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Abstract: The oil refining industry is facing harder policies on renewable
content in its products. One way to meet this is to produce diesel and gasoline
from gasification of biomass via a Fischer-Tropsch (FT) synthesis. In this
paper, heat integrating a biomass-to-FT syncrude process with a refinery is
compared to a stand-alone biomass-to-FT syncrude process, in terms of the
consequences for GHG emissions and energy balances. The upgrading of the
FT syncrude is in both cases accomplished at the refinery, in the existing units
or in new units. The studied system includes a circulating fluidised-bed
biomass gasifier with a biomass input of 500 MW (50% moisture content) and
a complex refinery with a crude oil capacity of 11.4 Mt/y. The integrated
FT syncrude production shows the greatest potential for reductions in GHG
emissions. Still, the GHG emission mitigation potential of using biomass for
FT fuel production is smaller than co-firing biomass with coal in coal power
plants.
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This paper is a revised and expanded version of a paper entitled ‘Integration of
Fischer-Tropsch diesel production with a complex oil refinery’ presented at the
SDEWES — the 7th Conference on Sustainable Development of Energy, Water
and Environment Systems, Ohrid, Republic of Macedonia, 1-7 July 2012.

1 Introduction

The oil refining industry is a large fossil-fuel consumer. Today and in the future, harder
regulations are to be imposed both on CO, emissions from the refinery process and on the
refinery products. Since 2005, petroleum refineries within the EU have been part of the
European Union Emission Trading System (EU ETS) (EU, 2009). The overall goal of the
EU ETS is to reduce CO, emissions within the trading sector by 21% by 2020, relative to
the 2005 levels (EUROPIA, 2011). In addition, the fuel quality directive requires the
industry to reduce their life-cycle greenhouse gas emission (GHG) by 6% in 2020 (EC,
2009b). The fuel quality directive also includes sustainability criteria for biofuels, in
which a fuel is only accounted as sustainable if GHGs savings compared to fossil fuels
are 50% in 2017 for existing installations and 60% for installations built after 1 January
2018 (EC, 2009b). Many European countries have a quota regulation on the blending of
diesel and gasoline, which requires a set level of renewable fuel production. However, the
renewable energy directive endorses a mandatory renewable content of 10% in the
transportation sector for all member states by 2020 (EC, 2009a), creating an incentive for
the oil refining industry to increase its renewable fuel production.

One of several ways to increase the renewable content in refinery products and at the
same time reduce CO, emissions is to produce fuels from forest residues. Gasification of
residues from forestry via Fischer-Tropsch (FT) synthesis has received growing attention
as an option for production of transportation fuels (e.g., Ekbom et al., 2005; Hamelinck
et al., 2004; Tijmensen et al., 2002; Tock et al., 2010; Van Vliet et al., 2009). However,
before the product from the FT synthesis (here after referred to as FT syncrude) can be
used in today’s car engines it needs further processing. In these steps, using the existing
refineries has several advantages. The refinery structure offers a utility system already in
place - process units in which the FT product can be co-processed along with crude oil, as
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well as a long tradition and knowledge of producing transportation fuels. Heat integrating
biomass gasification with existing refinery could potentially create synergy effects and
reduce CO, emissions. The hot gas from the gasifier and the FT synthesis can provide
heat for the refinery process, thus replacing imported fuel to the refinery. The production
of FT crude could, theoretically, be integrated with any industry having a heating
demand.

Several published studies have explored the system aspects of gasification for
electricity or motor fuel production, (e.g., Isaksson et al., 2012; Joelsson and Gustavsson,
2012; Pettersson and Harvey, 2010; Wetterlund et al., 2011). These studies have mostly
been focusing on biorefinery concepts integrated in the pulp and paper industry. Isaksson
et al. (2012) have studied the CO, emission balance of integrating an FT syncrude
production in an integrated mechanical pulp and paper mill. These authors found that the
integration results in larger CO, savings compared to stand-alone operation in the case
when electricity comes from coal power plants with carbon capture (CCS) or a natural
gas combined cycle (NGCC) but not in the case when electricity is generated in coal
power plants. Other studies deal with black liquor gasification in chemical pulp mills
(Pettersson and Harvey, 2010) and forest residue gasification in Kraft pulp mills
(Wetterlund et al., 2011). There are also studies investigating the integration of biomass
gasification with district heating systems (Ekbom et al., 2008, 2005) and other industrial
systems. For example, Walter and Ensinas (2010) have identified benefits when
integrating gasification combined with FT production with a ethanol distillery. No system
studies of FT production through biomass gasification in an oil refinery have been
previously published to the authors’ knowledge. Only studies investigating integration of
coke gasification have been found (e.g., Navarroa et al., 2005), and studies concerning
production of FT intermediate and upgrading in existing refinery. For example, Ekbom
et al. (2008) compared two configurations of biomass gasification to produce FT jet fuel.
One plant produced jet fuel on site, while the other alternative was to produce an
intermediate product, FT crude, to be further treated at a refinery. The authors conclude
that the configuration with an intermediate product for further upgrade into bio-jet fuel
would be economically competitive with energy market price levels at the time of the
study (in 2008).

