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Abstract

In this paper, several new processes are proposed which co-generate electricity and liquid fuels
(such as diesel, gasoline, or dimethyl ether (DME)) from biomass, natural gas and heat from a
high temperature gas-cooled reactor (HTGR). This carbonless heat provides the required energy
to drive an endothermic steam methane reforming (SMR) process, which yields Hj-rich syngas
(H2/CO>6) with lower greenhouse gas (GHG) emissions than traditional SMR processes. Since
downstream Fischer-Tropsch, methanol, or dimethyl ether synthesis is processes require an
H,/CO ratio of around 2, biomass gasification is integrated into the process. Biomass-derived
syngas is sufficiently H,-lean such that blending it with the SMR-derived syngas yields a syngas
of the appropriate H,/CO ratio of around 2. Chemical process simulations of several candidate
processes were developed, which used a rigorous multi-scale, two-dimensional, heterogeneous
model for the carbonless-heat-powered SMR reactor developed in a prior work in gPROMS. In
addition, 1D process models within Aspen Plus were also used (Aspen Plus simulation files are
provided to the reader). The performance of the presented system was compared with a biomass-
gas-to-liquids (BGTL) plant where heat from gasification drives the SMR instead of the HTGR.
Techno-economic analyses and GHG life cycle analyses of each case were completed to
investigate the economic and environmental impacts of the proposed processes. Optional carbon

capture and sequestration (CCS) technology is also considered. The analysis demonstrates that
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carbonless heat integration leads to thermal efficiencies of up to 55 HHV% as well as suitable
profits in the right market conditions. It is also found that net negative life cycle GHG emissions
of the final products can be achieved owing to use of biomass, carbonless heat, and CCS. Even
without CCS, the life cycle GHG emissions of the proposed process is 25-57% lower than

traditional natural gas-to-DME and coal-to-DME processes.

Keywords: Biomass, Natural gas, Carbonless Heat, Dimethyl ether, Fischer-Tropsch Synthesis,

Negative emissions.

1. Introduction

The gas-to-liquids (GTL) process can produce liquid fuels from natural gas by reforming natural
gas into syngas (a mixture of H, and CO) and then converting syngas to synthetic diesel and
gasoline using the Fischer-Tropsch (FT) synthesis route [1]. GTL processes can be more
economical than traditional petroleum-based plants when natural gas prices are low [1]. The
coal-to-liquid (CTL) process is another alternative which produces syngas from the gasification
of coal before converting the syngas to liquid fuels via the FT process [2]. This process is also
economic when the price of coal is low [2]. However, they both have significantly negative
environmental impacts [3] that are even worse than traditional petroleum refining [4]. Carbon
capture and sequestration (CCS) technologies can be used to reduce the greenhouse gas (GHG)
emissions of GTL and CTL plants, but unfortunately it causes the energy efficiency of the plants
to drop remarkably [5]. However, GHG emissions can be reduced from GTL or CTL plants
without the use of CCS by integrating them with other processes in a synergistic way that results

in efficiency improvements [6, 7].

Polygeneration was introduced to efficiently utilize resources such as coal and gas [8]. Adams et
al. defined polygeneration as a thermochemical process which simultaneously co-generates at
least two products; one of the products is electricity and the other one is a fuel or a chemical [9].
Polygeneration systems are known by their improved efficiency [10] and flexibility comparing to
the standalone processes which produce only one product [11]. In most polygeneration systems,
syngas is the main route to generate fuels, chemicals or electricity. To produce syngas in
polygeneration processes, possible feedstocks and energy sources could include coal, natural gas,

biomass, petroleum coke, nuclear energy, wind energy, steel refining off-gases, and so on, either
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alone or in combination. Based on Adams et al. [9], the products of the polygeneration plants
include a wide range such as electricity, FT liquids (gasoline and diesel), alcohols, olefins,

dimethyl ether (DME), H,, syngas, heat, cooling and so on.

Adams et al. [12, 13] and Khojasteh et al. [14] have found that processes which combine natural
gas (or coal) with other fuels can harness certain synergies that provide significant benefits. In
the studies by Adams et al. [12, 13], natural gas reforming and coal gasification are integrated to
poly-generate fuels, chemicals and electricity. It was demonstrated that by integrating the
processes, the efficiency and profitability of the plant are significantly improved compared to the

coal only and gas only processes.

In the study by Khojasteh et al. [14], an advanced type of nuclear reactor called a Modular
Helium Reactor (MHR) is used as the source of heat and electricity, and coal and natural gas are
employed as the carbon source. Heat from the high-temperature MHR is used to provide energy
to the endothermic SMR reaction. This process is called coal-gas-and-nuclear-to-liquids
(CGNTL), which is environmentally and economically superior to coal-to-liquids (CTL), coal-
and-gas-to-liquids (CGTL), and other processes in most market conditions. However, even if all
CO; emissions from the CGNTL plant can be captured, avoided, or eliminated, the CO,
emissions from combusting the fuels downstream cannot be prevented. Furthermore, in some
areas, the use of coal is either not permitted or not of interest due either to a lack of access, lack
of political support, or other concerns. This is the case for the region considered in this study (the
province of Ontario, Canada), which has eliminated coal from its power grid by public policy
[15].

Scott et al. [16] recently presented an alternative to this process which used biomass instead of
coal, called the biomass-gas-and-nuclear-to-liquids process (BGNTL). Unlike the process of
Khojasteh et al. [14], the BGNTL process of Scott et al. used a Generation IV CanDu
Supercritical Water Reactor which was not integrated with the SMR. Instead, heat from this
reactor was used as the energy source of a copper-chloride (CuCl) cycle, which produces
hydrogen that is blended into biomass-derived syngas for upgrading. This reduces the use of
either biomass or gas combustion for heat production needs, thus lowering the amount of CO,
that is generated during the process and increasing its carbon efficiency. However, it was found

that comparing to a base case version that does not use nuclear energy (a biomass-gas-to-liquids
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process, or BGTL) at the same capacity, it was not economical to use nuclear energy in this way
[16]. One of the key reasons for this is that the CuCl process is not particularly efficient at
producing hydrogen, and the amount of fossil fuel consumption for hydrogen production that is
avoided using this technique is limited.

