquid flow is treated in decanter D-101 where water is
separated from hydrocarbons. Pressure of the liquid olefin stream is also increased in pump P-
102. The hydrocarbon streams are connected in mixing valve V-101 and cooled in heat
exchanger E-105 and cooler E-106. Light gases are separated from the mixture in distillation
column DIST1 and durene in distillation column DIST2. Olefin mixture exists DIST2 as the
top product and its pressure and temperature are increased in pump P-104 and heater E-114
before sending it to further treatment.

Isothermal stoichiometric reactor R-103 converts light olefins into gasoline and distillate range
hydrocarbons under high pressure. Valve V-106 lowers the pressure prior to a separation phase.
Distillation column DIST3 separates gasoline and distillate fractions. LPG is further separated
from the gasoline fraction in DIST5 and the bottom product of the column is directed to gasoline
blending. The distillate blend is upgraded in a hydrotreatment process. Pressure and temperature
of the hydrocarbon mixture is adjusted to reaction conditions with pump P-105 and heater E-
115. Hydrogen flow from an external source is compressed and cooled in compressor C-103
and heater E-122 and fed to reactor R-104. Hydrocarbons undergo hydrogenation reactions
where olefins are saturated to paraffins. After the reactor, pressure of the stream is lowered with
pressure reduction valve V-107 and the temperature is reduced in coolers E-116 and E-117.
Excess hydrogen is removed from the fuel products in flash column FLASH3 in atmospheric
pressure. Finally, kerosene and diesel cuts are separated in distillation column DIST4 after
elevating the pressure in pump P-106 The separated fuels are brought to atmospheric conditions

by the means of pressure reduction and cooling.

Isomerization process of durene has the same principle as in the MTG model. The durene-rich
stream is first pumped to the operation pressure in pump P-103, passed through heat exchanger

E-107 and heated to the reactor temperature in heater E-108. Stoichiometric hydroisomerization
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reactor R-102 operates isothermally and converts durene into its isomers in the presence of
hydrogen. After the reactor, the effluent is cooled in four steps in heat exchanger E-107 and
coolers E-109, E-110 and E-111. The cooled product is led to flash column FLASH2 where
hydrogen is separated from the hydrocarbons. The hydrogen is recycled back to the reactor feed
via valves V-104 and V-105, recycle compressor C-102 and cooler E-112. A small amount of
the gas flow is purged from the process from valve V-104 and a corresponding amount of fresh
hydrogen is fed though valve V-105. The liquid product from FLASH2 with a reduced durene
content is blended with the olefinic gasoline in mixing valve V-102 and it is brought to

atmospheric conditions with pressure reduction valve V-103 and cooler E-112.

5.2.2 Process specification

To simplify the complex system of various hydrocarbon compounds, kerosene was estimated
to consist only of C1» paraffins and olefins. Diesel, on the other hand, was assumed to include
C16, C1s and Czo hydrocarbons. Gasoline range compounds were chosen based on the MTG

model excluding isooctane since alkylation of C4 compounds was not considered in this model.

In the MTO/MOGD model, methanol conversion to DME and further conversion to light olefins
occurs in reactor R-101, unlike in the MTG model. Due to the highly exothermic reaction
system the reactor was assumed to be equipped with a cooling jacket. MOGD reactor R-102
converts C»-Cs olefins to kerosene and diesel range olefins via oligomerization under isothermal
operation. The yields in both reactors were set to correspond to experimental yields reported by

Avidan (1988) by adjusting fractional conversion of each reaction.

Modeling of hydrotreatment of the distillate fractions was modeled based on the work of Ahmad
etal. (2011). In their study, diesel hydrotreating process was modeled and optimized. Hydrogen
feed to the processes was estimated to be equimolar to the hydrocarbon flow, as suggested by
Gong (2017). The hydrogenation reactions were assumed to produce both normal and
isoparaffins over a y-alumina catalyst (Gruia, 2006). An example of a hydrogenation reaction

of distillate olefin is shown in Figure 31.
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Figure 31 Hydrogenation reaction of 1-dodecene.

The modeling principle of hydroisomerization of durene was similar to the one presented in the
case of the MTG model. Alkylation process was not considered in the model since the

production rate of gasoline is significantly lower than in the MTG model.

5.3 Economic evaluation

This paragraph describes the total capital investment cost estimation procedure. The major

equipment of both models were first dimensioned and then their purchase costs were calculated.

Investment costs of the production plants were then estimated based on the equipment costs.

5.3.1 Equipment sizing

The following equation was used in estimation of the purchased equipment cost of a piece of
equipment (Towler & Sinnott, 2012).

C,=a+bS" (18)
where Ce Purchased equipment cost, €

a,b Equipment dependent cost constant, -

S Equipment dependent size parameter, -

n Equipment dependent exponent, -

The parameters depending on equipment type and size were adapted from Towler & Sinnott
(2012). The parameter values were reported using the Chemical Engineering Plant Cost Index
(CEPCI) of 532.9 in January 2010. The calculated costs were updated to current date using the
2019 annual average CEPCI of 607.5 (Jenkins, 2020). Location factor of 1.2 was used to
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Finland in comparison to U.S. Gulf Coast reference of 1 (Bridgwater, 1979). The prices were

also converted from USD to EUR using the conversion rate valid on 08.06.2020 (XE.com).

The size parameter used for pressure vessels was shell mass of the vessel, as proposed by
Towler & Sinnott (2012). This sizing method was applied for flash columns, decanters,
distillation columns and reactors. The minimum wall thickness of a cylindrical pressure vessel
with ellipsoidal head was calculated using Equation (19). Ellipsoidal head was chosen for the
head type since it is the most economical option for pressures above 15 bar (Towler & Sinnott,
2012).

_ PiD;
2EwSmax—0.2P;

(19)

where t Minimum wall thickness, mm
Pi Internal pressure, N/mm?
Di Inner diameter, mm
Ew Welded joint efficiency, -
Smax Maximum allowable stress, N/mm?

In the case of reactors, the inner diameters were determined by calculating volumes of the
reactors based on weight hourly space velocity (WHSV), liquid hourly space velocity (LHSV)
or residence time given in literature (Yurchak, 1988; Hidalgo-Vivas & Joensen, 2013; Moshy
& Albright, 1966; Harandi, 1991; Gong, 2017). Shell mass of the vessel was then calculated
with Equation (20) (Towler & Sinnott, 2012).

m = nD,Ltp (20)
where m Shell mass, kg

Do Outer diameter, m

L Vessel length, m

p Metal density, kg/m?

Diameters of the decanters were determined based on settling velocities of the immiscible

phases. Equation (21) was used to calculate the settling velocity of the dispersed phase droplets
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(Towler & Sinnott, 2012). Hydrocarbon phase was considered as the dispersed phase in the

calculations.
D2 —pe

uy = A LLbe) (21)
where Ud Settling velocity of the dispersed phase droplets, m/s

D4 Droplet diameter, m

g Gravitational acceleration, 9.81 m/s?

pd Density of the dispersed phase, kg/m?

pe Density of the continuous phase, kg/m?®

Mc Viscosity of the continuous phase, Ns/m?

Decanters are sized based on the settling velocity of the droplets of the continuous phase.
According to Towler & Sinnott (2012), the settling velocity of the dispersed phase droplets
must be greater than the of continuous phase. This condition leads to Equation (22) where
interfacial area can be solved. The area can then be used to solve the diameter of the decanter

and furthermore the shell mass.

ue == <1Uq (22)
where Uc Velocity of the continuous phase, m/s

Qc Volumetric flow rate of the continuous phase, m®/s

Ai Interfacial area, m?

In the case of vapor-liquid separators, the settling velocity can be determined using Equation
(23) (Towler & Sinnott, 2012).

u =K /% (23)

where Ut Settling velocity, m/s

K Velocity factor, -
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pl Liquid density, kg/m®
Py Vapor density, kg/m?

Velocity factor K in Equation (23) can be calculated with the following expression (Blackwell,
1984):

K = eA+BInF+C(n F1,)?+D(In Fp,)3+E(In Fpy,)* (24)

where A Constant, -1.877478097

B Constant, -0.8145804597
C Constant, -0.1870744085
D Constant, -0.0145228667
E Constant, -0.0010148518

Fiv Separation factor, -

The velocity factor is a function of a separation factor that can be determined using Equation
(25).

w v
R =i [P (25)

where W Mass flow rate of the liquid phase, kg/h
Wy Mass flow rate of the vapor phase, kg/h

After solving the settling velocity, diameter of a flash column can be calculated from Equation

(26). Shell mass of the column can then be determined.
D, = |*% (26)

where Dy Vessel diameter, m

Qv Vapor volumetric flow rate, m®/s
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The size parameters of the remaining equipment — pumps, compressors and heat exchangers —
were based on their operational figures. Volumetric flow rate was used for pumps, electric
power for compressors and interfacial area for heat exchangers. Pumps were estimated to be
centrifugal type. Reciprocating compressors were chosen as the compressor type because of the
small flow rates and high pressure increase. Heat exchangers with the interfacial area of 10 m?
or more were considered to be shell and tube type. Double pipe type was chosen for heat

exchangers with interfacial areas less than 10 m?. (Towler & Sinnott, 2012)

5.3.2 Capital cost estimation

The fixed capital investment cost consists of inside battery limits (ISBL) investment, outside
battery limits (OSBL) investment, design and engineering costs as well as contingency. ISBL
investment covers the costs of the plant, including the equipment and installation work related
to them. Equation (27) can be used to calculate the ISBL investment. The costs are calculated
on a carbon steel basis and materials other than carbon steel is considered with a material factor.
Hastelloy C is required in the equipment of the alkylation unit in the MTG process due to the
highly corrosive nature of concentrated sulfuric acid. A material factor of 1.55 was used to
convert carbon steel to Hastelloy C. (Towler & Sinnott, 2012; Graco, 2013)

Cisr = Bim Cocs [((1+ fp)fm + Cer + oy + 6 + e + £+ 6)) | 27)
where CisaL ISBL cost of the plant, €

Ceics Purchased equipment cost i in carbon steel, €

fo Installation factor for piping, -

fm Material factor, -

fer Installation factor for equipment erection, -

fel Installation factor for electrical work, -

fi Installation factor for instrumentation and process control, -

fe Installation factor for civil engineering work, -

fs Installation factor for structures and buildings, -

fi Installation factor for lagging, insulation or paint, -
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Total fixed capital cost can be calculated when the ISBL investment is estimated. Additional
costs come from OSBL costs that include infrastructure of the plant, such as utility supplies,
waste water treatment, tank farms and buildings for the plant personnel. A common initial
estimate for OSBL costs is 40% of the ISBL investment. Design and engineering costs cover
fees from for example detailed process engineering, equipment procurement as well as
administration and supervision during construction. Usually 30% of the sum of ISBL and OSBL
investment is reserved for design and engineering. Contingency is allocated in the project
budget to cover minor changes in the process, fluctuations in currencies and prices as well as
unexpected problems that might bring additional costs. A typical contingency is 10% of the
ISBL and OSBL costs but even 50% can be used for processes using technology lacking
industrial experience. Considering these costs, the total fixed capital cost can be calculated with
Equation (28). (Towler & Sinnott, 2012)

where Crc Total fixed capital cost, €
0S OSBL costs, -
DE Design and engineering costs, -
X Contingency, -

6 RESULTS AND DISCUSSION

This chapter represents the key results of the MTG and MTO/MOGD models. Complete stream
tables of the models can be found in Appendix 1. Experimental process values from literature
and fuel quality standards are used as refences in evaluation the performance of the models.
Additionally, initial investment cost estimates for the process plants are introduced.



6.1 Gasoline production

Results of the MTG model are shown and discussed in this paragraph. Table XV shows the
mass balance and methanol-based yields of the model. The scale of the model was fixed to a
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methanol feed of 3000 kg/h which corresponds to a process of a pilot plant scale.

Table XVI

Mass balance and the yield structure of the MTG model.
Fraction Stream | Stream type | Mass flow, kg/h Ml\ggsliyt:gls?s?&
Methanol 1 Inlet 3000 -
Gasoline 34 Outlet 1050 35

Light gases 47 Outlet 28.8 1.0
H> 59 Inlet 1.77 -
Waste water 60 Outlet 1687 56
Purge 1 61 Outlet 3.17 0.1
Purge 2 62 Outlet 0.60 -
H2S0,4 63 Inlet 1000 -
Purge 3 64 Outlet 1001 -
LPG 65 Outlet 232 1.7
Total hydrocarbons 1314 44
Total 0.01 100

According to Table XVI, a majority of methanol, 56%, reacts to water and the remaining 44%
covers the hydrocarbon fractions. The formation of hydrocarbons and water from methanol via
dimethyl ether seems to follow stoichiometry since the stoichiometrically modeled reaction

system produces similar results than the experimental results reported by Yurchak (1988). More

detailed analysis of the hydrocarbon yields is shown in Table XVII.

Table XVII

As the experimental work of Yurchak (1988) was used as the design basis of the MTG model,

the hydrocarbon yield structures in Table XVII are very similar. The gasoline yield is slightly

Hydrocarbon mass yields of the MTG model and reported by Yurchak (1988).