Studies focusing on the FT synthesis are well represented in the scientific literature.
Most studies, however, focus on FT fuels produced from natural gas or coal (e.g.,
Dancuart et al., 2004; de Klerk, 2009; Dry, 2002; de Klerk, 2011; Kreutz et al., 2008;
Leckel, 2009). Several coal-to-liquid and gas-to-liquid FT plants are running or are
planned (Andrews and Logan, 2008), while biomass-based conversion for production of
FT fuels is still far from commercialisation and only pilot plants are in operation
(Damartzis and Zabaniotou, 2011).

In this paper, integration of FT syncrude production via biomass gasification with an
oil refinery is investigated. In a complex refinery there are two possibilities for the
upgrading of the FT syncrude; either using the existing refinery structure and co-feeding
the FT syncrude with crude oil or investing in new units for the FT syncrude processing.
In this study we evaluate both alternatives. The studied gasifier is a pressurised directly
heated CFB gasifier based on modelling results reported by Isaksson et al. (2012) with a
feed-to-fuel (C5+) efficiency of 52%, which is in conformity withother results reported in
literature. The input to the biomass gasifier is 500 MW (50% moisture content), which is
comparable with a large pulp mill. This size of biomass gasifier is considered feasible in
terms of local resource supply and transportation possibilities and set as a maximum size



for the gasifier. A comparison with a stand-alone gasification plant with FT syncrude
upgrading to FT fuels at the existing refinery is also included. This paper presents the
impact of integration between the refinery, gasification process and upgrading units on
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the overall heat and mass balance, as well as the global GHG emission balance.

2 Objective and studied systems

The aim of this study is to investigate and compare the following alternatives for FT fuel

production (see also Figure 1):

Case 1: integration of a biomass gasification unit for FT syncrude production at an
oil refinery including upgrading of the FT syncrude in existing refining process units

Case 2: integration of a biomass gasification unit for FT syncrude production at an
oil refinery including upgrading of the FT syncrudein new upgrading process units

Case 3: a stand-alone biomass gasification unit for FT syncrude production with
upgrading of the FT syncrude at the oil refinery in new upgrading process units.

Figure 1 Schematic picture of the three systems studied including the main energy streams
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The analysis is made with respect to energy use and global GHG emissions. In addition,
in this study the biomass is considered a limited resource and plausible alternative usage
is co-firing of biomass with coal in coal power plants, as discussed by Axelsson and
Harvey (2010). Therefore, a comparison between the GHG emission reductions that are
obtained through FT fuel production and the GHG emission reductions gained by
co-firing of biomass in coal power plants is included.

In order to reach the aim it is necessary to have detailed information on the existing
refinery process, which in this study has been provided by an energy audit at the studied
refinery (Andersson et al., 2012). There is a large heating demand at the refinery which
cannot fully be covered with heat from a gasifier. Therefore the gasifier is limited to a
reasonable size of 500 MWy, which corresponds to the size of a large pulp and paper
mill in Sweden.

Figure 1 shows the three studied systems and energy flows. The crude oil and the
petroleum product flows for the studied refinery are constant. In Cases 1 and 2 the
biomass-to-FT syncrude production is heat integrated with the refining processes, and
hence replaces otherwise imported natural gas. In Case 1, the FT syncrude is upgraded in
existing refinery processes and the off-gases from the biomass-to-FT syncrude process
replace otherwise imported natural gas. It is assumed that there is enough spare capacity
in existing units for co-processing the FT syncrude without any modifications, which is
valid for the studied case-refinery (personal communication Christina Simonsson, Preem
AB, November 2011-February 2012). In Case 2 the FT syncrude upgrading takes place in
new process units (further described later) integrated with the refining process and the
off-gases are used as fuel in these units and additional fuel is supplied by natural gas.
Heat for these processes is supplied from the refinery and the net electricity demand is
imported. The gas that is produced in the FT syncrude upgrading steps is in all cases used
in the refinery, replacing otherwise imported natural gas.

Case 3 represents a stand-alone biomass-to-FT syncrude production process in which
electricity is generated from the excess heat and from the off-gases. In this study no
district heat delivery is assumed. The FT syncrude upgrading takes place in new
upgrading process units at the refinery, with the same energy streams as in Case 2. The
exception is the off-gas stream that in Case 2 is used as fuel in the upgrading process.
Since the upgrading process in Case 3 is de-located from the gasification process the
off-gases are instead used for electricity generation in a gas turbine.

3 Methodology

In order to evaluate the heat integration possibilities for the biomass-to-FT syncrude
process at a refinery and for the stand-alone biomass-to-FT syncrude facility the pinch
analysis methodology has been used. The pinch analysis methodology was first
developed by Linnhoff and colleagues in the late 1970s (Linnhoff and Flower, 1978). A
thorough description of the methodology can be found in several editions; some of the
most recently updated are (e.g., Kemp, 2007; Klemes et al., 2011; Smith, 2005).

