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Abstract 

This report discusses the possibilities for integration of gasification systems into conventional 
oil refineries for the production of synthetic bio-fuels. The long-term integration concept of 
these bio-fuels in existing refineries generally usually envisions the synthesis of a raw 
intermediate product off-site or decentral and it’s further processing and upgrading to end 
synthetic fuels central or on-site. However, in this report the complete synthesis pathway of 
the bio-fuels is studied on-site in the refinery by using one of Germany’s largest refineries, 
Mineraloelraffinerie Oberrhein (MiRO), as an example. 

The discussed synthetic fuels belong to the second generation of bio-fuels which utilize 
feedstocks such as woody biomass, agriculture waste and other non-food lignocellulosic biomass 
for the gasification process. The production pathway of bio-fuels in a biorefinery begins with 
the conversion of biomass through the pyrolysis and gasification processes into a synthesis gas, 
which serves as feed for the further synthesis of bio-fuels. The purification and conditioning 
steps of the synthesis gas based on the requirements of the subsequent synthesis unit follow.  

In this study the implementation of the Fischer-Tropsch process and the Methanol/DME-to-
Gasoline processes was considered. These processes differ in yield and quality of produced bio-
fuel, so that the Fischer-Tropsch is more adequate for the synthesis of high-quality diesel 
components, whereas the Methanol/DME-to-Gasoline processes for the production of high-
quality gasoline components. In addition, the processing and upgrading of the synthetic fuel 
components into the refinery structures differs according the applied process. The product 
derived from the Fischer-Tropsch process is separated in the atmospheric distillation unit and 
upgraded to intermediate and final products through the refinery structures. The processing of 
the wax fraction in this study was considered in two ways: conversion into lighter boiling 
fractions through fluid catalytic cracking or through a hydrocracker in the presence of H2. The 
products derived from the Methanol/DME-to-Gasoline processes on the other hand need to be 
conditioned and processed only in a stabilization column of the refinery to produce a high-
quality gasoline blend comparable in quality with reformate. 

The yield target of 50 t/h of product feed to the refinery system (syncrude or raw gasoline 
blend) was set and used in the evaluation of the mass and energy balances in this study. The 
efficiency of the processes was analysed through the energy efficiency factors (𝜂𝜂, 
𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, 𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡), where the energy of the synthetic fuel, by-products and overall steam and 
fuel gas production are compared to the energy of the biomass feedstock, respectively. The 
Fischer-Tropsch process with the implementation of a hydrocracker unit was shown to produce 
higher yields of diesel components compared to the catalytic cracking and also a higher overall 
energy efficiency. It could also be concluded that the Methanol/DME-to-Gasoline processes 
deliver lower synthetic fuel energy efficiencies compared to the Fischer-Tropsch process.  
Amongst the Methanol-to-Gasoline and DME-to-Gasoline processes, the DtG process could 
deliver a higher yield of synthetic gasoline, so also a higher synthetic fuel energy efficiency 
compared to the MtG process, but the product and overall energy efficiency of the MtG process 
were shown to be higher. 

Lastly an economic analysis of the different integration pathways into the refinery was 
performed. The integration of the Fischer-Tropsch process resulted to be slightly more 
economic than the Methanol/DME-to-Gasoline processes. In addition, it could be concluded that 
the Biomass-to-Liquid route analysed in this report is much more economic than the Power-to-
Liquid route for synthetic fuel production in Germany. The latter could however be competitive 
in the case of electricity production in the MENA regions.
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The conventional oil refinery and the possible integration of 
renewables  

In the recent decades the importance of renewable energy sources has become crucial in regard 
to the global climate crisis resulting from high greenhouse gas emissions. To reverse the 
consequences of this climate crisis, an energy transformation process has been undertaken in 
many countries, such as the European Green Deal of the European Union. The energy 
transformation process aims the creation of an extensive greenhouse gas neutral economy and 
society, which focuses on the principles of a sustainable utilization of resources and the 
conservation of biodiversity, by the year 2050 (BMWi 2010). This concept includes all the sectors 
of the energy system, important part of which is the transportation sector with an emission 
contribution of around 20 % (Dietrich et al. 2018). For the sustainability of the transportation 
sector, it is widely accepted that the sectors of air and freight transportation will have to 
operate on liquid synthetic fuels, due to the high energetic density that they provide (Dietrich 
et al. 2018). Therefore, the utilization of synthetic fuels remains essential for a sustainable 
future and needs to be further researched so that it can be employed on the long term.  

Conventional crude oil refineries need to integrate synthetic fuels into their structures in order 
to effectively reduce their greenhouse gas emissions in the long term and become independent 
from the limited energy raw material, i.e., crude oil. According to the expert discussions, the 
coupling of advanced synthetic fuels into the conventional refinery processes is already possible 
today up to one fifth, with minor adjustments in the plant configuration. In Germany, for 
example this would imply the substitution of around 20 million tonnes of currently processed 
crude oil with synthetic crude, i.e., syncrude. (Hobohm et al. 2018) 

MINERALOELRAFFINERIE OBERRHEIN (MIRO), AS A CONVENTIONAL OIL 
REFINERY 

One of the main refineries in Germany is Mineraloelraffinerie Oberrhein GmbH & Co. KG, 
abbreviated as MiRO, which processes about 15 million tonnes of crude oil annually, 15 % of the 
total amount of processed crude oil in Germany (MWV 2017). MiRO produces a wide range of 
products, from transportation and industrial fuels to chemical feedstock. The transportation 
fuels, diesel and gasoline, represent the biggest share of the production. Other products of 
MiRO include bitumen and calcinate, used in the road construction and aluminium production, 
respectively, but also hydrocarbons such as butane, propylene, benzene etc. used as feedstock 
for the chemical industry. A flowsheet of the refinery structures and processes of MiRO is 
displayed in Figure 1 and will be followingly described in detail. 