Fraction Stream | Stream type | Thiswork, % | Reference, %
Methanol 1 Inlet - -
Gasoline 34 Outlet 80 86
Light gases 47 Outlet 2 1
Purge 1 61 Outlet 0.2 -
LPG 65 Outlet 18 13
Total 100 100
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lower in the MTG model whereas the share of LPG is higher than in the reference. The
differentials in gasoline and LPG yields between the model and the reference as nearly equal.
The production rate of LPG in the model depends on the purge rate of the recycle stream in the
alkylation unit. The share of gasoline can be hardly increased in the expense of LPG since the
amount of butene in the alkylation feed limits the alkylate formation.

Table XVI1I shows the fuel production efficiency of the process in comparison to a commercial

reference on. The efficiencies are based on the energy content of the feed and product streams.

Table XVIII Fuel efficiency of the MTG model and a commercial reference process based
on the energy contents of the species.
Calculation method Efficiency, %
Gasoline/MeOH of this work 76
Gasoline/MeOH of a commercial reference 72

It can be seen in the table that the gasoline/methanol efficiencies of the MTG model and the
commercial reference are close to each other. The efficiency of the modeled process is higher,
and it does not include process losses. These type of losses include for example inefficiencies
in heat and mass transfer. Especially sharpness of separation of compounds or phases affects
the efficiency remarkably since every separation step contributes to the loss of product.

Experimental work is therefore required to determine the amount of loss in each process step.

Utility consumption of the MTG process during normal operation is shown in Table XIX.
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Table X1X Utility usage of the MTG process during normal operation. In the table,
positive values represent utility demand from external sources and negative

values refer to utility generation within the process.

Utility Mass flow, t/h | Duty, MW | Energy, MWh/a
Refrigerant 734 0.80 6409
Cooling water 84 0.49 3911
LP steam -1.00 -0.61 -4859
HP steam 0.06 0.03 230
Fired heat 0.18 0.03 243
Electricity - 0.03 264
Total cooling 819 1.29 10320
Total heating 0.24 0.06 474
Total electricity - 0.03 264

As can be seen in the table, the cooling demand of the process is high in comparison to the
heating requirement. This is due to relatively high operation temperatures and exothermic
nature of the reactions. The process generates 1 t/h low pressure (LP) steam that could be
utilized for instance in electricity generation in turbines. The high pressure (HP) steam demand
is rather small and it could probably be optimized near to zero. It may be possible to at least
partially cover the fired heat demand by the combustion of light and purge gases generated in
the MTG process. The consumption of fired heat peaks during process start-up and a larger

amount of external high-temperature heat is required.

Table XX shows the properties of gasoline based on the MTG simulation and experimental
values reported by Yurchak (1988).
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Table XX Properties of gasoline according to the MTG model and Yurchak (1988).
Components, vol% | This work | Reference
Cs+ 92 81
Cs- 8 19
Distillation, °C
Initial boiling point =77 -

10 vol% recovery 36 46
50 vol% recovery 62 99
90 vol% recovery 227 166
Final boiling point 296 204
Composition, wt%

n-Paraffins 19 5
i-Paraffins 19 42
Olefins 2 10
Naphtenes 23 9
Aromatics 38 35
Durene 15 2
Total sulfur, ppm 0 <10
MeOH yield, wt% 35 38

As is evident in the table, the chemical composition of gasoline of the MTG model differs from
the experimental results reported by Yurchak (1988). It also reflects to the distillation recovery
temperatures. The difference is most likely due to the simplification of the component
distribution and selected key components. Especially durene contents should be reduced since

it contributes to nearly 50% of the aromatics.

6.2 Gasoline, kerosene and diesel production

This paragraph summarizes the results of the MTO/MOGD model. Also, a sensitivity analysis
based on the model is described. The process model was developed as an alternative for the
MTG model, and the same scale of 3000 kg/h of methanol was used in the design.

6.2.1 Results

Mass balance and methanol-based mass yields of the MTO/MOGD model are shown in Table
XXI,
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Table XXI Mass balance and the yield structure of the MTO/MOGD model.
Fraction Stream | Stream type | Mass flow, kg/h Ml\ggsliyt:g!s?s?&
Methanol 1 Inlet 3000 -
Gasoline 30 Outlet 224 7.5

Diesel 54 Outlet 606 20
Kerosene 57 Outlet 330 11
H> 61 Inlet 0.21 -
H; 62 Inlet 10.5 -
Waste water 66 Outlet 1679 56
Light gases 67 Outlet 98.1 3.3
Purge 1 68 Outlet 0.07 -
Purge 2 69 Outlet 155 -
LPG 70 Outlet 59.1 2.0
Total hydrocarbons 1317 44
Total 0.00 100

As seen in the table, the water/hydrocarbon ratio of 56%/44% is obtained also in this model.
The share of LPG is considerably smaller than in the MTG model. This is most likely due to
the reaction mechanism where light olefins are oligomerized to produce hydrocarbon
compounds with higher carbon numbers. Since diesel and kerosene together account for
approximately 70% of the total hydrocarbons, the LPG production is consequently reduced.
Further decomposition of the hydrocarbon yield structure compared to the reference process is
shown in Table XXIlI.

Table XXII Hydrocarbon mass yields of the MTO/MOGD model and reported by Avidan
(1988).
Fraction Stream | Stream type | This work, % | Reference, %
Methanol 1 Inlet - -
Gasoline 30 Outlet 17 15
Diesel 54 Outlet 46 57
Kerosene 57 Outlet 25 25
Light gases 67 Outlet 7.5 1.0
LPG 70 Outlet 4.5 2.0
Total 100 100

The hydrocarbon yields reported by Avidan (1988) was used as the basis of the MTO/MOGD
model design in the same manner as in the case of the MTG model. Table XXII shows that the
yield structure obtained by modeling is rather similar to the reference yields. The surplus of

light gases and LPG approximately covers the deficiency in the diesel yield in comparison to
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the reference. As discussed above, the light compounds contribute to the formation of heavier
hydrocarbon compounds. The results of Table XXII indicate that the conversions in both MTO

and MOGD reactors R-101 and R-102 should be directed towards longer carbon chains.

Table XXII1 shows the fuel production efficiencies of the MTO/MOGD on the energy content
basis.

Table XXIII Fuel production efficiencies of the MTO/MOGD model based on the energy
content of the species.

Calculation method | Efficiency, %
Gasoline/MeOH 16
Diesel/MeOH 48
Kerosene/MeOH 25
Total fuels/MeOH 89

The fuel production efficiencies in Table XXII1 are well in line with the production rates of the
fuels shown in Table XXI. The overall fuel production efficiency from methanol is 13
percentages points higher in this model than in the MTG model. The difference can be explained
by the smaller production rate of by-product gases in the MTO/MOGD model than in the MTG
model. As was discussed in the previous paragraph, process losses would lower the fuel

efficiencies in some extent.

Utility consumption of the MTO/MOGD model during normal operation is shown in Table
XXIV.
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Table XXIV Utility usage of the MTO/MOGD process during normal operation. In the
table, positive values represent utility demand from external sources and

negative values refer to utility generation within the process.

Utility Mass flow, t/h | Duty, MW | Energy, MWh/a

Refrigerant 35 0.04 312
Cooling water 129 0.75 5973

LP steam -0.50 -0.31 -2460

HP steam -2.17 -1.04 -8295
Fired heat 2.80 0.47 3740
Electricity - 0.10 764
Total cooling 164 0.79 6285
Total heating 2.80 0.47 3740
Total electricity - 0.10 764

According to Table XXIV, the total cooling demand in the MTO/MOGD process is much
smaller than in the MTG process. This may be due to properties of the synthesis products since
compounds with larger carbon numbers can be condensed more readily than lighter
hydrocarbons. A surplus of both LP and HP steam is produced within the MTO/MOGD process.
Utilization of waste gases and LPG in fired heat production could be investigated further in this
model as well.

The properties of gasoline, diesel and kerosene of the MTO/MOGD model are compared to
reference process values in Tables XXV-XXVII.



77

Table XXV Properties of gasoline according to the MTG model and a reference process
(Avidan, 1988; Tabak & Yurchak, 1990).

Components, vol% | This work | Reference
Cs+ 84 84
Cs- 13 9
Distillation, °C
Initial boiling point -87 -
10 vol% recovery 26 48
50 vol% recovery 63 105
90 vol% recovery 89 135
Final boiling point 182 178
Composition, wt%
n-Paraffins 3
i-Paraffins 3
Olefins 18 94
Naphtenes 41
Aromatics 27 2
Durene 5 -
MeOH vyield, wt% 7 8

Table XXVI Properties of diesel according to the MTO/MOGD model and Avidan (1988).

This work | Reference

Distillation, °C

Initial boiling point 304 -

10 vol% recovery 322 258

50 vol% recovery 326 270

90 vol% recovery 327 302
Final boiling point 339 338
MeOH vyield, wt% 20 24
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Table XXVII Properties of kerosene according to the MTO/MOGD model and Avidan

(1988).
This work | Reference

Distillation, °C
Initial boiling point -106 -
10 vol% recovery 91 205
50 vol% recovery 207 226
90 vol% recovery 281 235
Final boiling point 326 238
Composition
Aromatics, vol% 8 5
Paraffins, vol% 67 95
MeOH yield, wt% 11 11

It can be concluded by looking at Table XXV that whereas the shares of Cs+ and Cas- were
estimated relatively well in the model, the hydrocarbon composition corresponds the reference
poorly. The effect can be also observed in the distillation recovery results where the results tend
to be systematically lower than in the reference case. Similar observation can be made for diesel
in Table XXVI. Since boiling points of hydrocarbons generally increase with increasing carbon
chain length, the modeled diesel fuel seems to contain hydrocarbon compounds with larger
carbon numbers than in the reference process. In the case of kerosene, no systematic patterns
can be observed from the modeled results in relation to reference values since some of the

results exceed the guidance values and some fall short.

As discussed in the previous paragraph, lack of more detailed information about the molecular
chemistry of the fuel synthesis leads to inaccuracies in the models. The effect of inaccurate
reaction systems seems to be emphasized in the case multiple fuel products. Thus, further

development is also required for the MTO/MOGD model.

6.2.2 Sensitivity analysis

The fuel yields of the models created in this thesis correspond the reported reference values
relatively well. However, the component yields deviate greatly from the reference values in
both models as a result of key component selection and a lack of detailed information about the

reaction mechanisms. The component distribution of kerosene was simplified the most since



79

kerosene was estimated to consist of Ci12 compounds only. Thus, a sensitivity analysis was
carried out to study the effect of increased number of key components describing the fuel
fraction. The effect of adding C1o and C14 compounds to the kerosene fraction was evaluated
by comparing the energy consumption in the final distillation column DIST4 where kerosene
is separated from diesel. In the analysis, C1 kerosene was considered as the benchmark. Results

of the sensitivity analysis are illustrated in Figure 32.
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Figure 32 Sensitivity analysis on the effect of the number of kerosene compounds to

required duties in separation of kerosene and diesel.

As is evident in Figure 32, neither required condenser nor reboiler duty changes notably even
if the composition of kerosene is altered. The duties are the smallest when only C1o compounds
are added to the model and the largest with additional C14 compounds. The difference, even
though nearly negligible, is due to the boiling point difference with Cis compounds that
represent the lower limit of diesel fraction.

Based on the sensitivity analysis, the number of compounds in the distribution seems to be less
significant than the components themselves. It might be possible to increase the accuracy of the
models with wise selection of key components representing the fuel fractions. Specification
between paraffins and olefins and their different isomers is probably the most important factor

affecting the product properties.



80

6.3 Modeled fuel properties and quality standards

As discussed so far, the models do not produce fuels with properties comparable to reference
values. This paragraph concentrates on evaluating the correspondence of the simulated fuels to
the fuel quality standards introduced in chapter 2. Tables XXVI1I1-XXX show the results for
gasoline, diesel and kerosene, respectively. In Table XXVIII, the RONs of the modeled

gasolines were calculated based on the RONs of individual components forming the gasoline

blend (Jechura, 2018; Demirbas et al., 2015; Balaban et al., 1992).

Table XXVIII

Table XXIX

MTG and MTO/MOGD gasoline properties compared to minimum and
maximum values defined in 2009/30/EC directive (European Union, 2009).
Unit | MTG | MTO/MOGD | Minimum | Maximum

Research octane number 90 89 95 -

Reid vapor pressure kPa 94 95 - 60

Flash point °C -55 -64 -40 -

Hydrocarbon content

olefins vol% | 1.7 21 - 18

aromatics vol% | 31 23 - 35

benzene vol% | 7.9 13 - 1

Oxygen content wt% | 0.04 2.9 3.7

Oxygenates

methanol vol% 0 0 3

Sulfur content mg/kg | 156 0 - 10

Lead content g/l 0 0 - 0.005

MTO/MOGD diesel properties compared to minimum and maximum values
defined in 2009/30/EC directive (European Union, 2009).
Unit | MTO/MOGD | Minimum | Maximum
Flash point °C 133 60 -
Distillation
95 vol% recovery °C 329 - 360
Polycyclic aromatic hydrocarbons | wt% 0 - 8
Sulfur content mg/kg 0 - 10
FAME content vol% 0 - 7
Density at 15 °C kg/m? 853 - 845
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Table XXX MTO/MOGD kerosene properties compared to minimum and maximum
values defined in ASTM D1655 standard (Jones, 2006b).