In this paper, the GHG emissions are calculated as CO, equivalents (eq.), hence
including also methane and nitrous oxide. The system boundaries for GHG _emissions
include harvesting of biomass to the combustion of the motor fuel (FT diesel and FT
gasoline). The GHG emissions from the studied systems are evaluated in a life-cycle
perspective using an expanded systems approach, more thoroughly described by
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Pettersson (2011). It is assumed that the net energy and material streams entering or
leaving the systems affect the surrounding system; see Figure 2. The net energy and
material streams are the difference between the different cases and a reference case. The
reference case is a sub-sector, energy-optimised refinery without FT fuel production
(which is further described in the next section). All calculations assume a load factor of
0.91 for the studied system. The biomass used is forest residues (wood fuel) and the
evaluation of GHG emissions is made from a European perspective.

Figure 2 GHG emission evaluation using system expansion
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Notes: The upper figure represents Cases 1 and 2, while the lower figure represents
Case 3. The CO, capture from the gasification process is optional in all cases. The
+ indicates an increase of CO, ., while — indicates a decrease of COyq.

Electricity produced or consumed in the studied system affects the marginal electricity
production. Since the timeframe in the present study is relatively long, base load build
margin rather than operating margin is considered. The base load build margin approach
determines a likely type of electricity generation facility that will be built when new
generation capacity is installed. It is assumed that the base load build margin electricity
produced in the modelled time period will still occur in fossil-fuel-based technology
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(Axelsson and Harvey, 2010). In this study, the build margin technologies are represented
by three state-of-the-art fossil power generation technologies;

1 coal power (805 kg COyq/MWh,)) (Gode et al., 2011)
2 coal power with CCS (259 kg CO,.q/MWh,)) (Gode et al., 2011)
3 NGCC (376 kg COxq/ MWhy)) (Gode et al., 2011).

In this study it is reasonable to assume that the FT diesel and gasoline replace otherwise
fossil-based diesel and gasoline with a 1:1 ratio (by energy content). The life-cycle GHG
emissions from diesel are approximately 289 kg CO,.q/MWhy, and from gasoline 286
kg COseq/MWhy, (Gode et al.,, 2011). The fuel that can be saved due to the heat
integration between the biomass-to-FT syncrude process and the refining processes is
assumed to replace imported natural gas, with GHG emissions of 248 kg COxeq/MWhygei.
The GHG emissions from distribution and dispensing of the final FT diesel and gasoline
are assumed to be 2.7 kg CO,q/MWhy, (Edwards et al., 2011). There is a possibility to
capture the CO, stream leaving the gasifier. It is assumed that this stream is compressed,
with an electricity demand of 0.40 MJ/kg CO, (Sherif, 2010), and transported to storage
by pipeline.

The gasification process needs substantial amounts of external biomass. The biomass
could be transported either by truck or by boat, or both. As a worst-case scenario, it is
assumed that all biomass is transported by truck. It is assumed that the logging area has a
radius distance of 300 km from the refinery. The location of a future stand-alone plant is
unsure, and will be defined by several parameters, e.g. space, location to raw material etc.
In this study it is assumed that a stand-alone plant is located close to the raw material and
hence, the average logging area radius for the stand-alone gasifier is assumed to be 100
km. The distance between the refinery and the gasifier is assumed to be 300 km. Further,
it is assumed that an average truck needs 35 I diesel per 100 km (Isaksson et al., 2012)
and that the logging of forest residues results in 3.4 kg of CO, per harvested MWh
(Isaksson et al., 2012). It should be noted that all calculations are made on a LHV basis.

4 Studied system: refinery

The studied oil refinery is a complex refinery with a crude oil capacity of 11.4 Mt/y. This
refinery, at present, produces mainly gasoline, diesel, propane, propene, butane and
bunker oil. The hot utility demand in the refining process is, currently, satisfied mainly
by furnaces using fuel gas from the refinery. Steam is also produced in process units and
boilers. Table 1 shows some key parameters for the existing refinery.

Table 1 Key parameters for the studied refinery before the retrofit

Key factors

Crude oil capacity [kt/y] 11,400
Total CO, emissions [kt/y] 1,800
Hot utility demand to process [MW] 409
Electricity import [GWh] 500
Diesel production [t/h] 540 t/h

Gasoline production [t/h] 340 t/h
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However, the reference case in the present study is a future (theoretical energy optimised)
refinery rather than the current case-refinery. The assumption is based on the fact that
implementation of a large-scale biomass-to-FT syncrude process is unlikely to occur in
the near future. It is therefore reasonable to assume that before such a radical
implementation, extensive efforts will be put into making the existing refinery
energy-optimised. Therefore, the reference case for this study is based on an energy
audit performed at the current case-refinery (Andersson et al., 2012). In that study the
theoretical heating and cooling requirements of each refinery sub-section are calculated.
The theoretical heating requirements of the sub-sections are evaluated in a so called
grand composite curve (GCC) of each subsection. These curves reflect the theoretical
minimum requirement for each sub-sector. In (Andersson et al., 2012) all data,
descriptions of the analysis, and constrains are thoroughly described.

The sub-section with both the largest heating requirements at high temperatures and
the largest heat integration possibilities is the crude oil distillation unit/vacuum
distillation unit (CDU/VDU). This sub-section is considered for heat integration with the
new FT syncrude upgrading processes in Cases 2 and 3. Other refinery sub-sections with
large heating requirements but at lower temperatures, which are included in the
evaluation of the present study are: the isomerisation unit (ISO), the amine recovery unit
(ARU) and the naphtha hydrotreater (NHTU). As an example, Figure 3 shows the
minimum heating and cooling requirements for the CDU/VDU sub-section. The
CDU/VDU is the only sub-section that can utilise the total amount of excess heat from
the biomass-to-FT syncrude process (which is further described later).

