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Abstract

This work investigates the impact of pretreatment technologies in the design of BioSNG
supply chains at a regional and national scale. For this purpose, an optimisation-based
framework is proposed to account for two possible routes for BioSNG production. The first
route considers processing of raw biomass and production of BioSNG in integrated
facilities. The second route consists of pretreatment technologies, transportation of
intermediate products, and upgrading facilities. The main objective is to investigate the
trade-off between capital investment and reduction of transportation costs, and their
impact in the economic performance of a BioSNG supply chain. Moreover, the impact of
government subsidisation is further investigated through a parametric analysis in which
the tariff is varied from £0/MWh up to £100/MWHh. Finally, the major contributing factors
in the design of BioSNG supply chains are identified through the implementation of a
rigorous global sensitivity analysis (GSA). The results suggest that inclusion of
pretreatment technologies improve considerably the economic performance, however,
their impact is not enough to detach the development from government subsidisation

which influences tremendously the possibility of a large scale deployment.
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1 Introduction

As the effects of climate change become more evident, the race for the decarbonisation
of our energy systems has gained momentum thanks to concerted efforts between
governments, private sectors, and scientific community. Initiatives such as the UN Climate
Change Conference have paved the road for the nations to move towards a low-carbon
economy. Different targets have been established in which renewable technologies play an
important role. These targets are accompanied by policies that promote the utilisation of
renewable technologies through different schemes such as subsidisation tariffs [1]. Over
the last two decades, remarkable advances have been achieved in the broad spectrum of
sustainable technologies for energy generation. For instance, costs of photovoltaic solar
panels have been substantially reduced whereas the efficiency has been improved [2,3].
Likewise, the design of higher wind turbines expands the application of this technology to
areas that were previously thought of as inadequate for wind energy [4]. These
technologies have great potential to harness the decarbonisation of the power sector. On
the other hand, the production of fuels from sustainable resources has been actively
investigated for the decarbonisation of the transportation sector which in 2014 accounted

for 25.5% of the total greenhouse gas (GHG) emissions in Europe [5].

Several routes have been developed for the production of transportation fuels, e.g.
gasoline, diesel, methane, and ethanol, from different sources such as wood, grass,
municipal waste, agricultural residues, etc [6-11]. Nonetheless, these technologies face
important technological and operational challenges that should be addressed for large-
scale developments. One of the technological challenges is the variability of the chemical
and physical properties of the feedstocks. Therefore, the development of robust and
flexible technologies is sought after since the heterogeneity of the feedstocks can affect the

efficiency of the process. Moreover, capital investments are very high in comparison to
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conventional technologies. For example, in 2011 the production of power with a combined
cycle gas turbine requires an investment of €800/kw whereas power generation from
biomass combustion was estimated in €2500/kw, around 3-fold times the conventional
technology [12]. Among operational challenges, securing a reliable and low-cost supply of
feedstocks is crucial. However, feedstocks are normally dispersed within a region and their
energy content (energy density) is comparatively low to other conventional energy
sources. For instance, the low heat value (LHV) of soft wood is 12 M]/kg whereas for coal
the LHV ranges between 25 M]/kg - 30 M]/kg [13]. This leads to subutilisation of
transportation capacity which translates into higher transportation costs. The scientific
community has proposed the implementation of pretreatment technologies as one way of
decreasing transportation costs. This is achieved by preprocessing raw materials into
higher energy density carriers that require of smaller infrastructure for their
transportation [14-16] and further processing. An additional benefit of pretreatment
technologies is the homogenisation of raw materials which may improve the efficiency of a
following process such as gasification [17]. Nonetheless, the implementation of these
technologies should be carefully considered so that the associated investments do not

offset the potential savings in transportation costs.

