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This study examines the GHG emissions associated with producing bio-hydrocarbons via fast pyrolysis of
Miscanthus. The feedstock is then upgraded to bio-oil products via hydroprocessing and zeolite cracking.
Inventory data for this study were obtained from current commercial cultivation practices of Miscanthus
in the UK and state-of-the-art process models developed in Aspen Plus®. The system boundary consid-
ered spans from the cultivation of Miscanthus to conversion of the pyrolysis-derived bio-oil into bio-
hydrocarbons up to the refinery gate. The Miscanthus cultivation subsystem considers three scenarios

?:é’tworf; sis for soil organic carbon (SOC) sequestration rates. These were assumed as follows: (i) excluding (SOC),
Biore%ynerif (ii) low SOC and (iii) high (SOC) for best and worst cases. Overall, Miscanthus cultivation contributed mod-

erate to negative values to GHG emissions, from analysis of excluding SOC to high SOC scenarios.
Furthermore, the rate of SOC in the Miscanthus cultivation subsystem has significant effects on total
GHG emissions. Where SOC is excluded, the fast pyrolysis subsystem shows the highest positive contri-
bution to GHG emissions, while the credit for exported electricity was the main ‘negative’ GHG emission
contributor for both upgrading pathways. Comparison between the bio-hydrocarbons produced from the
two upgrading routes and fossil fuels indicates GHG emission savings between 68% and 87%. Sensitivity
analysis reveals that bio-hydrocarbon yield and nitrogen gas feed to the fast pyrolysis reactor are the
main parameters that influence the total GHG emissions for both pathways.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Concern over global climate change due to increased anthro-
pogenic greenhouse gas (GHG) emissions has prompted global
action to limit the rise in global average temperature to 1.5 °C
above pre-industrial levels [1]. CO, emissions attributed to fossil
fuel combustion and industrial processes constitute 65% of total
anthropogenic GHG emissions and are thus primary contributors.
As a GHG mitigation strategy, biofuels are projected to contribute
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27% of global transport fuel supply by 2050, with the aim of cutting
CO, emissions by 2.1 Gt CO, eq per annum [2]. As part of the com-
mitment to cut global GHG emissions, the EU has set a target to
produce at least 10% of the energy used in the transport sector
from renewable sources by 2020 [3]. In 2012, biofuels from food
sources constituted 4.5% of road transport fuel supply in the EU.
In 2015, the EU parliament progressed support for the use of sus-
tainable biofuels in the transport sector, by placing a limit of 7%
on biofuels from food crop sources as a means to enhance the pro-
duction of advanced biofuels from non-food sources [4]. In the UK,
road transport accounts for about 20% of total GHG emission, thus
it is targeted for decarbonisation [5].
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Biofuels have been identified as one of several solutions for
decarbonising the transport sector [6]. First generation biofuels
derived from food crops currently constitute about 3% of global
transport fuel demand [7]. However, they have been linked with
sustainability issues, including the ‘food vs. fuel’ debate, as well
as limited GHG emission savings and conflicting land use issues
[8-10]. In order to avoid similar concerns, the development of
new processes for the production of second generation biofuels
from non-food sources, such as agricultural residues and dedicated
energy crops, requires an adequate life cycle assessment (LCA)
from an early stage prior to their commercial development.

Miscanthus has been identified as the most promising dedicated
energy crop and a suitable candidate for the production of biofuels
and biochemicals [11,12]. Trials have demonstrated high yields
compared to other grasses [13], it shows low GHG emissions from
cultivation [14] and displays high nutrient use efficiency [15].
Moreover, it tolerates low temperatures [16], is resistant to pests
and diseases [13], and, as a C4 grass is likely to utilise water more
efficiently than C3 bioenergy crops, such as reed canary grass and
willow [17,18]. Approximately 8000 ha of Miscanthus are currently
grown for bioenergy in England [19].

Fast pyrolysis is a promising thermochemical conversion pro-
cess for producing advanced biofuels [20]. The process is achieved
through the rapid thermal decomposition of biomass at tempera-
tures between 450 and 600 °C, in the absence of oxygen to produce
bio-oil, gas and char. Whilst the bio-oil product has been shown to
have potential as a substitute fuel for boiler systems and stationary
diesel engines, it is unsuitable for internal combustion engines due
to its high oxygen content and low calorific value compared with
conventional fossil fuels [20-25]. However, bio-oil can be
upgraded into high-value hydrocarbons that can potentially com-
plement or replace fossil fuel-derived equivalents [20,26,27].

Hydroprocessing and catalytic cracking are the two main pro-
cesses for upgrading bio-oil into bio-hydrocarbons [20]. Hydropro-
cessing comprises two hydrogen-intensive and high-pressure
operations viz. hydrodeoxygenation and hydrocracking.
Hydrodeoxygenation involves the hydrocatalytic stabilisation and
removal of oxygen atoms from oxygenates present in bio-oil at
moderate operating pressures [28]. Hydrocracking occurs down-
stream of the hydrodeoxygenation operation at more severe pres-
sures, to crack the heavy organic molecules of the
hydrodeoxygenated bio-oil into shorter chain hydrocarbons,
mainly consisting of aliphatics, naphthenes and aromatics [29-
31]. On the other hand, catalytic cracking of bio-oil over zeolites
occurs at atmospheric pressure in the absence of hydrogen to crack
bio-oil molecules into lighter hydrocarbon species, predominantly
aromatics and olefins [32,33]. The bio-hydrocarbon products from
these upgrading processes are essential gasoline (petrol) and diesel
blendstocks, and precursors for the production of high-value
chemicals.