The production path within the oil refinery starts with the crude oil, which after a desalting 
process is fed to the atmospheric distillation unit, where the thermal separation of the light 
and heavy components occurs. In the overhead of the atmospheric distillation column, light 
gases along with LPG are obtained, which are further processed to respectively be used as 
refinery gas for the internal energy demands at MiRO and as end products: butane, propane, 
propylene etc. The gasoline-boiling range obtained from the distillation process, also known as 
the straight-run gasoline, is the simplest gasoline component to be produced, but the yield 
naturally supplied from the crude oil does not meet the high qualitative and quantitative 
demands for conversional gasoline (Alfke et al. 2003), which is why it needs to be further 
catalytically upgraded. The gasoil fraction obtained from the atmospheric distillation unit on 
the other hand does not require any additional upgrading processes.  
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Nevertheless, a desulphurisation of both the gasoline and gasoil fractions is necessary due to 
the sulphur content restriction in the combustion fuels specifications (DIN EN 228:2017-08⁠; DIN 
EN 590:2017-10). In addition, the desulphurisation step is required prior to all upgrading 
processes in the refinery, in order to avoid a catalyst poisoning later in the reactors. The 
atmospheric residue obtained at the bottom of the atmospheric distillation unit is followingly 
fed into the vacuum distillation column and is separated at under-atmospheric pressures into 
the lighter vacuum gasoil and heavy vacuum residue. The vacuum gasoil is catalytically cracked 
in a fluidized catalytic cracker (FCC) in order to obtain high amounts of the gasoline-boiling 
range fractions and gasoil, along with light gases and heavy gasoil (HCG). The majority of the 
heavy vacuum residue from the crude oil on the other hand, is thermally cracked in the delayed 
coker resulting in the production of heavy coker gasoil (HKGO), light coker gasoil (LKGO), 
petroleum coke and light gases. The remaining part of the heavy vacuum residue is used in the 
production of bitumen.  

The processing of the gasoil fraction at MiRO includes only the previously discussed 
desulphurisation step, mandatory due to the commercial diesel blend specifications. The 
processing of the gasoline fraction however, requires additional upgrading process to reach the 
required quality specifications of the commercial gasoline blend. This is the reason why today 
in a refinery, there are many gasoline components, such as catalytically cracked gasoline (FCC- 
Naphtha), catalytic reformate, isomerate and alkylate, each with different characteristics and 
a different blending proportion in the conventional gasoline. The gasoline upgrading structures 
at MiRO: the isomerisation unit, the catalytic reformers and the alkylation unit are presented 
in the block diagram of Figure 1. 

In the catalytic reformer, the gasoline fractions obtained from the naphtha splitters after the 
atmospheric distillation unit are converted into a high-octane reformate with high content of 
aromatics under the production of hydrogen. This produced hydrogen is a very valuable 
component in other refinery processes such as e.g., desulphurization. Reformate contains also 

Figure 1. Block diagram of main refinery structures at MiRO. 
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an elevated amount of benzene, which is restricted in conventional gasoline and that is why it 
is separated and further delivered to the chemical industry. Because of its high-octane quality 
(RON ≈ 96-99) this gasoline component has a major role in the production of high-octane 
gasoline. The isomerization unit produces a lower octane quality component (RON ≈ 88) 
compared to reformate, known as isomerate, with mainly C5-C6 isoparaffins, which is 
nevertheless very desirable and an important gasoline blending-stock. Another attractive 
gasoline component consisting of isoparaffins is alkylate, which has moderately high octane 
quality (RON ≈ 90 - 94) and is produced from the combination of light olefins, coming from the 
fluidized catalytic cracker (FCC) with isobutane (Gary et al. 2020). Alkylate is used along with 
isomerate to achieve and compensate for the gasoline octane quality that cannot be reached 
with reformate due to its aromatic nature (Alfke et al. 2003).  

INTEGRATION PATHWAYS FOR SYNTHETIC FUELS INTO THE REFINERY 
STRUCTURES  

The production and integration of synthetic fuels into the processing structures of the refinery 
is a crucial step in the reduction of greenhouse gas emissions so that a sustainable future of 
the mobility can be achieved. The long-term integration concept of these renewably derived 
fuels in existing refineries generally envisions the synthesis of the raw intermediate product 
off-site and the processing and upgrading to the synthetic fuel on-site. In this study the 
calculations are based on the assumption of a complete synthesis process on-site in the refinery. 
Depending on the desired type, yield and quality of the produced synthetic fuel the Fischer-
Tropsch process or the Methanol/DME-to-Gasoline processes can be implemented. 

• The Fischer-Tropsch (FT) process is a direct catalytic synthesis pathway and results in a so-
called syncrude, consisting of a wide linear hydrocarbon product distribution, which is highly 
dependent on the reaction conditions. However, the process chemistry of the low 
temperature FT process is best suited for the synthesis of high-quality diesel rather than 
for the synthesis of gasoline-boiling range hydrocarbons of a high quality (Gogate 2018⁠; Jung 
et al. 2020). For this reason, the FT process has the key-role as a synthetic diesel production 
pathway for integration in a bio-refinery. 

• The Methanol/DME-to-Gasoline (MtG/DtG) processes are indirect catalytic synthesis 
pathways with MeOH/DME as intermediates and deliver a product spectrum of paraffins, 
olefins and mainly methyl-substituted aromatics with a maximum carbon number of C10, 
which make it a high-quality gasoline blend (Chang and Silvestri 1977 ⁠; Liederman et al. 
1982). This is why the MtG and DtG processes are mainly considered for integration into a 
refinery, when the production focuses on a high-quality synthetic gasoline blend. 

The FT raw product can be treated in the refinery as a synthetic crude oil and be fed similarly to the 
conventional crude oil into the atmospheric distillation unit, to be followingly processed in the 
respective refinery structures. The main end product is expected to be diesel with gasoline and light 
hydrocarbons as by-products. 

The MtG and DtG processes produce a raw product, which is comparable in quality and composition to 
the reformate of the catalytic reformer in the refinery. This can enable an integration of the MtG/DtG 
raw product directly into the reformate upgrading structures at the refinery and offers a synthetic 
option for the conventional reformate, which constitutes an important gasoline blending component. 
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Feedstock for the production of synthetic fuels 

The first generation of bio-fuels, such as ethanol and bio-diesel from oil containing crops, are 
heavily debated, because their primary feedstock derives from food crops and therefore is in 
direct competition to the food production industry. The second generation of bio-fuels i.e., the 
synthetic fuels discussed in this report, are fuels that utilize feedstocks such as woody biomass, 
agriculture waste, sewage sludge, municipal waste and other non-food lignocellulosic biomass. 
Lignocellulose is the abundant construction material of the cell walls of all terrestrial plants 
and contributes almost 90% to the available land biomass, which is why its use in the form of 
residues and wastes from agriculture, forestry etc. is a versatile feedstock for the second 
generation bio-fuel production through the gasification process (Dahmen et al. 2017). The 
simplified average composition of lignocellulose is about 40–55 wt.-% cellulose fibers, 15–35 
wt.-% hemicellulose and 20–40 wt.-% lignin, represented by C6H8O4 as approximate sum formula. 