Therefore, in this study, we propose a novel alternative to the BGNTL/CuCl process of Scott et
al. [16] which avoids this limitation by using a high temperature gas-cooled reactor (HTGR)
instead of a CanDU reactor. Our proposed process, which we call the BGTNL/HTGR process,
uses heat at >800°C from the HTGR to provide energy for the endothermic SMR reaction. This
allows a greater proportion of nuclear energy to be used in the process (thus displacing a greater
amount of fossil fuel) and permits hydrogen production at greater efficiency. Our proposed
process is similar in approach to the CGNTL process of Khojestah et al. [14], except for three
important factors: (1) our process is designed for biomass instead of coal; (2) our process is
designed to work with HGTRs with coolant temperatures in the 800-950°C range, while the
process of Khojestah et al. is designed for very high temperature MHR reactors operating around
1200°C; and (3) our process uses a rigorous multi-scale model for the integrated HTGR/SMR
system, with much more realistic properties. This is the primary novelty of the work. The use of
biomass in our process is less efficient and less economical than coal, but can yield significant
environmental benefits. The lower temperature HGTR used in our process has fewer practical
limitations than the 1200°C MHR, but it also creates additional process challenges since it
reduces the efficacy of the SMR reaction. For example, the SMR reactor designs are
fundamentally different, since the helium-heated SMR in the present work is driven primarily by
convection, while the helium-heated SMR in Khojestah et al. is driven primarily by radiative
heat transfer.

In this paper the economic and environmental impacts of the proposed BGNTL/HGTR process is
compared with a “best known” base case BGTL process with integrated biomass gasification and
SMR. Other BGTL, GTL, or BTL processes were not considered for comparison since previous
studies found that they were not as efficient or environmentally friendly than the base case used

in our work [14].

The proposed BGNTL process is shown in Figure 1. In this process, biomass is gasified with

steam and oxygen into syngas and wastes such as CO,. The produced syngas contains a low
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amount of H, (molar H,/CO ratio of about 0.75); However, a higher H, concentration (H,/CO~2)
is required for the downstream use in either FT liquids synthesis or DME synthesis processes. To
meet this need, natural gas and steam are converted into the hydrogen rich syngas through the
steam reforming reaction (CH; + H,O— CO + 3H;). This syngas has a high H, content
(H2/CO>6), and it can be mixed with the biomass-derived syngas to produce syngas with a
balanced H, content (H,/CO=2) required for the downstream processes. CO, produced in the
process can be captured and sequestered, providing a process which produces near zero direct
CO, emissions and uses enough biomass to offset the most of GHG emissions from the use of

the fuels downstream (e.g. gasoline combustion).
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Figure 1. General overview of the BGNTL system superstructure.

The concept of using the heat from a HTGR to power SMR is not new. Several studies by the
Research Center Julich and SIEMENS-INTERATOM research groups in Germany [17, 18, 19]
and the Japan Atomic Energy Research Center [20] have examined the feasibility and safety of
the concept when helium is used as a high-temperature transfer medium which carries heat from
the HTGR to the SMR reactor. The studies included the demonstration of pilot scale versions of
the helium-heated SMR unit. Hoseinzade et al. [21, 22] later developed a rigorous model for the

helium-heated SMR reactor based on first principles and validated it against the design data of
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the prior work. We used this model in the present work in order to design a helium-heated SMR
reactor suitable for use in a BGNTL system and predict the operating conditions pertinent to the
system (such as temperature profiles, methane conversions and vyields, steam and heat
consumption, etc.). Then, we designed a BGNTL system which incorporates this reactor, and
performed systems-level techno-economic and life cycle GHG emission analyses in order to
evaluate the efficiency of the approach from a business, environmental, and technical
perspective. Aspen Plus models were used to aid in these analysis, which have been made
available to the public through LAPSE: the Living Archive for Process Systems Engineering at

PSEcommunity.org.

2. Methodology

A recent literature review found that in the large majority of cases, creating multiple kinds of
fuels in a polygeneration process is generally less economic than producing a single kind of fuel
unless there are particular business reasons for needing to multiple kinds of fuels [9]. We found
this to be true for the proposed BGNTL system as well [23]. Therefore, in this work, we
considered BGNTL variants which produced either FT liquids or DME as products, but not both.

Eight different cases were studied in this work, each at steady state conditions. The cases are
BGTL/FT to produce FT liquids (gasoline and diesel), BGTL/DME to produce DME with and
without CCS, BGNTL/FT to produce FT liquids and BGTNTL/DME to produce DME with and
without CCS. BGTL cases do not include a nuclear component but BGNTL cases contain a
HTGR. Each case was sized to have 1070 MWyyy thermal input including woody biomass,
natural gas, and nuclear heat (in the BGNTL cases). It should be noted that nuclear heat amount
does not represent the nuclear reactor size, it is the amount of heat delivered by the helium
coolant to drive the SMR process. A combination of different software packages including
Aspen Plus V10, ProMax, gPROMS, and MATLAB were used to simulate these processes.
However, most of the process sections except CO, removal and integrated steam reforming
systems were modeled using Aspen Plus. The Peng-Robinson equation of state with the Boston-
Mathias modification (PR-BM) physical property package was used for most of the Aspen Plus
simulations which is consistent with a prior work [12]. PSRK method was applied for the
CO,/water mixture at high pressures. In a prior study [24], the PSRK method was found to match

experimental data for the property prediction of CO,/water mixture at high pressures very well.
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For the MeOH/DME separation NRTL-RK was used [12] and NBS/NRC tables were used for
the water-only streams. ProMax software was applied to model the CO, removal processes due
to its superior physical property models (TSWEET) for this acid gas removal systems. The
model of the CO, removal process was developed by Adams et al. [25]. The integrated
RSC/SMR system and integrated HTGR/SMR processes were modeled in the g°PROMS software
package.

2.1 Steam Reforming Sections for BGTL Cases

Figure 2 shows the integrated RSC/SMR unit used in the BGTL cases. The model for this
system, which was developed by Ghouse et al. [26], is based on first principles and validated in
that work using experimental data. The model is a rigorous, multi-scale, and two dimensional
and accounts for both the bulk gas phase changes as well as spatial differences within the catalyst
particles. The produced syngas in the gasifier is Hp-lean (H,/CO ~1) and has the temperature as
high as 1300°C. In order to cool down the gasifier derived syngas, it is integrated with a steam
methane reforming process which is highly endothermic. Ghouse et al. [26] found that for safe
operation of the integrated RSC/SMR process, the co-current configuration should be applied

which assures the tube wall temperature remains below the structural integrity limit.
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Figure 2. Integrated RSC/SMR system [26].