The prospect of producing bio-hydrocarbons from the fast
pyrolysis of biomass and subsequent upgrading of the bio-oil pro-
duct has prompted several life cycle assessment studies towards
assessing the associated environmental impacts [34-39]. Hsu
[34] reported that biofuels produced from fast pyrolysis of forest
residues and bio-oil hydroprocessing reduced GHG emissions by
53% compared with conventional gasoline in a well-to-wheel
(WTW) LCA study. In another study carried out by Iribarren et al.
[35], 72% reduction in cradle-to-gate GHG emissions was reported
for biofuels produced from fast pyrolysis of poplar and bio-oil
hydroprocessing compared with fossil fuels equivalents. Zhang
et al. [38] and Dang et al. [37] examined the net global warming
potential (GWP) of biofuels from fast pyrolysis of corn stover and
bio-oil hydroprocessing and reported GWP ranging from 69.1% to
147.5% for an array of process scenarios within a WTW system
boundary. Han et al. [39] reported 60-112% reduction in WTW

GHG emissions by substituting pyrolysis-derived fuels for fossil
fuels based on various scenarios. Recently, Peters et al. [36] con-
ducted a cradle-to-gate LCA study and revealed that GHG savings
of 54.5% can be achieved by replacing conventional fuels with bio-
fuels derived from fast pyrolysis of hybrid polar and bio-oil
hydroprocessing. These studies considered bio-oil upgrading via
hydroprocessing showing that hydroprocessing is an environmen-
tally viable route for the production of second generation biofuels.
Nevertheless, the quantification of the GHG emissions from the
production of biofuels via the alternative upgrading process (zeo-
lite cracking) is lacking in the open literature. At the time of writ-
ing, few published works address the LCA of biofuel production
from the fast pyrolysis of perennial grasses such as Miscanthus.
Moreover, it is important to understand the effect of soil organic
carbon (SOC) sequestration in the Miscanthus cultivation stage on
the overall GHG emissions of the two upgrading routes for real life
applications. Understanding the impact of inventory selection and
variables on GHG emissions in order to make effective decisions in
real-time is also important for decision makers.

The aim of this work is to examine the GHG emissions from the
use of Miscanthus to produce bio-hydrocarbons from fast pyrolysis
and subsequent upgrading via hydroprocessing and zeolite crack-
ing. The system boundary considered in this study spans from
the cultivation of Miscanthus right to the conversion of pyrolysis-
derived bio-oil into bio-hydrocarbons at the refinery gate. The con-
tribution of each subsystem in the hydroprocessing and zeolite
cracking conversion pathways to GHG emissions are individually
quantified. Furthermore, the impact of three soil carbon sequestra-
tion scenarios on GHG emissions allocated to the Miscanthus culti-
vation subsystem is examined. Finally, sensitivity analyses are
conducted to evaluate the influence of system parameters on total
GHG emissions. It should be noted that the contribution of emis-
sions from capital goods is not considered within the scope of this
study, as they are suggested to have a negligible impact on LCA
results [40,41].

2. Methods
2.1. LCA goal and scope

The goal of this study is to evaluate the GHG emissions that
arise from the use of Miscanthus x giganteus to produce bio-
hydrocarbons via fast pyrolysis and bio-oil upgrading. The func-
tional unit is 1 tonne of bio-hydrocarbons produced from the ‘cra-
dle’ to the refinery ‘gate’, and ready for distribution to the end user.
Fig. 1 depicts the subsystems considered in this study within the
cradle-to-gate system boundary. The subsystems considered
include Miscanthus cultivation, Miscanthus transport, fast pyrolysis,
and bio-oil upgrading. The supposed production site is located in
Northwest England, therefore, inventory data and emission factors
specific to the UK were employed. The GHG reporting methodology
described in the European Commission’s Renewable Energy Direc-
tive (RED) was followed. RED specifies that allocation between co-
products should be performed via energy content in terms of lower
heating value (LHV) and states that “GHG emission saving associ-
ated with excess electricity is equal to the amount of greenhouse
gas that would be emitted when an equal amount of electricity is
generated in a power plant using the same fuel as the cogeneration
unit” [3]. In this work, the ‘same fuel’ refers to Miscanthus. As there
are no dedicated Miscanthus-fired power stations in the UK, data
was obtained from the Biomass Environmental Assessment Tool
[42]. It was assumed that the thermal input rating of the plant is
40 MWth, net electrical output power rating is 10 MWe, the load
factor is 85%, lifespan is 20 years, the conversion efficiency of the
power plant is 25%, and 56.7 G]J of natural gas is required for power
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Fig. 1. Cradle-to-gate life cycle system of bio-hydrocarbon production from pyrolysis of Miscanthus and bio-oil upgrading.

plant start-up. Additionally, for consistency, it was assumed that
the crop is transported to a similar distance to the theoretical
Miscanthus power plant.

2.2. Inventory analysis

The inventory data used in this study is described in this section
according to the different life cycle stages of the Miscanthus crop
and conversion of Miscanthus into bio-hydrocarbons. The data for
the life cycle stages of Miscanthus crop is based on the best avail-
able knowledge of production in the UK. The cropping system is
representative of typical current commercial Miscanthus used for
heat or power purposes [43]. Inventory data for the consumption
of Miscanthus cultivation, including fertiliser, diesel and herbicides
inputs were collected from industry experts, agricultural contrac-
tors and literature. Reliable inventory data for fast pyrolysis and
upgrading subsystems are sparse in literature [35], and somewhat
connected to the limited number of commercial-scale fast pyroly-
sis plants in operation to date [7]. Nevertheless, simulation results
provide a reasonable estimate of the required inventory data. Thus,
all previous LCA studies of biofuel production via fast pyrolysis
[34-39] are mainly based on simulation results from process
design and techno-economic studies [44-46]. Inventory data for
the fast pyrolysis and upgrading subsystems in this study were
obtained from simulation results from robust process models
described elsewhere [47,48]. The procedures and methods used
for acquiring the inventory data are detailed in the following
subsections.

2.2.1. Miscanthus cultivation
Fig. 2 describes the processing steps in the Miscanthus cultiva-
tion subsystem.

2.2.1.1. Rhizome multiplication. Miscanthus rhizomes are currently
commercially propagated in multiplication beds, where they are
planted at densities of around 40,000 rhizomes/ha. Rhizomes are
left for 2-6 years, depending on how successfully the stand grows,
or on rhizome demand. Fertiliser input to the propagation sites
depends on local soil fertility, as Miscanthus is a low input crop.
Sites with poor fertility may show above-ground responses to
nutrient addition [49], however, little is known about the effect
on rhizome yield. A conservative estimate of 100 kg N/ha in the
form of ammonium nitrate and 40 kg K,0/ha in the form of potash
was assumed. The contractors estimated that the farm machinery
used in the entire process required between 480 and 670 | diesel/
ha. A multiplication ratio of 1:14 was reported by the industry
expert, although this ranges between 1:3 [50] (worse case) and
1:20 [51] (best case) in literature. The electricity demand was
reported at 5.5 kW h/tonne rhizomes. The material from a typical
site contains about one-third rhizome, the rest being soil and
stones. The UK Department for Environment, Food & Rural Affairs
(DEFRA) regulations specify that the soil and stones must be
returned to the field [52].