The characteristics and physical properties of these synthetic fuels are similar to conventional 
gasoline and diesel, but with the benefit of lower emissions from the engines of vehicles 
(Dabelstein et al. 2003). Additionally, their application in regular internal combustion engines 
is possible without further modifications (Haro et al. 2013). A similarity of the synthetic fuels 
to conventional fossil fuels is advantageous, because it would enable a gradual deployment of 
these synthetic fuels with minimum supply disruption (Tunå and Hulteberg 2014). 

The production of synthetic fuels begins with the generation of a highly reactive gas mixture 
composed of H2 and CO, which is known as synthesis gas i.e., syngas. In the concept of a 
biorefinery this can occur through the Biomass-to-Liquid (BtL) route, where a variety of residual 
biomass and other organic residues can be converted through the pyrolysis and gasification 
processes to result in a synthesis gas. Alternatively, the Power-to-Liquid (PtL) route is 
applicable for the production of syngas through the utilization of renewable electricity for 
water electrolysis and of captured CO2 as feedstock. The conditioned synthesis gas from both 
routes can followingly be used in the Fischer Tropsch, Methanol-to-Gasoline or DME-to-Gasoline 
processes, depending on the required yields and synthetic fuel type. Both of the above-
mentioned routes and their combination (PBtL) are presented in Figure 2 along with the 
downstream processes.  

A crucial benefit that the BtL route offers in comparison to the PtL route is the wide variety of 

Figure 2. Summary of different pathways for the production of synthetic fuels. 
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applicable feedstock (straw, hay, residual wood, sewage residues etc.), which depending on 
the region could be a very advantageous property. In addition, despite the wide range of results 
found in different literature sources a gasification system seems to offer to date a more 
economically convenient route for integration into a biorefinery compared to the PtL route, for 
e.g., in the study of Hannula (2015).  

In this report the focus lies on the BtL route, which is why the following calculations and results 
consider only a gasification system for the syngas production. Whereas, the PtL route will not 
be discussed in detail in this report and is mentioned only for comparison purposes and in order 
to offer a complete summary of the synthetic fuel production pathways. 

Gasification system and biofuel synthesis unit 

As gasification system, the bioliq® process is used in this study. The lignocellulosic biomass 
feedstock is firstly dried at the entrance of the gasification system and then decomposed in a 
fast pyrolysis plant into an energy-dense intermediate (suitable for economic transport over 
long distances) at the temperature of around 500 °C. The products of the pyrolysis are mainly 
liquid, whereas the produced light gases are usually burned to achieve the reaction 
temperature of the reactor. (Dahmen et al. 2017) 

The mixture of pyrolysis oil and pyrolysis coke is preheated and pumped into a pressurized 
entrained flow gasifier, where in the presence of pure oxygen and water steam it is converted 
at 1200°C into a raw synthesis gas containing mainly H2, CO, CO2 and H2O. Oxygen-blown 
gasification is preferred to air-blown gasification, since in the latter nitrogen can act as an 
inert diluent and result in a decreasing overall process efficiency. So even though oxygen 
gasification is associated with higher capital costs, this is usually justified due to the higher 
synthetic fuel yields due to higher syngas quality (Dimitriou et al. 2018). 

There is a variety of gasification reactor types, but in this study the entrained flow gasifier was 
chosen because it offers advantages such as the control of hydrocarbon formation, the highest 
capacity per unit volume and the raw gas product is almost free of tar and phenols. These is 
due to the higher operating gasification temperatures, which also result in higher carbon 
conversion. The hot product gas from the gasifier is cooled upon leaving the gasifier by indirect 
cooling in gas coolers with external high-pressure steam generation. This mode of cooling 
operation is selected for applications that require carbon monoxide utilisation later on in the 
process; e.g., as part of the synthesis gas. (Reimert et al. 2003) 

Before utilizing the raw syngas, it needs to be freed of impurities and conditioned. Purification, 
as an integral part of the syngas production, is required in order to remove impurities such as 
tar, but also sulphur-containing compounds that are catalyst poisons for WGS catalysts, Fe-or 
Co-based FT catalysts and also Cu-and-Al2O3 based MtG and DtG catalysts (Klerk and Furimsky 
2010⁠; Baerns 2013). The conditioning process includes the crucial step of adjusting the H2:CO 
ratio, which is an important factor for the syngas conversion later on in a synthesis plant. The 
composition of the synthesis gas can be adjusted in a Water-Gas-Shift (WGS) reactor according 
to the following reaction.  

𝐶𝐶𝐶𝐶 +  𝐻𝐻2𝑂𝑂 ↔  𝐶𝐶𝑂𝑂2 + 𝐻𝐻2          (∆𝑅𝑅ℎ = −41,2
𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

) 

After the syngas has been conditioned it can be processed through different synthetic 
processes, but for the concept of synthetic fuel integration into the refinery structures, the 
Fischer Tropsch, the Methanol-to-Gasoline or the DME-to-Gasoline processes are to be 
considered. The block diagram in Figure 3 shows the gasfication process for syngas production 
from biomass and the integration of the FT process into the refinery. An air seperation unit 
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(ASU) provides the gasifier with the required O2. Similar block diagrams showing the gasification 
process and the integration of the MtG and DtG processes in the refinery can be found in the 
appendix 2. 

FISCHER-TROPSCH PROCESS 

The Fischer-Tropsch (FT) process, developed in the 1920s, is a classical route for the direct 
synthesis of liquid hydrocarbons through the direct hydrogenation of CO from the synthesis gas. 
It constitutes of an exothermic polymerization reaction catalysed with Co or Fe, which results 
in a linear hydrocarbon product distribution and also water. (Iglesias Gonzalez et al. 2011) The 
hydrocarbon fraction is commonly referred as a synthetic crude oil, or syncrude, which has to 
be refined in order to produce useful products, such as transportation fuels and chemicals. The 
general hydrocarbon distribution produced from the FT reaction is determined through the 
Anderson-Schulz-Flory (ASF) distribution model. This product distribution can be described by 
the chain growth probability 𝛼𝛼, which is the ratio of the of the chain propagation rate 𝑟𝑟𝑝𝑝 and 
chain termination rate 𝑟𝑟𝑡𝑡 according to the equation: 

𝛼𝛼 =  
𝑟𝑟𝑝𝑝

𝑟𝑟𝑝𝑝 + 𝑟𝑟𝑡𝑡
 

The choice of the chain growth probability 𝛼𝛼, which is strongly dependent on the reaction 
conditions (𝑇𝑇,𝑝𝑝) and catalyst type, results in the production of hydrocarbons of different boiling 
ranges as displayed in the following diagram. In this study the value of 0,9 was chosen for the 
chain growth probability 𝛼𝛼, because the diesel fraction (C10-20), which is the product fraction 
with the highest quality in the FT process, has a maximum value when 𝛼𝛼 is around 0,9.  

