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Abstract

This bachelor thesis focuses on the prospects of the implementation of Fischer-Tropsch
jet fuel production in Denmark. It examines this from a technical and economic viewpoint
under the assumption that domestic production must satisfy the entire Danish jet fuel de-
mand. Simulations of a model, made in Aspen Plus, provide the performance of the Fischer-
Tropsch gas-to-liquids conversion, which form the basis of the analysis. Based on the sim-
ulations, the study investigates three scenarios with different advantages and disadvantages
regarding their implementation into the Danish system. The three scenarios are; one decen-
tralised scenario where the plant feed is biogas, and two scenarios with a centralised produc-
tion both with a plant feed of biomethane but one of them with co-feed of CO,. The results
of the analysis show that the scenario with the best economic prospects is the scenario with
decentral production plants. However, technical and structural complications make it the
more uncertain solution. All of the evaluated scenarios rely on subsidies, and all of them will
consume close to the total Danish potential of biogas or biomethane. Satisfying the entire
Danish jet fuel demand from Fischer-Tropsch jet fuel, therefore, requires careful and strate-

gic energy planning.
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Introduction

1 Introduction

In line with the Paris agreement, Denmark should be a net zero-emission society by 2050. The
goal of the Danish Government is to make Denmark independent of fossil fuels by this time [1].
The Danish Government made a broad energy agreement (as of June 29" 2018) with all other par-
ties in the Danish Parliament where energy political goals are defined [2]. With this agreement,
the Danish politicians want to have accomplished a complete phaseout of coal in the energy
system by 2030. For the electricity sector, 100% should be covered by renewable energy, for the
district heating sector it should be 90%, but for the transport sector no clear goals have been de-
fined [2]. Likewise, the EU lacks clearly defined targets for the transport sector after that for 2020
saying that 10% of the energy in the sector should be renewable [1]. The lack of ambitious goals
within a time horizon of a few years indicates that the transport sector is facing greater prob-
lems in the green transition than e.g. the household sector. Regarding personal transport, the
Danish Energy Agency (DEA) expects that electric cars will become competitive to traditional
cars by 2030, and also electrification of the railway seems straightforward. However, it is not
as easy when it comes to road freight, sea freight, and aerial transport. All of these require fuel
with a high energy density similar to the oil products used today. Alternatives include biodiesel,
synthetic natural gas (SNG), and biokerosene [3]. According to the DEA, the most inflexible of
these categories is the aerial transport with biokerosene as the only alternative to conventional
kerosene, although, research and development (R&D) related to electrified short distance aero-
planesis also made [4]. The DEA proposes two options when the aerial transport should be based
onrenewable sources: (1) import of biokerosene and (2) production of biokerosene in Denmark.
The second option can have the benefit of a large amount of recoverable heat that can be used
in the Danish district heating system. A benefit that is not associated with the first option [3]. On
top of that, SDU Life Cycle Engineering under the Department of Chemical Engineering, Biotech-
nology, and Environmental Engineering at SDU is working together with several companies with
the aim of constructing a demonstration plant for bio jet fuel production. This plant should use
the well-known Fischer-Tropsch synthesis to make jet fuel from methane. For it to be bio jet
fuel, the methane can originate from biogas. In line with this, it is interesting to investigate what
happens if this is scaled to cover the total demand for jet fuel in Denmark and how this can be
implemented in the Danish energy system.

1.1 Aim of the study

This bachelor project focuses on the production of Fischer-Tropsch jet fuel for the entire Danish

aviation sector in relation to the Danish energy system. More specifically, to answer questions
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about the district heating potential from the overall process, the biogas or biomethane avail-
ability, the cost of the bio jet fuel, and the economic aspects associated with this pathway. Fur-
thermore, it will be investigated whether it is more beneficial to have centralised or decentralised
production, and if the technically best solution is also the economically best solution. With these
questions, the implementation of Fischer-Tropsch jet fuel production in the Danish energy sys-
tem is examined.

1.2 How the study will be conducted

Aspen Plus will be used to model GTL conversion with methane reforming and a Fischer-Tropsch
synthesis to be able to determine the performance of the conversion technology in relation to
product efficiency as well as district heating efficiency. On this basis, three scenarios are analysed
that differ on the feed to the GTL plants. They are biogas, biomethane, and biomethane with CO,
co-feed. These three scenarios will be evaluated in the Danish energy system in a time horizon
from today until 2050.

1.3 Scope and delimitation

The model in Aspen Plus will be made with simplifications in regards to the involved products
and by-products. The analysis will be made in a broad system perspective. This means that the
results cannot be used as a direct guide to exactly how and where GTL plants should be placed in
Denmark. The study is a theoretical work based on previous findings but will add to the subject
how the production of Fischer-Tropsch jet fuel fits into an energy system like the Danish when it
is to satisfy the total demand.

1.4 Reading guide

Background data, relevant definitions, technologies, and other prerequisites in relation to the
analysed part of the energy system are described in Section 2. Section 3 describes the methods
and simplifications in the project in relation to the background data. Section 4 shows the mod-
elling in Aspen plus, and the main simulation results are given in Section 5. The three analysed
scenarios are described in Section 6 followed by the analysis and discussion in Section 7. In Sec-
tion 8 the conclusion of the bachelor project is given.
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2 Background data and information

In this section, the analysed case is put in context in regards to the technology and the Danish

energy system, and data used in the study will be presented.

2.1 Fischer-Tropsch GTL technologies

One of the ways to produce biokerosene is through methane reforming and Fischer-Tropsch syn-
thesis. This pathway is looked further upon in this study. The method is basically to convert
methane into syngas by methane reforming in a reformer which is then synthesised into long-
chained liquid hydrocarbons in a Fischer-Tropsch reactor. Methane is present in biogas and in
upgraded biogas, i.e. biomethane.

For the conversion technologies, defining the reformer for the syngas production and the type of
Fischer-Tropsch synthesis reactor is interesting. This is because they are the main components
in the GTL conversion [5, 6]. Typical process flow sheets for GTL plants make the foundation of
the system setup in the current study. These process flow sheets can be found in several articles
and books on the topic [5, 7, 8, 6].

2.2 Definitions

A brief definition of the efficiencies used to compare the different setups follows.

Carbon efficiency: The carbon efficiency is the ratio between C-atoms in the liquid prod-
ucts and the feed.

Thermal efficiency: The efficiency evaluated based on the lower heating values (LHV) of

the products and feed.

Product efficiency: The product efficiency is the thermal efficiency evaluated as the ratio

between the liquid products and the feed with the utilisation of tail gases.

District heating efficiency: The thermal efficiency evaluated as the ratio between the re-
coverable heat and the energy in the feed with the utilisation of tail gases. The district
heating efficiency is the difference between the total efficiency and the product efficiency.

Total efficiency: The total efficiency is the sum of the product efficiency and the district
heating efficiency.
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Some of the most important ratios in relation to the subject discussed in this report are.
H,0:CH,: The water to methane molar ratio that is fed to the reformer.
CH,:CO,: The methane to carbon dioxide molar ratio that is fed to the reformer.

H,:CO: The hydrogen to carbon monoxide that is present in the syngas after the reformer
and before the Fischer-Tropsch synthesis.

These ratios are important for the GTL conversion as they are determinants of the performance
and the output of the process.

2.2.1 The reformer

The catalytic process of methane reforming is the most common way to produce syngas [9]. The

main technologies for this are

Autothermal Reforming (ATR).

Partial Oxidation (POX).

Steam Methane Reforming (SMR).

Dry Methane Reforming (DMR).

Combined Steam and Dry Reforming (SDR).

Common for the first two reformer types, ATR and POX,; is that both of them require pure oxygen
in the process which is expensive to extract from air [10, App. G]. The advantage of these two
is that the obtained H,:CO ratio lies within the range of typical usage ratios for Fischer-Tropsch
synthesis of 1.6-2.15 [5, ch. 3]. The SMR, on the other hand, yields an H,:CO ratio well above 3,
which is way too high compared to the usage ratio in the Fischer-Tropsch synthesis no matter
the design, although, this technology only uses steam. This can be adjusted in the conditioning
process of the syngas but results in a waste of energy. DMR uses neither oxygen nor steam but
CO, for the reforming and gives an H,:CO ratio of 1 which is too low. The combination of these
two technologies is the SDR which gives a variable H,:CO ratio so the Fischer-Tropsch require-
ments can be met. It requires CO, though, which must be captured before it can be co-fed unless
itis already present in the feed [5, 7].

Regarding the choice of the reformer, it is decided only to look at the SMR and SDR reformers as
they are regarded as the most appropriate options to avoid the extraction of pure oxygen from
the air. The operating conditions for the SMR are based on A. de Klerk [5, ch. 3] and for the SDR,
they are based on the description from I. S. Ermolaev [7].
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Syngas can also be produced from other sources that methane. Co-electrolysis is one way where
the electrolysis of water to H, can be accompanied by the electrolysis of CO, to CO [11]. This is
interesting because a possible methane shortage can be avoided. One technology for this is the
solid oxide electrolyser cell (SOEC). The SOEC technology is, however, rather immature and the
DEA does not have prices for it in 2015, and in 2020 the prices are around four times higher than
expected in 2030 [12, Technology: SOEC]. This technology is, therefore, not relevant today, but

with future developments, it might become interesting in the energy system later.

2.2.2 The Fischer-Tropsch synthesis

There are four main Fischer-Tropsch synthesis configurations. They are high- and low-temperature
technologies (HTFT and LTFT). Typically, they use either a cobalt catalyst or an iron catalyst, al-
though other catalysts exist. A term used to describe the probable products in the syncrude is
the probability of chain growth, a. The greater this is, the greater is the probability of getting
heavier hydrocarbons. « is greater for LTFT than for HTFT, which means that the main prod-
ucts from LTFT synthesis typically are wax, diesel, jet fuel, and naphtha, while they are petrol
and petrochemicals for HTFT synthesis. These overall synthesis technologies can be fine-tuned
even further so the amount of the desired products is increased [13]. It is, in general, better to
use LTFT than HTFT synthesis to produce jet fuel [6, ch. 4].

When LTFT is fine-tuned towards jet fuel, the two main products are jet fuel and motor gasoline.
Co-LTFT gives a syncrude with the mass product distribution 64%, 32%, and 4% for jet fuel, mo-
tor gasoline and other products, respectively. For Fe-LTFT the numbers are 59%, 35%, and 6%.
Even though it is tempting to choose the Co-catalyst, A. de Klerk [5, ch. 26] states that it is better
to use Fe-catalyst because the Co-catalyst gives motor gasoline that cannot meet the octane rat-
ing requirements without additional conditioning. It is also easiest to produce jet fuel from the
syncrude from the Fe-LTFT synthesis than any of the other types of Fischer-Tropsch syntheses
(6, ch. 4].

2.3 Present day GTL plants

Today, there are five commercial GTL plants operating in the world. They are listed in Table 2.1.

In addition to the existing commercial GTL plants, alot of R&D is made on small scale GTL plants,
where companies such as Greyrock have successfully demonstrated MicroGTL plants with ca-

pacities of as small as 30 bpd at around 1.5 times the specific investment of large scale plants [14].
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Table 2.1: Commercial GTL plants in the world [14].

Plant name Operator Geographiclocation Plant size [bpd]
Bintulu GTL Shell Malaysia 14,700
Escravos GTL Chevron and Shell Nigeria 33,000
Oryx GTL Qatar Petroleum and Sasol Qatar 34,000
Mossel Bay GTL  PetroSA South Africa 36,000
Pearl GTL Qatar Petroleum and Shell Qatar 140,000

2.4 Danish jet fuel consumption

In the Danish Energy Statistics [15], the aviation sector is divided into three subsectors: domestic,
international, and the Danish Defence. In this study, it is the total that is interesting, so the three
are combined. In 2017, the total amount of jet fuel consumed by these sectors was 43.6 PJ [15].
The DEA predicts an increased demand for jet fuel of 8% in 2030 compared to that in 2017 [16].
Since itis only 8%, it is considered not to affect the results significantly in regards to the economy
with potential economy of scale effects to use the numbers from 2017. The efficiency of the plant
is also not considered to change by an increase in plant size, so the analysis can be based on the
numbers from 2017 without significant error.

2.5 Biogas and biomethane potentials in Denmark

The feed for the GTL plants will in this analysis be biogas and biomethane. To show the Danish
potentials of these energy carriers, three numbers are used for both gases. They are the current
energy from biogas and biomethane (from 2017) [15], the realistic potential in 2035 [17], and a
complete Danish potential based on a meta-study on the subject[18]. The total Danish potential
of biomethane does not appear in the meta-study, but assuming a composition of 60% CH, and

40% CO,, methanation can convert the CO, to CH, and water. The numbers appear in Table 2.2.

Table 2.2: Biogas and biomethane potentials in Denmark.

Biogas [PJ] Biomethane [P]]

2017 levels [15] 11.2 5.1
2035 realistic levels [17] 50 80
Total Danish potentials [18] 100 166.7
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2.6 District heating in Denmark

With the supposed generation of recoverable heat from GTL plants, a few key numbers of the
Danish district heating system are highlighted here. The yearly district heating production pro-
file of 2014 from Fjernvarme Fyn [19], the utility company in Odense, has been acquired. For this
city, the total production in this year was 8.6 PJ. In Copenhagen, the biggest city of Denmark, the
total district heating production from the utility company was 16.4 PJ in 2014. Other cities dis-
cussed in this study are Aalborg, Esbjerg, Silkeborg, and Vejle with yearly productions of 6.2 PJ,
3.4 PJ, 1.3 PJ, and 0.7 PJ, respectively [20]. In 2017, the total Danish district heating production
was around 135 PJ [15], which gives an estimated annual base load in Denmark of 27.2 PJ based

on the annual profile of Fjernvarme Fyn.'

2.7 Economic prerequisites

Although the Fischer-Tropsch technology can be traced back to the first half of the 20™ cen-
tury, there are just five commercial GTL plants around the world today as described in Section
2.3. From the literature on the topic, overall capital expenses (CAPEX) and operational expenses
(OPEX) are found and used in the economic analysis. Even though, these costs are related to
setups that will not be one-to-one to a setup in Denmark, it is not considered to add more pre-
cision to the analysis to manipulate these numbers. This is due to the great uncertainty that is
already related to them [5, ch. 1]. An example of this uncertainty is the GTL plant Escravos in
Nigeria that was just below ten times as expensive as the cheapest installed plant, Oryx, in Qatar
when they are compared on the specific investment [21]. Economy of scale is also said to have
an impact on the costs of the plants [6, ch.7 ]. The in Section 2.3 mentioned R&D in small scale
plants, however, shows that the CAPEX may only be around 1.5 times greater compared to large
scale commercial plants [14]. The cost breakdowns of CAPEX and OPEX are described below.