2.2.1.2. Agronomy. The process of site establishment requires
between 139 and 154 | diesel/ha, involving ploughing, power har-
rowing, planting, rolling and spraying. A typical planting density
of 20,000 rhizomes/ha is practiced [19]. The contractors reported
application rates of 6 kg a.i/ha during establishment, and 8 kg a.i/ha
after the first cut, afterwards, leaf litter can effectively eliminate
the need for weed control. Upon establishment, DEFRA’s Fertiliser
Manual of 2010 [52] recommends that very little N should be
applied in the first two years as this encourages weed growth;
instead, annual applications of 60-80 kg N/ha, in organic form,
after years 2-3 are recommended. The organic fertiliser was
assumed to be pig slurry, received from a local source 6.2 miles

Air emissions (kgCO»e)
Rhizome Crop N Crop Harvestin l Biomass I
multiplication establishment maintenance 9 trans;_)ort s
conversion plant
I I I I B
Fertiliser Fertiliser Fuel Fuel
Fuel Fuel

Fig. 2. Miscanthus cultivation subsystem.
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(10 km), with a typical N, P and K nutrient content of 5 kg N/m>,
1 kg P,0s/m> and 2.5 kg K,0/m>, respectively [53]. This was con-
sidered to be the ‘worst-case’ scenario as most commercial grow-
ers do not need to apply N to their crops (best scenario). Direct
and indirect N,O emission rates are expected to be the same as
for arable crops, as demonstrated by experimental data [54].

First year maintenance requires around 7 | diesel/ha to cut back
the first year’s growth. Miscanthus harvests typically occur in the
second year of growth. Forage harvesting requires between 15
and 26 | diesel/ha, depending on the type of cut and the thickness
of crop. An estimate of 3.5 l/tonne was provided by the contractor
for baling and movement to the roadside landing. Variation in
Miscanthus yields has been attributed to climatic conditions, soil,
water and nutrient availability, plant density, and harvest time
[55]. The yield average includes the first year of no yield, a period
of 3-5 years while the crop reaches its ‘top yield’ [56], a peak yield
after about year 15, and then a slow decline of yield over the lifes-
pan of the crop [57]. This study assumed a yield of 8-12 tonnes dry
matter (DM)/ha/year in the worse and best case scenarios [18].

There is limited data available for crop termination as it is cur-
rently rarely carried out. In theory, the rhizome lifting process
would not be performed on an old crop. In fact, the rhizome lifting
process does not remove all rhizomes from the site. Current prac-
tice for complete eradication involves a subsoil operation and high
herbicide (1-2 kg a.i/ha glyphosate) application.

Although crop establishment may cause oxidation of soil
organic matter through ploughing [58], there is evidence that
Miscanthus planted on arable land can increase the net SOC stored
in the soil [14,59,60]. The extent of SOC sequestration depends on
the original land use, harvest season, soil type and climate, as well
as by the amount of crop residues left in the field and their turn-
over time [61]. In practice, collecting sufficient field samples to

determine sequestration under crops is challenging, plus method-
ological variations such as sampling depth and fertilisation can
obscure comparisons, and it is rare to find baseline soil carbon in
which to compare with [62]. Based on a recent literature review
[62], this study examined three scenarios: one excluding carbon
sequestration to assess the GHG mitigation potential on supply
chain GHG emissions alone, and two scenarios assuming low
(0.42 tonnes C/ha/yr) and high (3.8 tonnes C/ha/yr) carbon seques-
tration rates. These were used to estimate the emission factors (EF)
for the low and high case scenarios for SOC presented in Table 1.
The inventory data for Miscanthus cultivation is summarised in
Table 1.

2.2.2. Miscanthus transport

It was assumed that the Miscanthus is transported by 40-tonne
trucks, each able to carry 25.5 tonnes at a 71% payload. The collec-
tion area was assumed to be within a 25-mile (40 km) radius from
the conversion plant, where fast pyrolysis and bio-oil upgrading
would take place. This assumption was based on the distance of
16-40 km between feedstock collection point and conversion
plants encouraged by the UK government [66] as cited in [67].
The proposed fast pyrolysis plant is located in North-west England
and supplied by high and medium-yield areas [68].

2.2.3. Fast pyrolysis subsystem

Fig. 3 illustrates the fast pyrolysis subsystem, which includes
Miscanthus pretreatment, fast pyrolysis to produce bio-oil, char
and non-condensable gas (NCG), and combustion of char and
NCG to generate process heat and integrated electricity. Details
of the simulation model of this section developed in Aspen plus®
can be found elsewhere [47]. The model was verified and validated
against experimental data to ensure its integrity [69]. A brief

Table 1
Inventory data for Miscanthus cultivation.
Item Amount Unit EF EF unit
Rhizome multiplication
Inputs
Rhizome 20,000 [19] Rhizome/ha - 4
Ammonium nitrate 100 kg N/ha 8.6 kg CO, eq./kg N [63]
Potash 40 kg K;0/ha 0.6 kg CO, eq./kg K,0 [63]
Diesel 480-670 dm3/ha 2.6 kg CO, eq./dm>
Electricity 5.5 kW h 0.12 kg CO, eq./kW h [64]
Agronomy
Inputs
Rhizome input 20,000 [19] Rhizome/ha 35-618 kg CO, eq./ha”
Site establishment 139-154 dm?/ha 2.6 kg CO, eq./dm>
Herbicide 6-8 kg a.i /ha 4.92 kg CO, eq./kg a.i [65]
Organic fertilizer 60-80 kg N/ha 43 kg CO; eq./kg a.i¢
First-year maintenance 7 dm?/ha As above
Harvesting 15-26 dm?3/ha
Bailing and movement 3.5 dm3/tonne
Outputs
Best-case scenario
Miscanthus yield 12.8 [18] ODT/ha yr¢
Excluding SOC - - 10.7 kg CO, eq./ODT
Low SOC - - -41.8 kg CO; eq./ODT
High SOC - - —464.3 kg CO, eq./ODT
Worst-case scenario
Miscanthus yield 8 [18] ODT/ha yr
Excluding SOC - - 113 kg CO; eq./ODT
Low SOC - - 80.7 kg CO, eq./ODT
High SOC - - -183.4 kg CO; eq./ODT

Assume original rhizomes have a negligible impact.
Based on separate rhizome multiplication analysis.