Figure 3. Block diagram of the integration of the gasification system and the FT process in the refinery. 

Figure 4. Mass carbon fraction of the different hydrocarbon classes as a function of 𝛼𝛼, 
calculated with the ASF model (Iglesias Gonzalez et al. 2011). 
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The syncrude constitutes the feed to the refinery and as presented in the flowsheet in Figure 
5, it is fed into the atmospheric distillation unit and separated into light gases, the gasoline 
fraction, the diesel fraction and wax. All of these are upgraded to intermediate and final 
products. The advantage of the diesel fraction of the FT syncrude is its high quality without 
requirements of upgrading processes, as it can be seen in Figure 5. On the other hand, the 
gasoline fraction, i.e., raw naphtha needs to be further processed and upgraded in the catalytic 
reformer (in the presence of H2) in order to fulfil the required specifications. The lights gases 
from the syncrude can be processed in the refinery to obtain propylene and refinery gas. 
Whereas, the wax fraction of the syncrude (C20+) can be converted into lighter boiling fractions 
through catalytic cracking in the FCC or alternatively through a hydrocracker in the presence 
of H2. 

It is important that a clear distinction is made between catalytic cracking and hydrocracking. 
The latter implies that H2 is a co-feed, whereas the catalytic cracking in FCC conditions is 
conducted in the absence of a hydrogen co-feed over monofunctional acidic catalysts. In the 
hydrocracking process, the basic cracking mechanisms as in the FCC apply, but the catalyst 
used is bifunctional and the metal sites introduce additional catalytic pathways such as the 
dehydrogenation of the alkanes in the feed into alkenes, which are then in turn hydrogenated 
on the acidic sites of the bifunctional catalyst. (Klerk and Furimsky 2010) 

METHANOL-TO-GASOLINE AND DME-TO-GASOLINE PROCESSES 

The Methanol-to-Gasoline (MtG) and DME-to-gasoline (DtG) processes are directly linked to the 
discovery in the 1970s that methanol could be converted into higher hydrocarbons of the 
gasoline-boiling range over the zeolite ZSM-5 developed in the laboratories of Mobil Oil. ZSM-5 
is a medium-pore zeolite, i.e., a crystalline aluminosilicate, with considerable acidity that due 
to the defined structure and geometry of the pores, channels and cavities is shape-selective 
and able to control product selectivity so that heavier hydrocarbons, containing more than 11 
carbons, are practically not produced. (Bertau et al. 2014) The MtG and DtG processes are 
indirect catalytic pathways for synthetic fuel production, because the synthesis gas derived 
from the gasification process is first converted into the intermediate methanol or DME, 
respectively.  

 

Figure 5. Processing of the FT Syncrude in the refinery structures. 
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The formation of methanol from synthesis gas on an industrial scale occurs over the catalyst 
Cu-ZnO-Al2O3 at the pressures of 50 - 100 bar and temperatures of 200 - 300 °C (Ott et al. 2003). 
For a high methanol production, the composition of the synthesis gas is crucial, which can be 
described through the so-called stoichiometric number: 

𝑆𝑆𝑆𝑆 =  
𝑁̇𝑁𝐻𝐻2 − 𝑁̇𝑁𝐶𝐶𝑂𝑂2
𝑁̇𝑁𝐶𝐶𝐶𝐶 + 𝑁̇𝑁𝐶𝐶𝑂𝑂2

 ≈ 2,0 − 2,2 

DME can be obtained from the catalytic dehydration of MeOH over γ-Al2O3. However, for a direct 
formation of DME from synthesis gas, the utilisation of a bifunctional catalyst is possible, which 
contains the cupper-based catalyst (Cu/ZnO/Al2O3), used in the methanol synthesis from 
syngas, and γ-Al2O3, used in the dehydration reaction of methanol into DME. This provides a 
direct and more economical DME synthesis route (Stiefel et al. 2011), whose feasibility is 
ascertained even on an industrial scale by companies like JFE Holdings Inc. and Haldor Topsøe 
A/S (Haro et al. 2013).It has been shown that a H2:CO ratio in the synthetic gas of 1:1 provides 
the highest conversion of syngas to DME (Rostrup-Nielsen et al. 2007). 

Generally, it is assumed that the reaction of methanol into hydrocarbons of the gasoline boiling 
range goes according to the following equation, where methanol is firstly dehydrated over ZSM-
5 to an equilibrium mixture of DME, methanol and water. Afterwards DME is converted to light 
olefins, primarily ethylene and propylene, which then undergo further transformation through 
methylations, oligomerisation and cracking reactions to higher olefins, which in turn produce 
C3-C6 paraffins and C6-C10 aromatics as end products of cyclization and hydrogen transfer 
reactions (Chang and Silvestri 1977⁠; Bertau et al. 2014 ⁠; Olsbye et al. 2012). 

𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂 
−𝐻𝐻2𝑂𝑂�⎯⎯�  𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂𝐻𝐻3  

−𝐻𝐻2𝑂𝑂�⎯⎯�𝐶𝐶2. . .𝐶𝐶5  𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 →
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

ℎ𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
 

The hydrocarbon product selectivity and the catalyst activity are strongly dependent on the 

Figure 6. Effect of temperature on the conversion of methanol over ZSM-5 
from Chang and Silvestri (1977). 
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process parameters (𝑇𝑇, 𝑝𝑝 and contact time), whereupon these effects are known only from 
experimental work and data (Bertau et al. 2014). The MtG and DtG processes operate optimally 
at temperatures between 300 – 450 °C, because at lower temperatures DME does not fully 
convert, whereas high temperatures lead to higher levels of cracked products such as methane 
and light olefins, as shown in the Figure 6.  

The DME-to-Gasoline (DtG) process is based on the MtG process, since DME, as shown in the 
reaction above, is an actual intermediate species in the conversion of methanol into 
hydrocarbons over the ZSM-5 zeolite (Lee et al. 1995). The difference between the MtG and 
DtG processes consists in the direct synthesis of DME from the syngas upon a bifunctional 
catalyst and the direct conversion of DME into hydrocarbons of the gasoline-boiling range, 
without the formation of methanol as an intermediate, as it is the case in the MtG process. It 
is also important to mention that DME produces an identical hydrocarbon distribution over the 
ZSM-5 catalyst compared to MeOH (Chang and Silvestri 1977), but the yield produced, i.e. the 
weight ratio of produced hydrocarbon to water, which is 61 % to 39 %, is higher than in the MtG 
process of 44 % to 56 % (Gogate 2018⁠; Lee et al. 1995 ⁠; Fujimoto et al. 1986). In addition, in the 
DtG process the DME and gasoline reactors are both operated at the same pressure level, 
whereas in the MtG process two different pressure levels are present. In other words, the DtG 
process can be considered as a modified version of the MtG process, where the synthesis gas is 
converted into gasoline in a two-step process, whereas in the MtG process starting from 
synthesis gas, a three-step process is required. This is illustrated in Figure 7, where the two 
routes are schematically compared. 