2.7.1 Composition of CAPEX and OPEX

Figure 2.1 shows the breakdown of the CAPEX and OPEX. The largest contributor to the CAPEX is
clearly the syngas generation that almost comprises half of the total CAPEX. Alternative CAPEX
compositions with different shares are also found, where the syngas generation only amounts to
around 30% of the total costs [5, 6]. The other large cost of the CAPEX termed off-sites, utilities,
and other units which refers to product storage tanks, laboratories, buildings, interconnecting,

cooling water tower, firefighting water, freshwater, service water, etc. For the OPEX in Figure

ISee the calculation in Appendix F.
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2.1b, the largest cost is catalysts and chemicals mostly used for the syngas generation which is
around 1/3 of the OPEX. Apart from that, the other parts of the OPEX are mostly related to per-
sonnel, general administration, and mechanical maintenance of the plant [6]. The feed cost is
not included in the OPEX here.

CAPEX OPEX
General and Others
administration

Operation and

Off-sites, maintenance

utilities and
other units

Syngas Direct
generation personnel

Upgrading and

refining Operation
insurance
HSE
(a) Composition of CAPEX [5, ch. 1]. (b) Composition of OPEX [6, ch. 7].

Figure 2.1: Price compositions for CAPEX and OPEX (variable and fixed) used in the analysis. The
numbers for the composition are taken directly from the sources. Costs are for a GTL plant with syngas
production, Fischer-Tropsch synthesis, and syncrude refining.

2.7.2 Biogas and biomethane prices and subsidies

The typical cost of biogas is between 130-142 DKK/GJ. For traditionally upgraded biogas, the cost
is typically between 154-166 DKK/GJ [22]. The cost of methanation is between 162-189 DKK/G]J
[18]. For the calculation of the net present value (NPV), the average in the intervals will be used,
i.e. 137 DKK/G]J for biogas and 175.5 DKK/GJ for biomethane that comes from upgraded biogas
with methanation [22].

Today, different subsidy schemes cover the biogas and biomethane industry. Today’s subsidies
are divided into three parts. (1) a basic amount which is index regulated, (2) a supplement that
depends on the natural gas price, and (3) a supplement that is phased out in 2020. For traditional
upgrading, the biomethane can be expected to be subsidised by approximately 105 DKK/GJ, and
when biogas is used for processes it will be around 65 DKK/GJ in 2020. Presently, methane from

methanation of CO, is not subsidised [17].
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2.7.3 Price for CO2 extraction

As will be shown, the performance of the GTL plant increases if CO, co-feed is used. CO, capture
can be either direct air capture (DAC) or point source capture. The carbon capture technology
is still relatively young, so the cost per ton of captured CO, is conservatively chosen to be 600
DKK/ton, although, it seems possible to achieve costs around half of this with future improve-
ments of the technology [23, 24].

2.7.4 Jetfuel and gasoline prices

For the business economic analysis, the willingness-to-pay (WTP) for bio jet fuel is assumed to
be 250 DKK/G]J based on a statement from Henrik Wenzel[25] in a recent newsletter. For the bio-
gasoline, the DEA projections for conventional gasoline as given in the socio-economic calcula-
tion prerequisites is used [26], as consumers of this product may not be willing to pay extra for
biogasoline. This is done mainly due to the energy tax on gasoline equivalents of 128.1 DKK/GJ
stated in the Mineralolieafgiftsloven [27] that is imposed even on green fuels, which will make
the WTP highly reliant on the image value of the product, whereas bio jet fuel gives the airlines

an additional saving on avoided CO, quotas [28].

For reference, the conventional jet fuel average price for 2019 is $80.8/bbl equal to 100 DKK/GJ?
taken from the International Air Transport Association, IATA [29]. The conventional gasoline
price is almost the same [26]. According to the reference (best assessment) in the Annual Energy
Outlook 2019 by the U.S. Energy Information Administration, EIA, the oil prices are not expected

to change a lot, although, their high estimate almost doubles the reference [30].

2.7.5 CO2 quota price

The present-day CO, quota price is already a lot higher than what is predicted in the calculation
prerequisites of the DEA, and higher than their expectations for the next 20 years [26]. Today’s
price of 200 DKK/ton [31]® will, therefore, be used in the analysis and not the DEA projections.
The CO, emission coefficients for jet fuel and gasoline are 73 kg/GJ [15]. The CO, quota price is

used for the socioeconomic analysis as the cost of the social harm.

2As of 19/5-2019 with an exchange rate of 6.6936 DKK/USD
3As 0f 12/5-2019




Background data and information

2.7.6 Corporation tax

The corporation tax in Denmark is 22%. It is to be paid on the profit of a corporation when all ex-
penses, including depreciation of assets, are subtracted from the revenues [32]. This is included

in the business economic NPV calculation.

2.7.7 District heating remuneration

As there will be a certain amount of recoverable heat to be used for district heating, the revenue
from this should be included in the analysis. In 2015, the weighted average remuneration for the
sales of district heating in Denmark was 141 DKK/MWh equal to 39.17 DKK/GJ in 2015 prices [33].
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3 Methods

This section describes the simplifications that are made in relation to the models and the eco-

nomic methods used in the analysis.

3.1 Simplifications

In this study, simplifications are made regarding the complicated reactions and product com-
positions related to the production of jet fuel in GTL plants, so they are reduced to as simple
components as possible without changing the results too much. For example, the biomethane
is said to be perfectly clean methane, the biogas is a perfectly clean gaseous mixture of methane
and CO, in the ratio 60:40 [34] and also the water is pure H,O.

For the products, the jet fuel is considered to be composed of undecane with the chemical for-
mula C,;,H,, and the gasoline that is the main by-product from the analysed refining method is
octane with the chemical formula CgH 5. The fuel gases propane and butane, C;Hg and C,H,,,
describe the other by-products from the process. This reasonable as the finding in Section 4.1
show that the heat duty does not differ significantly from alkane to alkane when it is divided by

the carbon atoms in the respective alkane.

Jet fuel is taken to be undecane since the average formula for jet fuel is C,, H,, which is similar to
that of undecane on the number of C-atoms [35]. For motor, gasoline octane is used since iso-
octane is used as the reference for gasoline when the resistance to self-ignition is benchmarked
[36].

Jet fuel has an LHV around 43.8 MJ /kg[15] where undecane has a slightly higher LHV of 44.2 [37].
Furthermore, undecane has a higher freezing point of —25.6 °C [38] against the required maxi-
mum freezing temperature of —47 °C for jet fuel of the type JET A as stated in the UK specification
DEF STAN 91-91 [39]. Itis, therefore, not an option to use undecane as jet fuel in reality. The effect
of using a component with a higher LHV in the calculations is that the heat generation is smaller
when the component is a product in the chemical reaction. If it is a reactant it will be larger. The
same goes for the gasoline that also has an LHV of 43.8 M]J/kg [15] against that of octane of 44.4
MJ/kg [37]. This is not regarded as a big source of error.

With these product simplifications, the optimal H,:CO ratio is 2.1062 based on the product yield
for Fe-LTFT described in Section 2.2.2.* Thisis similar to what is described in the literature, where

itis typically around 2 [5, ch. 1] and e.g. 2.15 at the Bintulu GTL plant in Malaysia [5, ch. 11].

4For calculation see Appendix B.
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On this basis, the Aspen Plus model is made with the reformer and the reactor as R-GIBBS re-
actors where the possible products are limited so as to include the effect of the catalysts. A dis-
crepancy between the model and real world plants will mainly be due to this. In Section 4, these

methods are verified for the analysis and a description of the setup of the plant is given.

3.2 Economy

The CAPEX and OPEX that are used are found in USD in 2010 and 2011 prices, respectively. They
are converted to DKK according to the average exchange rate in 2010 and 2011 [40, 41] and then
converted to present value using the net price index from January each year [42]. The index reg-
ulated prices are calculated as

index,g;q

value,y o = value,ag - ——— (1)
index,q

3.2.1 Levelised cost of energy

The levelised cost of energy (LCOE) is calculated from the economic inputs and the efficiency
values from models made in Aspen Plus where all the costs are converted into a price per GJ.°
This requires amortisation of the CAPEX. An interest rate of 12% and a depreciation period (equal
to the total lifetime of the plant) of 25 years are used [6, ch. 7]. The interest rate is set this high
because the technology is still not entirely commercialised [18], and is therefore considered to
pose a greater risk for investors. The formula used for calculating the annualised CAPEX is
a—p. O+DT @
(1+i)N—1
where A is the annuity, P the present cost, i the interest rate, and N the depreciation period in

years.

3.2.2 Net present value

The NPV will be calculated with the same interest rate as the LCOE and the same lifetime, i.e.
12% and 25 years. It is calculated by the formula

NPV =—C G
- °+;(i+1)f 3)

5See in Appendix G for the calculations.
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where C, is the investment in the zeroth year, ¢ the year, N the lifetime, C, the net annual cash
flow, and i the interest rate.

3.2.3 Socioeconomics

The guidelines from the Danish Ministry of Finance [43] are followed for the socioeconomic cal-
culation. They propose an interest rate of 4% and a net tax factor of 1.325 imposed on all costs
where all taxes and subsidies are removed. The CO, quota price is the basis for the social harm
that the CO, emissions impose on society. Equation 3 is the same for the social NPV, although,
the monetizable harm and benefit should be included in the net annual cash flow.

13
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4 Aspen Plus

The already mentioned commercial GTL plants are located all around the globe. However, when
investigating the implementation of such a plant in the Danish energy system, it is of the utmost
importance to know how much recoverable heat is generated to know if it can be used in the
district heating system. At the same time, different types of feed are investigated which will un-
doubtedly have an impact on the performance. A large part of this study has, therefore, been to
build amodel in Aspen Plus where the performance in relation to the district heating and product
efficiency of GTL plants for jet fuel production can be evaluated. To verify the model, simulation

results are compared with stoichiometric calculations made in Excel.

4.1 Stoichiometric calculations vs. simulations

Stoichiometric calculations are made under standard conditions which are a temperature of
298 K (25 °C) and a pressure of 1 atm., although with steam at 398 K (125 °C) but at the same
pressure. Using steam in stoichiometric calculations is equivalent to comparing the LHV on both
sides of the reaction arrow. This is one of two methods for calculating the enthalpy change of the
reactions and this is done in the following. The other method is by evaluation the difference in
the enthalpy of formations of the reactants and the products [44, ch. 15].

When methane is converted into syngas using steam without any co-feed of CO,, the stoichio-
metric reaction is

k
CH, + H,0 = CO+3H,, AH,gsx = +206 m—il @)
and when CO, is added the additional reaction is
kJ
CH4 + C02 — ZCO + 2H2, AH298K = +247 ﬁ (5)

The positive changes in enthalpy in the above reactions indicate that both of the reactions are
endothermic and require heat. Endothermic reactions also typically require high temperatures,
why standard conditions will not be present in reality [45]. Furthermore, some side reactions will

happen, and some fraction of the reactants will pass through the reactor unreacted [44].

After the reforming, let alone the syngas cleaning and conditioning, the syngas goes through the
Fischer-Tropsch synthesis where the H, and CO are converted into hydrocarbons. The products
of the synthesis are alkenes, alkanes, alcohols, carbonyls, carboxylic acids, and water gas shift
products. The current model evaluates the conversion into alkanes only, where the reaction into

14
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jet fuel and gasoline are

k
11CO+23H2—)C11H24+11H20, AHZQBK =—1721 m_g)l (6)
and g
8CO + 17H2 — C8H18 + 8H20, AHZQSK =—1276 m (7)

Both of the reactions are exothermic and heat must be removed from the reactor [5, ch. 3, 4].

Notice that the energy per C-atom is nearly unchanged (156.5 kJ/mol/C-atom in Equation 6 and
159.5 kJ/mol/C-atom in Equation 7), so in the calculations used to compare the results from As-
pen Plus, only Equation 6 is used. The optimal ratio of the reactants in this reaction is 2.09.° This
ratio is neither obtained from Equation 4 nor 5. When H,:CO > 2.09 there is a surplus of hydro-
gen which lowers the product efficiency, and when H,:CO < 2.09 CO, is formed which lowers
the carbon efficiency. In four consecutive calculations, the required heat input to the reformer
and heat output from Fischer-Tropsch synthesis are calculated with varying CH,:CO, ratios. The
ratios evaluated are 1:0, 3:1, 3:2, and 1:1. Note that 3:1 gives a H,:CO ratio of 2, so this is slightly
modified to 77:23 (but still called 3:1) which yields the optimal ratio of 2.09 H,:CO. All the calcu-
lations are made to give exactly one mole of C,;H,,. The results are compared with results from
Aspen Plus where the same operating conditions are used to simulate the two simplified steps
from gas to liquids in R-GIBBS reactors where the products are limited to the discussed ones.’

Figure 4.1 shows the results of the comparison. The greatest relative difference between the cal-
culations and the Aspen Plus simulations is 0.7%. The difference is greatest when the CH,:CO,
ratio is 1. The optimal H,:CO ratio of 3:1 is also the one requiring the least amount of energy to
produce one mole of jet fuel.

4.2 Aspen Plus model setup

The model is optimised to remove the need for fuel-fired pre-heating of the inputs to the SMR
or SDR unit.® The model setup in Figure 4.2 can be followed in the following description. The
reference temperature is set to 25 °C. In order to pre-heat the water and the feed to the reformer,
several heat exchangers are installed. For the water, there are an economiser (1), an evapora-
tor (2), and a superheater (3). The hot stream in these three heat exchangers is the flue gas from
the process heater for the reformer. The flue gas first goes to the superheater (3), then the evap-

orator (2), and at last the economiser (1) to make the most use of the high temperature. After the

6For the calculation see Appendix B
Find the Excel file in Appendix L.
8See Appendix K for a detailed description
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Figure 4.1: Comparison between calculations from LHV and simulations results from Aspen Plus. SMR
is energy required by the steam reformer and FT is the energy requirements for the Fischer-Tropsch
synthesis. LHV calculation and Aspen Plus relate to the left y-axis. The Relative difference relates to the
right y-axis.

flue gas has pre-heated the water, it is led to one of two superheaters (4) for the gaseous feed (CH,
and CO,). The second of the superheaters for the feed (5) is heated by the syngas. The syngas is
also used for heating the syncrude (6) to 350 °C which is the temperature at which the separation,
the first step in refining process, takes place [46]. Furthermore, the hot syngas is also circulated,
so it can pre-heat itself (7) before the Fischer-Tropsch synthesis as the syngas conditioning pre-
vious to the synthesis requires low temperatures [5, ch. 1]. The model only has the reforming
and the synthesis and stops right before the refinery, however, the inefficiencies in the refining
process are included (8) in the model. Consequently, the end products are is if it was a complete
GTL plant.