As Figure 2 shows, syngas from the gasifier flows through the radiant syngas cooler and
transfers heat to the SMR tube walls mostly by the radiative heat transfer mechanism. In the tube
side, methane and steam are mixed, receive heat from the tube walls, and then are converted to
hydrogen rich syngas. The optimal design of the integrated system was presented in follow-up
study by Ghouse et al. [27] and it was applied in the BGTL process design. The RSC/SMR
system used in this study contains 200 SMR tubes with an outer tube diameter of 10 (cm), tube
length of 20 (m), gasifier inner diameter of 4.572 (m) and catalyst particle diameter of 1.6 (cm).
More details on the integrated RSC/SMR model can be find in the study by Ghouse et al. [26].
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2.2 Steam Reforming Sections for BGTNL Cases

The BGNTL cases use an integrated HTGR/SMR approach shown in Figure 3. The model for
this section was developed in gPROMS by Hoseinzade et al. [21] in a prior work, and is also
rigorous and based on first principles. The model was validated in that work using design data
from two pilot plants. As indicated in the figure, high temperature helium from an HTGR or an
intermediate heat exchanger flows in the shell side of a shell and tube heat exchanger. The
helium temperature at the shell entrance is 950°C, thus convection is the dominant heat transfer
mechanism. Some disc type fins are installed in the outer surface of the SMR tubes to increase
the flow turbulence and the heat transfer coefficient. Each SMR tube contains an inner tube
(which is not packed with catalyst) to recover the heat of the produced high temperature syngas
and increase the methane conversion. The designed system includes 199 SMR tubes with an
outer diameter of 12 (cm), tube length of 14 (m), inner tube diameter of 6 (cm), refractory inner
diameter of 2.7 (m), and a catalyst particle diameter of 1.2 (cm). Some of these design
parameters where chosen to match the plant design by SIEMENS-INTERATOM, while others
such as the catalyst particle size or inner tube diameter were determined through a manual

optimization procedure (a course-mesh sampling approach).
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Figure 3. Integrated HTGR/SMR system super structure. This figure is reprinted from the study by Hoseinzade et al. [21].

2.3 Biomass Gasification and Biomass-Derived Syngas Upgrading

Much of the remaining portions of the Aspen Plus process models of the BGTL and BGNTL
processes were based on individual model components which were each developed and
optimized in our prior works, including gasification [28], water gas shift [29], CO, removal [25],
FT synthesis [12], and DME synthesis [30]. Therefore, most of the sections of the process are
described briefly in this study and detailed descriptions of those sections can be found in the
latter references. The biomass (Ontario cedar wood chips) and natural gas properties used in this

study are given in Table 1. It is assumed that the average molecular weight of ash is 0.06515
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(kg/mol), the mole fraction of Fe,Og3 in ash is 2.613% [31], and natural gas is available at 30°C
and 30 bar.

Table 1. Properties of wood and natural gas used in this study.

Wood: proximate analysis — as received (wt%) [32]

Fixed carbon  Volatile matter ~ Ash Moisture HHV (kd/kg) LHV (kJ/kg)
58.16 39.94 1.90 8.00 19804.82 18790.00
Wood: ultimate analysis (dry wt%) [32]

Carbon Hydrogen Nitrogen Sulfur Oxygen Chlorine
48.620 5.991 0.478 0.005 43.006 0.209
Natural gas mole fraction (%) [14]

Methane Ethane Propane n-Butane CO, N,

93.9 3.2 0.7 0.4 1.0 0.8

Figure 4 and 5 show the schematic of the BGTL/FT, BGTL/DME, BGNTL/FT, and
BGNTL/DME processes. The processes start with biomass crushing and feeding to an entrained-
flow gasifier. It is assumed that 0.02 kWe is required to crush 1 kWth (HHV based) of wood
[33]. Woody biomass, high purity oxygen from the air separation unit (ASU), steam, and CO,
are fed into the gasifier to produce syngas. The biomass gasification model contains three stages:
biomass decomposition, gasification, and cooling. The model was originally developed by Field
et al. [34] for coal gasification was adapted and modified for biomass gasification [16]. The
produced high temperature syngas in the gasifier transfers its heat via a radiant syngas cooler to
either the integrated steam reforming process in the BGTL cases or the steam generator in heat

recovery steam generator (HRSG) section in BGNTL cases.

Then, the biomass-derived syngas is desulfurized before sending to the syngas mixing section.
First, it is sent to a hydrolysis reactor where COS reacts with water, generating H,S, which is
easier to remove than COS from syngas, making downstream sulfur removal more cost efficient
[12]. The H,S amount in the raw syngas is low (in the range of 50 ppm) for wood gasification
process, thus it is economic to remove it using the LO-CAT process [35]. The LO-CAT system
uses a catalyst to oxidize the H,S into solid sulfur [36]. This system is not modeled in Aspen

Plus but it is accounted in the economic analysis. It should be noted that the ASU unit was not



O©CO~NOOOTA~AWNPE

modeled in Aspen Plus either, however, it was considered in the economic and energy analysis.

It is assumed that 1 MWe is required to produce 1 kg/s oxygen at 1 bar and 0°C [37].
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Figure 4. Schematic of BGNTL/DME and BGNTL/FT processes. (GT = Power generation using a gas combustion turbine)
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Figure 5. Schematic of the BGTL/DME and BGTL/FT processes.

In the BGTL processes, desulfurized syngas was upgraded to obtain the desired H,/CO ratio for
the Fischer-Tropsch (FT) and methanol/DME processes using the water-gas shift (WGS)
reaction. The WGS section was modeled using series of three adiabatic-equilibrium reactors in
Aspen Plus to benefit from the fast kinetics at higher temperature in the first two reactors and

high conversion at low temperature in the last reactor [29].