Based on 10 km delivery and an N content 5 kg/m?> slurry.
ODT = oven dry tonne.

2 n T w
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Fig. 3. Fast pyrolysis subsystem.

description of the fast pyrolysis subsystem is presented in Fig. 3,
and its processing steps are discussed in the following subsections.

2.2.3.1. Pretreatment. In the pretreatment step, Miscanthus feed-
stock undergoes grinding operation to reduce its particle size to
2 mm, followed by a screen for particle separation. The particle size
of the supplied feedstock was assumed to be 10 mm. The reduced
particle size of the feedstocks enables effective mass and heat
transfer in the dryer [70] and promotes rapid reaction in the fast
pyrolysis reactor [20], although the latter depends on reactor con-
figuration. The exiting Miscanthus stream with an assumed initial
moisture content of 25 wt.% is then fed to a dryer to reduce its
moisture content to 10 wt.%.

2.2.3.2. Fast pyrolysis. Next, the pre-treated biomass is converted
into NCG, bio-vapours and solids (char and ash) inside the fast
pyrolysis reactor, which was modelled as a bubbling fluidised
bed reactor. Fluidisation of the reactor bed is aided by inert nitro-
gen gas. It was assumed that the nitrogen gas was supplied from a
nearby installation via pressure swing adsorption (PSA). A purity of
99.5% was assumed, requiring approximately 383 kW h/tonne N,
[71]. The fast pyrolysis model was based on chemical reaction
kinetics [72] of the three biopolymer components of biomass: cel-
lulose, hemicellulose and lignin. Table 2 outlines the biopolymer
composition of Miscanthus employed in this study.

2.2.3.3. Product separation. Products from the pyrolysis reactor
including, bio-vapours, NCG and solids are sent into a cyclone,
where the solids are isolated from the product mixture. The exiting
NCG and vapours from the cyclone then go into a quench system,
which was modelled as a spray tower. In the spray tower, the
hot bio-vapours are quenched into bio-oil. Subsequently, NCG
and char are sent to the combustion section, while bio-oil is trans-
ferred to the upgrading subsystem. The recovered bio-oil product
is transferred to the upgrading subsystems, which were assumed
to be situated in the same location as the fast pyrolysis subsystem.

Table 2

Chemical composition of Miscanthus [12].
Subcomponent composition wt.%
Cellulose 52.13
Hemicellulose 25.76
Lignin 12.58
Ash 247

2.2.3.4. Combustion and power generation. In the combustion sec-
tion, NCG and char are combusted to generate process heat for dry-
ing operation and the pyrolysis reactor. The emissions and waste
from the combustion section include hot flue gas and ash. It was
assumed that the ash is landfilled, though there may be opportuni-
ties to use it as a substitute for agricultural limestone. The residual
heat from combustion is used to produce superheated steam for
electric power generation in an integrated steam cycle.

Table 3 summarises the inventory data obtained from the sim-
ulation model of the fast pyrolysis subsystem.

2.2.4. Bio-oil upgrading subsystems
Two bio-oil upgrading pathways were explored in this study viz.
hydroprocessing and zeolite cracking.

Table 3
Daily inventory data for fast pyrolysis subsystem.
Item Amount  Unit EF EF unit
Pretreatment
Input
Miscanthus 72 tonnes - -
Electricity for 2424 kW h 0.12 kg CO, eq./kW h?
pretreatment
Output
Pre-treated 59.8 tonnes - -
Miscanthus
Fast pyrolysis
Input
Pre-treated 59.8 tonnes - -
Miscanthus
Nitrogen 59.8 tonnes - -
Electricity for F.P 312 kW h 0.12 kg CO, eq./kW h
(73]
N, gas 383 kW h/tonne 131 kg CO, eq./tonne
[71]
Output
Bio-oil 38.6 tonnes - -
Bio-char 8.1 tonnes - -
NCG 73.1 tonnes - -
Electricity 5,760 kW h - -
Ash to landfill 0.41 tonnes 0.09 kg CO, eq./tonne
mile [42]

¢ Based on an onsite generator providing electricity from combustibles and bio-
char, assuming combustion emissions based on [73] for biomass, assuming CO, is
neutral.
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2.2.4.1. Bio-oil hydroprocessing. Fig. 4 illustrates bio-oil upgrading
via the hydroprocessing route, which includes hydrodeoxygena-
tion and hydrocracking of bio-oil, pre-reforming of the aqueous

Table 4
Inventory data for bio-oil hydroprocessing subsystem.

. . . Item Amount Unit EF EF unit
phase of the bio-oil and steam reforming of methane for the pro-
duction of H,, and final distillation of the oil phase into bio- Input
Bio-oil 38.60 tonnes - -
hydroca.rbons. . . ] ) . Methane 7.20 tonnes 2726 kg CO; eq./tonne
Details of the simulation model for this section developed in [64]
Aspen plus® can be found in earlier published studies [47,74]. Electricity 3312 kWh 012  kgCO;eq/kWh
The hydrodeoxygenation (HDO) of bio-oil occurs in two stages over DAL catalvst 00053 Js06 L73C]O .
Pt/Al,05 catalyst as it produces more yields compared with con- 2AhDs catalys : tonnes [Ggg Soz]eq./ onne
ventional catalysts, such as sulfided NiMo/Al,03; and CoMo/Al,O3 NiMo catalyst 00033 tonnes 8551 kg CO, eq./tonne
[75]. Due to lack of data for a specific emission factor for the Pt/ [81]
Al,03 catalyst, a crude estimate of 5 wt.% platinum/95 wt.% alu- Ni catalyst 0.0033  tonnes 8551 kg CO; eq./tonne
minium oxide composition was assumed [63,76]. The significance (80]
of this assumption is examined in the sensitivity analysis in Sec- Output
tion 3.2. The hydrodeoxygenation reaction was based on a Bio-hydrocarbons 1416 tonnes - -
do-first order kinetic model of lumped bio-oil components Aromatics 70 onnes - -
pseudo-nirs . . D‘ p Naphthenes 9.91 tonnes - -
and was validated against reported experimental measurements n/i-alkanes 255 tonnes - -
[75]. The bio-oil obtained from the HDO process is separated into Aqueous phase to 11.76 tonnes 0342 kg CO; eq./tonne
an aqueous phase and an oil phase. This study assumed that treatment plant [79]