Unit | MTO/MOGD | Minimum | Maximum
Aromatics vol% 7.7 - 25
Flash point °C -2.3 38
Distillation
Initial boiling point | °C -106
10 vol% recovery °C 91 - 205
Final boiling point °C 326 - 300
Density at 15 °C | kg/m® 661 775 840

It can be concluded by looking at the tables that the fuels comply a varying range of quality
requirements. RONs of the modeled gasolines are on a satisfactory level and increasing the
RONs to 95 would be rather straightforward with methanol/ethanol blending. Reid vapor
pressure, that is a quantity representing volatility of the fuel, is exceeded in both models.
Additionally, benzene contents are manifold in comparison to the maximum allowable value.
Benzene content should therefore be reduced either by re-evaluating the component distribution
or by further benzene treatment. The MTO/MOGD gasoline is free from sulfur, but the sulfur
content of the MTG gasoline is too high. This is most likely due to the simplified alkylation
process where caustic washing after the acid/hydrocarbon decanter was neglected. Proper

washing would bring the amount of sulfur down to acceptable level.

Simulated diesel properties in Table XXIX are within the guideline values. Density of the fuel
slightly exceeds the upper limit. Polycyclic aromatic hydrocarbons or sulfur or FAME
compounds were not present in the model and the requirements are therefore naturally met. It
is important to note that the quality requirements for diesel are less demanding than for gasoline,

and the guidance values are more easily met.

Kerosene proves to be the most problematic in terms of quality specifications. As seen in Table
XXX, only aromatics content and 10 vol% distillation recovery temperature are within the
target values. These results verify the need of reselection of the key components since the
quality standards have to be met in order to market the liquid hydrocarbons as transport fuels.
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6.4 Investment costs

Table XXXI shows the cost structure of total fixed capital costs for both MTG and
MTO/MOGD process plants.

Table XXXI Investment cost structure of MTG and MTO/MOGD process plants.
Cost species, M€ Basis MTG | MTO/MOGD
Major equipment purchase cost | Equation (18) 1.4 1.9
ISBL investment Equation (27) 4.7 6.1
OSBL cost 40% of ISBL 1.9 24
Design & engineering 30% of ISBL and OSBL 2.0 2.6
Contingency 10% of ISBL and OSBL 0.7 0.9
Total fixed capital cost Equation (28) 9.2 12.0

According to the table, the total fixed capital costs are 9.2 million euros for an MTG process
plant and 12 million euros for MTO/MOGD plant. As discussed in the previous chapter, the
OSBL, design & engineering and contingency charge estimates are initial and typical values
were used to estimate their order of magnitude. A larger share of contingency could be
considered since the technology of converting methanol to transport fuels still contains
uncertainties, especially in the case of MTO/MOGD that is not yet commercially available. For
instance, if 50% contingency is considered to allow a comprehensive financial buffer towards
unexpected costs, the final cost of the MTG and MTO/MOGD plants are 11.9 and 15.4 million

euros, respectively.

Accuracy of the total fixed capital cost estimate is £30-50% (Towler & Sinnott, 2012). The
investment cost estimate presented in this thesis is therefore an initial estimate that would
become more accurate with detailed process engineering and actual equipment prices.
However, the estimates help perceiving the order of magnitude of the investment required for

fuel processes of this capacity.

7 CONCLUSIONS

Transport fuel production from renewable methanol was investigated. Two fuel production

processes were modeled with Aspen Plus based on reference processes presented in the
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literature review of this thesis. The other model describes gasoline production from methanol
in a methanol-to-gasoline (MTG) process. In the other model, a methanol-to-olefins (MTO) and
Mobil Olefins to Gasoline and Distillate (MOGD) process producing gasoline, kerosene and

diesel was simulated.

Results from both models showed that the number of key components in the models was
sufficient despite the heavily simplified component distribution. The hydrocarbon yields in fuel
fractions corresponded the literature values relatively well. Deviation from the reference values
was observed in the n-paraffin, isoparaffin, olefin and naphtene contents in both models. The
results showed that estimation of the chemical reaction systems without comprehensive initial
information is challenging. Alteration and refining of the models is straightforward since the
major unit operations including their operation conditions and utility systems are already

defined. Thus, the models can be used as frameworks for future work.

The investment cost calculations presented in this thesis serve as the first order of magnitude
estimates with an accuracy of +£30-50%. The costs can be expected to increase when the process
design is carried out in a more detailed manner. This type of process engineering would include
adding and sizing the equipment neglected at this stage. With an increasing number of

equipment, the total investment costs naturally increase.

There are several immediate improvements that could be made to both models. The accuracy
of the models would increase if the reactions followed experimentally proven kinetics instead
of mere stoichiometry. Additionally, process losses should be determined experimentally and
integrated to the models. Utility consumption of the models is also a topic that could be
optimized further. Both processes produce light gases and LPG with high energy contents. LPG
stream could be a source of profit if sold to markets, but it may be more favorable to utilize it
within the processes due to the low production rates of LPG in the models. Waste gases would
be the most valuable in process heat generation. One topic of interest would be conversion of
the steady-state models into dynamic models. Temporal examination of the models would also
grant valuable additional information about the behavior of the processes.

Another further development aspect concerning the MTG model is the alkylation unit. The

sulfuric acid alkylation utilized in the model is used in industrial petroleum refining along with
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hydrofluoric acid alkylation. However, large volumes of concentrated liquid mineral acids
create severe safety and health hazards. Application of alternative technologies with less risks,
such as catalytic condensation of olefins, in gasoline upgrading would therefore be one of the

most important targets of further investigation.

While the models struggle to produce corresponding results to the processes used as the bases
of the designs, the fuel quality standards are partially fulfilled. In the context of replacing fossil
petroleum fuels with renewable synthetic transport fuels, the quality standards are ultimately
the most important figures to consider. It is essential to develop process simulation models
describing the fuel production processes that yield realistic and reliable results. They can then
be used in more detailed engineering of actual production plants and in more accurate cost

estimates.
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Appendix 1: Equipment specifications in Aspen Plus

Appendix 1, 1 (4)

Table A-I Equipment specifications of the MTG model.
Component Component Component type Tempoerature, Pressure, | Duty, | Number Feed Reflux Distillat_e to COIguﬁ;fam ﬂztéc:;?agﬂift te%lgt;?:im'e Sp_lit
name C bar kW | of stages, - | stage, - | ratio, - | feed ratio, - o o o fraction, -
temperature, °C | approach, °C | approach, °C

C-101 Compressor Compr, isentropic 21
C-102 Compressor Compr, isentropic 17
D-101 Decanter Decanter 20 0
D-102 Decanter Decanter 5 0
DIST1 Distillation column RADFRAC 20 12 6 1.45 0.07
DIST2 Distillation column RADFRAC 5 8 4 0.91 0.33
DIST3 Distillation column RADFRAC 1 3 2 0.01 0.80
DIST4 Distillation column RADFRAC 5 7 5 0.33 0.99
E-101 Heat exchanger HeatX 316 5
E-102 Heat exchanger Heater 316 22
E-103 Heat exchanger Heater 360 21
E-104 Heat exchanger HeatX 5 3
E-105 Heat exchanger Heater 135 20
E-106 Heat exchanger Heater 30 20
E-107 Heat exchanger Heater 10 20
E-108 Heat exchanger HeatX 5 3
E-109 Heat exchanger Heater 345 17
E-110 Heat exchanger Heater 135 16
E-111 Heat exchanger Heater 30 16
E-112 Heat exchanger HeatX 25 5
E-113 Heat exchanger Heater 30 1

FLASH1 Flash column Flash2 20 0

FLASH2 Flash column Flash2 10 10

FLASH3 Flash column Flash2 16 0

FLASH4 Flash column Flash2 1 0
P-101 Pump Pump 22
P-102 Pump Pump 20
P-103 Pump Pump 17
R-101 Reactor RStoic 21 0
R-102 Reactor RStoic 21 0
R-103 Reactor RStoic 345 16
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Table A-1 Continued.
Component C Temperature, | Pressure, | Duty, | Number Feed | Reflux | Distillate to Cold stream Hot/cold outlet Minimum Split
name omponent Component type °C bar kW | of stages, - | stage, - | ratio, - | feed ratio, - outlet o temperatuore temperatuore fraction, -
temperature, °C | approach, °C | approach, °C
R-104 Reactor RStoic 10 5
V-101 Valve Mixer
V-102 Valve Mixer
V-103 Valve Mixer
V-104 Valve FSplit 0.05
V-105 Valve Mixer
V-106 Valve Mixer
V-107 Valve Valve 1
V-108 Valve FSplit 0.06
V-109 Valve Mixer
V-110 Valve FSplit 0.05
V-111 Valve Mixer
V-112 Valve FSplit 0.05
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Table A-I1 Equipment specifications of the MTO/MOGD model.
Component C Temperature, | Pressure, | Duty, | Number | Feed | Reflux | Distillate to Cold stream | Hot/cold outlet Minimum Split
name omponent Component type °C bar kW | of stages, - | stage, - | ratio, - | feed ratio, - outlet o temperatuore temperatuore fraction, -
temperature, °C | approach, °C | approach, °C
C-101 Compressor Compr, isentropic 15
C-102 Compressor Compr, isentropic 17
C-103 Compressor Compr, isentropic 40
D-101 Decanter 2 0
DIST1 Distillation column RADFRAC 15 4 2 1.26 0.13
DIST?2 Distillation column RADFRAC 10 5 3 0.012 0.99
DIST3 Distillation column RADFRAC 5 4 2 0.26 0.45
DIST4 Distillation column RADFRAC 3 10 5 0.15 0.51
DIST5 Distillation column RADFRAC 5 7 6 2.31 0.30
E-101 Heat exchanger HeatX 430 5
E-102 Heat exchanger Heater 450 2
E-103 Heat exchanger HeatX 40 5
E-104 Heat exchanger Heater 30 2
E-105 Heat exchanger HeatX 5 3
E-106 Heat exchanger Heater 50 15
E-107 Heat exchanger HeatX 5 3
E-108 Heat exchanger Heater 345 17
E-109 Heat exchanger Heater 135 16
E-110 Heat exchanger Heater 30 16
E-111 Heat exchanger Heater 10 16
E-112 Heat exchanger Heater 30 1
E-113 Heat exchanger Heater 345 17
E-114 Heat exchanger Heater 200 40
E-115 Heat exchanger Heater 300 40
E-116 Heat exchanger Heater 135 1
E-117 Heat exchanger Heater 30 1
E-118 Heat exchanger Heater 135 1
E-119 Heat exchanger Heater 30 1
E-120 Heat exchanger Heater 30 1
E-121 Heat exchanger Heater 50 5
E-122 Heat exchanger Heater 300 40
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Table A-11 Continued.
Component C Temperature, | Pressure, | Duty, | Number | Feed | Reflux | Distillate to Cold stream Hot/cold outlet Minimum Split
name omponent Component type °C bar kW | of stages, - | stage, - | ratio, - | feed ratio, - outlet o temperatuore temperatuore fraction, -
temperature, °C | approach, °C | approach, °C
FLASH1 Flash column Flash2 2 0
FLASH2 Flash column Flash2 16 0
FLASH3 Flash column Flash2 1 0
P-101 Pump Pump 2
P-102 Pump Pump 15
P-103 Pump Pump 17
P-104 Pump Pump 40
P-105 Pump Pump 40
P-106 Pump Pump 3
R-101 Reactor RStoic 450 2
R-102 Reactor RStoic 345 16
R-103 Reactor RStoic 200 39
R-104 Reactor RStoic 300 40
V-101 Valve Mixer
V-102 Valve Mixer
V-103 Valve Valve 1
V-104 Valve FSplit 0.05
V-105 Valve Mixer
V-106 Valve Valve 5
V-107 Valve Valve 1
V-108 Valve Valve 1
V-109 Valve Valve 1
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Appendix 2: Stream tables