Figure 3 GCC of the CDU/VDU in the studied oil refinery
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In this study it is assumed that the fuel saved by heat integration between the biomass-to-
FT syncrude process and the studied sub-sections will primarily replace shares of
imported natural gas. It is further assumed that the fuel gas saved in the process furnaces
will be used in the hydrogen production.
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The studied refinery has a hydrocracker unit, in which vacuum gas oil (VGO) is
hydro-cracked into mainly naphtha, diesel and unconverted oil. Currently, this unit is
running below full capacity, which gives the refinery an opportunity to co-process FT
wax along with the VGO without any production changes. However, the FT wax mainly
consists of n-paraffins and no aromatics and no sulphur, which will affect the properties
of the hydro cracking unit. Nevertheless, after discussion with experts at HaldorTropsoe
(interview with Per Zeuthen, General Manager, HaldorTopsoe, February 2012) it is
reasonable to assume that a 10% or less co-processing of FT wax, despite the different
properties of the wax, will result in a constant product yield from the hydrocracker. The
hydrogen demand will, however, change. The main purpose of the hydrogen in the
hydrocracker unit is to remove sulphur and aromatics. Since the FT wax is both
sulphur- and aromatic-free, less hydrogen will be needed for the FT wax fraction. On the
other hand, the desulphurisation process heat is exothermic and, with less hydrogen
provided, this will lead to a deficit of heat in the hydrocracker unit. After discussion with
experts at HaldorTopsoe (interview with Per Zeuthen, General Manager, HaldorTopsoe,
February 2012) it is realistic to assume that a 10% co-process with FT wax will lead to
8% less hydrogen consumption and 10% more primary energy use compared to
hydrocracking of 100% VGO.

5 Studied system: Ft syncrude production

There is no full agreement as to which FT gasification system is the best, since it depends
on how the system is evaluated and which parameters are considered most critical. For
example, Tijmensen et al. (2002) found the oxygen-blown gasifier system to be the most
efficient and economic one, while Tock et al. (2010) found the indirect gasifier system to
be both more economic and more efficient. Several review articles and reports can be
found describing the advantages and disadvantages of the different steps, including
drying, gasification technology, cleaning, and upgrading of the syngas (e.g., Basu, 2010;
Damartzis and Zabaniotou, 2011; Olofsson et al., 2005; Spath P.L and Dayton, 2003).
The process layout used in the present study (see Figure 4) is based on work by
Isaksson et al. (2012), which in turn is mainly based on literature data found in (Ekbom
et al., 2008; Hamelinck and Faaij, 2001; Larsson et al., 2006; Spath et al., 2005). The
initial biomass is assumed to have a moisture content of 50% and it is dried, with excess
heat from the biomass-to-FT syncrude process, to 15%wt before entering the gasifier.

Figure 4 Schematic picture over the FT syncrude production route
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The biomass gasification system consists of a pressurised oxygen-blown circulated
fluidised bed gasifier (CFB). The CFB gasifier is feed-flexible and suitable for
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large-scale production. It is also a proven technology that does not need advanced
pre-treatment technologies. The gasifier is followed by a catalytic cracker, which gives a
good gas yield and better tar reduction compared to thermal cracking (Basu, 2010). The
gas cleaning consists of a cyclone and a bag filter to remove particles and alkali (Isaksson
et al., 2012). The last cleaning step is a wet scrubber, which is amore well-known process
than hot gas cleaning. The equipment cost for cold gas cleaning is cheaper since it does
not need expensive high temperature resistant materials (Olofsson et al., 2005). Prior to
the synthesis the gas is reformed in an autothermal reformer. Autothermal reforming is
preferred to steam reforming since it is of simpler design (Hamelinck et al., 2004) and
due to the fact that oxygen is already produced in the system. A hydrogen to carbon
monoxide ratio of 2 is desirable for the FT synthesis. In order to achieve this, the Hy/CO
ratio is adjusted in a water-gas-shift. To avoid poisoning of the FT reactor catalyst, all
acid gases are removed in a Rectisol unit.

The FT-synthesis operates at low temperatures, which favours the production of high
molecular weight linear waxes (>20 carbon atoms). The low-temperature FT (LTFT)
synthesis is preferable for diesel production. Here, the FT synthesis occurs in a slurry
phase reactor using a Co-catalyst. The Co-catalyst is more expensive than Fe-catalyst, but
due to its higher activity and longer lifetime, it is the preferable LTFT catalyst (Kumar
et al., 2009). A more detailed description of the studied biomass-to-FT syncrude process
can be found in the work by Isaksson et al. ( 2012).

6 Studied system: Ft syncrude upgrading

The FT syncrude has inherently better properties than crude oil for fuel production
(de Klerk, 2007). Distillate refining from FT syncrude and crude oil is of comparable
complexity, but the separation complexity of syncrude is less than that of crude oil
(de Klerk, 2007).