 

Figure 7. Comparative illustration of the Methanol-to-Gasoline (MtG) and the DME-to-Gasoline (DtG) 
processes and the raw syngas processing (Rostrup-Nielsen et al. 2007). 

The aromatic-rich hydrocarbon mixture derived from the MtG and DtG processes was shown to 
have a comparable composition to the reformate from the catalytic reformation unit (based on 
the example of MiRO). For this reason, a processing of the synthetic gasoline blends derived 
from the MtG and DtG processes in the stabilization column after the reformation unit was 
undertaken, after some conditioning steps (removal of water from the raw MtG/DtG gasoline, 
which could lead to corrosion problems in the column). Similar to the processing of the product 
stream from the reformation unit at MiRO, the stabilization of the synthetic MtG and DtG 
gasoline blends produces refinery gas, propylene, butane, propane and reformate as displayed 
in the flowsheet in Figure 8. 
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Figure 8. Processing of the MtG and DtG gasoline blends in the refinery structures. 

 

Material and Energy balances 

In the calculation of the mass and energy balances in this study, the yield target of 
syncrude/raw gasoline blend was set at 50 t/h and the following methods/assumptions were 
applied: 

• The pyrolysis, gasification and the WGS-reactors were evaluated based on 
stoichiometric reactions and efficiency rates based on KIT expertise. The production of 
synthesis gas was adapted in amount and quality so that the requirements and the target yield 
for each process pathway (FT, MtG or DtG) could be achieved. As feedstock for the gasification 
system, wood (chemical formula: C6H9O4) was used.  

• The Fischer-Tropsch reaction was evaluated based on the Anderson-Schulz-Flory (ASF) 
distribution model with a chain growth probability 𝛼𝛼 of 0,9. The produced hydrocarbon 
mixture/syncrude was assumed to be composed only of paraffins. The processing of the 
syncrude in the refinery structures, as shown in Figure 5, was simulated through an internal 
simulation software from the KBC company, available at MiRO. The calculations performed in 
the hydrocracking process display the only exception to this, because they were based on the 
experimental data from Leckel (2005) derived from the FT process of SASOL (2020). Table A.0.1 
in the appendix summarizes the used data. The hydrogen demand of the hydrocracking process 
was based on the assumption of 20 kg H2 required per tonne processed wax.  

• The Methanol-to-Gasoline and the DME-to-Gasoline processes were simulated through 
the simulation software ASPEN Plus V10. The conversion of methanol into raw gasoline in the 
gasoline reactor was evaluated based on the experimental data from Chang and Silvestri (1977), 
performed on a laboratory scale. In the DtG process simulation these same experimental data 
were used after being adapted according to the observations of Lee et al. (1995).  

Table 1 summarizes the reaction conditions and the assumptions used in the Fischer-Tropsch, 
the Methanol-to-Gasoline and DME-to-Gasoline processes investigated in this study. 
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Table 1: Reaction conditions and assumptions used in the Fischer-Tropsch, the Methanol-to-Gasoline 
and DME-to-Gasoline processes in this study. 

Parameter Fischer Tropsch 
(FT) process 
(FT reactor) 

Methanol-to-Gasoline 
(MtG) process 
(Methanol & Gasoline 
reactors) 

DME-to-Gasoline (DtG) 
process  
(DME & Gasoline reactors) 

Temperature  220 °C 240 °C 350 °C 260 °C 400 °C 

Pressure 30 bar 50 bar 7-10 bar 35 bar 35 bar 

Catalyst Cobalt Cu-ZnO-
Al2O3 

ZSM-5 γ-Al2O3  
and Cu-
ZnO-Al2O3 

ZSM-5 

H2:CO Ratio 2,1:1 2,2:1 - 1:1 - 

Assumptions for 
hydrocarbon 
product distribution 
(at reactor exit) 

chain growth 
probability 𝛼𝛼 = 0,9 

Hydrocarbon: H2O wt. 
ratio = 44:56 (Chang and 
Silvestri 1977) 

Hydrocarbon: H2O wt. 
ratio = 61:39 (Lee et al. 
1995) 

FISCHER-TROPSCH PROCESS 

In this section the results of the mass and energy balances from the integration of the FT 
process in the refinery are presented. As displayed in Figure 5, the processing of the waxes of 
the FT-Syncrude in this study has been analysed based on two different pathways: the catalytic 
cracking (FCC) and the hydrocracking (HG).  

In order to increase the overall efficiency of the processes, in all the production pathways (FT, 
MtG & DtG) the high temperature sources from the gasification system and the reactors were 
used for the generation of steam, which was delivered to the refinery. The detailed mass and 
energy balances in the case of the FT process are presented in the appendix, in Table A.0.5 
and Table A.0.6.  

For the energy efficiency evaluation of all the processes the following three efficiency factors 
were used: the synthetic fuel efficiency (𝜂𝜂), the product energy efficiency (𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)  and the 
total energy efficiency (𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡).  𝜂𝜂 is defined as the amount of energy, which is stored in the 
synthetic fuel, i.e., the synthetic diesel and gasoline, in relation to the energy input from the 
biomass. On the other hand, the product energy efficiency (𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) includes also the valuable 
products butane, propane and propylene in the energy efficiency. The overall efficiency of the 
processes can be estimated based on 𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, which considers also other energy sources, such as 
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by-products, produced steam, refinery gas and electricity, useful for the refinery. The 
mathematical definitions of these efficiency factors used for the FT process integration are 
given in the following equations. The results of the mass and energy balances along with the 
energy efficiencies of the FT process integration (both pathways) are summarized in Table 2.  

𝜂𝜂 =  
(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + (𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
 

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  
(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 +  (𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 +  (𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
 

𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  
(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑠𝑠𝑦𝑦𝑦𝑦𝑦𝑦ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 & 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  + 𝑄̇𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆/𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ℎ𝑒𝑒𝑒𝑒𝑒𝑒/𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑃𝑃𝑒𝑒𝑒𝑒.