Table A-llI Streams 1-15 of the MTG model.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
From P-101 E-101 | E-102 | R-101 | V-101 | E-103 | R-102 | E-101 | E-104 | E-105 | E-106 E-107 | FLASH1 | D-101
To P-101 E-101 E-102 | R-101 | V-101 | E-103 | R-102 | E-101 E-104 | E-105 | E-106 | E-107 |FLASH1| D-101 | V-102
Temperature C 20 22 316 316 436 432 360 883 253 250 135 30 10 10 10
Pressure bar 1 22 22 22 21 21 21 21 21 21 20 20 20 20 20
Molar vapor fraction 0.0 0.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.2 0.2 0.2 0.0 0.0
Molar liquid fraction 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.8 0.8 1.0 1.0
Mass vapor fraction 0.0 0.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.0 0.5 0.4 04 0.0 0.0
Mass liquid fraction 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.5 0.6 0.6 1.0 1.0
Mass density kg/m? 799 797 15.3 15.3 11.7 11.7 13.1 5.8 14.0 14.1 104 123 111 1008 861
Volume flow m°/h 3.76 3.77 195.72 | 195.72 | 257.20 | 261.74 | 232.01 | 521.33 | 218.29 | 216.59 | 29.39 24.82 27.54 1.67 0.00
Mole flows kmol/h | 93.63 93.63 93.63 93.63 93.63 95.81 95.81 | 114.08 | 114.08 | 114.08 | 114.08 | 114.08 | 114.08 93.62 0.00
Methanol kmol/h | 93.63 93.63 93.63 93.63 9.36 9.36 9.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kmol/h 0.00 0.00 0.00 0.00 42.13 42.13 42.13 93.63 93.63 93.63 93.63 93.63 93.63 93.62 0.00
Dimethyl ether kmol/h 0.00 0.00 0.00 0.00 42.13 42.13 42.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Methane kmol/h 0.00 0.00 0.00 0.00 0.00 1.66 1.66 2.50 2.50 2.50 2.50 2.50 2.50 0.00 0.00
Ethane kmol/h 0.00 0.00 0.00 0.00 0.00 0.15 0.15 0.62 0.62 0.62 0.62 0.62 0.62 0.00 0.00
Ethylene kmol/h 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.07 0.07 0.07 0.07 0.07 0.07 0.00 0.00
Propane kmol/h 0.00 0.00 0.00 0.00 0.00 0.21 0.21 2.57 2.57 2.57 2.57 2.57 2.57 0.00 0.00
Propylene kmol/h 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.12 0.12 0.12 0.12 0.12 0.12 0.00 0.00
n-Butane kmol/h 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.97 0.97 0.97 0.97 0.97 0.97 0.00 0.00
i-Butane kmol/h 0.00 0.00 0.00 0.00 0.00 0.06 0.06 1.97 1.97 1.97 1.97 1.97 1.97 0.00 0.00
Butene kmol/h 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.32 0.32 0.32 0.32 0.32 0.32 0.00 0.00
n-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.01 0.01 1.62 1.62 1.62 1.62 1.62 1.62 0.00 0.00
i-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.01 0.01 1.63 1.63 1.63 1.63 1.63 1.63 0.00 0.00
Cyclopentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.01 0.01 2.16 2.16 2.16 2.16 2.16 2.16 0.00 0.00
Pentene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.53 0.53 0.53 0.53 0.53 0.00 0.00
i-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.53 0.53 0.53 0.53 0.53 0.00 0.00
Cyclohexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.12 1.12 1.12 1.12 1.12 1.12 0.00 0.00
Hexene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.12 0.12 0.12 0.12 0.12 0.00 0.00
Benzene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.27 1.27 1.27 1.27 1.27 1.27 0.00 0.00
i-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Durene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.34 2.34 2.34 2.34 2.34 2.34 0.00 0.00
Isodurene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Prehnitene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sulfuric acid kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A-lI Continued.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Mass flows kg/h 3000.0 | 3000.0 | 3000.0 | 3000.0 | 3000.0 | 3049.6 | 3049.6 | 3049.6 | 3049.6 | 3049.6 | 3049.6 | 3049.6 | 3049.6 | 1686.6 0.04
Methanol kg/h 3000.0 | 3000.0 | 3000.0 | 3000.0 | 300.00 | 300.00 | 300.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kg/h 0.00 0.00 0.00 0.00 759.02 | 759.02 | 759.02 | 1686.7 | 1686.7 | 1686.7 | 1686.7 | 1686.7 | 1686.7 | 1686.6 0.00
Dimethy! ether kg/h 0.00 0.00 0.00 0.00 1941.0 | 1941.0 | 1941.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Methane kg/h 0.00 0.00 0.00 0.00 0.00 26.62 26.62 40.06 40.06 40.06 40.06 40.06 40.06 0.00 0.00
Ethane kg/h 0.00 0.00 0.00 0.00 0.00 4.58 4.58 18.58 18.58 18.58 18.58 18.58 18.58 0.00 0.00
Ethylene kg/h 0.00 0.00 0.00 0.00 0.00 0.61 0.61 1.83 1.83 1.83 1.83 1.83 1.83 0.00 0.00
Propane kg/h 0.00 0.00 0.00 0.00 0.00 9.13 9.13 113.36 | 113.36 | 113.36 | 113.36 | 113.36 | 113.36 0.00 0.00
Propylene kg/h 0.00 0.00 0.00 0.00 0.00 0.46 0.46 5.23 5.23 5.23 5.23 5.23 5.23 0.00 0.00
n-Butane kg/h 0.00 0.00 0.00 0.00 0.00 1.25 1.25 56.58 56.58 56.58 56.58 56.58 56.58 0.00 0.00
i-Butane kg/h 0.00 0.00 0.00 0.00 0.00 3.61 3.61 11428 | 114.28 | 11428 | 114.28 | 11428 | 114.28 0.00 0.00
Butene kg/h 0.00 0.00 0.00 0.00 0.00 0.46 0.46 17.81 17.81 17.81 17.81 17.81 17.81 0.00 0.00
n-Pentane kg/h 0.00 0.00 0.00 0.00 0.00 0.77 0.77 117.24 | 117.24 | 11724 | 117.24 | 11724 | 117.24 0.00 0.00
i-Pentane kg/h 0.00 0.00 0.00 0.00 0.00 1.03 1.03 11750 | 117.50 | 11750 | 117.50 | 117.50 | 117.50 0.00 0.00
Cyclopentane kg/h 0.00 0.00 0.00 0.00 0.00 0.59 0.59 151.55 | 151.55 | 15155 | 151.55 | 15155 | 151.55 0.00 0.00
Pentene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.08 0.08 45.86 45.86 45.86 45.86 45.86 45.86 0.00 0.00
i-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.12 0.12 45.89 45.89 45.89 45.89 45.89 45.89 0.00 0.00
Cyclohexane kg/h 0.00 0.00 0.00 0.00 0.00 0.11 0.11 94.12 94.12 94.12 94.12 94.12 94.12 0.00 0.00
Hexene kg/h 0.00 0.00 0.00 0.00 0.00 0.02 0.02 9.93 9.93 9.93 9.93 9.93 9.93 0.00 0.00
Benzene kg/h 0.00 0.00 0.00 0.00 0.00 0.14 0.14 98.87 98.87 98.87 98.87 98.87 98.87 0.04 0.03
i-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Durene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 314.17 | 314.17 | 314.17 | 314.17 | 314.17 | 314.17 0.00 0.00
Isodurene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Prehnitene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sulfuric acid kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A-1V Streams 16-30 of the MTG model.

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
From V-102 | P-102 | DIST1 | DIST2 | DIST3 | P-103 | E-108 | V-103 | E-109 | R-103 | E-108 | E-110 E-111 | FLASH3 | FLASH4
To P-102 DIST1 | DIST2 | DIST3 P-103 E-108 | V-103 E-109 R-103 E-108 E-110 E-111 | FLASH3 | FLASH4 | V-106

Temperature C 10 12 140 103 172 175 263 249 345 345 268 135 30 30 31

Pressure bar 10 20 20 5 1 17 17 17 17 16 16 16 16 16 1
Molar vapor fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 1.0 1.0 1.0 0.7 0.7 0.0 0.0
Molar liquid fraction 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.1 0.0 0.0 0.0 0.3 0.3 1.0 1.0
Mass vapor fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.0 1.0 1.0 0.1 0.0 0.0 0.0
Mass liquid fraction 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.0 0.0 0.0 0.9 1.0 1.0 1.0
Mass density kg/m® 692 690 563 665 757 754 660 18.1 13.8 14.0 16.2 29.0 40.5 855 858
Volume flow m%h 1.89 1.90 2.28 1.47 0.39 0.39 0.45 17.16 22.52 22.20 19.15 10.71 7.66 0.35 0.35
Mole flows kmol/h | 18.14 18.14 16.87 11.30 2.26 2.26 2.26 7.53 7.53 7.01 7.01 7.01 7.01 2.40 2.39
Methanol kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kmol/h 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethyl ether kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Methane kmol/h 0.73 0.73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethane kmol/h 0.46 0.46 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethylene kmol/h 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Propane kmol/h 2.35 2.35 2.29 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Propylene kmol/h 0.11 0.11 0.11 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Butane kmol/h 0.95 0.95 0.95 0.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Butane kmol/h 1.90 1.90 1.90 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Butene kmol/h 0.31 0.31 0.31 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Pentane kmol/h 1.61 1.61 1.61 1.27 0.00 0.00 0.00 0.03 0.03 0.29 0.29 0.29 0.29 0.26 0.26
i-Pentane kmol/h 1.61 1.61 1.61 1.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentane kmol/h 2.15 2.15 2.15 1.95 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Pentene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexane kmol/h 0.53 0.53 0.53 0.52 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
i-Hexane kmol/h 0.53 0.53 0.53 0.51 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00
Cyclohexane kmol/h 1.12 1.12 1.12 111 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Hexene kmol/h 0.12 0.12 0.12 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Benzene kmol/h 1.26 1.26 1.26 1.25 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
i-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Durene kmol/h 2.34 2.34 2.34 2.34 2.14 2.14 2.14 2.14 2.14 0.96 0.96 0.96 0.96 0.96 0.96
Isodurene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.53 0.53 0.53 0.53 0.53
Prehnitene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.53 0.53 0.53 0.53 0.53
Hydrogen kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.24 5.24 4.59 4.59 4.59 4.59 0.01 0.00
Sulfuric acid kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A-1V Continued.

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Mass flows kg/h 13103 | 1310.3 | 12815 | 975.68 | 297.13 | 297.13 | 297.13 | 310.26 | 310.26 | 310.26 | 310.26 | 310.26 | 310.26 | 298.47 | 298.31
Methanol kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kg/h 0.16 0.16 0.16 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethy! ether kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Methane kg/h 11.74 11.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethane kg/h 13.70 13.70 0.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethylene kg/h 1.18 1.18 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Propane kg/h 103.64 | 103.64 | 100.95 6.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Propylene kg/h 4.74 4.74 4.42 0.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Butane kg/h 55.26 55.26 55.26 20.05 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
i-Butane kg/h 110.44 | 110.44 | 11043 | 28.93 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00
Butene kg/h 17.32 17.32 17.32 5.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Pentane kg/h 116.43 | 116.43 | 11643 | 91.82 0.23 0.23 0.23 2.47 2.47 21.23 21.23 21.23 21.23 18.99 18.87
i-Pentane kg/h 116.41 | 11641 | 116.41 | 81.43 0.13 0.13 0.13 0.15 0.15 0.15 0.15 0.15 0.15 0.13 0.13
Cyclopentane kg/h 150.92 | 150.92 | 150.92 | 137.06 0.97 0.97 0.97 1.03 1.03 1.03 1.03 1.03 1.03 0.97 0.96
Pentene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexane kg/h 45.77 45.77 45.77 45.02 0.66 0.66 0.66 0.69 0.69 0.69 0.69 0.69 0.69 0.66 0.66
i-Hexane kg/h 45.77 45.77 45.77 44.15 0.42 0.42 0.42 0.44 0.44 0.44 0.44 0.44 0.44 0.42 0.41
Cyclohexane kg/h 94.00 94.00 94.00 93.49 3.61 3.61 3.61 3.69 3.69 3.69 3.69 3.69 3.69 3.61 3.61
Hexene kg/h 9.91 9.91 9.91 9.65 0.11 0.11 0.11 0.12 0.12 0.12 0.12 0.12 0.12 0.11 0.11
Benzene kg/h 98.72 98.72 98.72 97.69 3.17 3.17 3.17 3.25 3.25 3.25 3.25 3.25 3.25 3.17 3.17
i-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Durene kg/h 314.17 | 31417 | 314.17 | 314.17 | 287.81 | 287.81 | 287.81 | 287.83 | 287.83 | 129.35 | 129.35 | 129.35 | 129.35 | 129.33 | 129.33
Isodurene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 70.53 70.53 70.53 70.53 70.52 70.52
Prehnitene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 70.53 70.53 70.53 70.53 70.52 70.52
Hydrogen kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.55 10.55 9.24 9.24 9.24 9.24 0.03 0.00
Sulfuric acid kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A-V Streams 31-45 of the MTG model.