In Case 1, the calculation of the upgrading of the FT syncrude is based on detailed
information from the existing refinery (personal communication Christina Simonsson,
Preem AB, November 201 1-February 2012) and in Cases 2 and 3 it is based on data from
detailed study by Bechtel (1998) and from personal communication with Kramer (2012).
Initially, light gases in the FT syncrude are separated from the liquid fraction. The
syncrude is distilled to produce fractions of naphtha, diesel and wax. These fractions are
processed through a series of refining steps, before the final products are produced.
Figure 5 shows the upgrading steps in Cases 2 and 3. In Case 1, when only existing
refinery processes are used, the structure of the upgrading is somewhat different from the
picture below. In Case 1, the wax hydrocracker (previously described as hydrocracker)
produces, in addition to the products seen in the picture, an unconverted fraction that goes
to a fluidised cracker (not shown in the picture) in which mainly gasoline is produced. An
additional difference is that the naphtha fraction from the hydrocracker goes to a naphtha
hydrotreater before it is further refined, and no diesel hydrotreater is present.

Table 2 shows the difference in final distribution of the products in the case when
existing refining structure is used compared to the case when new equipment is installed
for the FT syncrude upgrading. The distribution of products from the upgrading steps is
found in accordance with results reported by Sasol (Dancuart et al., 2004).
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Figure 5 Schematic picture of the upgrading of the FT syncrude
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Table 2 Final distribution of products for using existing refining structure versus new

equipment (Case 1 versus Cases 2 and 3)

Case Gases Gasoline (naphtha) Diesel Others
Existing structure [%] 1 3 25 63 8
New equipment [%] 2 and 3 6 15 71 3

7 Heat integration possibilities in the stand-alone biomass-to-ft syncrude
production

Figure 6 shows the GCC for the stand-alone biomass-to-FT syncrude process with a two-
stage steam turbine. In order to maximise the electricity generation, the steam turbine
cycle is arranged with two inlets for steam (at 60 bar and 10 bar).The biomass-to-FT
syncrude production has no hot utility demand, but a cold utility demand of 210 MW. A
known issue regarding the syngas from the gasifier is the appropriate temperature level
for heat-exchanging. At high temperatures carbon will fall out, which will damage the
metallurgy of the system. In this study the temperature level for superheating of steam is
set to 450°C, which according to (Martellini et al., 2012) could be a feasible temperature.
However, with other materials, higher temperatures are reported feasible (SpecialMetals,
2012). In the stand-alone alternative steam at 60 bar and 450°C is produced by
heatexchanging with the hot gases from the gasification process, and is expanded in a
first stage down to 10 bar. In the next stage, steam is expanded down to a reasonable
value of 0.042 bar. In total, the steam turbine generates 43 MW electricity. The off-gas
stream produced in the FT synthesis goes to a gas turbine that produces additional 1.8
MW electricity. Key data for the stand-alone case are found in Table 3.

Table 3 Key data for the stand-alone FT syncrude production

Biomass input (50% moisture content) 500 MW
Electricity from steam cycle 43 MW
Electricity from gas turbine 2 MW

Electricity demand 49 MW

Net electricity demand 4 MW
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Figure 6 The GCC for the stand-alone FT syncrude production (solid line) with a two-stage
steam cycle (dotted line)
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8 Heat integration possibilities between the biomass-to-ft syncrude process
and the refinery sub-sections

In the previous section a GCC for the biomass-to-FT syncrude process shows that there is
around 75 MW of heat available above 200°C which in the stand-alone alternative is used
to generate electricity. In Cases 1 and 2 this excess heat is instead used to cover part of
the heating requirements in the refinery process. Figure 7 shows the
background/foreground analysis of the FT process (grey curve) and the CDU/VDU sub-
section (black curve). As the figure indicates, there is a theoretical opportunity to heat
integrate the FT process with the CDU/VDU, and thereby save 77 MWy, With an
assumed efficiency in the furnaces of 0.8, 96 MWy, could be saved. There are five more
sub-sections at the refinery that have heating requirements at high temperatures which
could have utilised the excess heat from the biomass-to-FT syncrude process. However,
the CDU/VDU sub-section is the only section that alone can utilise the total amount of
excess heat at high temperatures. The consequence of replacing the furnaces in this area
is that the high pressure steam that is produced from flue gases in these furnaces has to be
replaced. Today this steam is used to generate mechanical work in pumps and
compressors. If the capacity in the furnaces is decreased due to the heat integration, 10 t/h
steam is lost. This steam is assumed to be replaced by electricity in pumps, increasing the
electricity demand in the refinery by 1 MW.