The H,0:CH, molar ratio in the steam reformer is set to 2.5. The operating pressure is 20 bar
and the temperature is 900 °C [5, 7], however, a pre-study is made to investigate the effect of the
pressure in the reformer as findings from other studies have shown that the syngas production
performs better at lower pressures [47, 45]. The Fischer-Tropsch synthesis in the model is simpli-
fied and split into three parts, where the syngas going into each part is split according to the mass
fraction of the products.” Operating temperature and pressure of the Fischer-Tropsch synthesis
are 200 °C and 10 bar.

District heating operating conditions are approximated according to Danish systems with a tem-
perature to the GTL plant at 40 °C and from the plant at 70 °C and at a pressure of 5 bar [48].

959% jet fuel, 35% gasoline, and 6% other products [5, ch. 26].
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Figure 4.2: Aspen Plus model setup used in calculations. The configuration of the main blocks in Aspen Plus are listed in Table A2 in Appendix A.
1, 2, and 3 are pre-heaters for the steam to the reformer, 4 and 5 are pre-heaters for the feed, 6 is a pre-heater for the syncrude and 7 is one
for the syngas. 8 is the part of the Fischer-Tropsch reactor that forms the hydrocarbons that are referred to as inefficiencies e.g., fuel gases,
unrecoverable organics, and petrochemicals, not included in the analysis on an energy basis. 9 and 10 represents the synthesis into jet fuel and
gasoline. 11, 12, and 13 are the heat exchangers that are used to calculate the amount of recoverable heat. The main blocks in the figure have

names associated with them.
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Pre-study

5 Pre-study

Before defining the scenarios, it is investigated how the GTL model performs when the CH, to
CO, ratio in the feed is varied. In Aspen Plus, the described model is simulated where the ratio

is varied from 100:0 to 45:55 and the efficiencies are compared.

As mentioned in Section 4.2, the impact of changing the pressure from 20 bar to 5 bar in the re-
formeris tested. All other parameters are kept constant. The results are as predicted; the product
efficiency is higher at lower pressures. The difference, though, is small and the 5 bar reformer
performs only around one percentage point better than the 20 bar reformer when the difference
is greatest. With this in mind and knowing that the low-pressure reformers are unconventional,
they are disregarded in this study [5, 6, 7, 49]. A graphical comparison can be seen in Figure 5.1.

56%
54%

. 52%

O

(-

@ 50%

Q

T 48%

G

3 46%

el

O 44%
42%
40%

100/0 75/25 60/40 55/45 50/50 45/55
CH4:CO2 ratio

m 5 bar reformer 20 bar reformer

Figure 5.1: Product efficiency over a range of CH4:CO2 ratios in a 5 bar and a 20 bar reformer. The
difference is not significant.

To get the full picture of the different setups, the district heating efficiency should also be in-
cluded. The gas loops of the tail gases were found to have a huge impact on the setups, as the
ones that perform the worst has the greatest surplus of hydrogen which is wasted if the gas loops
are not used. For the setups with the 20 bar reformer and gas loop the results are in Figure 5.2. In
this analysis, the tail gas is the excess hydrogen and unreacted methane from the reformer and
the hydrogen that is formed in the simplified Fischer-Tropsch reactor. Notice that the product
efficiency and the total efficiency both increase as the amount of CO, is increased until a certain

point while the opposite is true for the district heating efficiency. The district heating efficiency
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is only the potential if all recoverable heat is used. The results from the simulation are in line
with findings from other studies [18, 50, 7].
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Figure 5.2: Product, district heating, and total efficiencies depending on the amount of co-feed CO2.

By using user defined blocks in Aspen Plus, the CH,:CO, ratio can be adjusted to give the desired
H,:CO ratio of 2.1062 which is optimal for this model as described in Section 3.1. To achieve this
H,:CO ratio in the syngas, the feed CH,:CO, ratio should be 51:49 which is only slightly greater
than 1. It is not equal to the results from the stoichiometric calculations in Section 4.1 due to
inefficiencies caused by the nature of chemical processes related to Gibbs energy minimisation
resulting in e.g. methane slip and CO, formation in the reformer. The carbon efficiency of the
reformer is, thereby, 64% with an optimal CH,:CO, ratio. The results of the entire optimised
GTL conversion are a product efficiency of 53%, a district heating efficiency of 35%, and carbon
efficiency of 57%. In Appendix C, a graph focusing on the product efficiency around the optimum

can be found.

Furthermore, the impact of the pumps, compressors, and separation in the steps affect the total
efficiency of the system. This is tested, and the results can be found in Appendix C.1. They do not
constitute a significant energy consumption in the overall GTL process. This justifies the simpli-

fication of neglecting the energy consumption of the pumps and compressors in the system.
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6 Scenarios

Based on the findings regarding the performance of the GTL plant found in Section 5, three sce-
narios for Fischer-Tropsch jet fuel production in Denmark is proposed. Each of the scenarios
have some expected advantages and disadvantages which are described in the respective sec-
tions. The feed to the GTL plants in the three scenarios are biogas, biomethane, and biomethane
with additional CO, co-feed. In all scenarios, the plants are assumed to run year-round. The
scenarios are described below.

6.1 GTL, Biogas

K Water supply
< DH grid Biokerosene
—> +
N N
H20
g Syngas Syncrude qc:_ﬂ Biogasoline
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Biomass Biogas J [ q
3 SDR FT _
X Refinery
‘Jﬁ : Other products E
- : : e

Digéster Scrubber

District heating

Figure 6.1: System diagram of the scenario where the feed is biogas with a CH4:CO2 ratio of 3:2.

This scenario uses biogas that is cleaned for impurities such as hydrogen sulfide (H,S). This
leaves the biogas with a composition of 60% CH, and 40% CO, [34]. Since biogas is used directly
in this scenario and since there is not a grid for biogas in Denmark, the GTL conversion should
be decentralised close to where the biogas is produced. In reality, this can be done in two ways;
either the entire GTL conversion takes place decentralised or the syncrude that is produced de-
centrally can be refined at large scale refineries. A system visualisation of the scenario is shown
in Figure 6.1. Advantages and disadvantages are listed below.

Advantages:
 Already a high CH,:CO, ratio.
* High product efficiency.

* CO, is already present and is not extracted from a secondary source.

20



Scenarios

* Smaller plants give better utilisation of the surplus heat if recoverable heat is huge.

* Lowest feed price.
Disadvantages:

* No economy of scale.

Small scale GTL plants are more immature.

Decentral plants may be too far from district heating areas.

Many small plants require many investors.

* Biogas upgrading is already widely used [15].

6.2 GTL, Biomethane
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Figure 6.2: System diagram of the scenario where the feed is biomethane which is 100% CH4.

This scenario uses biomethane which is assumed to be 100% CH,. The biomethane can be trans-

ported in the natural gas grid that is already installed in Denmark and the GTL plant can be

centralised. As this scenario will have the lowest product efficiency, it will also be the one that

requires the greatest methane input to satisfy the jet fuel demand. A system visualisation of the

scenario is shown in Figure 6.2. Advantages and disadvantages are listed below.

Advantages:

e Can use the current natural gas grid.
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* Large central plants can take advantage of economy of scale.

High energy potential due to methanation of biogas.

* Biogas upgrading is already widely used [15].

Disadvantages:

* Lowest product efficiency.

CO, is not added and is not extracted from a secondary source.

Central plants can be placed in large district heating areas.

* Highest methane input required to satisfy the jet fuel demand.

* Recoverable heat from central plants may be too large for the district heating system.

6.3 GTL, Biomethane with CO2 co-feed

Digester

Methanation

Biogas CH4

Electrolyser

i F Electricity

B EEEERREE Electricity grid
B Gas grid

H20

- Syngas
COo2 yng

Syncrude

3

all

Y

3
>

CH4

SDR FT

District heating

>

Biokerosene

i

Biogasoline
—>

Refinery

Other products %
>

Figure 6.3: System diagram of the scenario where the feed is biomethane with CO2 which has the
optimal ratio of CH4:CO2 of approximately 51:49.

This scenario stands out from the other two scenarios by the addition of CO,. This makes it

possible to optimise the GTL conversion by adjusting the CH,:CO, ratio to 51:49. The CO, can

come from two types of secondary sources: either by point source capture or DAC. Point source

capture can either originate from factories or it can be recaptured from the GTL plant itself. This

scenario can also make use of the natural gas grid, so the GTL plant can be centralised. A system

visualisation of the scenario is shown in Figure 6.3. Advantages and disadvantages are listed

below.
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Advantages:

* Possibility to adjust the CH,:CO, ratio to its optimum.

* Can use the current natural gas grid.

 Large central plants can take advantage of economy of scale.
» High energy potential due to methanation of biogas.

e Lowest methane input required due to optimisation.

* Central plants can be placed in large district heating areas.

* Biogas upgrading is already widely used [15].
Disadvantages:

* Carbon capture technology should be used or CO, should be bought from other factories

which may be more expensive.

* Recoverable heat from central plants may be too large for the district heating system.
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7 Analysis and discussion

With the models scaled after the Danish jet fuel demand, the three scenarios give the outputs
shown in the Sankey diagrams in Figures 7.1, 7.2, and 7.3. The actual utilisation of the recoverable
heat depends a lot on the setup and location of the GTL plant(s) and will be analysed in Section
7.2.2 and discussed further in Section 7.2.3. Appendix M shows the extracted results from Aspen

Plus to Excel.
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Figure 7.1: Sankey diagram of the biogas scenario.
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Figure 7.2: Sankey diagram of the biomethane scenario.

The efficiencies shown in Table 7.1 are the same as in the pre-study since the only difference is
the scaling of the models. Product and district heating efficiencies are the ratios between the
energy in the liquid products and the district heating output to the total external energy to the
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Figure 7.3: Sankey diagram of the biomethane and CO2 scenario.

process in the Sankeys. These are used in the economic analysis when the performance of the
plant has an impact on the costs, i.e. the different feed costs. Notice that the carbon efficiency
decreases with increasing product efficiency. This is due to the fact that carbon in the co-fed CO,
is not converted to products at the same rate as the methane. The results from the simulations

resembles the numbers found from other studies in spite of the simplifications [18, 50, 7].

Table 7.1: Product, district heating, total, and carbon efficiencies for the three scenarios.

Scenario n, product 1), district heating 1), total 1), carbon
Biogas 52% 36% 88% 57%
Biomethane 45% 38% 84% 59%
Biomethane with CO, 53% 35% 88% 56%

The scenario with biomethane and co-feed CO, has the highest product efficiency as well as total
efficiency, and is henceforth also referred to as the optimal scenario. The second best is the one

using biogas, and the scenario with the poorest performance is the one with biomethane as feed.

7.1 Biogas and biomethane availability

All scenarios require significantly more biogas or biomethane compared to current productions
as can be seen from Table 7.2 and the Sankeys. Theoretically, the needs are smaller than the
total estimated Danish potential of biogas and biomethane, though. For the biogas scenario,
however, it should be noticed that it keeps just below the total Danish biogas potential in regards
to the biogas that is required for the feed to be converted, but the process still requires additional
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energy for keeping the reformer running (Extra fuel in Figure 7.1) where the biogas potential is
no longer sufficient.

Table 7.2: Biogas and biomethane availability with the demand for each of the three scenarios.

Biogas Biomethane Biomethane and CO2

Annual demand 92.8 (+41.8) PJ 153.2 PJ 130.9PJ
Realistic level in 2035 50 PJ 80 PJ 80 PJ
Total Danish potential 100 PJ 166.7 PJ 166.7 PJ

Under the premise that the aviation industry must change its fuel to Fischer-Tropsch synthe-
sised biokerosene, five of the possible solutions — which can be combined — for the biogas or
biomethane shortage are:

1. Reducing fuel consumption — either by flying less or improving fuel efficiency.
2. Investing in harvesting the total Danish biomethane potential.

3. Investing in R&D of the SOEC co-electrolysis technology to lower the need for methane.

o~

. Importing biokerosene from other countries.
5. Methanation of captured CO,.

The first point is a possibility since taxes on jet fuel and, thereby, flight tickets are expected to
lower the number of flight departures, as for example stated in a newly leaked EU report [51].
However, even if it is lowered by 10% as stated in the news article, the demand will not change sig-
nificantly to solve the problems. For the second option it can easily be imagined that the marginal
cost of extracting energy from biomass will increase as new biomass conversion technologies are
to be used, e.g. the conversion of straw which is possible, but still with some technical issues [22].
The third option, as already mentioned in Section 2.2.1, of including co-electrolysis in the sys-
tem for syngas generation may be a feasible solution if R&D can lower the cost of this technology.
The fourth option may also be an alternative, but it only makes sense in the bigger picture if other
countries are able to produce more than their own demand. Otherwise, the CO, emissions will
simply be moved across borders not solving any global emission problems. Finally, methana-
tion of CO, is a possibility which combines two of the already discussed technologies. Here, CO,
must be captured, whereupon methanation with hydrogen forms methane with the CO,. This is

another expensive solution with current technologies.
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7.1.1 Fischer-Tropsch jet fuel production in the energy system

If the pathway of Fischer-Tropsch jet fuel production is pushed forward by the Danish govern-
ment, the industry, and the research institutions, the realistic biogas level in 2035 shown in Table
7.2 might be even higher and closer to the estimated total potential. At the same time, it will
require that close to all the entire biogas production is aimed towards Fischer-Tropsch synthesis
to make enough bio jet fuel to satisfy the Danish demand by domestic production

Other sectors that today use natural gas should in a zero-emission society also be converted to a
fossil-free alternative [52]. In2017, 32 PJ of natural gas was used for electricity and district heating
production, 31 PJ went into the industrial sector, 8 PJ to the commerce and service sector, and
24 P] was used in households for cooking and individual heating [15]. The sum of these amounts
alone are enough to use most of the available biomethane if the consumption figures of today are
used. In the future projections, these sectors will reduce their overall natural gas consumption

over the years [52], however, it is still not enough to avoid issues on biogas availability.

The road transport sector, i.e. buses and light and heavy duty freight, and the sea transport sector
are also expected to be converted to be fuelled by green gases or other biofuels, such as biodiesel
or SNG and only to a small extend electricity [3]. With Fischer-Tropsch jet fuel production this
should be revisited and instead of gas, it should be investigated whether they can be converted to
drive on the biogasoline that is the major by-product from the Fischer-Tropsch jet fuel produc-
tion. The DEA’s energy scenarios [3] also show that most other sectors have several alternative
energy sources, whereas the aviation sector is just pictured to have a single alternative to the con-
ventional fuel which is biokerosene. This makes it obvious that this pathway with green Fischer-
Tropsch jet fuel should be investigated further if a zero-emission society should be obtained. As
mentioned, another solution is to import the biokerosene used for aerial transport. So, if this is
less expensive than importing green fuels for the other sectors, 100% jet fuel self-sufficiency may
not be the correct solution.