40 wt.% of the aqueous phase of the bio-oil was pre-reformed along
with steam reforming of supplementary methane to produce the
hydrogen required in the hydrodeoxygenation and hydrocracking
processing steps [77]. Although in theory 100 wt.% of the bio-oil
aqueous phase can be pre-reformed to reduce the amount of sup-
plementary methane, it is not practical because the high number of
heavy organic sugar molecules present in the aqueous phase will
likely lead to severe tar and coke formation at typical reforming
temperatures [78]. The remaining bio-oil aqueous phase was
assumed to be treated in a local wastewater treatment plant,
where an electricity requirement of 1 kW h/m? is required for pro-
cessing [79]. The oil phase undergoes hydrocracking under NiMo
catalyst, and then the product is distilled to obtain gasoline and
diesel range products. The total fuel yield is 14.16 t/day, mainly
comprising of aromatics, naphthenes and n/i-alkanes of 12 wt.%,
70 wt.%, 18 wt.%, respectively. Table 4 summarises inventory data
for the bio-oil hydroprocessing subsystem.

2.2.4.2. Bio-oil zeolite cracking. The bio-oil upgrading via zeolite
cracking is shown in Fig. 5.

Dehydration, cracking, deoxygenation and polymerisation reac-
tions occur over H-ZSM5 catalyst in the zeolite reactor to produce
hydrocarbon-rich-organic vapours, coke and gas. Product distribu-
tion was based on experimental results reported in literature
[82,83] due to lack of reliable chemical reaction kinetic models.
Emission factor for H-ZSM5 catalyst was derived from the GREET
model [76]. The products from the zeolite cracking reactor then

go into the product separation section. In this section, entrained
catalyst in the gas product is separated by high-efficiency cyclones
and charged along with spent catalyst into the regenerator.

The regenerator configuration considered in this study is a sin-
gle stage regenerator fitted with a catalyst cooler. The spent cata-
lyst is regenerated by complete combustion of coke, which
results in severe temperatures in the regenerator. In order to avoid
rapid catalyst deactivation that occurs at extreme temperatures
[84], the regenerator temperature is regulated by a catalyst cooler,
which exchanges heat with H,0 to generate superheated steam for
subsequent electricity generation. The regenerated catalyst, carry-
ing sufficient heat, is then charged back to the zeolite reactor to
provide process heat.

The remaining stream of hot vapours and gas is quenched and
sent to a flash drum to separate the product stream into gas, an
aqueous phase (mainly H,0) and an organic phase. The aqueous
phase from the process was assumed to be delivered to a local
wastewater treatment plant based on the same assumption made
for the bio-oil hydroprocessing pathway [79]. The organic phase
is finally sent to a distillation column to obtain bio-hydrocarbon
products. The total fuel yield for zeolite cracking is 10.75 t/day,
mainly comprising of 95 wt.% aromatics and 1.75 wt.% aliphatics.
The heavy residue product (mainly carbon solid) from the distilla-
tion column was assumed as a co-product, which can be used for
the production of graphite. Table 5 summarises inventory data
for the bio-oil zeolite subsystem.
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Fig. 5. Bio-oil zeolite upgrading subsystem.

Table 5
Daily inventory data for bio-oil zeolite cracking subsystem.

Item Amount  Unit EF EF unit

Input

Bio-oil 38.60 tonnes

Electricity 3312 kW h 0.12 kg CO; eq./kW h
[73]

HZSM-5 catalyst 0.0053 tonnes 7316 kg CO, eq./tonne
[80]

Output

Bio-hydrocarbons 11.74 tonnes - -

Electricity 17,928 kW h - -

CH4 0.04 tonnes - -

CoHy 0.25 tonnes - -

C3Hg 0.19 tonnes - -

C4H12 0.03 tonnes - -

C4Hqo 0.01 tonnes - -

CHqa 0.01 tonnes - -

Residue 1.728 tonnes - -

Wastewater to treatment 13.24 tonnes 0.342 kg CO, eq./tonne

plant [79]

2.3. Methodology for emission allocation

The emission allocation procedure in the European Commis-
sion’s Renewable Energy Directive (RED) was followed. RED stipu-
lates that for multi-product systems, allocation of emissions have
to be specified between the biofuel product and its co-products
in proportion to their energy content (LHV). Allocation only occurs
between co-products that are produced during the process and are
not recycled to provide heat or power. For example, after pyrolysis
co-products (NCG and char) are recycled into the process for com-
bustion. Otherwise, allocation occurs at the point where the co-
products are formed. This is the case of the zeolite upgrading of
bio-oil in which the emissions are calculated after the co-
products of the zeolite upgrading process (aqueous phase, light
ends and residue) are formed. Following these fundamental alloca-
tion rules, the percentage allocation at each of the process stages in
the subsystems were calculated using mass flows and the LHV of
their respective products.

2.4. Sensitivity analysis

Sensitivity analysis was performed to evaluate the influence of
variations in the input parameters to the subsystems in the two
bio-hydrocarbon production pathways on GHG emissions. This
provides an indication of the sensitivity of baseline GHG emissions
to uncertainties or changes in input parameters. A variation range
of £50% was adopted for the sensitivity analysis.

3. Results and discussion
3.1. GHG emissions

3.1.1. GHG emissions bio-hydrocarbon production via hydroprocessing

The allocated GHG emissions to each subsystem in the
hydroprocessing pathway based on different SOC scenarios is
shown in Table 6.