(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏      
 

 

Table 2. Mass and energy flows derived from the integration of the FT process (wax processed via FCC 
or Hydrocracker) and their resulting energy efficiencies. 

 

 

Mass flow [t/h] FT (FCC) FT (HG) Energy flow [MW] FT (FCC) FT (HG) 

Input   Input   

Biomass 279,7 286,5 Biomass* 1078,0 1104,0 

Biomass (dry) 207,2 212,2     

O2 (from air) 96,0 98,4    

 Output   Output   

Propylene 0,9 0,0  Steam (3,5/13,5 bar) 346,0 323,0 

Synthetic Diesel 19,7 27,5 District heat 0,0 0,0 

Synthetic Gasoline 16,8 14,2 Electricity 40,7 33,1 

   Propylene & Refinery gas*  12,0 7,5 

   Synthetic Diesel* 242,0 337,0 

   Synthetic Gasoline* 205,0 174,0 

   𝜼𝜼 [%] 41,5 46,3 

   𝜼𝜼𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 [%] 42,6 46,9 

* based on the LHV    𝜼𝜼𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 [%] 78,5 79,2 
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METHANOL-TO-GASOLINE AND DME-TO-GASOLINE PROCESSES 

In this section the mass and energy balances from the integration of the MtG and DtG processes 
in the refinery are shown. The Table A.0.7 and Table A.0.8 in the appendix, present the 
balances in detail, whereas the Table 3 below summarizes the results and the energy 
efficiencies. The energy efficiency evaluation of these two processes was performed similar to 
the FT process integration and is based on the three efficiency factors: synthetic fuel efficiency 
(𝜂𝜂), product energy efficiency (𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) and total energy efficiency (𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡). 

 

𝜂𝜂 =  
(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
 

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  
(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  + (𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 & 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏         
 

 

𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  
(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔+𝐿𝐿𝐿𝐿𝐿𝐿  + 𝑄̇𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆/𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ℎ𝑒𝑒𝑒𝑒𝑒𝑒/𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑔𝑔𝑔𝑔𝑔𝑔

(𝑀̇𝑀 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏         
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Table 3. Mass and energy flows derived from the integration of the MtG and DtG processes and their 
resulting energy efficiencies. 

Mass flow [t/h] MtG DtG Energy flow [MW] MtG DtG 

Input   Input   

Biomass 351,5 336,1 Biomass* 1354,4 1295,1 

Biomass (dry) 260 249,0    

O2 (from air) 120,7 115,4    

 Output   Output   

Propane 4,4 1,6  Steam (3,5/13,5 bar) 358,7 255,9 

Propylene 0,3 0,1 District heat 13,0 28,8 

Butane 10,5 5,2 Electricity 3,8 1,2 

Synthetic Gasoline 
blend/Reformate 

33,1 37,8 Butane, Propane & Propylene* 193,3 87,3 

   Refinery gas* 216,0 47,7 

   
Synthetic Gasoline 
blend/Reformate* 

392,0 446,1 

   𝜼𝜼 [%] 28,9 34,4 

   𝜼𝜼𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 [%] 43,2 41,2 

* based on the LHV    𝜼𝜼𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 [%] 86,7 66,9 
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Economic analysis of the integration into the refinery 

Lastly a cost analysis of the synthetic fuels produced through the Biomass-to-Liquid route from 
the Fischer-Tropsch, Methanol-to-Gasoline (MtG) and DME-to-Gasoline (DtG) processes will be 
shortly presented, all in a scale of 50t/h raw material after the synthesis. The calculated 
production costs in €/l are based on the synthetic gasoline and diesel for the FT-process and 
on the synthetic reformate/gasoline blend for the MtG and DtG processes.  

The production costs of the synthetic fuels were derived from the summation of the capital 
expenditures (CAPEX) and the operational expenditures (OPEX). In the evaluation of the CAPEX, 
the factorial estimation method from Peters et al. (2004) for scaling the costs by capacity was 
used, because it is difficult to find a published cost estimate for the exact size of the equipment 
used in this study. In the evaluation of the individual equipment costs, reference equipment 
data reported from the study of Hannula (2015) were applied. Further details regarding the 
estimation of the CAPEX can be found in the appendix and the sum of CAPEX data are given in 
Table 4.  

In order to evaluate the OPEX of the production of the synthetic fuels, the utilized raw materials 
and the maintenance & operating costs need to be considered. The prices of the raw 
components, by-products and other boundary conditions were based on internal 
data/experience values from MiRO and KIT. 

The following table summarizes the results of the economic analysis for the integration of 
gasification into the refinery system via the three synthetic fuel production pathways: FT, MtG 
and DtG.  
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Table 4. Production costs of the synthetic fuels from the integration of the FT, MtG and DtG processes 
in the refinery using the Biomass-to-Liquid (BtL) route. 

 

 

In addition, as a comparison also the production costs for the integration of the Power-to-Liquid 
(PtL) route were considered and are presented in the Table 5. These costs were estimated first, 
for an ideal production site in Germany and second, using the assumption that the renewable 
electricity was produced in the favourable Middle East and North Africa (MENA) regions. The 
latter had lower process OPEX compared to a PtL process operated, e.g., at Germany. The 
comparison between the production costs of the two routes shows that the Power-to-Liquid 
route would be competitive to the Biomass-to-Liquid route only under favourable electricity 
production conditions. Costs for Electricity in Germany were estimated with 40€/MWh and in 
MENA region with 15€/MWh. 

 

  

Process route Fischer-
Tropsch 

Methanol-to-
Gasoline 

DME-to-
Gasoline 

Investment [Mio. €] 1412,4 1381,1 1512,0 

Capital expenditures 
(CAPEX) [€/l] 

0,20 0,23 0,22 

Operational expenditures 
(OPEX) [€/l] 

0,50 0,52 0,63 

BtL- Production costs 
[€/l] 

0,70 0,75 0,85 
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Table 5. Production costs of the synthetic fuels from the integration of the FT, MtG and DtG processes 
in the refinery using the Power-to-Liquid (PtL) route. 

 

 

Process route Fischer-
Tropsch 

Methanol-to-
Gasoline 

DME-to-
Gasoline 

CAPEX PtL [€/l] 0,31 0,40 0,43 

OPEX PtL Germany [€/l] 1,02 1,08 1,28 

PtL Germany - 
Production costs [€/l] 

1,33 1,48 1,71 

OPEX PtL MENA regions 
[€/l] 

0,40 0,23 0,37 

PtL MENA regions - 
Production costs [€/l] 

0,71 0,63 0,80 
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Appendices  

Appendix 1 – Tables 
 

Table A.0.1. Experimental data for the hydrocarbon distribution of the hydrocracked FT-wax product 
from  (Leckel 2005). 