O©CO~NOOOTA~AWNPE

2.4 Natural Gas Reforming

In the BGTL cases the integrated reforming section includes a pre-reformer and an integrated
RSC/SMR system. The pre-reformer converts the C,-C4 hydrocarbons to syngas and is adiabatic.
Methane is then reformed to H,-rich syngas in the integrated RSC/SMR system. The latter
design is similar to the integrated coal gasification and SMR system which was presented and
modeled by Ghouse et al. [26]. The pre-reformer and reformer were modeled in Aspen Plus

assuming chemical equilibrium.

Figure 6 shows a more detailed schematic for this system as modelled in Aspen Plus. As shown
in the figure, a pre-reformer converts ethane, propane and butane to syngas first, then output
gases are split into two streams of the equal molar flow rate and fed to two integrated
HTGR/SMRs operating in parallel. The reason for using two HTGR/SMRs is to prevent high
pressure drop in the SMR tubes. If only one reactor is used at this particular process capacity, the
pressure drop exceeds 20 bar (as predicted by the rigorous model in gPROMS). The integrated
HTGR/SMR system was modeled in Aspen Plus with a combination of a reactor model
(specifically REQUIL with specified extents of conversions of the SMR and WGS reactions
based on the gPROMS results) and a heater. The heater determines the outlet gas temperature.
The results of the gPROMS model were directly entered into the Aspen Plus model of the
integrated HTGR/SMR system.
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Figure 6. Flowsheet of the integrated HTGR/SMR system in Aspen Plus. HPS = High Pressure Steam.

In the BGTL cases, the CO-rich syngas is mixed with the hydrogen-rich syngas from the
integrated RSC/SMR, and shifted syngas from the WGS section to achieve a certain H,/CO ratio
(=2.01) for downstream FT or DME processes. In the BGNTL cases, CO-rich syngas is mixed
with Hy rich syngas from the integrated HTGR/SMR to adjust the H,/CO ratio. The WGS section
is not required in the BGNTL cases since the ratio between biomass and natural gas used in the
process can be freely chosen such that the correct H,/CO ratio in the blended syngas can be

obtained.

The mixed syngas then is sent to either FT synthesis to produce gasoline and diesel, DME
synthesis. If there is any off-gas in the upstream processes, it is sent to the gas turbine (GT)
section to generate electricity. The produced electricity is used for the process needs, and if there
is extra electricity it is sold as a product. In the case that produced electricity cannot meet the

process needs, it is purchased from the grid.
2.5 Carbon Dioxide Removal

In some of the cases, carbon capture and sequestration is enabled. Depending on the case, a pre-

combustion or post-combustion capture process was applied. In the BGTL/FT and BGNTL/FT
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processes, CO; is captured from the syngas prior to entering the FT synthesis section using an
MDEA/piperazine “pre-combustion” process. This is because the CO content in the FT process
off-gases is small, CO; is more efficiently captured prior to combustion, and little additional CO,
will be produced during combustion. CO,/H, separation is normally less energy intensive than
CO./N, separation, especially when a large amount of N is present [5]. In addition, the portion
of FT off-gases which are recycled are mixed with the fresh syngas feed before entering the CO,

removal section.

In the BGTL/DME and BGNTL/DME processes, the off-gas of the DME synthesis process still
contains a considerable amount of CO which ends as CO, in the gas turbine flue gas after
combustion. Thus, pre-combustion capture is not a proper option for this case and a post-
combustion capture process was applied. Based on the study by Adams et al. [5], an MEA based

process is the most efficient and economic choice to capture CO, from the gas turbine flue gas.

Both CO, capture processes contain an absorption column to separate CO, from the syngas
mixture, and a stripper column to recover the solvent and separate CO,. The objective is to
capture 90% of CO, in the either from syngas or flue gas. The captured CO; in this section is
sent to the CO, compression section to remove water and compress up to 150 bar for
sequestration. Both the CO, removal processes were based on the models of Adams et al. [25]

and the reader is referred to that work for more details.
2.6 Fuel Production Sections

The FT process in the BGTL/FT and BGNTL/FT cases is based on converting syngas with a
H,/CO ratio of 2.01 to hydrocarbons with carbon atom counts from 1 to 60 over a Cobalt based
catalyst. The FT reactor outlet is separated into light and heavy hydrocarbons in two flash drums
in series. These light and heavy products are sent to a refinery column which was modeled using
the PetroFrac block in Aspen Plus to upgrade the products to liquid hydrocarbons which forms
diesel and gasoline. The vapor products from the column are sent to an autothermal reformer
reactor in the FT unit to produce syngas in a H,/CO ratio of 2. Depending on the case, this
syngas is recycled to the FT reactor or sent back to the CO, removal section. The off-gases are
sent to the power generation unit (GT). The heavy hydrocarbons from the refinery column are

sent to a hydrocracker to break into smaller hydrocarbons using the hydrogen generated in the
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pressure-swing absorption column in the FT unit. For brevity we avoid providing detailed

information on the FT model and instead refer the reader to Adams et al. [12].

The DME synthesis section was modeled based on the two-step (methanol intermediate)
synthesis route model developed by Khojasteh Salkuyeh et al. [30]. In this section, methanol is
synthesized using an adiabatic plug flow reactor over a Cu based catalyst. In addition to the
methanol synthesis reaction, the water gas shift reaction, the ethanol synthesis reaction, and the
methyl formate synthesis reaction are considered simultaneously in the Aspen Plus model of this
reactor. The unreacted syngas is then recovered in a flash drum and sent back to the reactor
except for a purge stream which is sent to the GT section for power generation. The liquid
methanol product is recovered from the mixture in two distillation columns in series. Any off-
gases from the distillation are sent to power generation. The distillation columns are modeled
using RadFrac in Aspen Plus. The produced purified methanol is then sent to DME production.
DME is synthesized in a plug flow reactor over a y-Alumina catalyst. The liquid product is then
distilled (also modeled using a RadFrac block) to recover DME. The unreacted methanol is sent

back to the methanol recovery unit and DME product is sent for sale.
2.7 Electricity Production Sections

The GT process, which combusts DME or FT synthesis off-gases, was modeled using an RGibbs
block and compressor/ turbine models in Aspen Plus. Off-gases are fed with excess air to the
combustion chamber. Some N, (from the ASU) is added to the fuel mixture to dilute the fuel and
prevent very high temperatures in the combustion chamber [12]. It should be noted that some of
the air is split and mixed with the combustion product to decrease the mixture temperature [12,
37].