Different mechanical and thermal processes have been developed for biomass
pretreatment. For instance, pelletisation is a mechanical process in which the biomass is
dried and pressed to produce cylindrical pieces with higher energy density. Feedstocks
such as sawdust and energy crops benefit from this process as their density is very low for
transportation [18]. The global efficiency varies between 96 to 99% based on low heating
value [19]. Pyrolysis of biomass is a thermal process that has been proposed as an
intermediate step for production of biofuels and/or different chemicals [8,20-22].
Depending on the type of reactor different products can be obtained such as bio-oil and
bio-char [7,8]. For example, biomass and sand are fed into a rotating cone reactor to
produce pyrolysis vapours that are subsequently condensed to obtain bio-oil. The global
efficiency of this process is 73% based on low heating value [14]. Bio-slurry (bio-oil + bio-
char), on the other hand, can be produced in a fluidised bed reactor in which biomass

reacts with air to produce char and vapours. The pyrolysis vapours are condensed and
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mixed with char to produce bio-slurry. The efficiency of this process is around 93% based
on low heating value [14]. Torrefaction is a thermal pretreatment technology performed at
atmospheric pressure in absence of oxygen. It has been reported that torrefaction benefits
the production of synthetic natural gas from woody feedstocks [23]. Torrefaction is a very
promising technology due to its high process efficiency. When this technology is combined
with pelletisation (TOP), the energy content of the product can be between 20.4-22.7
GJ/ton and the global efficiency of the process is 96% [14]. The selection of pretreatment
technologies depends on the nature of the feedstock and the application of the energy
carrier. For example, pyrolysis is adequate for production of diesel from lignocellulosic

materials [24], whereas torrefaction is preferred if a gasification step follows [25].

Due to the potential shown in different studies, pretreatment technologies have been
considered as part of the design of integrated facilities for production of transportation
fuels and chemicals. For instance, pyrolysis and torrefaction have been investigated via
thermo-economic analysis for the design of a process for the production of synthetic
natural gas from sustainable resources (BioSNG) [26] as well as for the production of liquid
fuels [27,28]. Moreover, optimisation techniques have been implemented for the synthesis
of integrated biorefineries in which pretreatment technologies play an important role [29].
Different applications have been addressed such as polygeneration of BioSNG [30],
production of gasoline, diesel, and jet fuel [31,32], production of Fisher-Tropsch liquids and
acids such as acetic, lactic, and levulinic [33]. Furthermore, the substantial progress
achieved in the design of sustainable supply chains [34-37] has served as basis to
investigate the relevance of pretreatment technologies a supply chain context. Wright and
Brown (2008) [38] addressed the production of Fisher-Tropsch liquids through centralised
and distributed schemes. It was found that after certain production capacity, distributed
biomass pretreatment via pyrolysis for production of bio-oil and subsequent processing in
a centralised facility offers advantages over a completely centralised scheme. On the other
hand, Uslu et al. (2008) [16] investigated the effect of pretreatment technologies on an
international supply chain via techno-economic analysis. The authors concluded that
distributed pretreatment based on torrefaction combined with pelletisation presents

advantages over pelletisation and pyrolysis. Dunnett et al. (2008) [39] developed a mixed-
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integer linear programming (MILP) problem to investigate the concept of centralised vs
distributed schemes for the production of ethanol. In their study, the pretreatment stage
was implemented to produce intermediate ethanol concentrations. This concept was
further investigated in which the decentralised production of biofuels is addressed using
preprocessing hubs [40] and pyrolysis as pretreatment technology [41,42]. Finally, You and
Wang (2011) [43] proposed a superstructure for production of cellulosic biofuels in which
the concept of upgrading facilities is introduced in the optimisation framework. The
authors discus the design of supply chains for the production of gasoline and diesel and
conclude that pretreatment technologies such as torrefaction and pyrolysis benefit the

economic performance.

In this work, we discuss the relevance of pretreatment technologies in the design of
BioSNG supply chains. For this purpose, an optimisation framework previously presented
by the authors is revisited [44]. The framework is extended based on the concept
introduced by You and Wang (2011) [43] in order to investigate the installation of
pretreatment technologies and upgrading facilities in the design of BioSNG supply chains.
Moreover, the proposed model is used to examine different government subsidisation
levels and their impact on the development of BioSNG supply chains. Finally, a global
sensitivity analysis (GSA) approach is implemented in order to quantify the effect of

uncertainties associated to input parameters and identify those that have the major impact.

The rest of the paper is organised as follows: in section 2 we present the problem
statement along with a simplified superstructure showing the main components of a
BioSNG supply chain. Section 3 presents the new mathematical formulation related to
installation and operation of pretreatment and upgrading technologies. The complete
formulation can be found in Appendix A of supporting information. Section 4 introduces a
case study for the UK, which is based on the case presented in Calderon et al. (2017) [44].
The optimisation results are discussed in section 5. Finally, the contributions of this work

are discussed in section 6.