From Figure 7 it can be seen that after integration with the CDU/VDU area, still
approx. 75 MW of heat are available below 210°C from the biomass-to-FT syncrude
process. This heat could be used to cover heat demand at three areas; the ISO unit, the
ARU and the NTHU. These three areas have together a total minimum hot utility demand
below 180°C of 79 MW; see Figure 8. In total, the biomass-to-FT syncrude process could
provide the refinery process with 152 MW heat, which could save 51% of the total hot
utility demand (298 MW) in the reference (sub-sector energy-optimised) refinery.
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Figure 7 Background/Foreground curves for the biomass-to-FT syncrude process (grey line) and
the CDU/VDU sub-section (black line)
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Figure 8 GGC for the ISO (upper picture), the ARU (middle picture) and the NTHU (the lower
picture) subsections
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The above stated savings, however, imply that the steam savings of 75 MW at low
temperature actually replace steam generated in a boiler from (fossil) primary energy.
This may not be the case for all refineries in general as the steam might as well be
generated e.g. by heat recovery or steam extraction from a turbine. The assumption
above, however, requires that the 75 MW of steam that is saved has been produced in
boilers based on primary energy. The steam balance is different at different refineries and
therefore it is not always that this steam originates from primary energy. Due to this
uncertainty, alternative cases to Case 1 and 2 are studied. In these cases (here after
referred to Case 1b and Case 2b), the excess heat at high temperatures from the FT
process is heat integrated with the CDU/CDU units as previously described (as Figure 7
indicates). However, the excess heat at low temperatures is in these cases used for
electricity generation in a condensing turbine (as Figure 9 shows). In the electricity
generation, steam at 10 bar is expanded down to 0.042 bar, with an electricity efficiency
of 0.25.

Figure 9 GCC for the FT process (solid line) with a two-stage steam cycle (dotted line)
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9 Summary of resulting energy balances

Table 4 presents a summary of the main results for the three studied alternatives. The
results show that the largest energy flows are in the gasification and synthesis part of the
FT fuel production. An integrated FT diesel and gasoline production at the refinery could
theoretically save 191 MW fuel in the refinery, which would decrease the natural gas
import to the refinery. On the other hand, a stand-alone alternative could generate 45 MW
power and minimise the amount of trucks with biomass to the refinery. The total yield of
diesel could be improved if a new hydrocracker is built. The revenue difference between
natural gas saving and electricity generation will probably define the most cost-effective
alternative.
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Table 4 Summary of energy balances for the three studied cases including CO, capture on the
biomass-to-FT syncrude production

Case 1 Case 2 Case 3
Input biomass [MW] 500 500 500
Number of trucks with biomass to refinery/day 160 160 10
FT syncrude [t/h] 22 22 22
FT wax [t/h] 8 8 8
FT gases' [MW] 21 19 19
Off-gases [MW] 5 5 5
% wt of current hydrocracker load 2
A Power consumption (including CO, capture on the 55 55 9
biomass-to-FT syncrude production) [MW]
A Power consumption (biomass-to-FT syncrude 49 49 5
production) [MW]
A Power consumption (FT syncrude upgrading) [MW] 0.7 0.4 0.4
A Power consumption (compression of captured CO,) 4 4 4
[MW]
A Power consumption (closure of furnace HS 1 1 0
production) [MW]
Power generation (condensing turbine and gasturbine, - - 45
stand-alone case)
A Fuel consumption for process heating [MW] -191 -179 17
A Fuel consumption for process heating (biomass-to- —-195 —-195 0
FT syncrude production) [MW]
A Fuel consumption for process heating” (FT syncrude 5 9 9
upgrading) [MW]
A Hydrogen [kg/s] —-0.01 0.04 0.04
FT diesel’ [MW] 163 200 200
wt% of current diesel production 2.5 3.1 3.1
FT gasoline* [MW] 60 38 38
wt% of current gasoline production 1.4 0.9 0.9
Efficiency [MW gieset/ MW biomass) 0.33 0.40 0.40
Efficiency [MW gieser + gasoline)’ MW biomass] 0.44 0.48 0.48
Notes: ! 44.1 MJ/kg [30], % Includes fuel for hydrogen production,’43.0 M/kg [30], “43.7
MI/kg [30]

The hydrogen demand is negative in Case 1, which is due to the assumption (discussed
earlier) that co-processing of wax with VGO in existing hydrocracking unit uses less
hydrogen than the VGO processing. The effect of this assumption is a larger H,
production flow from the reformer compared to the H, demand in the cracking and
isomerisation processes.
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9.1 Alternative to cases 1 and 2

In these cases (Case 1b and Case 2b), the excess heat from the FT-process at low
temperature (~200°C) is used to produce electricity in a condensing turbine. The
difference compared to Case 1 and Case 2 is that instead of saving 96 MW of natural gas
the refinery saves 19 MW of electricity import.

10 GHG emissions balances

As described in the methodology section, the GHG emissions are evaluated in an
expanded system (see also Figure 2). Table 5 shows the life-cycle GHG emissions related
to the production of FT fuels, as well as the corresponding GHG emission savings for
replacing fossil fuels.

Table 5 GHG emissions from the production of FT fuels and the replacement of fossil fuels
Case 1 Case 2 Case 3
[kt COsg /] [kt COsu/i] [t COsu /]

Harvesting 14 14 14
Transportation to refinery/to gasifier 29 29 10
Transport of FT syncrude to refinery - - 2
Replacing fuel consumption in refinery (natural gas) —419 -392 —4
Power import (three different alternatives):
1 Power import (power plant) 355 353 59
2 Power import (power plant with CCS) 114 113 19
3 Power import (NGCC) 166 165 28
Distribution of FT diesel and gasoline 5 5 5
Replacing diesel -376 -462 -462
Replacing gasoline -137 —87 —87
CO, captured from the biomass-to-FT syncrude -322 -322 -322
production

Notes: Including CO, capture on the biomass-to-FT syncrude production.