The waste heat from various sections of the plant is recovered in the HRSG unit to produce
steam for plant needs and electricity via steam turbines if extra heat is available. Steam is
required in three levels in the plant: low pressure steam (LPS) at 5 bar and 180°C, medium
pressure steam (MPS) at 20 bar and 300°C and high pressure steam (HPS) at 50 bar and 500°C.
A minimum approach temperature of 10°C is assumed for the various heat exchangers in this
unit [38]. This section was modeled in Aspen Plus using the heater, pump, and compressor
blocks.
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2.8. Cooling Tower

The cooling water required by the system is produced within the plant. The cooling tower was
simulated in Aspen Plus using a two-stage equilibrium RadFrac column (with no condenser or
reboiler). Air is blown using a fan to cool down the returning cooling water which is at 45°C.
During this process some of the water is flees the tower, thus make-up water is added to the
tower. This is based on the model of Scott et al. [16] and is described more fully in that work.

2. 9 Plant Sizing, Basis of Comparison, and Optimization

As mentioned previously, the basis of comparison used in this study was that the total thermal
input of the feedstocks is 1070 MWyyy. In the BGTL processes, the mass ratio between biomass
and natural gas is fixed based on the design requirements of the particular integrated RSC/SMR
system which were developed in previous works (e.g. tube arrangements, lengths, wall
thicknesses, and diameters; pressure drop; catalyst particle size and loading; material temperature
structural limits; safety requirements, etc.), Similarly, in the BGNTL process, the mass ratio
between the helium and the natural gas is fixed similarly based on the design requirements of the
particular HTGR/SMR system used in this work. Also, in the BGNTL process, the mass ratio
between biomass and natural gas is chosen to be the one that yields a syngas blend with the
appropriate H,/CO ratio in the feed to either the FT or DME synthesis process without requiring
WGS (or reverse WGS). Thus, the ratios of all feedstocks are determined by process constraints
and are not subject to optimization. The final feed rates are shown in Table 2. Note that the
nuclear heat input to the BGNTL is nearly identical to the thermal output (103 MWjy,) of the

Peach Bottom | helium-cooled reactor constructed in 1967 [39].

Table 2. Thermal inputs to the plant (HHV basis where applicable).

Plant Biomass NG feed to Nuclear
(MWth) SMR (MWth) heat (MW)

BGTL 847.2 223.2 -

BGNTL 478.6 488.3 103.6

Electricity, steam, and cooling water, are produced within the plant boundaries using the waste

off-gas and waste heat available (using a combination of the HRSG, GT, and Cooling Tower
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sections). In some cases, the available waste energy is not sufficient to meet all electricity and
steam needs, and so our analysis assumes that the deficit is purchased from the market for cost
purposes. In some cases, there is more waste energy available than can be used, and so this is
converted to electricity for sale. All chilled water utility needs are similarly assumed to be

purchased from the market.

Although, a formal optimization of the process as a whole was not carried out in this study, the
individual sections within the BGNTL and BGTL processes were optimized individually. These
section optimizations were either performed in the prior works or performed in the present work
using industrial data and best practices. For example, the RSC/SMR design was optimized in a
prior work [27] using mathematical programming based on factors such as maximizing methane
conversion while meeting certain heat transfer and other constraints. The disadvantage of this
approach is that the larger process as a whole was not optimized with an economic objective, but
given the very large size of some of the models used for the process, this is not tractable with
current computing power. The advantage of this approach is that the resulting processes are
likely still sufficiently close to optimality that it is quite suitable for drawing conclusions about

the technical and economic feasibility and making value judgements.

3. Results and discussion

3.1 Thermal and Carbon Efficiency

A summary of the simulation results for the BGTL and BGNTL cases are shown in Table 3. In
the BGTL case, more biomass feed is introduced to the plant comparing to the BGNTL cases.
This is due to the low heating value of biomass which demands more biomass to reform a certain
amount of natural gas. In the BGNTL process, a smaller amount of biomass is required to meet
the desired H,/CO ratio due the contribution from nuclear heat.

Table 3. Simulation results.

Case BGTL/ BGTL/ BGTL/ BGTL/ BGNTL/ BGNTL/ BGNTL BGNTL

FT FT DME DME FT FT /DME /DME
CCS used? Yes No Yes No Yes No Yes No
Nuclear heat No No No No Yes Yes Yes Yes
used?

Energy input (MWe or MWyy)
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Biomass 847.2 8472 8472 847.2 478.6 478.6 478.6 478.6
NG 223.2 2232 2232 223.2 488.3 488.3 488.3 488.3
Nuclear heat - - - - 103.6 103.6 103.6 103.6
Extra steam 179.9 89.8 77.6 42.5 1325 103.2 75.8 63.7
Electricity 1335 41.8 15 - 66.6 2.7 - -
Energy output (MWe or MWyy)
Naphtha 172.8 1729 - - 167.9 168.1 - -
Diesel 369.4 3698 - - 359.1 359.7 - -
DME - - 489.8 489.8 - - 546.6 553.9
Electricity - - - 27.0 - - 38.4 59.2
Thermal 39.2 45.2 42.6 46.4 41.5 44.9 51.0 54.1
efficiency (%)
Carbon 45.1 452 36.3 36.3 55.3 55.4 51.1 51.8

efficiency (%)

The required extra steam and electricity purchases were determined by the simulations and are
given in the table. The results show that in three of the four DME production cases (except
BGTL/DME with CCS), the plant itself generates more electricity than process needs; however,
in the FT cases, some extra electricity must to be purchased from the grid. The reason is that in
the FT cases, the available off-gas contains large quantities of CO, rather than CO and H, and
cannot generate the required power. In contrast, in the DME production cases off-gases contain
less CO, and more CO which can be combusted in the GT and produce more electricity. In the
cases with CCS, more electricity is required due to adding CO, capture and compression
systems. For cost and environmental analysis purposes, it is assumed that the required extra
electricity is purchased from the grid in Ontario, Canada. We do not assume that extra electricity
is provided by traditional nuclear power (for the BGNTL cases) because the motivating factor for

the research is to explore how nuclear energy can be used for non-electricity purposes.