31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
From V-106 | V-107 | E-112 | E-113 | FLASH3 | FLASH4 | V-104 | V-105 | C-102 | FLASH1 | FLASH2 | FLASH2 | V-108 C-101 E-104
To V-107 E-112 E-113 V-104 V-104 V-105 C-102 V-103 | FLASH2 V-102 V-108 C-101 E-104 V-101
Temperature C 35 35 34 30 30 31 30 25 515 10 10 10 10 68 245
Pressure bar 1 1 1 1 16 1 1 1 17 20 10 10 10 21 21
Molar vapor fraction 0.0 0.0 0.0 0.0 1.0 1.0 1.0 1.0 1.0 1.0 0.0 1.0 1.0 1.0 1.0
Molar liguid fraction 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0
Mass vapor fraction 0.0 0.0 0.0 0.0 1.0 1.0 1.0 1.0 1.0 0.3 0.0 1.0 1.0 1.0 0.0
Mass liquid fraction 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.7 1.0 0.0 0.0 0.0 1.0
Mass density kg/m?® 456 456 623 728 1.6 0.4 0.1 0.1 0.6 52.7 692 10.2 10.2 17.9 11.2
Volume flow m%/h 2.30 2.30 1.68 1.44 7.31 0.38 110.79 | 130.84 | 20.38 25.87 1.89 5.18 4.87 2.78 4.43
Mole flows kmol/h | 12.33 12.33 12.33 12.33 4.61 0.02 4.39 5.27 5.27 20.46 18.14 2.32 2.18 2.18 2.18
Methanol kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kmol/h 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Dimethy! ether kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Methane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.50 0.73 1.77 1.66 1.66 1.66
Ethane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.62 0.46 0.16 0.15 0.15 0.15
Ethylene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.04 0.02 0.02 0.02 0.02
Propane kmol/h 0.15 0.15 0.15 0.15 0.00 0.00 0.00 0.00 0.00 2.57 2.35 0.22 0.21 0.21 0.21
Propylene kmol/h 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.12 0.11 0.01 0.01 0.01 0.01
n-Butane kmol/h 0.37 0.37 0.37 0.37 0.00 0.00 0.00 0.00 0.00 0.97 0.95 0.02 0.02 0.02 0.02
i-Butane kmol/h 0.52 0.52 0.52 0.52 0.00 0.00 0.00 0.00 0.00 1.97 1.90 0.07 0.06 0.06 0.06
Butene kmol/h 0.10 0.10 0.10 0.10 0.00 0.00 0.00 0.00 0.00 0.32 0.31 0.01 0.01 0.01 0.01
n-Pentane kmol/h 1.74 1.74 1.74 1.74 0.03 0.00 0.03 0.03 0.03 1.62 1.61 0.01 0.01 0.01 0.01
i-Pentane kmol/h 1.32 1.32 1.32 1.32 0.00 0.00 0.00 0.00 0.00 1.63 1.61 0.02 0.01 0.01 0.01
Cyclopentane kmol/h 2.13 2.13 2.13 2.13 0.00 0.00 0.00 0.00 0.00 2.16 2.15 0.01 0.01 0.01 0.01
Pentene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexane kmol/h 0.53 0.53 0.53 0.53 0.00 0.00 0.00 0.00 0.00 0.53 0.53 0.00 0.00 0.00 0.00
i-Hexane kmol/h 0.53 0.53 0.53 0.53 0.00 0.00 0.00 0.00 0.00 0.53 0.53 0.00 0.00 0.00 0.00
Cyclohexane kmol/h 1.12 1.12 1.12 1.12 0.00 0.00 0.00 0.00 0.00 1.12 1.12 0.00 0.00 0.00 0.00
Hexene kmol/h 0.12 0.12 0.12 0.12 0.00 0.00 0.00 0.00 0.00 0.12 0.12 0.00 0.00 0.00 0.00
Benzene kmol/h 1.26 1.26 1.26 1.26 0.00 0.00 0.00 0.00 0.00 1.27 1.26 0.00 0.00 0.00 0.00
i-Octane kmol/h 0.21 0.21 0.21 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Durene kmol/h 1.16 1.16 1.16 1.16 0.00 0.00 0.00 0.00 0.00 2.34 2.34 0.00 0.00 0.00 0.00
Isodurene kmol/h 0.53 0.53 0.53 0.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Prehnitene kmol/h 0.53 0.53 0.53 0.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kmol/h 0.00 0.00 0.00 0.00 457 0.01 4.36 5.24 5.24 0.00 0.00 0.00 0.00 0.00 0.00
Sulfuric acid kmol/h 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A-V Continued.
31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
Mass flows kg/h 1049.9 | 1049.9 | 1049.9 | 1049.9 11.79 0.16 11.35 13.13 13.13 1363.0 | 1310.2 52.75 49,59 49.59 49,59
Methanol kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kg/h 0.14 0.14 0.14 0.14 0.00 0.00 0.00 0.00 0.00 0.16 0.16 0.00 0.00 0.00 0.00
Dimethyl ether kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Methane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 40.06 11.74 28.32 26.62 26.62 26.62
Ethane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 18.58 13.70 4.88 4,58 458 4,58
Ethylene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.83 1.18 0.65 0.61 0.61 0.61
Propane kg/h 6.63 6.63 6.63 6.63 0.00 0.00 0.00 0.00 0.00 113.36 | 103.64 9.72 9.13 9.13 9.13
Propylene kg/h 0.24 0.24 0.24 0.24 0.00 0.00 0.00 0.00 0.00 5.23 4.74 0.49 0.46 0.46 0.46
n-Butane kg/h 21.60 21.60 21.60 21.60 0.00 0.00 0.00 0.00 0.00 56.58 55.26 1.33 1.25 1.25 1.25
i-Butane kg/h 30.44 30.44 30.44 30.44 0.00 0.00 0.00 0.00 0.00 114.28 | 110.44 3.84 3.61 3.61 3.61
Butene kg/h 5.47 5.47 5.47 5.47 0.00 0.00 0.00 0.00 0.00 17.81 17.32 0.49 0.46 0.46 0.46
n-Pentane kg/h 125.64 125.64 125.64 125.64 2.25 0.11 2.24 2.24 2.24 117.24 116.43 0.81 0.77 0.77 0.77
i-Pentane kg/h 95.39 95.39 95.39 95.39 0.02 0.00 0.02 0.02 0.02 11750 | 116.41 1.10 1.03 1.03 1.03
Cyclopentane kg/h 149.08 | 149.08 | 149.08 | 149.08 0.06 0.00 0.06 0.06 0.06 151.54 | 150.92 0.62 0.59 0.59 0.59
Pentene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexane kg/h 45,77 45,77 45,77 45,77 0.03 0.00 0.03 0.03 0.03 45,86 45.77 0.09 0.08 0.08 0.08
i-Hexane kg/h 45,75 45,75 45,75 45,75 0.02 0.00 0.02 0.02 0.02 45,89 45,77 0.13 0.12 0.12 0.12
Cyclohexane kg/h 94.00 94.00 94.00 94.00 0.08 0.00 0.08 0.08 0.08 94,12 94.00 0.12 0.11 0.11 0.11
Hexene kg/h 9.91 9.91 9.91 9.91 0.01 0.00 0.01 0.01 0.01 9.93 9.91 0.02 0.02 0.02 0.02
Benzene kg/h 98.71 98.71 98.71 98.71 0.07 0.00 0.07 0.07 0.07 98.84 98.69 0.15 0.14 0.14 0.14
i-Octane kg/h 23.99 23.99 23.99 23.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Durene kg/h 155.68 | 155.68 | 155.68 | 155.68 0.02 0.00 0.02 0.02 0.02 314.17 | 314.17 0.00 0.00 0.00 0.00
Isodurene kg/h 70.52 70.52 70.52 70.52 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Prehnitene kg/h 70.52 70.52 70.52 70.52 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kg/h 0.00 0.00 0.00 0.00 9.21 0.03 8.78 10.55 10.55 0.00 0.00 0.00 0.00 0.00 0.00
Sulfuric acid kg/h 0.50 0.50 0.50 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00




Appendix 2, 7 (24)

Table A-VI Streams 46-60 of the MTG model.

46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
From DIST1 | E-112 | DIST2 | V-109 | R-104 | D-102 | D-102 | V-110 | V-111 | DIST4 | DIST4 | V-112 | DIST3 D-101
To E-112 V-109 | R-104 | D-102 | DIST4 | V-110 | V-111 | V-103 | V-107 | V-112 | V-103 | V-106 | V-105
Temperature C -27 25 51 35 10 37 37 37 36 98 38 38 29 0 10
Pressure bar 20 20 5 1 5 5 5 5 1 5 5 5 1 1 20
Molar vapor fraction 1.0 1.0 1.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.0 0.0 1.0 0.0
Molar liquid fraction 0.0 0.0 0.0 0.7 1.0 1.0 1.0 1.0 1.0 1.0 0.0 0.0 1.0 0.0 1.0
Mass vapor fraction 1.0 1.0 1.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.0 0.0 1.0 0.0
Mass liquid fraction 0.0 0.0 0.0 0.8 1.0 1.0 1.0 1.0 1.0 1.0 0.0 0.0 1.0 0.0 1.0
Mass density kg/m® 26.9 20.2 114 10.7 1258 526 1647 1516 754 588 11.3 11.3 693 0.1 1008
Volume flow m%/h 1.07 1.43 26.92 | 2310.0 | 19.65 8.96 12.15 12.54 26.54 0.12 412.10 | 391.49 0.98 20.00 1.67
Mole flows kmol/h 1.27 1.27 5.57 330.44 | 330.23 | 89.94 | 240.29 | 228.27 | 240.28 0.90 89.04 84.59 9.04 0.88 93.62
Methanol kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kmol/h 0.00 0.00 0.00 44.43 44.43 0.51 43.92 41.72 43.94 0.00 0.51 0.49 0.00 0.00 93.62
Dimethy! ether kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Methane kmol/h 0.73 0.73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethane kmol/h 0.43 0.43 0.03 0.56 0.56 0.54 0.02 0.02 0.02 0.00 0.54 0.51 0.00 0.00 0.00
Ethylene kmol/h 0.04 0.04 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Propane kmol/h 0.06 0.06 2.14 42.79 42.79 42.27 0.52 0.49 0.49 0.00 42.26 40.15 0.15 0.00 0.00
Propylene kmol/h 0.01 0.01 0.10 1.99 1.99 1.94 0.05 0.04 0.04 0.00 1.94 1.84 0.01 0.00 0.00
n-Butane kmol/h 0.00 0.00 0.61 11.61 11.61 11.56 0.05 0.04 0.04 0.03 11.54 10.96 0.34 0.00 0.00
i-Butane kmol/h 0.00 0.00 1.40 23.56 23.35 23.30 0.06 0.05 0.05 0.03 23.27 22.11 0.50 0.00 0.00
Butene kmol/h 0.00 0.00 0.21 0.23 0.02 0.02 0.00 0.00 0.00 0.00 0.02 0.02 0.10 0.00 0.00
n-Pentane kmol/h 0.00 0.00 0.34 2.82 2.82 2.82 0.00 0.00 0.00 0.21 2.61 2.48 1.27 0.00 0.00
i-Pentane kmol/h 0.00 0.00 0.48 6.02 6.02 6.01 0.01 0.01 0.01 0.19 5.82 5.53 1.13 0.00 0.00
Cyclopentane kmol/h 0.00 0.00 0.20 0.70 0.70 0.68 0.02 0.02 0.02 0.17 0.51 0.48 1.94 0.00 0.00
Pentene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexane kmol/h 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.51 0.00 0.00
i-Hexane kmol/h 0.00 0.00 0.02 0.02 0.02 0.02 0.00 0.00 0.00 0.02 0.01 0.00 0.51 0.00 0.00
Cyclohexane kmol/h 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 1.07 0.00 0.00
Hexene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00
Benzene kmol/h 0.00 0.00 0.01 0.02 0.02 0.01 0.00 0.00 0.00 0.01 0.00 0.00 1.21 0.00 0.00
i-Octane kmol/h 0.00 0.00 0.00 0.00 0.21 0.21 0.00 0.00 0.00 0.21 0.00 0.00 0.00 0.00 0.00
Durene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00
Isodurene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Prehnitene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.88 0.00
Sulfuric acid kmol/h 0.00 0.00 0.00 195.66 | 195.66 0.01 195.66 | 185.87 | 195.66 0.01 0.00 0.00 0.00 0.00 0.00
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Table A-VI Continued.

46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
Mass flows kg/h 28.79 28.79 | 305.81 | 24728 | 24728 | 4713.1 | 20014 | 19014 | 20014 | 73.09 | 4640.1 | 4408.0 | 678.55 177 1686.6
Methanol kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kg/h 0.00 0.00 0.07 800.44 | 800.44 9.28 791.16 | 751.60 | 791.60 0.05 9.23 8.77 0.09 0.00 1686.6
Dimethy! ether kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Methane kg/h 11.74 11.74 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Ethane kg/h 12.86 12.86 0.84 16.78 16.78 16.19 0.59 0.56 0.56 0.00 16.19 15.38 0.00 0.00 0.00
Ethylene kg/h 1.17 1.17 0.01 0.26 0.26 0.25 0.01 0.01 0.01 0.00 0.25 0.24 0.00 0.00 0.00
Propane kg/h 2.69 2.69 94.50 | 1886.7 | 1886.7 | 1863.8 | 22.89 21.74 21.74 0.17 1863.6 | 17704 6.45 0.00 0.00
Propylene kg/h 0.32 0.32 4.19 83.60 83.60 81.68 1.92 1.82 1.82 0.01 81.67 77.59 0.23 0.00 0.00
n-Butane kg/h 0.00 0.00 3521 | 674.84 | 674.84 | 672.18 2.66 2.53 2.53 1.55 670.63 | 637.09 | 20.04 0.00 0.00
i-Butane kg/h 0.01 0.01 81.50 | 1369.6 | 1357.4 | 1354.2 3.20 3.04 3.04 1.50 1352.7 | 1285.1 | 28.93 0.00 0.00
Butene kg/h 0.00 0.00 11.85 13.10 131 1.30 0.01 0.01 0.01 0.00 1.30 1.23 5.46 0.00 0.00
n-Pentane kg/h 0.00 0.00 24.60 | 203.77 | 203.77 | 203.57 0.20 0.19 0.19 15.17 | 188.40 | 178.98 | 91.59 0.00 0.00
i-Pentane kg/h 0.00 0.00 3498 | 43432 | 434.32 | 433.89 0.43 041 0.41 13.96 | 419.93 | 398.93 | 81.30 0.00 0.00
Cyclopentane kg/h 0.00 0.00 13.87 48.85 48.85 47.58 1.27 1.20 1.20 12.02 35.56 33.78 | 136.09 0.00 0.00
Pentene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexane kg/h 0.00 0.00 0.75 0.79 0.79 0.79 0.00 0.00 0.00 0.75 0.04 0.04 44.35 0.00 0.00
i-Hexane kg/h 0.00 0.00 1.62 2.03 2.03 2.03 0.00 0.00 0.00 1.60 0.43 0.41 43.73 0.00 0.00
Cyclohexane kg/h 0.00 0.00 0.51 0.52 0.52 0.52 0.00 0.00 0.00 0.51 0.01 0.01 89.88 0.00 0.00
Hexene kg/h 0.00 0.00 0.27 0.31 0.31 0.31 0.00 0.00 0.00 0.26 0.04 0.04 9.53 0.00 0.00
Benzene kg/h 0.00 0.00 1.04 1.19 1.19 1.09 0.11 0.10 0.10 1.03 0.06 0.06 94.51 0.00 0.00
i-Octane kg/h 0.00 0.00 0.00 0.00 24.00 24.00 0.00 0.00 0.00 23.99 0.00 0.00 0.00 0.00 0.00
Durene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 26.35 0.00 0.00
Isodurene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Prehnitene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.77 0.00
Sulfuric acid kg/h 0.00 0.00 0.00 19190 | 19190 0.50 19190 | 18230 | 19190 0.50 0.00 0.00 0.00 0.00 0.00