 

 

 

Table A.0.2. Zeolite-Catalysed Hydrocarbon Formation from Methanol based on Chang and Silvestri 
(1977). 

f 

. 

 

Aromatics Distribution from the Methanol conversion displayed in Table A.0.5. 
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Table A.0.4. Effect of Space Velocity on Methanol Conversion and Hydrocarbon Distribution from Chang 
and Silvestri (1977). 

3 

 

 

 

 

 

 

 

 

 

 

Table A.0.3. Aromatics Distribution from the Methanol conversion displayed in 
Table A.0.2. 
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* The heat required for drying the biomass up and achieving the high temperature in 
the fast pyrolysis reactor is internally generated by burning the pyrolysis gas. 

Table A.0.5. Mass and energy balance of the FT process integration (Wax processed in the FCC). 

 Mass balance               

Unit  C6H9O4 
(wet) 

C6H9O4 

(dry) 
Pyrolysis 

slurry H2 H2O Air N2 O2 CO2 CO Wax Refinery 
gas Diesel Gasoline Propylene 

Drying -279,7 t/h 207,2 t/h     72,5 t/h                 
Fast Pyrolysis -207,2 t/h   118,6 t/h                    

Gasifier     -118,6 t/h 8,9 t/h -10,3 t/h     -96,0 
t/h 44,0 t/h 172,1 t/h       

WGS       5,2 t/h -47,1 t/h       115,1 t/h -73,3 t/h       

ASU           -457,3 t/h 361,3 t/h 96,0 
t/h           

FT    -14,8 t/h 63,3 t/h     -98,5 t/h 50 t/h Syncrude  
Distillation            17,1 t/h 4,7 t/h 17,4 t/h 10,8 t/h  

Reformer    0,7 t/h        2,5 t/h  7,6 t/h  
FCC           -17,1 t/h 4,7 t/h 2,3 t/h 9,2 t/h 0,9 t/h 

Total to 
refinery -279,7 t/h 0,0t/h 0,0t/h 78,4 t/h -457,3 t/h 361,3 t/h 0,0t/h 159,2 t/h 0,2 t/h 0,0 t/h 11,9 t/h 19,7 t/h 16,8 t/h 0,9 t/h 

                 
 Energy balance               

 Electricity Heat           

Unit  Own 
consumption Loss Prod. Own 

consumption Process Production C6H9O4 (dry) Pyrolysis 
slurry H2 CO Wax Refinery 

gas Diesel Gasoline Propylene 

Fast Pyrolysis       -5 MW -108 MW*  -1078 MW 965 MW           
Gasifier         184 MW     -965 MW 298 MW 483 MW       

WGS         30 MW       202 MW -191 MW       
ASU -29 MW                          

Steam Power 
plant   70 MW -25 MW -367 MW 410 MW      -138 MW    

FT       

-34 MW 

153 MW    -522 
MW -291 MW  56 MW    

Distillation          210 MW 61 MW 215 MW 135 MW  
Reformer        23 MW   17 MW  93 MW  

FCC          -210 MW 60 MW 27 MW 112 MW 12 MW 
Total to 
refinery 41 MW 346 MW -1078 MW 0 MW 0 MW 1 MW  0 MW 242 MW 205 MW 12 MW  
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* The heat required for drying the biomass up and achieving the high temperature in 
the fast pyrolysis reactor is internally generated by burning the pyrolysis gas. 

Table A.0.6. Mass and energy balance of the FT process integration (Wax processed in the Hydrocracker). 
 

 Mass balance             

Unit  C6H9O4 
(wet) 

C6H9O4 

(dry) 
Pyrolysis 

slurry H2 H2O Air N2 O2 CO2 CO Wax Refinery 
gas Diesel Gasoline 

Drying -286,5 t/h 212,2 t/h     74,3 t/h                
Fast Pyrolysis -212,2 t/h   121,5 t/h                   

Gasifier     -121,5 t/h 9,1 t/h -10,5 t/h     -98,4 t/h 45,1 t/h 176,2 t/h      
WGS       5,4 t/h -48,2 t/h       117,9 t/h -75,1 t/h      
ASU           -468,4 t/h 370,0 t/h 98,4 t/h          

FT    -14,8 t/h 63,3 t/h     -98,5 t/h 50 t/h Syncrude 
Distillation            17,1 t/h 4,7 t/h 17,4 t/h 10,8 t/h 

Reformer    0,7 t/h        2,5 t/h  7,6 t/h 
Hydrocracker    -3,0 t/h       -17,1 t/h 0,7 t/h 10,1 t/h 6,6 t/h 

Total to 
refinery -286,5 t/h 0,0t/h 0,0t/h 78,8 t/h -468,4 t/h 370,0 t/h 0,0t/h 163,0 t/h 2,7 t/h 0,0 t/h 8,0 t/h 27,5 t/h 14,2 t/h 

               
 Energy balance             

 Electricity Heat         

Unit  Own 
consumption Loss Prod. Own 

consumption Process Production C6H9O4 (dry) Pyrolysis 
slurry H2 CO Wax Refinery 

gas Diesel Gasoline 

Fast Pyrolysis       -5 MW -111 MW*  -1104 MW 988 MW          
Gasifier         188 MW     -988 MW 305 MW 495 MW      

WGS         31 MW       206 MW -196 MW      

ASU -30 MW                        

Steam Power 
plant   63 MW -23 MW -372 MW 422 MW      -87 MW   

FT       

-34 MW 

153 MW    -522 MW -291 MW  56 MW   
Distillation          210 MW 61 MW 215 MW 135 MW 

Reformer        23 MW   17 MW  93 MW 

Hydrocracker    9 MW    -11 MW  -210 MW 9 MW 122 MW 81 MW 

Total to 
refinery 33 MW 323 MW -1104 MW 0 MW 0 MW 8 MW  0 MW 337 MW 174 MW 
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* The heat required for drying the biomass up and achieving the high temperature in 
the fast pyrolysis reactor is internally generated by burning the pyrolysis gas. 

Table A.0.7. Mass and energy balance of the MtG process integration in the refinery. 