Fig. 6 graphically compares the emission contribution of each
subsystem to total GHG emissions of the different SOC scenarios.

As expected, the rate of SOC had a pronounced effect on emis-
sions allocated to the Miscanthus cultivation subsystem and
showed no impact on emissions assigned to the other subsystems
in both the best and worst SOC cases. It can be seen in Fig. 6 that
the best and worst-case scenarios for cultivation (excluding SOC)
had a relatively small difference in the results. In contrast, the rate
of SOC in the Miscanthus cultivation subsystem had a significant
impact on the overall GHG emissions. The best-case excluding
SOC was assumed as the ‘industry standard’ and used as the basis
for further analysis.

According to the extent of GHG contribution, the key contribu-
tors were fast pyrolysis, bio-oil hydroprocessing and Miscanthus
cultivation, contributing 74%, 13% and 9%, respectively. On the
other hand, Miscanthus transport, Miscanthus pretreatment and
waste processing steps had minimal contributions of 4%, 3% and

Table 6
Emission allocation for 1 tonne of bio-hydrocarbon produced for the hydroprocessing
route.

Subsystem Allocated emissions (kg CO, eq./t bio-hydrocarbon)
Worst case Best case
Exclu Low High Exclu Low High
socC socC soc soc? socC socC
Cultivation 385 274 -622 36 -142 1574
Transport 17 17 17 17 17 17
Fast pyrolysis 284 284 284 284 284 284
Pretreatment 10 10 10 10 10 10
Fast pyrolysis 287 287 287 287 287 287
step
Electricity credit —13 -13 -13 -13 -13 -13
Hydroprocessing 52 52 52 52 52 52
Hydroprocessing 52 52 52 52 52 52
step
Waste processing  0.15 0.15 0.15 0.15 0.15 0.15
Total emission 738 627 —268 390 212 -1221

2 Base case: excluding SOC best case scenario.
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Fig. 6. Percentage contribution of subsystems in the hydroprocessing pathway to
GHG emissions (FP denote electricity generated fast pyrolysis).

0.04%, respectively to GHG emissions. Electricity generated in the
fast pyrolysis subsystem gave rise to 3% credit.

It is evident in Fig. 6 that the emission contribution of fast
pyrolysis at 74%, clearly dominates the rest of the subsystems. This
was attributed to electricity consumption in the PSA process for
the production of feed N, to the pyrolysis reactor. Thus, the use
of a different fluidising gas with less electricity requirement or car-
bon footprint in the pyrolysis reactor could reduce the emission
contribution of the fast pyrolysis subsystem. The recycling of
NCG back to the pyrolysis reactor to aid fluidisation has been sug-
gested for industrial applications and has shown favourable results
in experiments [85,86]. However, this would lead to a penalty in
the amount of heat produced in the combustion section and the
consequential electricity credit. Alternatively, air separation tech-
nologies different from the PSA process with less energy require-
ments [87], such as cryogenic distillation, could be employed for
the production of N,. Another possible solution is to use a different
fast pyrolysis reactor configuration that excludes the need for a flu-
idising gas, such as the ablative, auger and vacuum moving bed
reactor configurations. However, it is worth noting that these reac-
tor configurations have been associated with unique operational
problems and scale-up issues, including ineffective mass and heat
transfer, limited heat supply, susceptibility to mechanical wear and
process control difficulties [20]. The second significant contributor
to GHG emissions was bio-oil hydroprocessing at 13%, mainly due
to the amount of supplementary methane gas consumed in steam
reforming for the production of hydrogen. A sensitivity analysis
subsequently addresses the impact of methane gas on total GHG
emissions in Section 3.2. The Miscanthus cultivation subsystem
had a 9% contribution to total GHG emissions. The defining contrib-
utor to emissions in the Miscanthus cultivation subsystem is the
rate of SOC sequestration as illustrated in Table 6. Furthermore,
the rate of SOC visibly affects the percentage contribution of the
other subsystems to total GHG emissions, moving from the scenar-
ios excluding SOC to the scenarios with high SOC for worst and
best cases as illustrated in Fig. 6. This result reinforces the propo-
sition that Miscanthus is a suitable bioenergy crop for the produc-
tion of bio-hydrocarbons. Although it is not yet well understood
how much carbon is retained when the crops are terminated
[57], it is likely that crop termination will lead to the decomposi-
tion of rhizomes and roots, releasing accumulated carbon as CO,.
It is also possible, that if the site is then re-planted with Miscanthus
the previous level of sequestration could be restored, however, it
will reach a similar saturation point [88]. The transport of
Miscanthus contributed 4%, based on the 25-mile (40 km) distance
assumed between the conversion plant and the Miscanthus
collection site. Miscanthus pretreatment stage had a minimal

contribution of 3% to the total GHG emissions. Emission contribu-
tion from this processing stage was attributed to the electricity
consumed by dryer air compressor. Therefore, natural drying of
the Miscanthus feed at storage prior to conversion would be envi-
ronmentally efficient, although this has a minimal impact on total
GHG contribution. Waste water processing had a negligible contri-
bution of 0.04% to total GHG emissions. Electricity generation
achieved 3% from the combustion of char and NCG.

3.1.2. GHG emissions from bio-oil zeolite cracking

Table 7 shows the allocated GHG emissions to each subsystem
in the zeolite cracking pathway based on different SOC scenarios.

The emission contribution of each subsystem to total GHG
emissions of the different SOC scenarios is portrayed in Fig. 7.
For the base case, emission contribution in the order of impact,
includes the fast pyrolysis step, Miscanthus cultivation, Miscanthus
transport, zeolite cracking step, pretreatment and waste process-
ing, with contributions of 92%, 12%, 6%, 5%, 3% and 0.05%, respec-
tively. Electricity generated in the fast pyrolysis subsystem gave
rise to 4% and 13% credit, respectively.

The emission contribution of each subsystem in the zeolite
cracking pathway showed a similar trend to that observed in the

Table 7
Emission allocation for 1 tonne of bio-hydrocarbon produced for the zeolite pathway.