The hashed bars in Figure 10 show the potential for reduction in GHG emissions for the
studied cases (in absolute numbers).The grey-coloured bars on top of the hashed bars in
each case represent the additional reduction which can be achieved if the almost clean
CO, stream from the gasifier is captured. As can also be seen in Figure 10, the choice of
capturing the relatively clean CO, stream from the gasifier has a significant impact on the
GHG emissions reduction.

There is no noticeable difference between the two integrated cases (1 and 2). This
stresses the fact that the largest energy flow is related to the gasification process. There
is, however, a noticeable difference between Case 1 and Case 1b, and Case 2 and
Case 2b. The b cases represent a scenario where part of the excess heat from the
FT-process is used for electricity generation. Figure 10 shows that, from a GHG emission
point-of-view, integration of an FT-process with a refinery process that result in natural
gas savings is preferable compared to an alternative with a combination of electricity



66 D. Johansson et al.

generation and natural gas savings. However, the difference between the integrated cases
(in which heat is supplied to the current process and natural gas thereby is saved) and the
stand-alone case (which generates electricity) is significant but varies depending on
assumptions about the marginal electricity generation technology. Cases 1 and 2 are,
regardless of marginal electricity, GHG-beneficial compared to a stand-alone alternative.
Case 1b and Case 2b have greater potential for reductions in GHG emissions than a
stand-alone case, when the marginal electricity producer is a coal power plant with CCS
or an NGCC.

Figure 10  The GHG emission reduction potential for the studied cases per year
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Notes: The grey-coloured bar in each case represents the additional reduction which can
be achieved if the almost clean CO, stream from the gasifier is captured. The
black bar on the left hand side represent the GHG emissions saved if the same
amount of biomass is instead used for co-firing in coal power plants.

In order to look at the GHG emission reduction from a broader perspective, a comparison
with the corresponding GHG emission reduction from co-firing of biomass in coal power
plants is also shown in Figure 10. In this study it is assumed that biomass will become a
limited resource in the future, thus additional demand of biomass to the gasification
process will lead to increased use of fossil fuels elsewhere in society. The figure shows
that the production of FT fuels will not offset the negative effect of having to supply
more coal to coal power plants if the biomass to the FT production is replacing biomass
otherwise used as co-firing in coal power plants.

Based on information from Figure 10 and the FT diesel and gasoline production in
Table 4 the specific GHG emission reduction per total diesel and gasoline production (kg/
MWHh gicsel + gasoline) €an be calculated. The GHG emission reduction varies between the
different cases from 258 kg COjeq/MWhgicseltgasoline t0 437 kg COazeq/ MWhiiesel+ gasolines
and if CO, from the biomass-to-FT syncrude process is captured, the GHG emission
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reduction varies between 430 kg COseq/ MWhyicser+ gasoline@nd 621 kg COseq/ MWhyieser+
gasoline- 10€ reduction per total diesel and gasoline production is not calculated for
Cases 1b and 2b, but the resulting GHG emission reductions would be lower compared to
Cases land 2 (as Figure 10 indicates).

The present paper shows that an FT syncrude production, integrated with the refinery
process has greater potential for reductions in GHG emissions than a stand-alone
alternative in most cases. However, the FT syncrude process could be heat integrated
with other industries, which have a deficit of heat at suitable temperatures. Isaksson et al.
(2012) have investigated the integration potential of an FT syncrude production with an
existing thermo-mechanical pulp mill and showed similar results as in the present study.
FT syncrude integration with a pulp and paper mill also showed larger potential for
reductions in CO, emission potentials than a stand-alone alternative, for scenario when
the marginal electricity is coal with CCS and an NGCC, but lower emission reduction
compared to co-firing of the same amount of biomass in a coal power plant. As stated in
the introduction, there are other studies that investigate the integration of an FT process
with different industries and district heating networks. However, since the same data for
the FT syncrude process is used in both the present paper and in Isaksson et al. (2012), a
proper comparison with focus on heat integration in different industries is possible.
Figure 11 shows the results of the comparison between heat integration of an FT
syncrude process with a refinery or with a pulp mill. To be able to compare the two
studies, the emissions from the present study are changed from CO, equivalents to CO,
emissions only and the level of emissions from electricity generation is the same as the
one used by Isaksson et al. (2012).

Figure 11  Comparison of CO, emission reduction when integrating an FT syncrude production
in a refinery and a pulp mill
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As can be seen in Figure 11, the results from Isaksson et al. (2012) shows a larger CO,
reduction per extra biomass input compared to this study for two of the marginal
electricity alternatives. For the refinery the extra biomass input is the same as the biomass
required in the FT syncrude process. In the pulp mill, however, the extra biomass is less
than required in the FT syncrude process, since part of the biomass demand is utilised
from saved biomass due to the integration with the FT plant, see (Isaksson et al., 2012).

11 Discussion

The present study and the generated results are based on a complex case-refinery that in
prior to integration with a biomass gasifier is energy optimised. In practice, however, all
refineries are different with respect to process units, operation, size, crude oil and
products. In this study the biomass-to-FT syncrude process has been heat integrated with
an energy-optimised refinery, which assumes a theoretical minimum heating demand. In
practice, all energy measures may not be economic or practical to realise. However, a less
energy optimised refining process would have larger heating requirements, and thus, not
significantly affect the results of this study.