In addition to the sectors that use natural gas today, other industries that today use oil products,
should be converted to renewable alternatives, as well. These include, among others, the plas-
tic and steel industries. In Denmark in 2017, after the transport sector, the production sector
consumed 36 PJ of oil, which should also be accounted for. Some of this may come from the
Fischer-Tropsch process though, as 1.4% of the mass of the refinery products are petrochemi-
cals, that can be used in the production of bioplastics [5, ch. 26]. So, when the entire system is
looked upon, more complications arise in relation to the biomass consumption, and this illus-
trates even more the fact that the overall system should be planned thoroughly when it should

be free from fossil fuels.
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7.2 Technical analysis

In the following analysis, the technical aspects of the Fischer-Tropsch jet fuel production will
be evaluated where the recoverable heat is put in context to the Danish district heating system.

Possible locations are discussed as well as the size of the plants.

7.2.1 Size of plant

With a total yearly production of 69.6 PJ of liquid products from the GTL plant, the size of the
plant must be around 34,000 bpd.!® Comparing this to the commercial plants, see Table 2.1,
three of the plants have capacities between 33,000 bpd and 36,000 bpd. A one plant solution
will, therefore, have a size that has already proved its functionality, and thereby, this is a realistic
size. At the same time, R&D in small-scale GTL plants does not exclude the biogas scenario with
a lot of distributed production sites. The biogas scenario could for example consist of around 75
small plants around the country where there are already biogas plants, which will give an average
plant size of 453 bpd [53, 54]. With the previously mentioned MicroGTL plants of down to 30 bpd,
a wide variation in the size of the installed GTL plants is possible depending on the exact plant

locations and the biogas plant sizes.

7.2.2 District heating potential

When the total annual consumption of jet fuel is to be produced, the three scenarios generate
between 46.1 PJ and 58.9 PJ] of recoverable heat per year. In Figure 7.4, an illustrative example
of the total recoverable heat compared with the annual heat production from Fjernvarme Fyn in
Odense can be seen. The grey area in the figure is not the background but represents the recov-
erable heat from the optimal scenario. From this, two main conclusions can be drawn. First, the
recoverable heat from the GTL plant is constant, whereas the district heating demand fluctuates
throughout the year.!! Second, the generated amount of heat is significantly larger than the ac-
tual demand in Odense. So, if a single plant with this size is built, not all of the recoverable heat

can be used for district heating and must be cooled otherwise, e.g. by a cooling tower.

10See Appendix D for the calculation
l1See the equation for the power in Appendix E.2.
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Figure 7.4: Comparison between the district heating potential in the optimal scenario with one GTL plant
and the total annual district heating generation from Fjernvarme Fyn in 2014 [19]. The grey filled area
represents the recoverable heat from the GTL plant when the total annual heat potential is distributed
evenly over the hours of the year. The blue line is the actual heat generation from Fjernvarme Fyn.

Even in Copenhagen, the biggest city of Denmark, where the annual district heating production
is around twice that of Fjernvarme Fyn in Odense, the total amount of recoverable heat cannot
be used for district heating. Furthermore, due to the large size of the district heating system in
Copenhagen, heat losses make it close to impossible to deliver district heating to all the con-
sumers from one single plant [48]. With this in mind, the Odense district heating profile and size

is used in the following.

In Figure 7.5, the recoverable heat from the GTL plant is scaled to be 15% of the total potential
which gives an annual district heating production of 6.9 PJ. This is more realistic, but still requires
an immense change to the current district heating system in Odense as it is around 80% of the
production from Fjernvarme Fyn in Odense. However, in Odense, one of the last coal-fired CHP
plants in Denmark is located which will be taken out of service in 2025 which makes room for

new players [55].
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Figure 7.5: Same comparison as in Figure 7.4 but with only 15% of the district heating potential from
the optimal scenario [19].

This means that only 15% of the recoverable heat will be utilised for district heating for the op-
timal scenario with one plant in the economic analysis. For the biomethane scenario, it will be
12%. For the biogas scenario, it will be 55%. This number is used for two main reasons. First,
the annual amount of recoverable heat makes up around 55% of the total Danish base load for
district heating (see Section 2.6), when this is scaled after the yearly profile of Fjernvarme Fyn.
Second, one of the disadvantages of the decentralised biogas scenario is the fact that some of the
GTL plants are placed away from district heating areas. For these reasons, the biogas scenario is

only capable of delivering district heating equivalent to the total Danish base load.

7.2.3 Geographic locations of GTL plants in Denmark

This part discusses the location of the GTL plants in the scenarios in two parts. First, the two
biomethane scenarios will be discussed together as they have the same characteristics regarding
the size. Second, the biogas scenario will be discussed as this one is different from the two others

regarding its feed.

The two biomethane scenarios can be made as one plant solutions with a capacity of 34,000 bpd
and they require between 130.9 and 153.2 PJ of biomethane per year. The capacity of the Dan-

ish gas transmission pipes are around 317.3 P] per year, which is more than enough to feed the
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plants.'? The large distribution pipes, which are about half the size of the transmission pipes
may, therefore, also be reasonable for feeding such large plants [56]. A one plant solution is, in
relation to the feed, realistic to erect somewhere along the gas transmission lines or large dis-
tribution lines. This could, for example, be in Odense, the city used above for comparison of
the recoverable heat and district heating. Other large Danish cities connected to these lines are,
Copenhagen, Aalborg, Esbjerg, Silkeborg, and Vejle. Most of these cities are in the southern half
part of Denmark [56]. An important thing is that the city has a reasonable size so as much of the
recoverable heat can be utilised for district heating.

Another point is whether the city has a coal-fired CHP plant as they are to be phased out in the
coming years. As mentioned Odense has, but also Aalborg and Esbjerg have. An alternative to
converting them into biomass-fired CHP plants is to install a GTL plant. Comparing the three
locations, Esbjerg is worse than both Odense and Aalborg by the fact that the city is smaller than
the other two. Yet another solution is to split the one plant solution into a two or three plant
solution, which will results in a greater district heating income, although, it might also increase
the investment costs. However, with the district heating productions for the relevant Danish
cities as stated in Section 2.6, a centralised production scenario with only one or a few GTL plants
is limited to Copenhagen (16.4 PJ/yr), Odense (8.6/PJ]), Aalborg (6.2 PJ/yr), and maybe Esbjerg
(3.4 PJ/yr) for a significant utilisation of the recoverable heat since the district heating demand
in Silkeborg and Vejle are only around 1 PJ/yr. Another challenge related to the implementation
of Fischer-Tropsch jet fuel production in Denmark is the many waste incineration plants. There
are 26 in total with locations both in Copenhagen, Odense, Aalborg, and Esbjerg [57]. They run
year round to incinerate the continuously generated waste. This may result in a lot of wasted
recoverable heat from GTL plants during summer when they cover the same areas as the waste
incineration plants. An option to prevent this excessive heat loss is to invest in seasonal heat

storage to store the heat produced in the summer for the autumn when the demand rises again.

For the biogas scenario, the only possible solution for this to be a one plant solution is if the
natural gas grid is altered to be a biogas grid instead, which is possible, yet requiring a lot of
changes to the existing system where people and machines have become used to high gas quality
[58]. The other solution is the solution with a lot of small GTL plants around the country close
to or at the sites of the biogas plants. The result of this is a lot of decentralised GTL plants with
several individual operators. The biogas plants are distributed all over Denmark, although, the
concentration is bigger in Jutland and on Funen than on Zealand [54]. This distribution will be
the same for the GTL plants.'® For this to be a viable solution the business case must be certain

so most of the biogas operators will go this way, i.e. with high subsidies on the biogas for the

125ee Appendix I for the calculation.
3See the distribution in Appendix ] Figure J1.
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GTL conversion. To ensure the proper quality of the end-products, it might be necessary to do
the refining of the syncrude at centralised refineries, even though, e.g. Greyrock promises to
include the distillation into final liquid products with their technology [59]. This scenario faces
the same problem with the waste incineration plants as discussed above, but due to the smaller
scale, some plants can also be located in district heating areas without waste incineration. At
the same time, it can also be discussed if it must be placed so far out the countryside that none
of the recoverable heat can be utilised for district heating. Still the most uncertain point about
this scenario is that the investment decision will be spread out on a lot of people, and not just
one or two investors, which makes it harder for politicians to predict how fast it will happen, in

comparison to a scenario where they have just a few stakeholders to work with.

From this part of the analysis, it can be concluded that the optimal scenario also has some advan-
tages over the others in relation to the implementation of the technology in the Danish system.
This is due to its better performance and the fact that it requires one or only a few operators. Its
merits increase further if it is split into a few plants so the discussed 15% utilisation of the recov-
erable heat can be increased. Despite this, it is the one plant solution that is evaluated next in
the economic analysis.

7.3 Economic analysis

The economic analysis is made on the basis of the performance data from the Aspen Plus sim-
ulations and with the above numbers regarding the district heating. The CAPEX used for the
biomethane and biomethane and CO, scenarios are equivalent to the CAPEX described in Sec-
tion 2.7.1 because a one plant solution will be approximately the same size as the reference. For
the biogas scenario, the distributed production sites will increase the CAPEX, so they will be 1.5
times more expensive on the specific investment as stated in Section 2.7. The feed costs are as
described in Section 2.7.2 without subsidies. Afterwards, the size of the subsidies will be dis-
cussed and related to the present-day figures. The economic analysis is comprised of the LCOE,

a feed to product cost relationship, and the business and socioeconomic NPVs.

7.3.1 Levelised cost of energy

Figure 7.6 shows the price composition of the LCOE of the liquid products.'* The most signifi-
cant cost driver for the GTL conversion is the feed, but also the CO, cost in the third scenario is
significantly larger than the other costs. Notice that the most expensive scenario is the one with
the optimal feed ratio, although, under the premise of the high carbon capture cost. If this is

14See Appendix G for GTL calculation of the different costs.
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halved as predicted [24], the performance will be equivalent to biomethane scenario cost wise,
but better technology wise.

Biogas Biomethane Biomethane and CO2
450 A A

=400 A

mm CAPEX mm OPEX mm Feed mm CO2 mm DH sales
¢ Avg. = [ow A High —WTP e Conv. jf price

Figure 7.6: Price composition of GTL liquid products where the band between high and low shows the
price interval resulting from the sensitivity on the methane input price. Feed refers to the cost of biogas
or biomethane. The final price for bio jet fuel is only valid if it is the same for biogasoline. The Avg. price
is based on a feed cost of 130 DKK/GJ, the Low price is 70 DKK/GJ, and the High price is 190 DKK/GJ.

For all of the scenarios, the lowest half of the price interval ranges from 70-130 DKK/G]J input,
whereas the top half of it ranges from 130-190 DKK/GJ input. Recall the typical biogas production
costs are between 130-142 DKK/G]J and the cost for methanation between 162-189 DKK/G]J. So,
for the biogas scenario, about the lowest half of the price interval requires subsidies whereas it
for the biomethane scenarios are closer to the lowest three-quarters. This means that it is only
considered realistic to get below the WTP line at 250 DKK/G]J with subsidies. However, this WTP
of 250 DKK/GJ originates from a statement given in relation to a demonstration plant, so it can
also be argued that the WTP for the total Danish jet fuel demand will be somewhat lower [25].
Evidently, the lower it gets, the more reliant the scenarios are on subsidies. At the same time, the
graph assumes that all of the liquid products from the GTL plant has the same price. With the
energy tax on gasoline equivalents, the main WTP increase on the biogasoline will probably be
due to its image value. For the personal transport fleet, this may not be significant enough to
make a difference. Be it said, the optimal use for the biogasoline in the future may not be the
personal transport as this is easier to electrify, which means other sectors in need of biofuel may
be willing to pay the necessary premium price on the biogasoline. These sectors are discussed

further down in this section.
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The blue vertical dotted line in Figure 7.6 is the conventional jet fuel price of 100 DKK/GJ. It is
obvious that this price is not high enough to make any of the scenarios feasible, which means
that the WTP for biofuels must be significantly higher than this for this type of biofuels to be a
profitable business, even if it is subsidised. A Swedish study from 2018 [60] showed that Swedish
company organisations are only willing to pay a premium of 11.9% on top of the conventional
ticket on average if a bio/conventional jet fuel blend of 50/50 was used [60]. With fuel cost con-
stituting up to 50% of the operating cost of an airline, an increase in the jet fuel price will have
a significant impact on the ticket prices passed on to the passengers [61]. These findings are in-
teresting and show the difficulties the aviation industry is facing if it wants to turn green. At the
same time, they also show that if the price of jet fuel is doubled, the flight tickets will only change
by around 25%, which is only around twice the average increase in WTP found from the Swedish
study — and notice that the investigated jet fuel in the current study is 100% bio jet fuel.

7.3.2 Relationship between feed cost and liquid product price

The huge impact the feed cost has on the LCOE makes it interesting to examine the relationship
between the feed cost and the liquid product price. With all other cost parameters held constant,
the relationship can be seen in Figure 7.7 where the three scenarios are depicted together. The
lines in the figure can be used to get a better understanding of the liquid product price that can
be produced by GTL plants at different points in time. With subsidies in the order of the current
in the sector, see Section 2.7.2, a possible feed price to a GTL plant could be 90 DKK/G]J.
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Figure 7.7: Relationship between feed cost and liquid product price. The x-axis is the cost of the feed,
and y-axis is the price of the liquid products from the GTL plant in the three scenarios.
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In the graph and with a feed cost of 90 DKK/G]J, the resulting liquid product price is between 180-
260 DKK/G]J. On the other hand, a worst-case scenario could imply the highest possible technol-
ogy costs (e.g. for methanation) and no subsidies. This gives a feed cost of 190 DKK/G]J resulting
in aliquid product price ranging from 375-450 DKK/G]J. By looking into the energy agreement at
the time of investment, it is, however, possible to get a greater certainty on the points regarding
the subsidies, so this worst case scenario can be avoided. The relationship in Figure 7.7 can also
be used by an investor to see the possible liquid product price they will be able to deliver if they
can be guaranteed a specified feed cost to their GTL plant.

7.3.3 Net present value
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Figure 7.8: Business economic NPV over 25 years for the three scenarios.

In Figure 7.8, the NPV over 25 years is depicted without subsidies rewarded on neither biogas
nor biomethane. Without subsidies, none of the scenarios yields a positive NPV after 25 years.
In addition, none of them does not even have an annual revenue which can be seen from the
downwards slopes of the NPV graphs. This makes investments in the Fischer-Tropsch jet fuel
technology highly unattractable when subsidies are disregarded. For the three scenarios, the
subsidies on the feed should be 48.43 DKK/GJ, 98.80 DK/GJ, and 118.78 DKK/G]J to have an NPV
after 25 of zero for the biogas, biomethane, and biomethane and CO, scenarios, respectively.
However, comparing the present-day subsidies with these figures, it is not unrealistic to achieve

apositive business case for Fischer-Tropsch jet fuel production, although, some changes mustbe
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made since the subsidies as of today are not rewarded completely in the scenarios. In Appendix
H, the NPVs of the three scenarios are depicted with their respective breakeven subsidy.