Thermal and carbon efficiencies are employed as indicators to assess the performance of the
different plans. The thermal efficiency of a process is defined as the ratio of the sum of all
energy outputs divided by all energy inputs on a thermal higher heating value (HHV) basis [14]

as given as follows:

HHV gasolinetHHV pieseitHHV yeog+HHV pME+POWeEr (2)

Thermal Ef ficiency (HHV based) =

HHVpiomasstHHVNG+QHTGR+QExtra
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where Power is the electricity output of the system (or O if electricity is instead purchased from
the grid), Qyrer 1S the thermal energy delivered from the nuclear source, and Qg,¢rq 1S the extra
steam or power purchased from the market. For cost and environmental impact purposes, it is

assumed that steam is produced from natural gas combustion on an equivalent energy basis.

The carbon efficiency metric uses the definition of [14], which is the carbon atoms in the DME
or FT products divided by the carbon atoms in the biomass and natural gas feedstocks. This
metric does not consider carbon atoms in any fuels used in the production of steam or electricity
purchased from the market, but rather is an indication of the percentage of the feedstock carbon

is converted into useful products within the plant boundaries.

The thermal and carbon efficiencies of the different cases are given in Table 3. Comparing the
thermal efficiencies indicates that DME production is more efficient than FT liquids production,
due to co-producing electricity as another product in the DME cases. Furthermore, the BGNTL/
DME plant is the most efficient since integrated HTGR/SMR process is efficient. However,
comparing the carbon efficiencies depicts that FT liquid production better uses primary feedstock
carbon, thus resulting in lower direct CO, emissions. Of course, since the FT cases require a
greater amount of steam and electricity purchases, this may be offset by higher indirect CO,
emissions depending on the way in which those utilities were made. The carbon efficiency is
higher in the nuclear integrated cases, since carbonless nuclear heat displaces biomass or natural
gas combustion for the thermal needs of the endothermic SMR reaction.

In our prior study, the efficiency of the BGNTL process in polygenerating FT liquids, MeOH,
DME and electricity was studied [23]. Comparing the results of that study with Table 3 indicates
that producing one product at a time and using waste off-gases for power production is
remarkably more efficient than polygenerating several products.

3.2 Cost Estimation

Raw material, product and utility prices are given in Table S1 in the supplementary material
section. All the prices are in Canadian dollars and given in the original year. If the April 2018
price was available for the raw material, product or utility, we used that in the cost analysis. If
not, it was updated to 2018 prices using the inflation rate given in Table S3 in the supplementary
material section. As shown in the table, high temperature helium is assumed to be a utility which
is available in 0.0293 $/kWh (in 2011 dollars). Therefore, the capital cost of purchasing an
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HTGR will not be considered in the analysis but is instead incorporated indirectly via treating it

as a utility.

To estimate the plant capital cost, equipment cost estimates from the literature were used as
given in Table S2 in the supplementary materials. The costs in Table S2 are given for the base
size, in the base year, and in US dollars. Thus, they were updated to the considered plant size
using the power law rule and updated to 2018 Canadian dollar using the latest Chemical
Engineering Plant Cost Index (CEPCI) [40]. The installation cost is assumed to be proportional
to the equipment cost. These factors as shown in Table S2 were derived from the literature for
different equipment types and taken into account in the cost estimation. The direct cost was
approximated as the sum of the equipment and installation costs. Based on Peters et al. [41], the
indirect costs were assumed to be 20% of the direct costs and working capital investment was
assumed to be 15% of the fixed capital investment. Furthermore, to estimate plant depreciation,
the MACRS depreciation tax table was used. The profitability of the studied cases were
evaluated by net present value (NPV). The cost data and parameters used to estimate NPV are
given in Table S3 in the supplementary material section.

To approximate the capital and operating costs, all the process units shown in Figure 4 and 5
were considered in the cost analysis. The high temperature helium from the HTGR, steam, water,

the LO-CAT process and purchased electricity were considered as utility.

The operating cost of the plant was estimated based on the procedure presented by Peters et al.
[41] which assumed different components of the operating cost is a function of fixed capital cost,
raw material cost or operating labour cost. A summary of these assumptions is given in Table S4

in the supplementary material section.

With these assumptions, the NPV was calculated for each of the studied cases. It should be noted
that all the plants were assumed to operate at 85% designed capacity and carbon tax is not
considered in the NPV analysis. Instead carbon tax impact on the profitability of the processes is
investigated in the sensitivity analysis section. The summary of the cost analysis including the
direct costs of each section, fixed capital, revenue from product sales, total production cost and
NPV is given in Table 4.
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Table 4. Techno-economic analysis results (in 2018 CAD). TPC = Total Product Cost; FCI = Fixed Capital Investment

Case BGTL/ BGTL/ BGTL/ BGTL/ | BGNTL/ | BGNTL/ BGNT BGNT
FT FT DME DME FT FT | LIDME | L/IDME
CCS used? Yes No Yes No Yes No Yes No
Nuclear heat used? No No No No Yes Yes Yes Yes
Direct capital cost of process sections (million $)
ASU 141 141 120 120 122 122 90 90
Gasifier 182 182 182 182 122 122 122 122
Integrated RSC/SMR 18 18 18 18 - - - -
WGS 21 21 21 21 - - - -
Integrated HTGR/SMR - - - - 16 16 16 16
CO, removal and 71 - 74 - 48 - 53 -
compression
FT 217 215 - - 237 239 - -
DME - - 368 368 - - 319 333
Compressors 20 18 18 18 21 20 14 14
GT 14 - 55 54 18 19 54 53
HRSG 80 89 76 68 98 114 87 95
Cooling towers 15 1 3 2 4 1 2 2.0
FCI ($M)=1.2xDirect costs 935 822 1,121 1,021 824 783 909 871
Gasoline sales ($M/yr) 128 128 - - 124 125 - -
Diesel sales ($M/yr) 322 322 - - 313 313 - -
DME sales ($M/yr) - - 487 487 - - 543 551
Electricity sales ($M/yr) - - - 16 - - 23 35
Electricity purchase ($M/yr) 79 25 1 - 39 16 - -
Helium purchase ($M/yr) - - - - 26 26 26 26
TPC ($M/yr) 409 304 425 324 307 272 357 280
NPV ($M) -1,129 -56 -686 65 -228 173 281 697

In the gasoline & diesel production cases, the FT section is the most expensive section which
accounts for 23-30% of the fixed capital investment (FCI) depending on the case. In the DME
cases, the DME synthesis section contributes to 32-38% of the fixed capital investment. In all
cases, the ASU and gasifier are the two other primary contributors to the capital cost. The fixed
capital cost varies from $783 million for BGNTL/FT/woCCS to $1121 million for the
BGTL/DME/CCS. The DME cases require 10-24% more capital investment, since the DME

synthesis section is more expensive and they require a larger GT unit. The nuclear integrated
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cases (BGNTL) needs 5-19% less FCI than the non-nuclear once, since they have a smaller
gasifier, ASU, and carbon capture sections. However, this is somewhat misleading since the
capital cost of the nuclear reactor is not included in the FCI and instead accounted in the form of

an annual utility expense.