In this study the refinery is located quite close to the forest residues. If the study is
performed in a country with less forest resources, the transportation distance would
increase. However in that case it is more likely to assume that the biomass will be
transported by boat, which has lower GHG emissions than transportation by truck. The
reason to why we in this study assumed transportation by truck is to calculate a ‘worst
case scenario’. A duplication of the transportation distance would decrease the GHG
reduction potential by only a few percentages (3-4%), which indicates that the
transportation distance has a relatively small impact on the final results.

In summary, the results of the present study could be regarded as fairly general for
complex refineries in Europe. Regarding the upgrading of the FT syncrude, data for
existing refinery units were used in combination with conceptual studies of FT syncrude
upgrading for data of the new upgrading units. The level of detail in the studies and data
used varies, and a number of assumptions on process performance have been made. One
main uncertainty is that the data used for the FT upgrading are not adjusted for the exact
composition of the resultant FT syncrude from the simulation model.

In this study, it is assumed that the heat from the gasification process replaces heat
that currently is supplied by process furnaces in the CDU/VDU area. This heat
integration could practically be solved by direct heat integration or through a heat transfer
system. Since the temperature levels are above the normal steam upper limit, organic
fluids or molten salt fluids must be used in the practical heat transfer system.
Furthermore, there is uncertainty whether the syngas from the gasification process can be
used at very high temperatures without first being quenched, due to reduced atmosphere
in the syngas. However, there is ongoing research to resolve this issue. Moreover, we
have assumed that heat from the FT-synthesis part (heat around 200°C) can be used to
cover the heat demand in refinery process at the refinery or to produce steam in the stand-
alone case. But there is also uncertainty about the appropriate temperature difference in
the cooling of the FT synthesis, which is not yet resolved.

Generally, only a few of a refinery’s subsections are heat-integrated with each other,
which is mainly due to process constraints such as different running times, safety reasons,
and diverse sensitivity to capacity loss. This is also why the pinch analysis has been
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conducted on subsections instead of the total refinery, which would have given larger
heat-saving potentials. These issues must be resolved also when integrating with the
biomass-to-FT syncrude process. An integrated biomass-to-FT syncrude production
would increase the complexity of the refinery. Moreover, a biomass-to-FT syncrude
production has a lower load factor than a typical refinery and, therefore, a backup system
is needed (e.g. furnaces with spare capacity must exist) which can be turned on quickly.
At the studied refinery the experience with such complex integration is limited, and
before the potential heat integration can be realised all safety and process technical
aspects must be investigated along with the construction of an appropriate back-up
system.

To evaluate which system is the best, an economic analysis must be performed and
evaluated together with the results from this study.

In this study it is shown that a gasification plant with the same order of biomass
import as a large pulp mill only produces renewable diesel and gasoline corresponding to
around 3% of the current diesel and gasoline production at a large oil refinery. Therefore,
it is unrealistic to assume that the current production of diesel and gasoline can be
replaced with biomass gasification to FT diesel and gasoline on-site. A more possible
future is that the refinery may have one FT syncrude production plant at the refinery and
if it wants to produce more FTfuels it must import FT syncrude.

12 Conclusions

In this study, heat integration of FT fuel production with an existing refinery has been
evaluated and compared to a stand-alone FT syncrude production facility with regard to
potential for global GHG emission reduction. Conclusions that can be drawn from the
results are:

e In general, the results show that an FTfuel production that is heat integrated with a
refinery generates larger GHG emission savings than corresponding stand-alone
alternative.

e Upgrading of the FT syncrude in existing or new units has marginal effect on the
global GHG emissions. The diesel production, however, can be maximised if new
upgrading units are built.

e In the case where the process is heat integrated with the refinery, larger GHG
emission reduction potential is obtained if excess heat from the FT-process replaces
natural gas. The difference from a case were both natural gas is replaced and
electricity is generated is significant. However, the GHG emission reduction is still
larger than the stand-alone case for all scenarios, except when the marginal
electricity producer is coal power plants.

e  The possibility to capture CO, from the FT process significantly increases the GHG
mitigation potential.

e Asalso indicated by e.g. Isaksson et al. (2012) the specific GHG mitigation potential
for using biomass for FT fuel production is smaller compared to the use of biomass
for co-firing in coal power plants.
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e  The results of the present study show a lower CO, mitigation potential compared to
the alternative where a similar process is heat integrated with a mechanical pulp mill,
when the marginal electricity is coal with CCS and an NGCC.
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Abbreviations

ARU  amine recovery unit

ETS emission trading system

Eq. equivalents

FT Fischer-Tropsch

CDU  crude oil distillation unit
CFB  circulated fluidized bed
GCC  grand composite curve
GHG  Green House Gas emissions
ISO isomerisation unit

LHV  lower heating value

LTFT low temperature Fischer Tropsch
NGCC natural gas combined cycle
NTHU naphtha hydrotreater unit
VDU  vacuum distillationunit

VGO  vacuum gas oil.