 Mass balance                

Unit  C6H9O4 
(wet) 

C6H9O4 

(dry) 
Pyrolysis 

slurry H2 H2O Air N2 O2 CO2 CO Butane Propane Gasoline 
blend/Reformate Propylene 

Drying -351,5 t/h 260,4 t/h   91,1 t/h          
Fast 

Pyrolysis -260,4 t/h  149,0 t/h  50,1 t/h          

Gasifier    -149,0 t/h 11,1 t/h -12,9 t/h   -120,7 t/h 55,3 t/h 216,2 t/h     

WGS     6,6 t/h -59,2 t/h    144,6 
t/h -92,0 t/h     

ASU       -574,6 t/h 454,0 t/h 120,7 t/h       
MtG Process    -17,7 t/h 111,2 t/h    -26,5 t/h -120,4 t/h 50 t/h Raw MtG-Gasoline blend 
Stabilization 

column            10,5 t/h 4,4 t/h 33,1 t/h 0,3 t/h 

Total to 
refinery -351,5 t/h 0,0 t/h 0,0 t/h 180,3 t/h -574,6 t/h 454,0 t/h 0,0 t/h 173,4 

t/h 3,8 t/h 10,5 t/h 4,4 t/h 33,1 t/h 0,3 t/h 

                  
 Energy balance                

 Electricity Heat           

Unit  Own 
consumption Loss Prod. Own 

consumption Process Production District 
heat 

C6H9O4 

(dry) 
Pyrolysis 

slurry H2 CO Refinery 
gas 

Gasoline 
blend/Reformate C3-4 

Fast 
Pyrolysis       -7 MW -136 MW*    -1354 MW 1212 MW         

Gasifier         231 MW       -1212 MW 374 MW 607 MW     

WGS         38 MW         220 MW -259 MW     

ASU -36 MW                         
Steam Power 

plant   40 MW -13MW -269 MW 209 MW         

MtG Process         169,7 MW 13 MW   -594 MW -338 MW 205,3 MW   
Stabilization 

column              392,0 MW 193,4 MW 

Total to 
refinery 4 MW 371,7 MW -1354 MW 0 MW 0 MW 11 MW 205,3 MW 392,0 MW 193,4 MW  
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* The heat required for drying the biomass up and achieving the high temperature in 
the fast pyrolysis reactor is internally generated by burning the pyrolysis gas. 

Table A.0.8. Mass and energy balance of the DtG process integration in the refinery. 

 Mass balance                

Unit  C6H9O4 
(wet) 

C6H9O4 

(dry) 
Pyrolysis 

slurry H2 H2O Air N2 O2 CO2 CO Butane Propane Gasoline 
blend/Reformate Propylene 

Drying -336,1 t/h 249,0 t/h   87,1 t/h          
Fast 

Pyrolysis -249,0 t/h  142,5 t/h  47,9 t/h          

Gasifier   -142,5 t/h 10,6 t/h -12,4 t/h   -115,4 t/h 52,9 t/h 206,7 t/h     
WGS    2,1 t/h -19,2 t/h          
ASU      -549,5 t/h 434,1 t/h 115,4 t/h 47,0 t/h -29,9 t/h     

DtG Process    -12,8 t/h 83,6 t/h    -24,2 t/h -176,9 t/h 50 t/h Raw DtG-Gasoline blend 
Stabilization 

column            5,2 t/h 1,6 t/h 37,8 t/h 0,1 t/h 

Total to 
refinery -336,1 t/h 0,0 t/h 0,0 t/h 187,1 t/h -549,5 t/h 434,1 t/h 0,0 t/h 75,7 t/h 0,0 t/h 5,2 t/h 1,6 t/h 37,8 t/h 0,1 t/h 

                  
 Energy balance                

 Electricity Heat           

Unit  Own 
consumption Loss Prod. Own 

consumption Process Production District 
heat C6H9O4 (dry) Pyrolysis 

slurry H2 CO Refinery 
gas 

Gasoline 
blend/Reformate C3-4 

Fast 
Pyrolysis    -6 MW -130 MW*   -1295,1 MW 1159 MW      

Gasifier     221 MW    -1159 MW 359 MW 581 MW    

WGS     12 MW     72 MW -84 MW    

ASU -35 MW              
Steam Power 

plant   36 MW -12 MW -233 MW 180 MW         

DtG Process     -92,1 MW 186 MW 28,8 MW   -429 MW -497 MW 47,7 MW   
Stabilization 

column              446,1 MW 87,3 MW 

Total to 
refinery 1 MW 284,7 MW -1295,1 MW 0 MW 0 MW 0 MW 47,7 MW 446,1 MW 87,3 MW  
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Appendix 2 – Figures & Further details  
 

 

 

 

 

 

 

 

 

 

 

 
  

Figure A.0.9. Block diagram of the integration of the gasification system and the MtG process in the refinery. 

Figure A.0.10. Block diagram of the integration of the gasification system and the DtG process in the refinery. 
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CAPEX estimation  
 

𝐼𝐼 = � �𝐼𝐼0 ∗ �
𝑆𝑆
𝑆𝑆0
�
𝑘𝑘

∗ (1 + 𝐼𝐼𝐼𝐼𝐼𝐼 + 𝑃𝑃𝑃𝑃)�
𝑖𝑖𝑖𝑖
 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐼𝐼 ∗ �1 + 𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒. + 𝑓𝑓𝑎𝑎 + 𝑓𝑓𝑝𝑝 + 𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼� 

𝐼𝐼0 describes the cost estimate of a reference equipment, whereas the fraction 
𝑆𝑆
𝑆𝑆0

 sets the ratio 

between the capacities of a target plant (here at MiRO) to that of the reference equipment. 
The cost scaling factor 𝑘𝑘, also taken from literature data, is used to optimally depict the scale-
up of the costs. The 𝐼𝐼𝐼𝐼𝐼𝐼 and 𝑃𝑃𝑃𝑃 factors are added in the equation in order to consider the 
indirect costs and project risks into the evaluation.  
Apart from the total investment cost  𝐼𝐼, also additional charges need to be considered in the 
evaluation of the total CAPEX, as shown in the second equation above. The additional charges 
include the extra costs of equipment, montage and start-up operations, loan interest, 
administration, personal etc. In the estimation also the depreciation effects were incorporated, 
with a time of 10 years, 5 % interest rate and an average production time of 8600 h/a. 

Table A.0.9. Details of CAPEX for BtL routes 

Process route Fischer-
Tropsch 

Methanol-to-
Gasoline 

DME-to-
Gasoline 

Pyrolysis unit [Mio. €] 56,7 69,6 66,8 

Entrained flow gasifier 
[Mio. €] 

338,6 384,9 369,7 

WGS unit [Mio. €] 12,5 16,5 6,0 

Synthesis unit [Mio. €] 185,8 109,4 192,9 

Investment [Mio. €] 593,6 580,4 635,4 

+∑ additional charges 818,8 800,7 876,6 
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Total Investment [Mio. €] 1412,4 1381,1 1512,0 
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