Subsystem Allocated emissions (kg CO; eq./t bio-hydrocarbon)
Worst case Best case
Exclu. Low High Exclu Low High
soc socC soc soc? socC socC
Cultivation 774 550 -1251 73 -285 3167
Transport 35 35 35 35 35 35
Fast pyrolysis 571 571 571 571 571 571
Pretreatment 21 21 21 21 21 21
Fast pyrolysis 577 577 577 577 577 577
step
Electricity -26 -26 -26 -26 -26 -26
credit
Zeolite cracking  —53 -53 -53 -53 -53 -53
Zeolite 28 28 28 28 28 28
cracking step
Waste 0.32 0.32 0.32 032 0.32 0.32
processing
Electricity -81 -81 -81 -81 -81 -81
credit
Total emission 1328 1104 —697 627 268 —2614

2 Base case: excluding SOC best case scenario.
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Fig. 7. Percentage contribution of subsystems in the hydroprocessing pathway to
GHG emissions (ZC and FP denote electricity generated from zeolite cracking and
fast pyrolysis, respectively).
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hydroprocessing pathway with the exception of their respective
upgrading subsystems. Lower emission contribution was seen in
the zeolite upgrading subsystem in comparison with that observed
in the hydroprocessing subsystem. This effect is due to neutral and
negative emissions allocated to coke combustion and consequen-
tial electricity credits in the zeolite cracking subsystem, and the
contributory positive emissions of supplementary methane in the
hydroprocessing subsystem.

As the bio-hydrocarbons produced from the two upgrading
pathways are not similar in composition, they were compared in
terms of total CO, equivalent per energy content of their respective
products for different SOC scenarios (see Fig. 8).

In addition, Fig. 9 shows the change in total GHG emissions
from both pathways with respect to change in the emission factor
of the Miscanthus cultivation subsystem due to SOC rates.

These results imply that the hydroprocessing pathway is more
suitable for the sustainable production of bio-hydrocarbons than
the zeolite pathway at excluding and low SOC rates. On the con-
trary, at high SOC rates the zeolite cracking pathway gradually
becomes more suitable than the hydroprocessing pathway,
because of its relatively higher rate of change (see Fig. 9).

3.2. Comparative GHG emissions with fossil fuels and other LCA studies

Although the scope of this work does not cover the ultimate use
of the bio-hydrocarbon products, the results obtained give a good
indication of the expected relative GHG emissions of both bio-oil
upgrading pathways. WTW analysis is recommended when the
end use of the bio-hydrocarbon products is for transport purposes.
It is interesting to note that experimental studies on the blending
limit of these bio-hydrocarbon products with fossil fuels up till
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Fig. 9. Relationship between GHG emissions (kg CO- eq./GJ) from hydroprocessing
and zeolite cracking pathways over a +4000% change in base case emission factor in
the cultivation subsystem.

now is limited, and thus could obscure reasonable WTW analysis
and comparison. Moreover, it is important to account for the useful
work done by the bio-hydrocarbon products in terms of vehicle
operations in order to accurately account for the associated GHG
emissions. Previous research in this field suggests that combustion
of products from the hydroprocessing pathway in internal combus-
tion engines will increase total WTW GHG emissions [34-36,38].
Alternatively, the bio-hydrocarbons produced from these path-
ways may be better suited as feedstocks for the petrochemical
industry.

In order to conduct a baseline comparison with fossil fuels, GHG
emissions from the bio-hydrocarbons when in use is taken as zero
as specified in the RED methodology. Fig. 10 depicts the percentage
emissions savings achievable from the bio-hydrocarbons produced
from the hydroprocessing and zeolite cracking pathways in place
of conventional fossil fuels, assuming direct emissions from the
combustion of the bio-hydrocarbons is equal to zero. The fossil
fuels for comparison include 100% mineral diesel, 100% mineral
petrol (gasoline), CNG and LNG based on emission factors obtained
from DEFRA [89].

The dashed line in Fig. 10 denotes the RED emission saving tar-
get, which mandates that as from 2017 biofuel installations will
have to meet 60% GHG emissions savings in comparison with fossil
fuels [90]. As shown in Fig. 10, both bio-hydrocarbons produced via
the hydroprocessing and zeolite cracking pathways led to emis-
sions savings above the RED target. The emissions savings achiev-
able by replacing the fossil fuel comparators with bio-
hydrocarbons obtained from the hydroprocessing route ranged
from 87% to 82%. On the other hand, the emissions savings from
substituting zeolite cracking-derived bio-hydrocarbons for fossil
fuel comparators ranged from 77% to 68%. All in all, bio-
hydrocarbons from the bio-oil hydroprocessing route showed
13-20% more emissions savings than those achieved from the zeo-
lite cracking pathway.

The percentage GHG emission savings achievable by substitut-
ing bio-hydrocarbons derived from hydroprocessing with petrol
(gasoline) is somewhat higher than reported values by other
authors [34-38]. This moderate discrepancy is likely due to differ-
ences in the quality of data used for inventory assessment, scope of
study, and methodologies for GHG calculations. Nevertheless, the
value obtained in this study for GHG emission savings from substi-
tuting bio-hydrocarbons produced via the bio-oil hydroprocessing
with petrol falls within the range of reported GHG savings of 60-
112% reported by Han et al. [39] for various production scenarios.
No appropriate comparison is possible in the case of zeolite
upgrading of bio-oil as there is no present study on the GHG emis-
sions of this process. Nevertheless, subsequent studies in this area
should further validate the significance of the results presented in
this study.
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Fig. 10. Percentage emission savings of bio-hydrocarbons derived from bio-oil
hydroprocessing (HT) and zeolite cracking (ZC) pathways compared to fossil fuels.
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3.3. Sensitivity analysis

Figs. 11a and 11b illustrate the sensitivity of total GHG emis-
sions (kg CO, eq./G]) to £50% variation in input parameters of the
hydroprocessing pathway for the base case.

The sensitivity of total GHG emissions to variation in each
parameter is denoted by the length of the bar charts from the base-
line (9 kg CO, eq./GJ at 0%) in Fig. 11a. In addition, the trend of
baseline GHG emissions to +10% increments over the +50% varia-
tion range is shown in Fig. 11b.