7.3.4 Socioeconomic analysis

The socioeconomic NPVs resembles the NPVs in the business economics where the subsidies
are removed (as in Figure 7.8), i.e. all of the scenarios have negative NPVs. The socioeconomic

NPVs are calculated based on the numbers given in Section 2.7 and methods in Section 3.2.
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Figure 7.9: Socioeconomic NPV over 25 years for the three scenarios.

Figure 7.9 shows the development of the socioeconomic NPVs for the three scenarios over a life-
time of 25 years. The socioeconomic NPV calculations show that if the harm traditional jet fuel
imposes on society is equivalent to the CO, quota price, it does not make it up for the additional
cost of producing Fischer-Tropsch jet fuels no matter which of the scenarios are followed. For
the socioeconomic NPVs to be positive, the harm costs from CO, should be 8.9, 20.0, and 20.6
times greater than 200 DKK/ton (i.e. 1780 DKK/ton, 4000 DKK/ton, and 4120 DKK/ton) for the
biogas, biomethane and biomethane and CO, scenarios, respectively. In relation to this, it can
be discussed if the CO, quota price does show the harm that CO, emission impose on society,
and if each ton of CO, causes the same damage as the previous.

Despite this, with the goal to become fossil free at latest by 2050, a fossil scenario is not an alterna-
tive, so the results from this analysis can be used to compare this pathway of making the aviation

industry fossil free with other pathways to find the solution with the lowest CO, abatement cost.
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From the above, the economically best solution is the biogas scenario. This means, that there is a
discrepancy between the technically and economically best scenarios for Fischer-Tropsch jet fuel
production in Denmark. In the end, the best solution, may therefore, be the biomethane scenario
due to the fact that it shares some of the advantages of the biomethane with CO, scenario, but
at a lower cost, although, only slight improvements of the CO, capture technology is required to

make these two equal.
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8 Conclusion

Implementation of Fischer-Tropsch jet fuel production in the Danish energy system is not unre-
alistic per se. However, when implementing it in such alarge scale as to satisfy the entire demand
of the Danish aviation industry, difficulties appear in several forms. First, the biogas availability
is too low today. Moreover, the theoretical potential is only sufficient if all of it is used to produce
Fischer-Tropsch jet fuel. At the same time, other sectors are also using biogas or biomethane
in a zero-emission society. This requires careful and strategic energy planning if this proposal
is implemented in full scale. Alternatives to satisfy the jet fuel demand include; the addition of
syngas made from co-electrolysis, methanation of captured CO,, and import of a share of the

biokerosene needed to satisfy the demand.

The potential in the recoverable heat from the Fischer-Tropsch jet fuel production is significant,
although, too large to be fully utilised in the Danish energy system. In the analysed scenarios, the
utilisation of the recoverable heat ranges from 12% to 55% where the location and number of GTL
plants are the main determinants. The lowest utilisation was found to be for one large central
GTL plant even when located in a reasonable district heating area. A multiple plant solution will,

therefore, yield a better utilisation of the recoverable heat.

Economically, the production of Fischer-Tropsch jet fuel relies on subsidies. For a scenario where
the feed to the GTL conversion is biogas, the required subsidy for the NPV to be zero is 48.43
DKK/GJ. When the feed is biomethane it is 98.80 DKK/GJ, and when it is biomethane with added
CO, it must be 118.78 DKK/GJ. With the current prices for carbon capture, the optimisation of
the process by CO, co-feed does not pay off, but it may be competitive if carbon capture costs are
halved. The least expensive scenario is a scenario with many distributed small-scale GTL plants
using biogas despite higher investment costs. From a socioeconomic point of view, the imple-
mentation of Fischer-Tropsch jet fuel in Denmark is a negative initiative with the CO, quota price
of 200 DKK/ton as the social harm cost. If the harm, however, is 1780 DKK/ton, 4000 DKK/ton,
and 4120 DKK/ton, the three scenarios get positive values from socioeconomic point of view.

38



References

References

[1] Energistyrelsen. Dansk Klimapolitik, 2019. Accessed 18/5-2019
https://ens.dk/ansvarsomraader/energi-klimapolitik/fakta-om-dansk-energi-
klimapolitik/dansk-klimapolitik.

[2] Regeringen. Energiaftale, 2018. Accessed 18/5-2019
https://efkm.dk/media/12222 /energiaftale2018.pdf.

[3] Energistyrelsen. Energiscenarier frem mod 2020, 2035 og 2050, 2014. Accessed: 13/5-2019
https://ens.dk/sites/ens.dk/files/Basisfremskrivning/energiscenarier_-_analyse_2014_
web.pdf.

[4] Dipesh Dhital. Electrification of Aircraft — Big Bets from Boeing, Airbus and NASA, 2017.
Accessed 18/5-2019

https://aviationoutlook.com/electrification- of-aircraft/.
[5] Arno De Klerk. Fischer-tropsch refining. John Wiley & Sons, 2012.

[6] Peter M Maitlis and Arno de Klerk. Greener Fischer-Tropsch Processes: For Fuels and Feed-
stocks. John Wiley & Sons, 2013.

[7] Ilya S Ermolaev, Vadim S Ermolaev, and Vladimir Z Mordkovich. Efficiency of gas-to-liquids
technology with different synthesis gas production methods. Industrial & Engineering
Chemistry Research, 53(7):2758-2763, 2014.

[8] Guangrui Liu, Beibei Yan, and Guanyi Chen. Technical review on jet fuel production. Re-
newable and Sustainable Energy Reviews, 25:59-70, 2013.

[9] Jan van de Loosdrecht and JH Niemantsverdriet. 5.4 synthesis gas to hydrogen, methanol,

and synthetic fuels. Chemical energy storage, 2012.

[10] National Research Council et al. The hydrogen economy: opportunities, costs, barriers, and
R&D needs. National Academies Press, 2004.

[11] Yao Wang, Tong Liu, Libin Lei, and Fanglin Chen. High temperature solid oxide h2o0/co2
co-electrolysis for syngas production. Fuel Processing Technology, 161:248-258, 2017.

[12] Energistyrelsen. Technology Data for Renewable Fuels, 2019. Accessed 15/5-2019
https://ens.dk/sites/ens.dk/files/Analyser/technology_data_for_renewable_fuels_-
_0001.pdf.

39


https://ens.dk/ansvarsomraader/energi-klimapolitik/fakta-om-dansk-energi-klimapolitik/dansk-klimapolitik 
https://ens.dk/ansvarsomraader/energi-klimapolitik/fakta-om-dansk-energi-klimapolitik/dansk-klimapolitik 
https://efkm.dk/media/12222/energiaftale2018.pdf 
https://ens.dk/sites/ens.dk/files/Basisfremskrivning/energiscenarier_-_analyse_2014_web.pdf
https://ens.dk/sites/ens.dk/files/Basisfremskrivning/energiscenarier_-_analyse_2014_web.pdf
https://aviationoutlook.com/electrification-of-aircraft/ 
https://ens.dk/sites/ens.dk/files/Analyser/technology_data_for_renewable_fuels_-_0001.pdf
https://ens.dk/sites/ens.dk/files/Analyser/technology_data_for_renewable_fuels_-_0001.pdf

References

[13] Wei-Cheng Wang, Ling Tao, Jennifer Markham, Yanan Zhang, Eric Tan, Liaw Batan, Ethan
Warner, and Mary Biddy. Review of biojet fuel conversion technologies. Technical report,
National Renewable Energy Lab.(NREL), Golden, CO (United States), 2016.

[14] Elvirosa Brancaccio. GTL: Small Scale and Modular Technologies for Gas to Liquid Industry,
2018. Accessed: 14/5-2019
http://www.oil-gasportal.com/gtl-small-scale-and-modular-technologies-for-gas-to-

liquid-industry/.

[15] Energistyrelsen. Energistatistik 2017, 2018. Accessed: 30/4-2019
https://ens.dk/service/statistik-data-noegletal-og-kort/maanedlig-og-aarlig-
energistatistik.

[16] Energistyrelsen. Basisfremskrivning 2018, 2018. ISBN: 978-87-93180-33-8. Accessed: 2/5-
2019
https://ens.dk/sites/ens.dk/files/Analyser/basisfremskrivning 2018.pdf.

[17] Energistyrelsen. Perspektiver for produktion af biogas i Danmark, 2018. Accessed: 2/5-2019
https://ens.dk/sites/ens.dk/files/Bioenergi/perspektiver_for_produktion_og

anvendelse_af_biogas_i_danmark_november_2018.pdf.

[18] Ea Energy Analyses and University of Southern Denmark. Biogas og andre VE braendstoffer
til tung transport, 2016. ISBN: 978-87-93180-26-0. Accessed: 2/5-2019
https://ens.dk/sites/ens.dk/files/Bioenergi/biogas_og anden_ve_til_tung transport.pdf.

[19] Fjernvarme Fyn. FVF Heat Demand 2014, 2014. Hand-out from Abid Rabbani, SDU.
[20] Dansk Fjernvarme. Benchmarking 2015, 2015. ISSN 2245-1102.

[21] The future of Gas-To-Liquid (GTL) industry. Enerdata, 2014. Accessed: 30/4-2019
https://www.enerdata.net/publications/executive-briefing/future-gas-liquid-gtl-

industry.html.

[22] Energistyrelsen. Biogas i Danmark — Status, barrierer og perspektiver, 2014. Accessed: 16/5-
2019
https://ens.dk/sites/ens.dk/files/Bioenergi/biogas_i_danmark_-_analyse_2014-final.pdf.

[23] Christopher R Murdock, Stephanie A Didas, Christopher W Jones, et al. Direct capture of
co2 from ambient air. Chemical Reviews, 2016.

[24] Carbon Capture and Storage Association. Affordability, 2019. Accessed: 4/5-2019
http://www.ccsassociation.org/why-ccs/affordability/.

40


http://www.oil-gasportal.com/gtl-small-scale-and-modular-technologies-for-gas-to-liquid-industry/
http://www.oil-gasportal.com/gtl-small-scale-and-modular-technologies-for-gas-to-liquid-industry/
https://ens.dk/service/statistik-data-noegletal-og-kort/maanedlig-og-aarlig-energistatistik
https://ens.dk/service/statistik-data-noegletal-og-kort/maanedlig-og-aarlig-energistatistik
https://ens.dk/sites/ens.dk/files/Analyser/basisfremskrivning_2018.pdf
https://ens.dk/sites/ens.dk/files/Bioenergi/perspektiver_for_produktion_og_anvendelse_af_biogas_i_danmark_november_2018.pdf
https://ens.dk/sites/ens.dk/files/Bioenergi/perspektiver_for_produktion_og_anvendelse_af_biogas_i_danmark_november_2018.pdf
https://ens.dk/sites/ens.dk/files/Bioenergi/biogas_og_anden_ve_til_tung_transport.pdf
https://www.enerdata.net/publications/executive-briefing/future-gas-liquid-gtl-industry.html
https://www.enerdata.net/publications/executive-briefing/future-gas-liquid-gtl-industry.html
https://ens.dk/sites/ens.dk/files/Bioenergi/biogas_i_danmark_-_analyse_2014-final.pdf
http://www.ccsassociation.org/why-ccs/affordability/

References

[25] Torben Skott. Biogas kan fa energisystemet til at heenge sammen, 2019. Nyhedsbrev om
forskning i bioenergi, brint & breendselsceller nr. 81 — april 2019.

[26] Energistyrelsen. Samfundsokonomiske beregningsforudscetninger for energipriser og emis-
sioner, maj 2017, 2017. ISBN:978-87-93180-29-1. Accessed: 11/5-2019
https://ens.dk/sites/ens.dk/files/Analyser/samfundsoekonomiske_
beregningsforudsaetninger_2017.pdf.

[27] Skatteministeriet. Mineralolieafgiftsloven, 2019. Accessed 27/5-2019
https://www.skm.dk/skattetal/satser/satser-og-beloebsgraenser/mineralolieafgiftsloven.

[28] Michal Glowacki. Aviation in the EU ETS, 2019. Accessed: 11/5-2019

https://www.emissions-euets.com/carbon-market-glossary/965-aviation-in-the-eu-ets.

[29] IATA. Jet Fuel Price Monitor, 2019. Accessed: 13/5-2019

https://www.iata.org/publications/economics/fuel-monitor/pages/index.aspx.

[30] U.S.Energy Information Administration (EIA). Annual Energy Outlook 2019, 2019. Accessed
12/5-2019
https://www.eia.gov/outlooks/aeo/pdf/aeo2019.pdf.

[31] Business Insider. CO2 European Emission Allowances, 2019. Accessed: 12/5-2019

https://markets.businessinsider.com/commodities/co2-emissionsrechte.

[32] Revisionsfirmaet Kvist & Jensen. Selskabsskat, 2019. Accessed 27/5-2019
https://selskabsskat.dk/.

[33] John Tang. Overskudsvarme: Kortleegning af udnyttet overskudsvarme i fjernvarmen, 2016.
Accessed: 14/5-2019
https://www.danskfjernvarme.dk/groen-energi/analyser/162909-kortlaegning- af-

overskudsvarme.

[34] Lemvig Biogas. Grundleeggende viden om biogas, 2019. Accessed: 4/5-2019
https://lemvigbiogas.com/viden-om-biogas/.

[35] Krithika Narayanaswamy, Perrine Pepiot, and Heinz Pitsch. Jet fuels and fischer-tropsch fu-
els: Surrogate definition and chemical kinetic modeling. In US National Combustion Meet-

ing, pages 19-22, 2013.

[36] Shell. Shell V-Power 100 oktan, 2019. Accessed: 30/4-2019
https://www.shell.dk/motorists/shell-fuels/shell-vpower.html.

41


https://ens.dk/sites/ens.dk/files/Analyser/samfundsoekonomiske_beregningsforudsaetninger_2017.pdf
https://ens.dk/sites/ens.dk/files/Analyser/samfundsoekonomiske_beregningsforudsaetninger_2017.pdf
https://www.skm.dk/skattetal/satser/satser-og-beloebsgraenser/mineralolieafgiftsloven 
https://www.emissions-euets.com/carbon-market-glossary/965-aviation-in-the-eu-ets
https://www.iata.org/publications/economics/fuel-monitor/pages/index.aspx
https://www.eia.gov/outlooks/aeo/pdf/aeo2019.pdf 
https://markets.businessinsider.com/commodities/co2-emissionsrechte
https://selskabsskat.dk/ 
https://www.danskfjernvarme.dk/groen-energi/analyser/162909-kortlaegning-af-overskudsvarme
https://www.danskfjernvarme.dk/groen-energi/analyser/162909-kortlaegning-af-overskudsvarme
https://lemvigbiogas.com/viden-om-biogas/
https://www.shell.dk/motorists/shell-fuels/shell-vpower.html

References

[37] Wikipedia contributors. Heat of combustion — Wikipedia, The Free Encyclopedia, 2019. Ac-
cessed 30/4-2019
https://en.wikipedia.org/wiki/Heat_of combustion.