143 2 Problem statement

144 The developments of BioSNG supply chains by means of integrated technologies have
145  been addressed in a previous work by the authors [44]. In this section, we present an
146  extension of the generic BioSNG supply chain by considering two different conversion

147  routes to account for distributed or centralised production schemes as shown in Figure 1.
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149 Figure 1. Generic BioSNG supply chain
150 For the centralised scheme, integrated plants process raw feedstock and convert it into

151  final products, BioSNG, heat and/or power. For the distributed arrangement, the raw
152  feedstock is sent first to a pretreatment facility where it is processed to obtain intermediate
153  products with higher energy density. The intermediate products are then transported to
154  upgrading plants for their conversion into final products. The technologies included for
155  pretreatment plants are pelletisation, torrefaction-pelletisation (TOP), and pyrolysis which
156  can produce intermediate products such as bio-oil and bio-slurry, torrefied biomass, and
157  pellets, respectively. For integrated plants and upgrading plants the chosen technology is

158  gasification.



159 3 Mathematical formulation

160 In this section, we present an extension of the optimisation framework previously
161  presented by the authors. The new features of the model allow to investigate the impact of
162  pretreatment technologies on the strategic design and planning of BioSNG supply chains.
163 The complete optimisation framework is presented in Appendix A in supporting

164  information.

165 Nomenclature

166 Indices

f Feedstocks
9.9 Regions
i Resources
k Technologies
l Transportation modes
h Intermediate products
p Final products
S Segments for cost linearisation
tt Time periods
167
168  Sets
F Set of feedstocks, F = F@ U F¢
F¢ Set of available feedstocks
F¢ Set of new energy crops
I Set of resources (feedstocks and final products), I = F U P
K! Set of technologies for integrated facilities
KP Set of technologies for pretreatment facilities
KY Set of technologies for upgrading facilities
P Set of final products
F Set of feedstocks f that can be processed by technologies k
Hy, Set of intermediate products h that can be processed by

technologies k
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Scalars

Avf
cf

a

U

Parameters

aIkaS

aPRka

aUPhkS

bINj s

bPRgys

CMax
CMiny

Detht/

Set of regions g with injection points corresponding to a local
distribution zone z

Set of feasible transport links for each resource i between region
g and g’ via transport mode [

Availability factor for renewable energy plants
Capacity factor for renewable energy plants
Operating period in a year [hr year-1]

Steam to power generation efficiency

Independent term of the linearised Capex curve for integrated
plants processing feedstock f with technology k at each segment
s [Em]

Independent term of the linearised Capex curve for
pretreatment plants processing feedstock f with technology k at
each segment s [Em]

Independent term of the linearised Capex curve for upgrading
plants processing intermediate product h with technology k at
each segment s [Em]

Slope of the linearised Capex curve for an integrated plant
processing feedstock f with technology k at each segment s [Em
MW-1]

Slope of the linearised Capex curve for pretreatment plants
processing feedstock f with technology k at each segment s [Em
MW-1]

Slope of the linearised Capex curve for upgrading plants
processing intermediate product h with technology k at each
segment s [Em MW-1]

Maximum capacity of technology k at each linearisation segment
s of the Capex curve [MW]

Minimum capacity of technology k at each linearisation segment
s of the Capex curve [MW]

Depreciation factor for investments in t during periods t’
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174

FxOpIkat

FxOpPRfkt

FXOpUPhkt

VrOpINgy,

VrOpPR

V?‘OpUPhkt

vrTCkee
VrTC®d

BINgy,
BPRy;

BUPnjet

Fixed costs for operation and maintenance for an integrated
plant processing feedstock f via technology k in time period t
[Em year-1]

Fixed costs for operation and maintenance for pretreatment
plants processing feedstock f via technology k in time period t
[Em year-1]

Fixed costs for operation and maintenance for upgrading plants
processing intermediate product h via technology k in time
period t [Em year-1]

Variable costs of operation and maintenance for integrated
plants processing feedstock f using technology k in time period
t [Em GWh'1]