Table A-VII

Streams 61-65 of the MTG model.
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61 62 63 64 65 61 62 63 64 65
From V-108 | V-104 V-110 | V-112
To V-111
Temperature C 10 30 20 37 38
Pressure bar 10 1 1 5 5
Molar vapor fraction 1.0 1.0 0.0 0.0 1.0
Molar liquid fraction 0.0 0.0 1.0 1.0 0.0
Mass vapor fraction 1.0 1.0 0.0 0.0 1.0
Mass liquid fraction 0.0 0.0 1.0 1.0 0.0
Mass density kg/m?® 10.2 0.1 1669 1516 11.3
Volume flow m%/h 0.31 5.83 0.60 0.66 20.60
Mole flows kmol/h 0.14 0.23 12.01 12.01 4.45 | Mass flows kg/h 3.17 0.60 1000.0 | 1000.7 | 232.00
Methanol kmol/h 0.00 0.00 0.00 0.00 0.00 | Methanol kg/h 0.00 0.00 0.00 0.00 0.00
Water kmol/h 0.00 0.00 2.22 2.20 0.03 | Water kg/h 0.00 0.00 40.00 39.56 0.46
Dimethy! ether kmol/h 0.00 0.00 0.00 0.00 0.00 | Dimethyl ether kg/h 0.00 0.00 0.00 0.00 0.00
Methane kmol/h 0.11 0.00 0.00 0.00 0.00 | Methane kg/h 1.70 0.00 0.00 0.00 0.00
Ethane kmol/h 0.01 0.00 0.00 0.00 0.03 | Ethane kg/h 0.29 0.00 0.00 0.03 0.81
Ethylene kmol/h 0.00 0.00 0.00 0.00 0.00 | Ethylene kg/h 0.04 0.00 0.00 0.00 0.01
Propane kmol/h 0.01 0.00 0.00 0.03 2.11 | Propane kg/h 0.58 0.00 0.00 1.14 93.18
Propylene kmol/h 0.00 0.00 0.00 0.00 0.10 | Propylene kg/h 0.03 0.00 0.00 0.10 4.08
n-Butane kmol/h 0.00 0.00 0.00 0.00 0.58 | n-Butane kg/h 0.08 0.00 0.00 0.13 33.53
i-Butane kmol/h 0.00 0.00 0.00 0.00 1.16 | i-Butane kg/h 0.23 0.00 0.00 0.16 67.63
Butene kmol/h 0.00 0.00 0.00 0.00 0.00 | Butene kg/h 0.03 0.00 0.00 0.00 0.06
n-Pentane kmol/h 0.00 0.00 0.00 0.00 0.13 | n-Pentane kg/h 0.05 0.12 0.00 0.01 9.42
i-Pentane kmol/h 0.00 0.00 0.00 0.00 0.29 | i-Pentane kg/h 0.07 0.00 0.00 0.02 21.00
Cyclopentane kmol/h 0.00 0.00 0.00 0.00 0.03 | Cyclopentane kg/h 0.04 0.00 0.00 0.06 1.78
Pentene kmol/h 0.00 0.00 0.00 0.00 0.00 | Pentene kg/h 0.00 0.00 0.00 0.00 0.00
n-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 | n-Hexane kg/h 0.01 0.00 0.00 0.00 0.00
i-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 | i-Hexane kg/h 0.01 0.00 0.00 0.00 0.02
Cyclohexane kmol/h 0.00 0.00 0.00 0.00 0.00 | Cyclohexane kg/h 0.01 0.00 0.00 0.00 0.00
Hexene kmol/h 0.00 0.00 0.00 0.00 0.00 | Hexene kg/h 0.00 0.00 0.00 0.00 0.00
Benzene kmol/h 0.00 0.00 0.00 0.00 0.00 | Benzene kg/h 0.01 0.00 0.00 0.01 0.00
i-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 | i-Octane kg/h 0.00 0.00 0.00 0.00 0.00
Durene kmol/h 0.00 0.00 0.00 0.00 0.00 | Durene kg/h 0.00 0.00 0.00 0.00 0.00
Isodurene kmol/h 0.00 0.00 0.00 0.00 0.00 | Isodurene kg/h 0.00 0.00 0.00 0.00 0.00
Prehnitene kmol/h 0.00 0.00 0.00 0.00 0.00 | Prehnitene kg/h 0.00 0.00 0.00 0.00 0.00
Hydrogen kmol/h 0.00 0.23 0.00 0.00 0.00 | Hydrogen kg/h 0.00 0.46 0.00 0.00 0.00
Sulfuric acid kmol/h 0.00 0.00 9.79 9.78 0.00 | Sulfuric acid kg/h 0.00 0.00 960.00 | 959.50 0.00
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Table A-VIII Streams 1-15 of the MTO/MOGD model.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

From P-101 E-101 E-102 R-101 E-101 | E-103 E-104 FLASH1 | D-101 | P-102 | FLASH1| C-101 | V-101 | E-105
To P-101 E-101 E-102 R-101 E-101 E-103 | E-104 | FLASH1 D-101 P-102 | V-101 | C-101 | V-101 | E-105 | E-106
Temperature C 25 25 430 450 450 85 82 30 30 30 33 30 123 129 104
Pressure bar 1 2 2 2 2 2 2 2 2 2 15 2 15 15 15
Molar vapor fraction 0.0 0.0 1.0 1.0 1.0 0.3 0.3 0.2 0.0 0.0 0.0 1.0 1.0 1.0 0.8
Molar liquid fraction 1.0 1.0 0.0 0.0 0.0 0.7 0.7 0.8 1.0 1.0 1.0 0.0 0.0 0.0 0.2
Mass vapor fraction 0.0 0.0 1.0 1.0 1.0 0.5 0.5 0.4 0.0 0.0 0.0 1.0 1.0 1.0 0.7
Mass liquid fraction 1.0 1.0 0.0 0.0 0.0 0.5 0.5 0.6 1.0 1.0 1.0 0.0 0.0 0.0 0.3
Mass density kg/m® 793 793 11 11 0.8 6.2 6.5 9.9 989 774 771 4.4 29.0 28.8 37.0
Volume flow m%/h 3.78 3.78 2730.07 | 2808.69 | 3542.97 | 483.63 | 462.83 302.29 1.70 0.00 0.00 30059 | 45.62 45.88 35.71
Mole flows kmol/h | 93.63 93.63 93.63 93.63 118.13 | 118.13 | 118.13 118.13 93.18 0.00 0.00 24.95 24.95 24.95 24.95
Methanol kmol/h | 93.63 93.63 93.63 93.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethyl ether kmol/h 0.00 0.00 0.00 0.00 93.63 93.63 93.63 93.63 93.18 0.00 0.00 0.45 0.45 0.45 0.45
Methane kmol/h 0.00 0.00 0.00 0.00 1.30 1.30 1.30 1.30 0.00 0.00 0.00 1.30 1.30 1.30 1.30
Ethane kmol/h 0.00 0.00 0.00 0.00 0.23 0.23 0.23 0.23 0.00 0.00 0.00 0.23 0.23 0.23 0.23
Ethylene kmol/h 0.00 0.00 0.00 0.00 0.65 0.65 0.65 0.65 0.00 0.00 0.00 0.65 0.65 0.65 0.65
Propane kmol/h 0.00 0.00 0.00 0.00 0.80 0.80 0.80 0.80 0.00 0.00 0.00 0.80 0.80 0.80 0.80
Propylene kmol/h 0.00 0.00 0.00 0.00 9.85 9.85 9.85 9.85 0.00 0.00 0.00 9.85 9.85 9.85 9.85
n-Butane kmol/h 0.00 0.00 0.00 0.00 0.42 0.42 0.42 0.42 0.00 0.00 0.00 0.42 0.42 0.42 0.42
i-Butane kmol/h 0.00 0.00 0.00 0.00 0.42 0.42 0.42 0.42 0.00 0.00 0.00 0.42 0.42 0.42 0.42
Butene kmol/h 0.00 0.00 0.00 0.00 4.73 4.73 4.73 4.73 0.00 0.00 0.00 4.73 4.73 4.73 4.73
n-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentane kmol/h 0.00 0.00 0.00 0.00 0.63 0.63 0.63 0.63 0.00 0.00 0.00 0.63 0.63 0.63 0.63
Pentene kmol/h 0.00 0.00 0.00 0.00 0.63 0.63 0.63 0.63 0.00 0.00 0.00 0.63 0.63 0.63 0.63
n-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclohexane kmol/h 0.00 0.00 0.00 0.00 1.38 1.38 1.38 1.38 0.00 0.00 0.00 1.38 1.38 1.38 1.38
Hexene kmol/h 0.00 0.00 0.00 0.00 2.43 2.43 2.43 2.43 0.00 0.00 0.00 2.43 2.43 2.43 243
n-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Benzene kmol/h 0.00 0.00 0.00 0.00 0.82 0.82 0.82 0.82 0.00 0.00 0.00 0.82 0.82 0.82 0.82
Durene kmol/h 0.00 0.00 0.00 0.00 0.23 0.23 0.23 0.23 0.00 0.00 0.00 0.23 0.23 0.23 0.23
Prehnitene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isodurene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Dodecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Dodecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00




Appendix 2, 11 (24)

Table A-VIII Continued.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Dodecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hexadecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Octadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octadecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Eicosane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Eicosane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Eicosene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mass flows kg/h 3000.0 | 3000.0 | 3000.0 | 3000.0 | 3000.0 | 3000.0 | 3000.0 | 3000.0 | 1678.6 0.00 0.00 1321.4 | 13214 | 13214 | 1321.4
Methanol kg/h 3000.0 | 3000.0 | 3000.0 | 3000.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethyl ether kg/h 0.00 0.00 0.00 0.00 1686.7 | 1686.7 | 1686.7 | 1686.7 | 1678.6 0.00 0.00 8.13 8.13 8.13 8.13
Methane kg/h 0.00 0.00 0.00 0.00 20.86 20.86 20.86 20.86 0.00 0.00 0.00 20.86 20.86 20.86 20.86
Ethane kg/h 0.00 0.00 0.00 0.00 6.90 6.90 6.90 6.90 0.00 0.00 0.00 6.90 6.90 6.90 6.90
Ethylene kg/h 0.00 0.00 0.00 0.00 18.23 18.23 18.23 18.23 0.00 0.00 0.00 18.23 18.23 18.23 18.23
Propane kg/h 0.00 0.00 0.00 0.00 35.20 35.20 35.20 35.20 0.00 0.00 0.00 35.20 35.20 35.20 35.20
Propylene kg/h 0.00 0.00 0.00 0.00 41431 | 41431 | 41431 | 41431 0.00 0.00 0.00 41431 | 41431 414,31 | 41431
n-Butane kg/h 0.00 0.00 0.00 0.00 24.24 24.24 24.24 24.24 0.00 0.00 0.00 24.24 24.24 24.24 24.24
i-Butane kg/h 0.00 0.00 0.00 0.00 24.24 24.24 24.24 24.24 0.00 0.00 0.00 24.24 24.24 24.24 24.24
Butene kg/h 0.00 0.00 0.00 0.00 265.23 | 265.23 | 265.23 | 265.23 0.00 0.00 0.00 265.23 | 265.23 | 265.23 | 265.23
n-Pentane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Pentane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentane kg/h 0.00 0.00 0.00 0.00 43.88 43.88 43.88 43.88 0.00 0.00 0.00 43.88 43.88 43.88 43.88
Pentene kg/h 0.00 0.00 0.00 0.00 43.88 43.88 43.88 43.88 0.00 0.00 0.00 43.88 43.88 43.88 43.88
n-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclohexane kg/h 0.00 0.00 0.00 0.00 116.07 | 116.07 | 116.07 | 116.07 0.00 0.00 0.00 116.07 | 116.07 | 116.07 | 116.07
Hexene kg/h 0.00 0.00 0.00 0.00 204.77 204.77 204.77 204.77 0.00 0.00 0.00 204.77 | 204.77 204.77 204.77
n-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Benzene kg/h 0.00 0.00 0.00 0.00 64.05 64.05 64.05 64.05 0.01 0.00 0.00 64.04 64.04 64.04 64.04
Durene kg/h 0.00 0.00 0.00 0.00 31.42 31.42 31.42 31.42 0.00 0.00 0.00 31.42 31.42 31.42 31.42
Prehnitene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isodurene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Dodecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Dodecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dodecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A-VIII Continued.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
i-Hexadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hexadecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Octadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octadecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Eicosane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Eicosane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Eicosene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A-I1X Streams 16-30 of the MTO/MOGD model.