[38] National Center for Biotechnology Information. Undecane, 2019. PubChem Database
CID=14257. Accessed: 30/4-2019
https://pubchem.ncbi.nlm.nih.gov/compound/Undecane.

[39] Shell. Civil Jet Fuel, 2019. Accessed: 30/4-2019
https://www.shell.com/business-customers/aviation/aviation-fuel/civil-jet-fuel-

grades.html.

[40] Exchange Rates UK. US Dollar to Danish Krone Spot Exchange Rates for 2010, 2010. Ac-
cessed: 3/5-2019
https://www.exchangerates.org.uk/USD-DKK-spot-exchange-rates-history-2010.html.

[41] Exchange Rates UK. US Dollar to Danish Krone Spot Exchange Rates for 2011, 2011. Ac-
cessed: 3/5-2019
https://www.exchangerates.org.uk/USD-DKK-spot-exchange-rates-history-2011.html.

[42] Danmarks Statistik. Nettoprisindeks, 2019. Accessed: 3/5-2019
https://www.dst.dk/da/Statistik/emner/priser-og-forbrug/forbrugerpriser/

nettoprisindeks.

[43] Finansministeriet. Vejledning i samfunds okonomiske konsekvensvurderinger, 2017. ISBN:
978-87-93531-20-8.

[44] YunusA Cengel and Michael A Boles. Thermodynamics: An Engineering Approach. McGraw-
Hill, 2008.

[45] William L Luyben. Design and control of the dry methane reforming process. Industrial &
Engineering Chemistry Research, 53(37):14423-14439, 2014.

[46] Planete Energies. The Three Stages of Refining, 2015. Accessed: 8/5-2019

https://www.planete-energies.com/en/medias/close/three-stages-refining.

[47] Mohamed A Al-Nakoua and Muftah H El-Naas. Combined steam and dry reforming of
methane in narrow channel reactors. international journal of hydrogen energy, 37(9):7538-
7544, 2012.

[48] Nick Bjorn Andersen, Thomas Rump, and Bjarke Hansen. Varme stdbi. Nyt teknisk forlag,
2015.

42


https://en.wikipedia.org/wiki/Heat_of_combustion 
https://pubchem.ncbi.nlm.nih.gov/compound/Undecane
https://www.shell.com/business-customers/aviation/aviation-fuel/civil-jet-fuel-grades.html
https://www.shell.com/business-customers/aviation/aviation-fuel/civil-jet-fuel-grades.html
https://www.exchangerates.org.uk/USD-DKK-spot-exchange-rates-history-2010.html
https://www.exchangerates.org.uk/USD-DKK-spot-exchange-rates-history-2011.html
https://www.dst.dk/da/Statistik/emner/priser-og-forbrug/forbrugerpriser/nettoprisindeks
https://www.dst.dk/da/Statistik/emner/priser-og-forbrug/forbrugerpriser/nettoprisindeks
https://www.planete-energies.com/en/medias/close/three-stages-refining

References

[49] Jonas Baltrusaitis and William L Luyben. Methane conversion to syngas for gas-to-liquids
(gtl): is sustainable co2 reuse via dry methane reforming (dmr) cost competitive with smr
and atr processes? ACS Sustainable Chemistry & Engineering, 3(9):2100-2111, 2015.

[50] Dominik Unruh, Kyra Pabst, and Georg Schaub. Fischer- tropsch synfuels from biomass:
maximizing carbon efficiency and hydrocarbon yield. Energy & Fuels, 24(4):2634-2641,
2010.

[51] Josh Spero and Rochelle Toplensky. Leaked EU report boosts case for jet fuel tax, 2019. Ac-
cessed 16/5-2019
https://www.ft.com/content/1ce24798-733b-11e9-bbfb-5c¢68069fbd15.

[52] Dansk Energy. Gassystemets fremtid og udfasning af naturgas, 2015. Accessed: 13/5-2019
https://www.danskenergi.dk/sites/danskenergi.dk/files/media/dokumenter/2017-
08/Analyse%20nr.%2017%20Gassystemets%20fremtid%200g%20udfasning%20af%
20naturgas.pdf.

[53] Energistyrelsen. Liste over biogasanleeg i Danmark, 2017. Accessed 15/5-2019
https://ens.dk/sites/ens.dk/files/Bioenergi/liste_over_biogasanlaeg.marts17.pdf.

[54] Torkild Birkmose, Kurt Hjort-Gregersen, Jorgen Hinge, and Rita Herfarter. Kortlegning af
hensigtsmeessig lokalisering af nye biogasanleeg i Danmark, 2015. Accessed 15/5-2019
https://www.landbrugsinfo.dk/Oekologi/biogas/Sider/Rapport_om_hensigtsmaessig_
placering_af biogasanlaeg i_Danmark_pl_16_2793_b1.pdf.

[55] Fjernvarme Fyn. Produktionsanlceg pid Havnegade, 2019. Accessed 15/5-2019

https://www.fjernvarmefyn.dk/om-fjernvarme-fyn/produktionsanlaeg/havnegade/.

[56] Jan K. Jensen. Gassystemet, 2019. Accessed 27/5-2019
https://www.gasfakta.dk/gas-i-danmark/gassystemet.

[57] Dansk Restprodukt Handtering. Alle forbreendingsanleeg i Danmark, 2019. Accessed 30/5-
2019
http://www.drh-amba.dk/forbraendingsanlaeg/dealerslist.

[58] Jonas Hoen. Omlcegning af naturgasnet til biogasnet. Biogas anvendt til boligopvarmning,
2018. Accessed 16/5-2019
https://www.dgc.dk/sites/default/files/filer/publikationer/R1801_oml%c3%a6gning
naturgasnet_biogasnet.pdf.

[59] Greyrock. About Our Company, 2019. Accessed 1/6-2019
http://www.greyrock.com/about/.

43


https://www.ft.com/content/1ce24798-733b-11e9-bbfb-5c68069fbd15
https://www.danskenergi.dk/sites/danskenergi.dk/files/media/dokumenter/2017-08/Analyse%20nr.%2017%20Gassystemets%20fremtid%20og%20udfasning%20af%20naturgas.pdf
https://www.danskenergi.dk/sites/danskenergi.dk/files/media/dokumenter/2017-08/Analyse%20nr.%2017%20Gassystemets%20fremtid%20og%20udfasning%20af%20naturgas.pdf
https://www.danskenergi.dk/sites/danskenergi.dk/files/media/dokumenter/2017-08/Analyse%20nr.%2017%20Gassystemets%20fremtid%20og%20udfasning%20af%20naturgas.pdf
https://ens.dk/sites/ens.dk/files/Bioenergi/liste_over_biogasanlaeg.marts17.pdf
https://www.landbrugsinfo.dk/Oekologi/biogas/Sider/Rapport_om_hensigtsmaessig_placering_af_biogasanlaeg_i_Danmark_pl_16_2793_b1.pdf
https://www.landbrugsinfo.dk/Oekologi/biogas/Sider/Rapport_om_hensigtsmaessig_placering_af_biogasanlaeg_i_Danmark_pl_16_2793_b1.pdf
https://www.fjernvarmefyn.dk/om-fjernvarme-fyn/produktionsanlaeg/havnegade/ 
https://www.gasfakta.dk/gas-i-danmark/gassystemet 
http://www.drh-amba.dk/forbraendingsanlaeg/dealerslist
https://www.dgc.dk/sites/default/files/filer/publikationer/R1801_oml%c3%a6gning_naturgasnet_biogasnet.pdf
https://www.dgc.dk/sites/default/files/filer/publikationer/R1801_oml%c3%a6gning_naturgasnet_biogasnet.pdf
http://www.greyrock.com/about/

References

[60] Louise Goding, Mikael Andersson-Franko, and Carl Johan Lagerkvist. Preferences for bio jet
fuel in sweden: The case of business travel from a city airport. Sustainable Energy Technolo-
gies and Assessments, 29:60-69, 2018.

[61] Carl Koopmans and Rogier Lieshout. Airline cost changes: To what extent are they passed

through to the passenger? Journal of Air Transport Management, 53:1-11, 2016.

[62] Lafayette College and University of Colorado Boulder, Department of Chemical & Biological
Engineering. Aspen Plus: Reactor Example Problem, 2014. Accessed: 8/5-2019
https://www.youtube.com/watch?v=_DOdIUDI-kI.

[63] Wikipedia contributors. Barrel of oil equivalent — Wikipedia, The Free Encyclopedia, 2019.
Accessed 28/5-2019
https://en.wikipedia.org/wiki/Barrel_of oil_equivalent.

44


https://www.youtube.com/watch?v=_DOdlUDI-kI
https://en.wikipedia.org/wiki/Barrel_of_oil_equivalent 

Appendices

A Aspen Plus configuration

The thermodynamic property model NRTL-HOC (non-random two-liquid model with Hayden
O’Connell vapor fugacity coefficient) is used for the Aspen Plus model [62]. R-GIBBS reactors in
Aspen Plus use Gibbs energy minimisation for the reactions. Theory about Gibbs energy min-
imisation can be found from Y. A. Cengel and M. A. Boles[44].

Table A1: List of available products and reactants in the Aspen Plus model.

Number Component name

HYDROGEN
OXYGEN
NITROGEN
WATER

CcO

CO2
METHANE
UNDECANE
OCTANE
PROPANE
BUTANE

© 0 N O s W N -

—_ =
- O
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Table A2: Overview if the configuration of the main blocks in Aspen Plus. Possible products refers to
table table A1. The base method used in the simulation is NRTL-HOC [62].

Reformer (R-GIBBS) [7]

Temperature [°C] 900
Pressure [bar] 20
Possible products [1:11]

Fischer-Tropsch reactor [5, ch. 4]:

Jet fuel (R-GIBBS)

Temperature [°C] 200
Pressure [bar] 10
Possible products [1,4,6,8]
Motor gasoline (R-GIBBS)
Temperature [°C] 200
Pressure [bar] 10
Possible products [1,4,6,9]
Other products (R-GIBBS)
Temperature [°C] 200
Pressure [bar] 10
Possible products [1,4,6,10,11]

Syngas splitter (F-SPLIT)

Jet fuel (fraction) 59%
Motor gasoline (fraction) 35%
Other products (fraction) 6%

Heat exchangers for DH (gas-to-liquid)

Hot/cold temperature difference [K] 15
DH hot temperature [°C] 70
DH pressure [bar] 5

Heat exchangers for DH (liquid-to-liquid)

Hot/cold temperature difference [K] 10
DH hot temperature [°C] 70
DH pressure [bar] 5

Reformer heater (R-GIBBS)

Temperature [°C] 1150
Pressure [bar] 1

Air (stream)

Nitrogen (fraction) 79%
Oxygen (fraction) 21%
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B Calcuation of optimal H2:CO ratio

How the molar fraction in the syncrude is calculated based on the molar masses and mass frac-

tion in the syncrude.
mass%

M
moles/ton,,

moles/ton,,, =

mole% =
moles/ton,,

This gives:

C,H 09% 3782 moles/t
: = moles/ton
124 156 ton/Mmol

35%
CgHys: =3070 moles/ton
114 ton/Mmol
3782 moles/ton
=55%
6852 moles/ton

3070 moles/ton
6852 moles/ton

Ci1Hay:

=45%

C8H18 :

Calculation of optimal ratio of the evaluated syncrude with the above composition: As we are
only working with alkanes with the chemical formula C,H,,,, and as we want to convert all of
the carbon in the CO into useful products (in theory), the number of H, should be two times
the amount CO plus one. This is to remove the amount of excess H,. This means that all the
hydrogen that does not go into the hydrocarbons reacts with the oxygen from the CO and makes

water. This gives:

C11H24: nH2:2'11+1:23H2
C8H18: nH2:2'8+1:17H2

When the optimal H,:CO ratio is calculated and weighted we get:

23H
Cy Hyy: ﬁ =2.0909

17H,
8CO
weighted: 55%-2.0909 + 45% - 2.125 = 2.1062

-=2.125

C8H18 .

So the optimal ratio is 2.1062 when the simplification current simplification is made.
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C Pre-study supplements

53.50%

53.00%

52.50%
52.00%
51.50%
51.00%
50.50%

60/40 55/45 Optimum 50/50 45/55

Figure C1: Product efficiency for different setups with varying CH4:CO2 ratio. The optimal feed ratio is
found from user defined blocks and has the label Optimal which is 51:49 CH4:CO2.

C.1 Electrical work in the GTL plant

SET UP: A pump is inserted to compress the water to the be equal to the pressure in the reformer
(20 bar). The pressure at the syngas separation unit is lowered to just above atmospheric pressure
(1.2 bar) to simulate a PSA unit and it is then raised again to the pressure in the Fischer-Tropsch
reactor (10 bar).

The differences between the model with and without the pump work included are:

A pump before the reformer raising the pressure of the water from 1 bar to 20 bar.

A valve in relation to the syngas conditioning at 1.2 bar (slightly above atmospheric pres-

sure.

Additional pump work before the Fischer-Tropsch synthesis section to increase it to 10 bar.

The energy from the separation unit is included in the pump work model and not in the
other one.

Comparing the results with and without pumps, compressors, and separation shows that the
change of the efficiency is minor and they do not constitute a significant energy consumption
in the overall GTL process. See the comparison in Figure C2. This justifies the simplification of

neglecting the energy consumption of the pumps and compressors in the system.
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With pump and separation Without pump and separation

Figure C2: Effects on efficiency of pumps. compressors, and separation in the Aspen Plus models. Left
column shows the efficiency with, and right without.
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D Plant size calculation

The size of the plant is calculated on the assumption that it should run constantly throughout
the whole year. One bbl is equivalent to 5.4 GJ [63]. The total liquid energy production when the
total aviation industry should have the jet fuel demand covered is 69.6 P] per year. This gives

69.6 PJ/yr  10° GJ/PJ
365 days/yr 5.4 GJ/bbl

plant size = =33,790 bbl/day (8)

So for a one plant solution the capacity of the plant should be 33,790 bbl/day to meet the Danish

demand for bio jet fuel.

50



E District heating calculations

E.1 Baseload of district heating areas

To calculate the base load for district heating areas where the only available data is the total an-
nual heat production, the total annual heat production divided by the minimum heat delivery
during the year for Fjernvarme Fyn [19]. The total production in 2014 was 2,560,786 MWh, the
minimum hour heat production was 58.91 MWh.

_ 2,560,786 MWh
~ 58.91 MWh/h

=43,466.96 h 9)

With this ratio the base load of a given city can be calculated by dividing the total yearly heat
production in MWh by R.

E.2 Heat production from scenarios

The hourly heat production from the scenarios are calculated as

Eyear [PI/YI‘]

3.6-10-5 [PJ/MWh]-8760 [h/yr] ({10)

Pheat [MW] =
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F District heating base load in Denmark

In 2017 the total Danish district heating sector produced 135 PJ [15]. To find the annual base
load, the value must be converted to MWh to be able to use relation for the base load found from

Fjernvarme Fyn in Appendix E.1.