Comparing the sales of the different cases indicates sales of diesel and gasoline are almost the
same regardless of the process; however, in the DME cases, DME sales are larger in the BGNTL
process. This represents higher production rate of DME in the BGNTL cases. The reason is that
in the BGNTL process, even though total syngas rate is smaller than the syngas rate in the
BGTL, it contains more CO+H, and less CO, than the BGTL process. In the DME cases some
electricity is sold as a side product. In contrast, in the FT cases electricity is purchased from the
grid. All of these lead a higher profit for the BGNTL/DME process (with and without CCS). The
BGNTL/FT process is only profitable without CCS (note that no carbon taxes are considered in
Table 4). Based on the economic analysis results, with the current prices of biomass and natural
gas BGTL process is not economic and for an investment of $800-900 million, and building
BGNTL/DME process is the most profitable option and results in an NPV in the range of $281-
697 million.

3.3 Environmental impacts

The environmental impacts of the different cases were assessed by computing the life cycle GHG
emissions. In the FT cases with carbon capture and storage, 90% of the CO; in the syngas is
captured and the CO, from the gas turbine is emitted. In the analysis, emissions from the GT is
considered as the direct emissions for the FT cases. In the DME cases with carbon capture, 90%
of the CO, from the flue gas is captured in the MEA process and the rest is emitted to the
atmosphere as vent. The vent gas in this case considered as the direct emissions. In the non-CCS
cases flue gases of the gas turbine are the direct emissions. If extra steam is required in a process,
it is assumed that it is produced using the heat from natural gas combustion on site. The CO;

emissions from this natural gas combustion is also considered as direct emissions.

Table 5 gives the cradle-to-plant entrance gate emissions in carbon dioxide equivalents (COe)
for the natural gas and woody biomass, as well as the plant gate-exit-to-grave CO,e emissions.
The gate-exit-to-grave emissions include the GHG emissions associated with fuel dispensing,

distribution, storage, and combustion of the fuels by the end-user. The DME combustion



O©CO~NOOOTA~AWNPE

emissions were approximated assuming the fuel is fully combusted. In addition, we assume that
all of the carbon contained in the biomass originated from atmospheric CO; [42] and so a credit
for CO, removal from the atmosphere is assumed based on the carbon content. Net sequestered
CO; is determined by subtracting the CO, feedstock to the biomass gasification process from the

total captured CO..

Table 5. CO,e GHG emissions assumptions of the upstream and downstream processes.

Emission source Value Reference

Cradle-to-plant entrance gate COze emissions

Natural gas cradle-to-plant entrance gate CO,e 7.29 COe/Mipnuy  [43]

emissions
Woody biomass cradle-to-plant-gate emission 0.133 tonne CO.e/ [44]
(including the harvesting and transportation) tonne of biomass

Plant gate-exit-to-grave CO.e emissions

Fuel dispensing 138 g CO,e/GJ [45]
Fuel distribution and storage 575 g CO.e/GJ [45]
Combustion emissions of gasoline 2.35 kg COe/L [46]
Combustion emissions of diesel 2.68 kg COe/L [46]
Combustion emissions of DME 1.91 kg COqe/kg Calculated

The detailed GHG emissions accounting of each process are given in Table 6. In the cases that
CCS is enabled, net negative GHG emissions are achieved, meaning that even including the
combustion of the fuel, there is a net migration from CO; in the atmosphere into underground
sequestration. Figure 7 compares the cradle-to-grave COe emissions of the different cases with
and without CCS. The results show that the DME route has 30-40% less life cycle GHG
emissions than FT liquids production when there is no-CCS and significantly lower emissions
when CCS is enabled, even when accounting for the lower energy density of DME. Also, BGTL

cases have 11-37% larger direct emissions than BGNTL cases and 38-48% larger (negative)
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cradle-to-gate entrance emissions due to using more biomass as the feedstock, although the

amount of CO; that needs to be sequestered is nearly double.

Table 6. Cradle to grave GHG emissions of the plants for 85% capacity.

GHG emission (tCO,elyr) BGTL/ BGTL/ BGTL/ BGTL/ BGNTL/ BGNTL/ BGNTL/ BGNT
FT FT DME DME FT FT DME L/DME
CCS used? Yes No Yes No Yes No Yes No
Nuclear heat used? No No No No Yes Yes Yes Yes
Direct GHG emissions 287,400 1,234,500 230,340 1,411,900 254,670 892,890 173,790 882,780
Cradle-to-plant-gate-entrance -1,503,100 -1,518,800 - - -923,300 -785,690 -790,480 -792,580
GHG emissions 1,521,000 1,527,100
Net sequestered 985,740 0 - 0 596,890 0 664430 0
1,123,060

Plant-gate-exit-to-grave GHG 1,273,700 1,275,100 724,160 724,160 1,238,000 1,239,300 808,040 818,970

emissions

Net Cradle-to-grave GHG -927,850 1,115,200 - 733,300 -27,517 1,416,800 -473,080 979,450
emissions 1,689,500

Net Cradle-to-grave GHG -70,610 84,780 -142,319 58,548 -2,155 110,753 -33,368 65,908
emissions (gCO,e/Glyny)

Since each DME production process both is more profitable than and has lower GHG emissions
than its FT equivalent under the base case market conditions, we compared the life cycle GHG
emissions of different cases with standalone NG-to-DME and coal-to-DME processes. The
cradle-to-plant gate-exit GHG emissions of a coal-based and natural gas-based DME plants
based on the GREET model [47] are 92,700 gCO.e/Glpme and 27,310 gCO.e/Glpme,
respectively. The gate-exit-to-grave emissions of DME are 60,288 gCO.,e/GJpwme from Table 5
results. Thus, the life cycle GHG emissions of coal based and natural gas based DME are
152,988 gCO,e/GJpme and 87,598 gCO,e/Glpme. These are compared in Figure 8. Based on the
results, the BGNTL/DME process without CCS, which is the most efficient and most profitable
process among the other studied cases, has GHG emissions that are 57% lower than the

traditional coal-to-DME process and 25% lower than the traditional NG-to-DME process.
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Figure 7. Life cycle GHG emissions of the different cases.