Variable costs of operation and maintenance for pretreatment
plants processing feedstock f using technology k in time period
t [Em GWh'1]

Variable costs of operation and maintenance for upgrading
plants processing intermediate product h using technology k in
time period t [Em GWh-1]

Variable local transport costs for resources i [£ Ton1 km1]

Variable regional transport costs for resources i via mode [ [£
Ton-1 km-1]

Efficiency of integrated plants processing feedstock f with
technology k to produce p

Efficiency of pretreatment plants processing feedstock f with
technology k to produce p

Efficiency of upgrading plants processing intermediate product h
with technology k to produce p

Positive continuous variables

CAPEX,
CAPEX_EC,

CAPEX_IN,
CAPEX_PR,

CAPEX_UP,
CAPEX_TR,

Total investment cost for the supply chain in time period t [Em]

Total investment cost for new energy crops in time period ¢t
[Em]

Total investment cost of integrated plants in time period t [Em]

Total investment cost of pretreatment plants in time period t
[£m]

Total investment cost of upgrading plants in time period t [Em]

Total investment cost for new BioSNG transport facilities time



CAPIN g1

CAPPRfy g5

CAPUPpyg¢s

Digt

DEPy,
DINfygt
DPRy gt

DUPpy gt

FC,

Pigt

PC,

PINfypge

PPRfyp gt

PUPpipgt

TAX,
ToCAPIN g

TOCAPPRfkgt

period t [Em]

Initial installed capacity for an integrated plant processing
feedstock f using technology k in region g and and is available
in time period t at segment s [MW]

Initial installed capacity for a pretreatment plant processing
feedstock f using technology k in region g and and is available
in time period t at segment s [MW]

Initial installed capacity for an upgrading plant processing
intermediate product h using technology k in region g and and
is available in time period t at segment s [MW]

Demand for resource i in region g in time period t [GWh year-1]
Depreciation for investments in ¢t during periods t’ [Em year-1]

Demand of an integrated plant processing feedstock f with
technology k in region g in time period t [GWh year-1]

Demand of a pretreatment plant processing feedstock f with
technology k in region g in time period t [GWh year-1]

Demand of an upgrading plant processing intermediate product
h with technology k in region g in time period t [GWh year-1]

Total feedstock cost in time period t [Em year-1]

Production rate of product i in region g in time period t [GWh
year-1]

Total production cost in time period t [Em year-1]

Production rate at an integrated plant processing feedstock f
with technology k to produce p in region g in time period t
[GWh year]

Production rate at a pretreatment plant processing feedstock f
with technology k to produce p in region g in time period t
[GWh year-1]

Production rate at an upgrading plant processing intermediate
product h with technology k to produce p in region g in time
period t [GWh year-1]

Total taxes in time period t [Em year1]
Total capacity of an integrated plant processing feedstock f in

region g and using technology k that is available in time period
t [MW]

Total capacity of a pretreatment plant processing feedstock f in
region g and using technology k that is available in time period
t [MW]

10



175

176

177

178

179

180

181

182
183
184

ToCAPUPpyg4¢ Total capacity of an upgrading plant processing intermediate
product h in region g and using technology k that is available in
time period t [MW]

Free continuous variables

Cf: Cash flow after taxes in time period t [Em year-1]
PROFIT; Profit after depreciation and operational costs in time period t
[Em year1]

Binary variables

AVINfy g5 1 if an integrated plant processing feedstock f using technology
k and located in region g is operating in time period t with a
capacity delimited by a segment s, 0 otherwise.

AVPRsy gt 1 if a pretreatment plant processing feedstock f using
technology k and located in region g is operating in time period
t with a capacity delimited by a segment s, 0 otherwise.

AvUPyigts 1 if an upgrading plant processing intermediate product h using
technology k and located in region g is operating in time period
t with a capacity delimited by a segment s, 0 otherwise.

8INfges 1 if an integrated plant processing feedstock f using technology
k in region g is installed in time period t with a capacity
delimited by a segment s, 0 otherwise.

OPRfyges 1 if a pretreatment plant processing feedstock f using
technology k in region g is installed in time period t with a
capacity delimited by a segment s, 0 otherwise.

OUPrigts 1 if an upgrading plant processing intermediate product h using
technology k in region g is installed in time period t with a
capacity delimited by a segment s, 0 otherwise.