135 P
Ann. DK tot. [MWh] = J =37,500,000 MWh (11)
3.6-10-6 PJ/MWh
The base load is
37,500,000 MWh
Base load [MW] = =862.7 MW (12)
43,466.96 h

The annual base load is then
Ann. base load [MWh]=2862.7 MW-8760 h=7,557,464.34 MWh (13)
Converting back to a value in PJ, the annual base load is
Ann. base load [P]] = 7,557,464.34 MWh - 3.6 - 10~°P]/MWh = 27.2069 (14)

So, the annual base load in the entire country of Denmark is 27.21 PJ when it is scaled after the

profile of Fjernvarme Fyn in Odense.
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G Jetfuel price calculation

CAPEX:

The jet fuel price composition is calculated based on investment cost of 62,000 USD/bpd (2010)
[5].

With 5.4 GJ /bbl this gives 282704 — 11481 USD/GJ.

Converted into DKK by the avg. exchange rate in 2010, 5.6186 DKK/USD [40], this is 64,510
DKK/G]J/day equivalent to 177 DKK/G]J/year.

With the net price index the 2019/2010 factor is 1.117647 [42] giving 198 DKK/GJ/day (2019).

Amortised over 25 years at 12% IR it is 25 DKK/GJ/year.

OPEX:

OPEXis 8.7 USD/G]J (2011).
Average exchange rate in 2011 was 5.3552 DKK/USD [41].
2019/2011 ratio is 1.090329. This gives

8.7 USDZOIl/G] * 5.3552 DKKZOII/USDZOII * 1.090329yr2019/y1‘2011

OPEX =
5.4 GJ/bbl

(15)

Fuel cost:

Ranging from 70-190 DKK/G]J.

As the above prices are for the output this needs to be converted to be relatable to the output as
well. Done by division by the efficiencies for the respective scenarios: biogas =52%, biomethane
= 45%, and biomethane and CO2 = 53%.

CO2 cost:

The used price for CO2 is 600 DKK/ton.
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The wight of methane is the LH V! =[50 MJ/kg]~! = 20 kg/G]J.

. C
The molar mass ratio g2 = 14 =2.8.
4

The price at a 50/50 blend is then,

CO2 cost = 0.6 DKK/kg- 20 kg/GJ ¢, - 2.8 Mo/ M4 = 33 DKK/G ¢4 (16)
This is divided by the efficiency of the biomethane and CO2 scenario, which yields
33 DKK/GJ,
COZCDSI = 53% :62'1 DKK/GIOMtlet' (17)

District heating sales:

From the models the DH heating output per liquid product output (district heating efficiency to

product efficiency ratio) was found to be

0.70 Glppn,,,/Gloutpur (biogas)

out

0.86 Glpp,,,/Gloutpur (biomethane)

out

0.66 Glpp,,,/Glouspur (biomethane and CO2)

The average remuneration is 141 DKK/MWh equal to 40.7 DKK/G]J [33]. The district heating in-

come is then calculated as:

DHincome, biogas =
DHincome, biomethane —

DHincome, biomethane+C02 —

40.7 DKK/G

/Glor -55% =29 DKK/GJ, (18)
0.70 G]DH/GIDut
40.7 DKK/G

/Glon_, 12% =4 DKK/GJ, ,, (19)
086 G]DH/GIOLLI
40.7 DKK/G

/Glon_ 15% =4 DKK/GJ, (20)

0.66 G]DH/G]out

Where the percentages refer to the discussion in the report (section 7.2.2).

Converting into MW, ,

The above prices per GJ,,;,,; can be converted into MWh;,,,,,,, by multiplying by 3.6, since 3.6 GJ
is 1 MWh. For the CAPEX the cost should be further multiplied by 8760 h/yr, to give the CAPEX

per installed capacity in MW.
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H Subsidies required to give a positive NPV for the three scenar-

108

0
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o o o o o
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—NPV: Biogas NPV: Biomethane = —NPV: Biomethane and CO2

Figure H1: Business economic NPV with a subsidy of 48.42 DKK/GJ on the feed making the biogas
scenario feasible.
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Figure H2: Business economic NPV with a subsidy of 98.79 DKK/GJ on the feed making the biogas and
biomethane scenarios feasible.
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Figure H3: Business economic NPV with a subsidy of 118.78 DKK/GJ on the feed making all three
scenarios feasible.
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I Gas system in Denmark

The capacity of the Danish gas transmission system is 8 billion Nm? per year. With an LHV of

39.66 MJ/Nm? the annual energy capacity of the system can be calculated to
8 bNm?-39.66MJ/NM?>- 107°PJ/GJ] =317.28PJ (21)

So each year 317.28 PJ can be transmitted through the natural gas grid transmission system. For

the large distribution pipes, it is reasonable to assumed it is around half of this [56].
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J Biogas plants in Denmark

Anlag
Kapasitetsberegning

- Eksisterende anlaeg

- Planlagte anleeg

Husdyrgedning tons terstof
5 km grid celler

I 4 000 til 9.250
I 2.000 til 4.000

1.000 til 2.000
500 til 1.000
0 tii 500

Potentielle nye biogas anlag

[prioritet 1-8

Prioritet 9-20

@.

Figure J1: Present and planned biogas plants in Denmark. The figure is taken from the report Kortlaegn-
ing af hensigtsmaessig lokalisering af nye biogasanlaeg i Danmark, p. 5 [54, p. 5].
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K Heat streams before and after heat exchange

Figure K1 show the hot and cold streams in the Aspen Plus model of the reformer and the Fischer-

Tropsch synthesis reactor before heat exchange.

Hot streams Cold streams
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o
°
=
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o
5
[
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0

Syngas Fluegas Cooling Syncrude Water liquid Water vapor
water (20 bar) (20 bar)

Figure K1: Hot at cold streams before heat exchange.

Common for all of the three scenarios is that the heat recuperation help eliminate the need
for any additional pre-heating. The temperatures of the hot streams after the internal heat ex-
change vary where they are lowest in the optimal biomethane and CO, scenario and highest in
the biomethane scenario. The heat streams after heat recuperation are exemplified in Figure K2
for the biogas scenario where they are as shown in Figure K1 before. That s, all of the heat streams

posses a potential for delivering district heating. The same goes for the other two scenarios.
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Figure K2: Hot and cold streams after heat exchange and before district heating.
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L Stoichiometric calculations vs. Aspen Plus simulation

Properties

Thermodynamic and chemical properties
Molar mass [g/mol] LHV [MJ/kg] LHV [kJ/mol]

H2 2 120.0 239.9
02 16 0.0 0.0
Cco 28 10.1 282.8
Co2 44 0.0 0.0
H20 (g) 18 0.0 0.0
CH4 16 50.0 800.1
C11H24 156.3 44.2 6907.5
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Ratio 1:0

Steam methane reforming

Reaction: 11 CH4 + 11 H20 ---> 11 CO + 33 H2

Energy [kJ] 8802 + 0 —> 3111 + 7917

Heatoutfo]  [NNEZEEA

AP Heat duty [Watt -619

AP Energy [kl] -2228

Rel. difference 0.1%

Jet Fuel production, Fischer-Tropsch:

Reaction: 11CO + 33 H2 --> 1 C11H24 + 11 H20 + 10 H2
Energy [K)] 3111 + 7917 6908 0 2399
Heatoutfo] [T

AP Heat duty [Watt 479

AP Energy [kJ] 1724

Rel. difference 0.2%
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Ratio 3:1

Carbon input: 11 0.772725 H2:CO
2.1
Reaction: 8.499975 CH4 + 2.5 CO2 + 6.0 H20 ---> 11 CO + 23.0 H2
Energy [kJ] 6801 + 0 + 0 --> 3111 + 5518
Heat out [kJ] _
AP Heat duty [Watt -509
AP Energy [kJ] -1833
Rel. difference 0.3%
Reaction: 11 CO + 23 H2 > 1.0 C11H24 + 11 H20 + 0 H2 + 0.0 CO2
Energy [K)] 3111 + 5518 6908 0 0 0
Heat out [kJ] _
AP Heat duty [Watt 481
AP Energy [kJ] 1732

Rel. difference 0.6%
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Ratio 3:2

Carbon input: 15

Steam methane reforming

Reaction: 9 CH4 + 6 CO2 + 3 H20 ---> 15 CO + 21 H2
Energy [kJ] 7201 + 0 + 0 -—-> 4242 + 5038
Heatoutk  [INEZOTS

AP Heat duty [Watt -581

AP Energy [kJ] -2092

Rel. difference 0.6%

Jet Fuel production, Fischer-Tropsch:

Reaction: 15 CO + 21 H2 ---> 1Cl11H24 + 8 H20 + 0 H2 + 3 CO2
Energy [kJ] 4242 + 5038 7322 0 0 0
Hestoutfia]  [NESEH

AP Heat duty [Watt 546

AP Energy [kJ] 1964

Rel. difference 0.3%
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Ratio 1:1

Carbon input: 17

Steam methane reforming

Reaction: 8.5 CH4 + 8.5 CO2 + 0 H20 --> 17 CO + 17 H2

Energy [kJ] 6801 + 0 + 0 -—-> 4808 + 4079

Heatout(lc]  [NNEZ0ES

AP Heat duty [Watt -583

AP Energy [kJ] -2099

Rel. difference 0.7%

Jet Fuel production, Fischer-Tropsch:

Reaction: 17 CO + 17 H2 ---> 1Cl1H24 + 5 H20 + 0 H2 + 6 CO2
Energy [kJ] 4808 + 4079 6908 0 0 0
Hestoutfo]  [NNEO7S

AP Heat duty [Watt 546

AP Energy [kJ] 1966

Rel. difference 0.7%
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Results

CH4:C02 1:.0SMR 1:.0FT 3:1SMR  3:1FT 3:2SMR  3:2FT 1:1SMR  1:1FT

LHV calculation 2227 -1721 1828 -1721 2079 -1958 2085 -1979
Aspen Plus 2228 -1724 1833 -1732 2092 -1964 2099 -1966
Relative difference 0.1% 0.2% 0.3% 0.6% 0.6% 0.3% 0.7% 0.7%

Verification of Aspen Plus

1:0 1.0 3:1 3:1 3:2 3:2 1:1 1:1
SMR FT SMR FT SMR FT SMR FT

3000 3.0%
=
= 1000 I l l I 1.0%
3 1000 l l I I 1.0%
%-3000 3.0%
Q
c
L

B LHV calculation m Aspen Plus m Relative difference
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M Extracted Aspen Plus results with calculations

Prerequisites

Hydrogen
Lower heating value

co
Lower heating value

Methane
Lower heating value

Molar weight

Undecane (C11H24)
Lower heating value

Molar weight

Octane (C8H18)
Lower heating value

Molar weight

Production and potential
Biogas 2017 [PJ]

Biogas potential [PJ]

Bionatural gas 2017 [PJ]
Bionatural gas potential [PJ]
Biogas future potential [PJ]
Bionatural gas future potential

BIOGAS

241.8 ki/mol ; MJ/kmol

283.0 k/mol ; MJ/kmol

802.7 kJ/mol ; MJ/kmol
50.0 Mi/kg
16.0 kg/kmol;ton/Mmol

11.0
6908.0 kJ/mol ; MJ/kmol
44.2 Mi/kg
156.0 kg/kmol;ton/Mmol

8.0
5074.9 kJ/mol ; MJ/kmol
44.4 Mi/kg
114.0 kg/kmol;ton/Mmol

11.158

50

5.13

80

100
166.6666667
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Results, Biogas

Inputs

HOURLY
Methane consumption (CH4) Amount [kmol/hour)
SMR-heater 9058.9
SMR 13190.7
SUM 22249.6
ENERGY [TJ/hour]
SMR-heater 7.27
SUM heating 7.27
SMR 10.59
SUM total methane 17.86

Extra energy requirements

Name SEPA

Heat duty [Watt] 0
Energy [TJ/hour] 0
Energy [PJ/year] 0
SUM SMR [PJ/year] 0.00
SUM FT [PJ/year] 0

Total energy input
[TJ/hour]
Total energy input 17.86

YEARLY
Amount [Mmol/year]

[PJ/year]

[P)/year]

BIOGAS

79355.92
115550.18
194906.10

63.70
63.70

92.75
156.45

156.45

Recycled tail gas [P)/year]

41.82

134.57

Recycled tail gas [P)/year]
134.57
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Outputs

Steam methane reforming
BEFORE SEPARATION
HOURLY
[kmol/hour]
HYDROGEN
OXYGEN trace
NITROGEN
WATER
co
C02
METHANE
UNDECANE trace
OCTANE trace
PROPANE trace
BUTANE trace
SUM

AFTER SEPARATION

PRODUCTS HOURLY
[kmol/hour]

HYDROGEN

OXYGEN

NITROGEN

WATER

(0]

CO2

METHANE

UNDECANE

OCTANE

PROPANE

BUTANE

34,532

22,593
13,765
7,103
1,116

79,109.727

28,992

13,765

HOURLY
[TJ/hour]

HOURLY
[TJ/hour]

BIOGAS

YEARLY
[Mmol/year]
8.35 302502.51

197915.06

3.90 120581.72
62222.80

0.90 9779.13

13.14 693001.21

YEARLY
[Mmol/year]
7.01 253969.21

0.00
3.90 120581.72
0.00
0.00 0.00

YEARLY
[PJ/year]

73.15

34.12

7.85

115.13

YEARLY
[P)/year]

61.42

34.12

0.00
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BIOGAS

SUM 42,756.955 10.91 374550.93 95.54

AFTER SEPARATION

WASTE HOURLY HOURLY YEARLY YEARLY
[kmol/hour] [TJ/hour] [Mmol/year]  [PJ/year]

HYDROGEN 5,540 1.34 48533.30 11.74

OXYGEN

NITROGEN

WATER 22,593 197915.06

(0] 0.00 0.00 0.00

CO2 7,103 62222.80

METHANE 1,116 0.90 9779.13 7.85

UNDECANE

OCTANE

PROPANE

BUTANE

SUM 36,352.772 2.24 318450.28 19.59

Performance stats

H20 input [kmol] 25000.00 Share:

CH4 input [kmol] 13190.66 60%
CO2 input [kmol] 8793.77 40%
H20:C 1.14

H2 output [kmol] 34532.25

CO output [kmol] 13765.04

H2:CO 2.51

CO2 output [kmol] 7103.06

CO output [kmol] 13765.04

C02:CO 0.52

CH4 output [kmol] 1116.34
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Total molar output [kmol]
CH4 mol%

Carbon efficiency

FISCHER-TROPSCH REACTOR
OUTPUT [kmol/hour]
HYDROGEN

OXYGEN

NITROGEN

WATER

(e(0]