3.4 Sensitivity Analysis

In this section the impact of the uncertain and key parameters on the profitability of the studied
systems is considered. The sensitivity analyses were conducted only for the BGNTL/FT/woCCS
and BGNTL/DME with or without CCS cases, since the others are not economically promising.
The selling price of the fuels (gasoline, diesel and DME), the capital cost of the integrated
HTGR/SMR process, the carbon tax, and the wood price are considered as the most uncertain
and key parameters in determining the profitability of the systems. Although, the fuel and raw
material prices were taken from the most updated sources, they are always subject to change and
it is important to analyze the system performance for the possible changes. Furthermore, the
capital cost of the integrated reforming systems (HTGR/SMR) is unknown and we assumed that
to be the same as a conventional reformer in the HTGR/SMR case, which causes a large
uncertainty in the analysis. The carbon tax is also an important factor which strongly influences
the inclusion of the CCS system on the studied processes. It should be noted that in the economic

analysis in section 3.2, carbon taxes were not included.
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The key parameters were perturbed from their base case values as follows: carbon tax was varied
between 0 to 100 $/tonne; the integrated HTGR/SMR capital cost was changed from 1 to 7 times
its base case value; and the FT liquids, DME ,and wood prices were changed from -20% to
+20% of their base case values. The performance of the system under these uncertainties is best
demonstrated by the NPV of the different cases. Figure 8 shows the NPV for the different
scenarios for each of the studied changes in the parameters. Based on the Figure 8.a., for the
considered carbon taxes, non-CCS cases are more profitable than the CCS cases. The
BGNTL/DME design without CCS is profitable for carbon taxes smaller than $100 /tonne.
Furthermore, it should be noted that with a carbon tax of $50 /tonne all the cases are still
profitable. Figure 8.b. shows that even if the integrated reformer price increases by 7 times from
its base case value, still all the plants will remain profitable. This implies that NPV of the plants
is less sensitive to the integrated reformer capital cost because it is a small portion of the overall

process.

Figure 8.c. shows that the NPV of the plants is very sensitive to fuel selling price. Based on this
graph, for more than a 10% decrease in the base case diesel and gasoline or DME selling price,
both BGNTL/FT and BGNTL/DME designs with CCS become non-economic, however, the
BGNTL/DME non-CCS case is still profitable.

Figure 8.d. shows NPV change for a 20% change in the wood purchase price. The results
indicate that NPV is less sensitive to this change compared to fuel selling price changes. In this
case for a 20% increase in the wood price, all of the plants remain suitable business investments
(has a positive NPV).
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Figure 8. Sensitivity analysis results.

4. Conclusions

A novel combined biomass, gas, and nuclear heat to liquid fuels process was presented for
gasoline and diesel or DME production. The BGNTL process was compared against a non-

nuclear process of biomass and gas to liquids of the same size to examine nuclear heat
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integration impact. The key conclusions of the study are listed below:

e The BGNTL process yields high thermal and carbon efficiency. The thermal efficiency can
go up to 54 HHV% in the DME production case and carbon efficiency as high as 55% for the

FT production case.
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e Systems which produce DME result in surplus electricity generation from the off-gases in the
plant, thus resulting in a higher thermal efficiency and avoiding the need for importing grid
electricity

e With the current prices, the FT liquid production is only profitable if it is produced from the
BGNTL process, CCS is not enabled, and there is no carbon tax.

e The most profitable and efficient design, which is the BGNTL/DME, has 57% lower cradle-
to-grave GHG emissions than a traditional coal-to-DME plant and 25% lower than a
traditional gas-to-DME plant.

e The BGNTL/DME process has 37% lower direct GHG emissions than BGTL/DME when
there is no CCS and 25% lower direct emissions when CCS option is enabled.

e All the cases with CCS lead to a negative cradle-to-grave GHG emissions due to using
biomass, carbonless heat (in some cases) and a carbon capture system.

e The sensitivity analysis shows that the profitability of the different cases is subject to the
current prices and will be affected if market conditions change. Due to the large uncertainty
in the fuel and feedstock prices, in the future work it is necessary to conduct an optimization
under uncertainty to study the flexibility of the different designs when fluctuation in the

market conditions happens.
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Appendix A. Simulation file of the studied designs

The Aspen Plus simulation file of the studied designs can be found in LAPSE (the Living
Archive for Process Systems Engineering) with tag LAPSE:2018.0126v1 at the following link:

http://psecommunity.org/LAPSE:2018.0126
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Nomenclature

Acronyms

BGNTL
SMR
FT
DME
GHG
BGTL
CCS
GTL
MHR
CGNTL
CTL
CGTL
MeOH
HTGR
RSC
HHV
LHV
WGS
LHS
GT
ASU
LPS
MPS
HPS
NG
MDEA
CEPCI
NPV

Biomass-gas-nuclear heat-to-liquid
Steam methane reforming
Fischer-Tropsch

Dimethyl ether

Greenhouse gas
Biomass-gas-to-liquid

carbon capture and storage
Gas-to-liquids process

Modular helium reactor
Coal-gas-and-nuclear-to-liquids
Coal-to-liquids
Coal-and-gas-to-liquids

Methanol

High temperature gas-cooled reactor
Radiant syngas cooler

High heating value

Low heating value

Water gas shift

Latin hypercube sampling

Gas turbine

Air separation unit

Low pressure steam

Medium pressure steam

High pressure steam

Natural gas

Methyl di-ethanolamine

Chemical Engineering Plant Cost Index

Net present value
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FIC Fixed capital investment
TPC Total product cost
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