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
From E-106 | DIST1 | DIST2 | P-103 | E-107 | E-108 | R-102 | E-107 | E-109 | E-110 E-111 |FLASH2 | V-102 | V-103 | E-112
To DIST1 | DIST2 P-103 E-107 E-108 R-102 E-107 E-109 E-110 E-111 | FLASH2 | V-102 V-103 E-112
Temperature C 50 66 290 292 316 345 345 321 135 30 10 10 80 41 30
Pressure bar 15 15 10 17 17 17 16 16 16 16 16 16 5 1 1
Molar vapor fraction 0.2 0.0 0.0 0.0 0.0 0.5 1.0 1.0 0.8 0.7 0.7 0.0 0.0 0.2 0.0
Molar liquid fraction 0.8 1.0 1.0 1.0 1.0 0.5 0.0 0.0 0.2 0.3 0.3 1.0 1.0 0.8 1.0
Mass vapor fraction 0.1 0.0 0.0 0.0 0.0 0.5 1.0 1.0 0.2 0.1 0.0 0.0 0.0 0.2 0.0
Mass liquid fraction 0.9 1.0 1.0 1.0 1.0 0.5 0.0 0.0 0.8 0.9 1.0 1.0 1.0 0.8 1.0
Mass density kg/m?® 163 562 614 612 575 112 11.4 11.9 21.9 30.9 33.1 859 696 11.8 115
Volume flow m%/h 8.08 2.18 0.05 0.05 0.05 0.25 2.59 2.48 1.34 0.95 0.89 0.03 0.32 19.02 1.94
Mole flows kmol/h | 24.95 21.71 0.22 0.22 0.22 0.22 0.81 0.81 0.81 0.81 0.81 0.23 3.20 3.20 3.20
Methanol kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethy! ether kmol/h 0.45 0.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.41 041 0.41
Methane kmol/h 1.30 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethane kmol/h 0.23 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethylene kmol/h 0.65 0.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Propane kmol/h 0.80 0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04
Propylene kmol/h 9.85 8.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Butane kmol/h 0.42 041 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.24 0.24
i-Butane kmol/h 0.42 0.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.12 0.12
Butene kmol/h 4.73 4.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
i-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentane kmol/h 0.63 0.62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.47 0.47 0.47
Pentene kmol/h 0.63 0.62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.54 0.54 0.54
n-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclohexane kmol/h 1.38 1.38 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.70 0.70 0.70
Hexene kmol/h 2.43 2.43 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
n-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Benzene kmol/h 0.82 0.82 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.46 0.46 0.46
Durene kmol/h 0.23 0.23 0.19 0.19 0.19 0.19 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Prehnitene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Isodurene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
n-Dodecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Dodecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dodecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
n-Hexadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A-I1X Continued.

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Hexadecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Octadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octadecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Eicosane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Eicosane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Eicosene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.58 0.58 0.58 0.58 0.58 0.00 0.00 0.00 0.00
Mass flows kg/h 13214 | 12233 | 27.92 27.92 27.92 27.92 29.43 29.43 29.43 29.43 29.43 28.07 | 223.66 | 223.66 | 223.66
Methanol kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethy! ether kg/h 8.13 8.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.35 7.35 7.35
Methane kg/h 20.86 0.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethane kg/h 6.90 3.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
Ethylene kg/h 18.23 6.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Propane kg/h 35.20 31.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.57 1.57 1.57
Propylene kg/h 41431 | 361.73 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
n-Butane kg/h 24.24 23.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 14.08 14.08 14.08
i-Butane kg/h 24.24 23.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.04 7.04 7.04
Butene kg/h 265.23 | 259.99 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03
n-Pentane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 231 231 231 231 231 2.16 2.16 2.16 2.16
i-Pentane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentane kg/h 43.88 43.83 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 33.30 33.30 33.30
Pentene kg/h 43.88 43.76 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 37.81 37.81 37.81
n-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclohexane kg/h 116.07 | 116.05 0.86 0.86 0.86 0.86 0.87 0.87 0.87 0.87 0.87 0.86 58.56 58.56 58.56
Hexene kg/h 204.77 | 204.70 0.47 0.47 0.47 0.47 0.48 0.48 0.48 0.48 0.48 0.47 1.03 1.03 1.03
n-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.11 0.11
Benzene kg/h 64.04 64.03 0.37 0.37 0.37 0.37 0.38 0.38 0.38 0.38 0.38 0.37 35.56 35.56 35.56
Durene kg/h 31.42 31.42 26.09 26.09 26.09 26.09 11.29 11.29 11.29 11.29 11.29 11.29 11.34 11.34 11.34
Prehnitene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 6.39 6.39 6.39 6.39 6.39 6.39 6.39 6.39 6.39
Isodurene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 6.39 6.39 6.39 6.39 6.39 6.39 6.39 6.39 6.39
n-Dodecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Dodecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dodecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.91 0.91 091
n-Hexadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hexadecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
n-Octadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A-I1X Continued.

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
i-Octadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octadecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Eicosane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Eicosane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Eicosene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kg/h 0.00 0.00 0.00 0.00 0.00 0.00 1.16 1.16 1.16 1.16 1.16 0.00 0.00 0.00 0.00
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Table A-X Streams 31-45 of the MTO/MOGD model.
31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

From FLASH2 | V-104 | V-105 | C-102 | E-113 | DIST2 | P-104 | E-105 | E-114 | R-103 | V-106 | DIST3 | P-105 | E-115 | R-104
To V-104 V-105 C-102 E-113 R-102 P-104 E-105 E-114 R-103 | V-106 DIST3 P-105 E-115 R-104 | V-107
Temperature C 10 10 9 481 345 44 51 99 200 200 177 216 222 300 300
Pressure bar 16 16 1 17 17 10 40 40 40 39 5 5 40 40 40
Molar vapor fraction 1.0 1.0 1.0 1.0 1.0 0.0 0.0 0.0 1.0 0.0 04 0.0 0.0 0.0 0.3
Molar liguid fraction 0.0 0.0 0.0 0.0 0.0 1.0 1.0 1.0 0.0 1.0 0.6 1.0 1.0 1.0 0.7
Mass vapor fraction 1.0 1.0 1.0 1.0 1.0 0.0 0.0 0.0 1.0 0.0 0.2 0.0 0.0 0.0 0.1
Mass liquid fraction 0.0 0.0 0.0 0.0 0.0 1.0 1.0 1.0 0.0 1.0 0.8 1.0 1.0 1.0 0.9
Mass density kg/m® 1.6 1.6 0.1 0.6 0.8 586 576 503 79.5 571 38.3 607 602 529 233
Volume flow m%/h 0.86 0.81 15.31 242 1.98 2.04 2.07 2.37 15.03 2.10 31.20 1.55 1.56 1.78 4.08
Mole flows kmol/h 0.58 0.55 0.65 0.65 0.65 21.49 21.49 21.49 21.49 9.43 9.43 5.18 5.18 5.18 6.96
Methanol kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethy! ether kmol/h 0.00 0.00 0.00 0.00 0.00 0.45 0.45 0.45 0.45 0.45 0.45 0.02 0.02 0.02 0.02
Methane kmol/h 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00
Ethane kmol/h 0.00 0.00 0.00 0.00 0.00 0.12 0.12 0.12 0.12 0.12 0.12 0.00 0.00 0.00 0.00
Ethylene kmol/h 0.00 0.00 0.00 0.00 0.00 0.23 0.23 0.23 0.23 0.00 0.00 0.00 0.00 0.00 0.00
Propane kmol/h 0.00 0.00 0.00 0.00 0.00 0.71 0.71 0.71 0.71 0.71 0.71 0.00 0.00 0.00 0.00
Propylene kmol/h 0.00 0.00 0.00 0.00 0.00 8.60 8.60 8.60 8.60 0.00 0.00 0.00 0.00 0.00 0.00
n-Butane kmol/h 0.00 0.00 0.00 0.00 0.00 0.41 0.41 0.41 0.41 0.41 0.41 0.02 0.02 0.02 0.02
i-Butane kmol/h 0.00 0.00 0.00 0.00 0.00 041 041 041 0.41 0.41 0.41 0.01 0.01 0.01 0.01
Butene kmol/h 0.00 0.00 0.00 0.00 0.00 4.63 4.63 4.63 4.63 0.00 0.00 0.00 0.00 0.00 0.00
n-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.62 0.62 0.62 0.62 0.62 0.62 0.15 0.15 0.15 0.15
Pentene kmol/h 0.00 0.00 0.00 0.00 0.00 0.62 0.62 0.62 0.62 0.62 0.62 0.08 0.08 0.08 0.08
n-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclohexane kmol/h 0.00 0.00 0.00 0.00 0.00 1.37 1.37 1.37 1.37 1.37 1.37 0.68 0.68 0.68 0.68
Hexene kmol/h 0.00 0.00 0.00 0.00 0.00 2.43 2.43 2.43 2.43 0.01 0.01 0.00 0.00 0.00 0.00
n-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Benzene kmol/h 0.00 0.00 0.00 0.00 0.00 0.81 0.81 0.81 0.81 0.81 0.81 0.36 0.36 0.36 0.36
Durene kmol/h 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Prehnitene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isodurene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Dodecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.62
i-Dodecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.62
Dodecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 1.39 1.38 1.38 1.38 0.14
n-Hexadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.43
i-Hexadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.43
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Table A-X Continued.
31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
Hexadecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.95 0.95 0.95 0.95 0.95 0.09
n-Octadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.45
i-Octadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.45
Octadecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 0.10
n-Eicosane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21
i-Eicosane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21
Eicosene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.47 0.47 0.47 0.47 0.47 0.05
Hydrogen kmol/h 0.57 0.55 0.65 0.65 0.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.78
Mass flows kg/h 1.36 1.30 1.51 1.51 1.51 1195.3 1195.3 1195.3 1195.3 1195.3 1195.3 940.61 | 940.61 940.61 951.09
Methanol kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethyl ether kg/h 0.00 0.00 0.00 0.00 0.00 8.07 8.07 8.07 8.07 8.07 8.07 0.44 0.44 0.44 0.44
Methane kg/h 0.00 0.00 0.00 0.00 0.00 0.54 0.54 0.54 0.54 0.54 0.54 0.00 0.00 0.00 0.00
Ethane kg/h 0.00 0.00 0.00 0.00 0.00 3.60 3.60 3.60 3.60 3.60 3.60 0.00 0.00 0.00 0.00
Ethylene kg/h 0.00 0.00 0.00 0.00 0.00 6.53 6.53 6.53 6.53 0.00 0.00 0.00 0.00 0.00 0.00
Propane kg/h 0.00 0.00 0.00 0.00 0.00 31.45 31.45 31.45 31.45 31.45 31.45 0.18 0.18 0.18 0.18
Propylene kg/h 0.01 0.01 0.01 0.01 0.01 361.73 | 361.73 | 361.73 | 361.73 0.00 0.00 0.00 0.00 0.00 0.00
n-Butane kg/h 0.00 0.00 0.00 0.00 0.00 23.87 23.87 23.87 23.87 23.87 23.87 0.96 0.96 0.96 0.96
i-Butane kg/h 0.00 0.00 0.00 0.00 0.00 23.68 23.68 23.68 23.68 23.68 23.68 0.60 0.60 0.60 0.60
Butene kg/h 0.01 0.01 0.01 0.01 0.01 259.97 | 259.97 | 259.97 | 259.97 0.00 0.00 0.00 0.00 0.00 0.00
n-Pentane kg/h 0.16 0.15 0.15 0.15 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Pentane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentane kg/h 0.00 0.00 0.00 0.00 0.00 43.77 43.77 43,77 43.77 43,77 43,77 10.53 10.53 10.53 10.53
Pentene kg/h 0.00 0.00 0.00 0.00 0.00 43.74 43,74 43,74 43.74 43,74 43,74 5.81 5.81 5.81 5.81
n-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclohexane kg/h 0.01 0.01 0.01 0.01 0.01 115.20 115.20 115.20 115.20 115.20 115.20 57.50 57.50 57.50 57.50
Hexene kg/h 0.01 0.01 0.01 0.01 0.01 204.23 | 204.23 204.23 204.23 0.85 0.85 0.29 0.29 0.29 0.29
n-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.53 0.42 0.42 0.42 0.42
Benzene kg/h 0.00 0.00 0.00 0.00 0.00 63.65 63.65 63.65 63.65 63.65 63.65 28.47 28.47 28.47 28.47
Durene kg/h 0.00 0.00 0.00 0.00 0.00 5.33 5.33 5.33 5.33 5.33 5.33 5.28 5.28 5.28 5.28
Prehnitene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isodurene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Dodecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 106.07
i-Dodecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 106.07
Dodecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 233.83 | 233.83 | 232.92 | 232.92 | 232.92 23.29
n-Hexadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 96.79
i-Hexadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 96.79
Hexadecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 213.19 213.19 213.18 | 213.18 213.18 21.32
n-Octadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 114.37
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Table A-X Continued.
31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
i-Octadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 114.37
Octadecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 252.13 252.13 252.13 | 252.13 252.13 25.21
n-Eicosane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 59.79
i-Eicosane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 59.79
Eicosene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 131.91 | 13191 | 13191 | 131.91 | 131.91 13.19
Hydrogen kg/h 1.16 1.10 1.31 1.31 1.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.58
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Table A-XI Streams 46-60 of the MTO/MOGD model.