As shown in Figs. 11a and 11b, #50% variation in bio-
hydrocarbon yield and N, to the pyrolysis reactor had the most vis-
ible influence on total GHG emissions. Of these two, the bio-
hydrocarbon yield had the highest impact. An increase of 50% in
yield resulted in a 33% decrease in GHG emissions. Conversely, a
reduction of 50% in yield led to a 100% increase in GHG emissions.
This result suggests that attention should be paid to the bio-
hydrocarbon yield, as a decrease in yield would result in a dispro-
portionate increase in GHG emissions in comparison with the
emission reduction of an increase in yield (see Fig. 11b). It is pos-
sible that the environmental performance of the system may ben-
efit from economies of scale due to this effect.

An increase of 50% in N, gave rise to an increase of 33% in GHG
emissions, and a decrease in yield resulted in a proportionate effect
the other way round. This implies that careful consideration should
be paid to the means of producing N,. The utilisation of NCG for
fluidisation has been suggested, and could prove to be a better
choice for the environmental performance of the system. More-
over, a different reactor configuration could be utilised to exclude
the use of N, in the pyrolysis reactor. Variation of +50% in electric-
ity generated in the fast pyrolysis subsystem, the distance between
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Fig. 11a. Sensitivity of GHG emissions (kg CO- eq./G]) from hydroprocessing to
+50% variation in parameters (PT, FP and HT denote pretreatment, fast pyrolysis and
hydroprocessing, respectively).
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Miscanthus collection site and conversion plant, and methane to
the steam reformer showed marginal effects on total GHG emis-
sions. The most significant of these was electricity generated from
the combustion of char and NCG in the fast pyrolysis subsystem. A
decrease of 50% in electricity produced, led to a 10% increase in
GHG emissions, while a 50% increase resulted in a reduction of
4%. The minimal impact of variation in electricity generated on
total GHG emissions compared with the significant effects of vari-
ation in N, to the pyrolysis reactor appears to support the afore-
mentioned suggestion of replacing N, with NCG. The distance
between the Miscanthus collection point and the conversion plant
and methane for reforming both had proportionate effects on
GHG emissions when varied by +50%. An increase of 50% in dis-
tance and methane led to an increase of 5% and 4% in emissions
respectively and vice versa. The effect perceived in the variation
in distance between the collection area and fast pyrolysis plant
appears to justify the encouraged distance of 16-40 km by the
UK government as GHG emissions increased linearly with distance
as shown in Fig. 11b. Variation in methane for steam reforming
showed moderate influence on total GHG emission. It is possible
that integration of the steam reformer with downstream shift reac-
tors to maximize the production of hydrogen could limit methane
consumption, and consequently, reduce emissions. Miscanthus
moisture content, Pt/Al,O3 catalyst, and electricity consumption
in the pretreatment, fast pyrolysis and hydroprocessing steps had
negligible impacts, of less than 2% on GHG emissions when varied
in either direction.

In the same manner, Figs. 12a and 12b show the sensitivity of
GHG emissions (kg CO, eq./G]) to +50% variation in input parame-
ters of the zeolite cracking pathway. The value of the reference
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Fig. 12a. Sensitivity of GHG emissions (kg CO, eq./GJ) from the zeolite cracking
pathway to +50% variation in parameters (PT, FP and ZC denote pretreatment, fast
pyrolysis and zeolite cracking, respectively).
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point for the sensitivity analysis is 16 kg CO; eq./GJ. Overall, the
sensitivity of the zeolite cracking pathway showed a similar trend
to the observations in the hydroprocessing pathway, thus, the
implications discussed above are applicable. Concisely, a variation
of £50% in bio-hydrocarbon yield and nitrogen gas for fast pyrolysis
had the most impacts on GHG emissions.

Bio-hydrocarbon yield had the highest impact on GHG emis-
sions with an increase of 50% in the yield producing a 28% reduc-
tion. On the other hand, a decrease of 50% in bio-hydrocarbon
yield led to a 62% increase in GHG emissions. An increase of 50%
in nitrogen gas feed give rise to a decline of 44% in GHG emissions
and vice versa. The distance between the Miscanthus collection area
and the fast pyrolysis plant showed 3% change to the baseline GHG
emissions when increased by 50% and vice versa. The baseline GHG
emissions showed 13% and 6% increases to 50% decrease in elec-
tricity generated by fast pyrolysis and zeolite cracking, respec-
tively. Conversely, an increase of 50% in electricity generated in
fast pyrolysis and zeolite cracking subsystems led to 5% and 6%
decrease in GHG emissions, respectively. Variation of +50% in the
electricity consumption in the zeolite cracking, the pre-treatment
and the fast pyrolysis steps, and Miscanthus moisture content had
the lowest noticeable effects on GHG emissions ranging from
+1.5% to 2.3% when varied either way. HZSM-5 catalyst had negli-
gible impacts of less than 1% when varied.

4. Conclusions

The GHG emissions that arise from the use of Miscanthus for the
production of bio-hydrocarbons via fast pyrolysis and bio-oil
hydroprocessing and zeolite cracking has been investigated. The
results indicated that the fast pyrolysis subsystem was the major
contributor to GHG emissions for both bio-oil hydroprocessing
and zeolite cracking pathways in excluding SOC and low SOC sce-
narios. Miscanthus cultivation, Miscanthus transport and upgrading
subsystems also had modest contributions to GHG emissions. In
particular, the rate of SOC in the Miscanthus cultivation subsystem
had a vast effect on net GHG savings. Bio-hydrocarbons produced
from the two upgrading processes used as a substitute for fossil
fuel equivalent resulted in more than 60% emission savings, which
is the threshold mandated by the EU directive for new biofuel
installations. Sensitivity analysis revealed that the GHG emission
of both routes is mostly influenced by changes in bio-
hydrocarbon yield and nitrogen feed gas for the fast pyrolysis reac-
tor. Thus, particular attention should be paid to the means of pro-
ducing nitrogen feed gas to the reactor. Evaluation of the impact of
different pyrolysis reactor configurations on GHG emissions is sug-
gested for further research. Additionally, probabilistic analysis to
account for the characteristic uncertainties in the rate of SOC
would give the range of confidence in the results.
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