CO2

METHANE

UNDECANE

OCTANE

PROPANE

BUTANE

Carbon efficiency
Total carbon efficiency

Energy output

[TJ/hour]
UNDECANE
OCTANE

Energy efficiency SMR input
UNDECANE

OCTANE

TOTAL

79109.73
1%

63%

1083.519

12262.916

338.109

720.49
584.45

92%
57%

4.98
2.97

47%
28%
75%

BIOGAS

[Mmol/year] C-atoms Output molar 1 Energy [TJ/hot Energy [PJ/year]
0.26 2.30
6312 11 55% 4.98 43.60
5120 8 45% 2.97 25.98
[PJ/year]
43.60
25.98
Product efficiency Product efficiency with recycling
28% 32%
17% 19%
44% 52%
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District heating output
District heating exchanger
Heat duty [W]

Energy [TJ/hour]

Energy [PJ/year]

SUM SMR [PJ/year]

SUM FT [PJ/year]

Energy efficiency incl. DH
With methane recycling

Heat exchangers
Name

Heat duty [Watt]
Energy [TJ/hour]
Energy [PJ/year]

SUM SMR [PJ/year]
SUM FT [PJ/year]

Losses

Losses in reformer

Losses in Fischer-Tropsch reactor

DH1

280235739
1.00884866
8.837514265
30.63790657
17.58514037

Total efficiency
75%
88%

DH1
280235739
1.00884866
8.837514265

27.93

[PJ/year]
10.69
6.08

BIOGAS

DH2 DH3 SUM
691285905 557621143 1529142787
2.488629258 2.007436115 5.504914033
21.8003923  17.58514037 48.22304693

DH Efficiency

31%
36%
DH2 DH3 ECO
691285905 557621143 137787540
2.488629258 2.007436115 0.496035144
21.8003923 17.58514037 4.345267861

EVA FEEDSUP1 FEEDSUP2
311471263 104907260 88670616.7
1.121296547 0.377666136 0.31921422

9.82255775 3.308355351 2.796316568
PRODHEAT  SG-HEAT SUP
41972172.1 38898832.5 161917223
0.15109982 0.140035797 0.582902003
1.323634419 1.226713582 5.106221545
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Prerequisites

Hydrogen
Lower heating value

co
Lower heating value

Methane
Lower heating value

Molar weight

Undecane (C11H24)
Lower heating value

Molar weight

Octane (C8H18)
Lower heating value

Molar weight

Production and potential
Biogas 2017 [PJ]

Biogas potential [PJ]

Bionatural gas 2017 [PJ]
Bionatural gas potential [PJ]
Biogas future potential [PJ]
Bionatural gas future potential [P.

BIOMETHANE

241.8 ki/mol ; MJ/kmol

283.0 k/mol ; MJ/kmol

802.7 kJ/mol ; MJ/kmol
50.0 Mi/kg
16.0 kg/kmol;ton/Mmol

11.0
6908.0 kJ/mol ; MJ/kmol
44.2 Mi/kg
156.0 kg/kmol;ton/Mmol

8.0
5074.9 kJ/mol ; MJ/kmol
44.4 Mi/kg
114.0 kg/kmol;ton/Mmol

11.158

50

5.13

80

100
166.6666667



172

BIOMETHANE

Results, Biomethane

Inputs
HOURLY YEARLY Recycled tail gas [PJ/year]
Methane consumption (CH4) Amount [kmol/hour) Amount [Mmol/year]
SMR-heater 13116.5 114900.40
SMR 21352.3 187046.16
SUmMm 34468.8 301946.56
ENERGY [TJ/hour] [PJ/year]
SMR-heater 10.53 92.23
SUM heating 10.53 92.23 3.10
SMR 17.14 150.14
SUM total methane 27.67 242.37 153.24

Extra energy requirements

Name SEPA

Heat duty [Watt] 0
Energy [TJ/hour] 0
Energy [PJ/year] 0
SUM SMR [PJ/year] 0.00
SUM FT [PJ/year] 0
Total energy input

[TJ/hour] [P)/year] Recycled tail gas [PJ/year]

Total energy input 27.67 242.37 153.24
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Outputs

Steam methane reforming
BEFORE SEPARATION
HOURLY
[kmol/hour]
HYDROGEN
OXYGEN trace
NITROGEN
WATER
co
C02
METHANE
UNDECANE trace
OCTANE trace
PROPANE trace
BUTANE trace
SUM

AFTER SEPARATION

PRODUCTS HOURLY
[kmol/hour]

HYDROGEN

OXYGEN

NITROGEN

WATER

(0]

CO2

METHANE

UNDECANE

OCTANE

PROPANE

BUTANE

61,886

29,320
13,765
5,148
2,439

112,558.682

28,992

13,765

HOURLY
[TJ/hour]

HOURLY
[TJ/hour]

BIOMETHANE

YEARLY
[Mmol/year]
14.97 542123.40

256844.50

3.90 120581.62
45094.64

1.96 21369.90

20.82 986014.05

YEARLY
[Mmol/year]
7.01 253969.00

0.00
3.90 120581.62
0.00
0.00 0.00

YEARLY
[PJ/year]

131.10

34.12

17.15

182.38

YEARLY
[PJ/year]

61.42

34.12

0.00



9L

BIOMETHANE

SUM 42,756.920 10.91 374550.62 95.54

AFTER SEPARATION

WASTE HOURLY HOURLY YEARLY YEARLY
[kmol/hour] [TJ/hour] [Mmol/year]  [PJ/year]

HYDROGEN 32,894 7.95 288154.40 69.68

OXYGEN

NITROGEN

WATER 29,320 256844.50

(0] 0.00 0.00 0.00

CO2 5,148 45094.64

METHANE 2,439 1.96 21369.90 17.15

UNDECANE

OCTANE

PROPANE

BUTANE

SUM 69,801.762 9.91 611463.44 86.84

Performance stats

H20 input [kmol] 25000.00 Share:

CH4 input [kmol] 21352.30 100%
CO2 input [kmol] 0.00 0%
H20:C 1.17

H2 output [kmol] 61886.23

CO output [kmol] 13765.03

H2:CO 4.50

CO2 output [kmol] 5147.79

CO output [kmol] 13765.03

C02:CO 0.37

CH4 output [kmol] 2439.49
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Total molar output [kmol]
CH4 mol%

Carbon efficiency

FISCHER-TROPSCH REACTOR
OUTPUT [kmol/hour]
HYDROGEN

OXYGEN

NITROGEN

WATER

(e(0]

CO2

METHANE

UNDECANE

OCTANE

PROPANE

BUTANE

Carbon efficiency
Total carbon efficiency

Energy output

[TJ/hour]
UNDECANE
OCTANE

Energy efficiency SMR input
UNDECANE

OCTANE

TOTAL

112558.68
2%

64%

1083.518

12262.906

338.108

720.49
584.45

92%
59%

4.98
2.97

29%
17%
46%

BIOMETHANE

[Mmol/year] C-atoms Output molar 1 Energy [TJ/hou Energy [PJ/year]
0.26 2.30
6312 11 55% 4.98 43.60
5120 8 45% 2.97 25.98
[PJ/year]
43.60
25.98
Product efficiency Product efficiency with recycling
18% 28%
11% 17%
29% 45%
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District heating output
District heating exchanger
Heat duty [W]

Energy [TJ/hour]

Energy [PJ/year]

SUM SMR [PJ/year]

SUM FT [PJ/year]

Energy efficiency incl. DH
With methane recycling

Heat exchangers
Name

Heat duty [Watt]
Energy [TJ/hour]
Energy [PJ/year]

SUM SMR [PJ/year]
SUM FT [PJ/year]

Losses

Losses in reformer

Losses in Fischer-Tropsch reactor

DH1

361514893
1.301453615
11.40073367
41.29532107
17.58512595

Total efficiency
53%
84%

DH1
361514893
1.301453615
11.40073367

39.81

[PJ/year]
18.70
6.08

BIOMETHANE

DH2
947951148
3.412624133
29.8945874

DH Efficiency
24%
38%

DH2
947951148
3.412624133
29.8945874

DH3 SUM
557620686 1867086727
2.00743447 6.721512217

17.58512595 58.88044702

DH3 ECO
557620686 223042746
2.00743447 0.802953886

17.58512595 7.033876038

EVA FEEDSUP1 FEEDSUP2
504192220 91736972.2 104699840
1.815091992 0.3302531 0.376919424
15.90020585 2.893017155 3.301814154
PRODHEAT  SG-HEAT SUP
41972138.5 34607774 262102524
0.151099699 0.124587986 0.943569086
1.32363336 1.091390761 8.265665197
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Prerequisites

Hydrogen
Lower heating value

co
Lower heating value

Methane
Lower heating value

Molar weight

Undecane (C11H24)
Lower heating value

Molar weight

Octane (C8H18)
Lower heating value

Molar weight

Production and potential
Biogas 2017 [PJ]

Biogas potential [PJ]

Bionatural gas 2017 [PJ]
Bionatural gas potential [PJ]
Biogas future potential [PJ]
Bionatural gas future potential [P.

BIOMETHANE AND CO2

241.8 ki/mol ; MJ/kmol

283.0 k/mol ; MJ/kmol

802.7 kJ/mol ; MJ/kmol
50.0 Mi/kg
16.0 kg/kmol;ton/Mmol

11.0
6908.0 kJ/mol ; MJ/kmol
44.2 Mi/kg
156.0 kg/kmol;ton/Mmol

8.0
5074.9 kJ/mol ; MJ/kmol
44.4 Mi/kg
114.0 kg/kmol;ton/Mmol

11.158

50

5.13

80

100
166.6666667
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BIOMETHANE AND CO2

Results, Biomethane and CO2

Inputs
HOURLY YEARLY Recycled tail gas [P)/year]
Methane consumption (CH4) Amount [kmol/hour) Amount [Mmol/year]
SMR-heater 8250.8 72277.14
SMR 11523.3 100944.31
SUmMm 19774.1 173221.45
ENERGY [TJ/hour] [PJ/year]
SMR-heater 6.62 58.02
SUM heating 6.62 58.02 49.86
SMR 9.25 81.03
SUM total methane 15.87 139.04 130.88

Extra energy requirements

Name SEPA

Heat duty [Watt] 0
Energy [TJ/hour] 0
Energy [PJ/year] 0
SUM SMR [PJ/year] 0.00
SUM FT [PJ/year] 0
Total energy input

[TJ/hour] [P)/year] Recycled tail gas [P)/year]

Total energy input 15.87 139.04 130.88
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Outputs

Steam methane reforming
BEFORE SEPARATION
HOURLY
[kmol/hour]
HYDROGEN
OXYGEN trace
NITROGEN
WATER
co
C02
METHANE
UNDECANE trace
OCTANE trace
PROPANE trace
BUTANE trace
SUM

AFTER SEPARATION

PRODUCTS HOURLY
[kmol/hour]

HYDROGEN

OXYGEN

NITROGEN

WATER

(0]

CO2

METHANE

UNDECANE

OCTANE

PROPANE

BUTANE

28,992

21,195
13,765
7,935
834

72,720.950

28,992

13,765

BIOMETHANE AND CO2

HOURLY
[TJ/hour]

HOURLY
[TJ/hour]

YEARLY
[Mmol/year]
7.01 253969.43

185666.84
3.90 120581.56
69511.13
0.67 7306.57

11.58 637035.52

YEARLY
[Mmol/year]
7.01 253969.43

0.00
3.90 120581.56
0.00
0.00 0.00

YEARLY
[PJ/year]

61.42

34.12

5.86

101.40

YEARLY
[P)/year]

61.42

34.12

0.00
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SUM

AFTER SEPARATION
WASTE

HYDROGEN
OXYGEN
NITROGEN
WATER

co

Co2
METHANE
UNDECANE
OCTANE
PROPANE
BUTANE
SUM

Performance stats
H20 input [kmol]
CH4 input [kmol]
CO2 input [kmol]
H20:C

H2 output [kmol]
CO output [kmol]
H2:CO

CO2 output [kmol]
CO output [kmol]
Cc0o2:co

CH4 output [kmol]

HOURLY
[kmol/hour]

BIOMETHANE AND CO2

42,756.962 10.91
HOURLY
[TJ/hour]
0 0.00
21,195
0.00
7,935
834 0.67
29,963.988 0.67

25000.00 Share:
11523.32
11010.84

1.11

28991.94
13765.02
211

7935.06
13765.02
0.58

834.08

51%
49%

374550.99

YEARLY
[Mmol/year]
0.00

185666.84
0.00
69511.13
7306.57

262484.53

95.54

YEARLY
[PJ/year]
0.00

0.00

5.86

5.86
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Total molar output [kmol]
CH4 mol%

Carbon efficiency

FISCHER-TROPSCH REACTOR
OUTPUT [kmol/hour]
HYDROGEN

OXYGEN

NITROGEN

WATER

(e(0]

CO2

METHANE

UNDECANE

OCTANE

PROPANE

BUTANE

Carbon efficiency
Total carbon efficiency

Energy output

[TJ/hour]
UNDECANE
OCTANE

Energy efficiency SMR input
UNDECANE

OCTANE

TOTAL

72720.95
1%

61%

1083.535

12262.927

338.095

720.49
584.45

92%
56%

4.98
2.97

54%
32%
86%

BIOMETHANE AND CO2

[Mmol/year] C-atoms Output molar 1 Energy [TJ/hot Energy [PJ/year]
0.26 2.30
6312 11 55% 4.98 43.60
5120 8 45% 2.97 25.98
[PJ/year]
43.60
25.98
Product efficiency Product efficiency with recycling
31% 33%
19% 20%
50% 53%
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District heating output
District heating exchanger
Heat duty [W]

Energy [TJ/hour]

Energy [PJ/year]

SUM SMR [PJ/year]

SUM FT [PJ/year]

Energy efficiency incl. DH
With methane recycling

Heat exchangers
Name

Heat duty [Watt]
Energy [TJ/hour]
Energy [PJ/year]

SUM SMR [PJ/year]
SUM FT [PJ/year]

Losses

Losses in reformer

Losses in Fischer-Tropsch reactor

DH1

263087974
0.947116706
8.296742348
28.4640018
17.58513185

Total efficiency
83%
88%

DH1
263087974
0.947116706
8.296742348

25.61

[PJ/year]
9.18
6.08

BIOMETHANE AND CO2

DH2
639499602
2.302198567
20.16725945

DH Efficiency
33%
35%

DH2
639499602
2.302198567
20.16725945

DH3
557620873
2.007435143
17.58513185

DH3
557620873
2.007435143
17.58513185

SUM
1460208449
5.256750416
46.04913365

ECO EVA FEEDSUP1 FEEDSUP2
120370805 272100414 110437624 86003122.4
0.433334898 0.97956149 0.397575446 0.309611241
3.796013706 8.580958656 3.48276091 2.712194468

PRODHEAT  SG-HEAT SUP

41972177.2  39770162.9 141450428
0.151099838 0.143172586 0.509221541
1.32363458 1.254191857 4.460780697
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