46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
From V-107 E-116 E-117 |FLASH3 | P-106 | DIST4 | V-108 | E-118 | E-119 | DIST4 | V-109 E-120 | DIST3 | E-121 | DISTS
To E-116 E-117 | FLASH3 | P-106 DIST4 | V-108 | E-118 | E-119 V-109 | E-120 E-121 | DIST5 | V-102
Temperature C 250 135 30 30 30 350 304 135 30 106 99 30 109 50 88
Pressure bar 1 1 1 1 3 3 1 1 1 3 1 1 5 5 5
Molar vapor fraction 0.8 0.4 0.3 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.1 0.0 1.0 0.1 0.0
Molar liquid fraction 0.2 0.6 0.7 1.0 1.0 1.0 0.3 1.0 1.0 1.0 0.9 1.0 0.0 0.9 1.0
Mass vapor fraction 0.7 0.1 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 1.0 0.1 0.0
Mass liquid fraction 0.3 0.9 1.0 1.0 1.0 1.0 0.3 1.0 1.0 1.0 1.0 1.0 0.0 0.9 1.0
Mass density kg/m® 3.8 9.5 19.0 761 760 553 7.7 763 842 672 49.8 642 10.3 76 673
Volume flow m%/h 251.28 | 100.62 50.17 1.23 1.23 1.09 78.84 0.79 0.72 0.49 6.62 0.51 24.73 3.35 0.29
Mole flows kmol/h 6.96 6.96 6.96 5.02 5.02 2.46 2.46 2.46 2.46 2.56 2.56 2.56 4.24 4.24 2.97
Methanol kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethy! ether kmol/h 0.02 0.02 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.42 0.42 041
Methane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.00
Ethane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.12 0.00
Ethylene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Propane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.71 0.04
Propylene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Butane kmol/h 0.02 0.02 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.39 0.39 0.24
i-Butane kmol/h 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.40 0.12
Butene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentane kmol/h 0.15 0.15 0.15 0.12 0.12 0.00 0.00 0.00 0.00 0.12 0.12 0.12 0.47 0.47 0.47
Pentene kmol/h 0.08 0.08 0.08 0.06 0.06 0.00 0.00 0.00 0.00 0.06 0.06 0.06 0.54 0.54 0.54
n-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclohexane kmol/h 0.68 0.68 0.68 0.63 0.63 0.00 0.00 0.00 0.00 0.63 0.63 0.63 0.69 0.69 0.69
Hexene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
n-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Benzene kmol/h 0.36 0.36 0.36 0.33 0.33 0.00 0.00 0.00 0.00 0.33 0.33 0.33 0.45 0.45 0.45
Durene kmol/h 0.04 0.04 0.04 0.04 0.04 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.00 0.00 0.00
Prehnitene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isodurene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Dodecane kmol/h 0.62 0.62 0.62 0.62 0.62 0.05 0.05 0.05 0.05 0.57 0.57 0.57 0.00 0.00 0.00
i-Dodecane kmol/h 0.62 0.62 0.62 0.62 0.62 0.03 0.03 0.03 0.03 0.59 0.59 0.59 0.00 0.00 0.00
Dodecene kmol/h 0.14 0.14 0.14 0.14 0.14 0.01 0.01 0.01 0.01 0.13 0.13 0.13 0.01 0.01 0.01
n-Hexadecane kmol/h 0.43 0.43 0.43 0.43 0.43 0.42 0.42 0.42 0.42 0.01 0.01 0.01 0.00 0.00 0.00
i-Hexadecane kmol/h 0.43 0.43 0.43 0.43 0.43 0.39 0.39 0.39 0.39 0.03 0.03 0.03 0.00 0.00 0.00
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Table A-XI Continued.

46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
Hexadecene kmol/h 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.00 0.00 0.00 0.00 0.00 0.00
n-Octadecane kmol/h 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.00 0.00 0.00 0.00 0.00 0.00
i-Octadecane kmol/h 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.00 0.00 0.00 0.00 0.00 0.00
Octadecene kmol/h 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.00 0.00 0.00 0.00 0.00 0.00
n-Eicosane kmol/h 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.00 0.00 0.00 0.00 0.00 0.00
i-Eicosane kmol/h 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.00 0.00 0.00 0.00 0.00 0.00
Eicosene kmol/h 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kmol/h 1.78 1.78 1.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mass flows kg/h | 951.09 | 951.09 | 951.09 | 935.63 | 935.63 | 605.76 | 605.76 | 605.76 | 605.76 | 329.86 | 329.86 | 329.86 | 254.74 | 254.74 | 195.59
Methanol kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethy! ether kg/h 0.44 0.44 0.44 0.23 0.23 0.00 0.00 0.00 0.00 0.23 0.23 0.23 7.64 7.64 7.35
Methane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.54 0.54 0.00
Ethane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.60 3.60 0.01
Ethylene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Propane kg/h 0.18 0.18 0.18 0.04 0.04 0.00 0.00 0.00 0.00 0.04 0.04 0.04 31.27 31.27 1.57
Propylene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Butane kg/h 0.96 0.96 0.96 0.47 0.47 0.00 0.00 0.00 0.00 0.47 0.47 0.47 22.92 22.92 14.08
i-Butane kg/h 0.60 0.60 0.60 0.24 0.24 0.00 0.00 0.00 0.00 0.24 0.24 0.24 23.09 23.09 7.04
Butene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Pentane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Pentane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentane kg/h 10.53 10.53 10.53 8.46 8.46 0.00 0.00 0.00 0.00 8.46 8.46 8.46 33.24 33.24 33.23
Pentene kg/h 5.81 5.81 5.81 4.18 4.18 0.00 0.00 0.00 0.00 4.18 4.18 4.18 37.93 37.93 37.78
n-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclohexane kg/h 57.50 57.50 57.50 53.21 53.21 0.00 0.00 0.00 0.00 53.21 53.21 53.21 57.70 57.70 57.70
Hexene kg/h 0.29 0.29 0.29 0.26 0.26 0.00 0.00 0.00 0.00 0.26 0.26 0.26 0.56 0.56 0.56
n-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octene kg/h 0.42 0.42 0.42 0.42 0.42 0.00 0.00 0.00 0.00 0.42 0.42 0.42 0.11 0.11 0.11
Benzene kg/h 28.47 28.47 28.47 25.83 25.83 0.00 0.00 0.00 0.00 25.83 25.83 25.83 35.18 35.18 35.18
Durene kg/h 5.28 5.28 5.28 5.27 5.27 0.06 0.06 0.06 0.06 521 521 5.21 0.05 0.05 0.05
Prehnitene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isodurene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Dodecane kg/h 106.07 | 106.07 | 106.07 | 106.05 | 106.05 8.83 8.83 8.83 8.83 97.22 97.22 97.22 0.00 0.00 0.00
i-Dodecane kg/h 106.07 | 106.07 | 106.07 | 106.05 | 106.05 5.18 5.18 5.18 5.18 100.86 | 100.86 | 100.86 0.00 0.00 0.00
Dodecene kg/h 23.29 23.29 23.29 23.29 23.29 1.49 1.49 1.49 1.49 21.80 21.80 21.80 0.91 0.91 091
n-Hexadecane kg/h 96.79 96.79 96.79 96.79 96.79 94.57 94.57 94.57 94.57 2.23 2.23 2.23 0.00 0.00 0.00
i-Hexadecane kg/h 96.79 96.79 96.79 96.79 96.79 89.17 89.17 89.17 89.17 7.63 7.63 7.63 0.00 0.00 0.00
Hexadecene kg/h 21.32 21.32 21.32 21.32 21.32 20.72 20.72 20.72 20.72 0.60 0.60 0.60 0.01 0.01 0.01
n-Octadecane kg/h 11437 | 11437 | 11437 | 11437 | 11437 | 11411 | 11411 | 11411 | 11411 0.26 0.26 0.26 0.00 0.00 0.00
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Table A-XI Continued.

46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
i-Octadecane kg/h 11437 | 11437 | 11437 | 114.37 | 11437 | 113.77 | 113.77 | 113.77 | 113.77 0.60 0.60 0.60 0.00 0.00 0.00
Octadecene kg/h 25.21 25.21 25.21 25.21 25.21 25.14 25.14 25.14 25.14 0.07 0.07 0.07 0.00 0.00 0.00
n-Eicosane kg/h 59.79 59.79 59.79 59.79 59.79 59.78 59.78 59.78 59.78 0.01 0.01 0.01 0.00 0.00 0.00
i-Eicosane kg/h 59.79 59.79 59.79 59.79 59.79 59.77 59.77 59.77 59.77 0.02 0.02 0.02 0.00 0.00 0.00
Eicosene kg/h 13.19 13.19 13.19 13.19 13.19 13.19 13.19 13.19 13.19 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kg/h 3.58 3.58 3.58 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00




Table A-XII

Stream 61-70 of the MTO/MOGD model.

61 62 63 64 65 66 67 68 69 70
From C-103 E-122 D-101 | E-103 | DIST1 | V-104 | FLASH3 | DIST5
To V-105 C-103 E-122 R-104 E-103
Temperature C 0 25 787 300 30 40 12 10 30 20
Pressure bar 1 1 40 40 2 2 15 16 1 5
Molar vapor fraction 1.0 1.0 1.0 1.0 0.0 0.0 1.0 1.0 1.0 1.0
Molar liquid fraction 0.0 0.0 0.0 0.0 1.0 1.0 0.0 0.0 0.0 0.0
Mass vapor fraction 1.0 1.0 1.0 1.0 0.0 0.0 1.0 1.0 1.0 1.0
Mass liquid fraction 0.0 0.0 0.0 0.0 1.0 1.0 0.0 0.0 0.0 0.0
Mass density kg/m? 0.1 0.1 0.9 1.7 989 979 22.2 1.6 0.3 10.6
Volume flow m3/h 2.39 128.97 11.53 6.27 1.70 171 4.41 0.04 48.94 5.59
Mole flows kmol/h 0.11 5.20 5.20 5.20 93.18 | 93.18 3.24 0.03 1.94 1.27
Methanol kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethy! ether kmol/h 0.00 0.00 0.00 0.00 93.18 | 93.18 0.00 0.00 0.01 0.02
Methane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 1.27 0.00 0.00 0.03
Ethane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.12
Ethylene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.00 0.00 0.00
Propane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.67
Propylene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 1.25 0.00 0.00 0.00
n-Butane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.15
i-Butane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.28
Butene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00
n-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Pentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
Pentene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
n-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclohexane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00
Hexene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Benzene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
Durene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Prehnitene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isodurene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Dodecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Dodecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dodecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A-XII Continued.
61 62 63 64 65 66 67 68 69 70
Hexadecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Octadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octadecane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octadecene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Eicosane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Eicosane kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Eicosene kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kmol/h 0.11 5.20 5.20 5.20 0.00 0.00 0.00 0.03 1.77 0.00
Mass flows kg/h 0.21 10.48 10.48 10.48 1678.6 1678.6 98.14 0.07 15.46 59.15
Methanol kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dimethy| ether kg/h 0.00 0.00 0.00 0.00 1678.6 | 1678.6 0.06 0.00 0.20 0.29
Methane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 20.32 0.00 0.00 0.54
Ethane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 3.30 0.00 0.00 3.59
Ethylene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 11.71 0.00 0.00 0.00
Propane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 3.75 0.00 0.14 29.70
Propylene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 52.58 0.00 0.00 0.00
n-Butane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.37 0.00 0.49 8.84
i-Butane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.56 0.00 0.35 16.05
Butene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 5.24 0.00 0.00 0.00
n-Pentane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
i-Pentane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 2.07 0.00
Pentene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.00 1.63 0.15
n-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclohexane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 4.29 0.00
Hexene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.03 0.00
n-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Octane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
QOctene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Benzene kg/h 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 2.64 0.00
Durene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Prehnitene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isodurene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Dodecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
i-Dodecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Dodecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Hexadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Hexadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hexadecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Octadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A-XII Continued.

61 62 63 64 65 66 67 68 69 70
i-Octadecane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Octadecene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n-Eicosane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i-Eicosane kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Eicosene kg/h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen kg/h 0.21 10.48 10.48 10.48 0.00 0.00 0.00 0.06 3.58 0.00
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