3.1 Objective function
3.1.1 Capital investments

Capital expenditures, CAPEX,, are calculated as the summation of the investment in
integrated facilities, CAPEX_IN;, investment in upgrading facilities, CAPEX_UP,, investment

in pretreatment facilities, CAPEX_PR;, investment in infrastructure for BioSNG

11
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transportation, CAPEX_TR;, and investment in new energy crops for BioSNG production,

CAPEX_EC,, as shown in Equation (1).

CAPEX, = CAPEX_IN, + CAPEX_UP, + CAPEX_PR, + CAPEX_TR, + CAPEX_EC, V't (1

3.1.2 Cash flow and depreciation

Cash flow is defined as the profit before taxes, PROFIT;, plus depreciation of assets,

DEP;,;, minus taxes, TAX,, as presented in Equation (2).

CF; = PROFIT; + Z DEPy; —TAX, V't (2)

tr
The linear method is used to calculate the depreciation, DEP;;, as a function of
capital expenditures using a given depreciation rate, DepF;;, as expressed in Equation (3).
DEP;;, represents the depreciation during period t' for investments made in a previous

period t:

DEP,,, = DepF,,(CAPEX_IN, + CAPEX_UP, + CAPEX_PR, + CAPEX_TR,) V¢t t  (3)

The investment costs related to energy crops (pre-planting and establishment
costs), CAPEX_EC;, are considered non-depreciable.

3.2 Production of intermediate and final products

For the production of intermediate and final products, three different conversion
technologies are considered: Integrated technologies, pre-treatment technologies and
upgrading technologies. The integrated technologies represent a possible route for the
production of final products. In this case, the biomass is pre-processed and converted to
final products in the same facilities; this implies higher costs related to the transportation
of raw biomass. A second optional route is to decouple the integrated process into two
processes where the biomass is sent first to pretreatment conversion plants to generate
intermediate products with higher energy density. The intermediate products are sent to
upgrading conversion plants where the final products are obtained. This route allows to
reduce transportation costs, however higher capital investments are required. The

production of final products, P4, is equal to the production from integrated plants plus

the production from upgrading plants, as depicted in Equation (4)

12
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pgt = z z PIkapgt+ z ZPUPhkpgt Vp,g, (4)

kek! feFy kekU

PINfypg: indicates the production of a potential integrated plant processing

feedstock f with technology k € K to produce p in region g during time period t. Set F;,
contains connections between feedstocks f that can be processed with technologies k.

PUPpypg: refers to the production of a potential upgrading plant processing intermediate

product h with technology k € KV to produce p in region g during time period t. K and KY
are sets for integrated and upgrading technologies, respectively. It is assumed that

intermediate products can be processed by any upgrading technology.

The regional production of intermediate products, Py, is related to the production

in pretreatment facilities, PPRgypg4¢, by means of Equation (5):

Phgt = Z Z PPRfkhgt v h,g,t (5)

keKP nk:heH), fEFy

Set Hj, contains connections between intermediate products h that can be processed
with technologies k. No energy integration is considered for pretreatment plants.

Therefore, only one balance is enough to model the process as described in Equation (6):
PPRfkhgt = ﬁPRfthPRfkgt Vke KP,f € Fk, h € Hk,g,t (6)

where BPRfy, corresponds to the efficiency of producing h from f using technology k, and
DPRyyg4: is the local demand of a pretreatment plant. Finally, energy integration is

considered for upgrading plants for the production of heat and power. Consequently, two
equations are formulated corresponding to the BioSNG production and the global balance

of the plant. The BioSNG production rate, PUPpy piosng,gt- iS calculated as stated in Equation
(7):

PUPhk,biosng,gt = .BUPhk,biosngDUPhkgt v h' k e KU’ 9, t (7)
where BUPyy piosng is the efficiency of conversion of intermediate products to BioSNG, and

DUPpyg4; is the local demand for intermediate products. The global balance of upgrading

plants is equivalent to the balance for integrated plants as shown in Equation (8).

13
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PUPhk,power,gt
u

+ PUPhiheat,gt < BUPhiheat * DUPrkge V ok, gt (8)

3.3 Demand constraints
3.3.1 Demand of feedstocks

The regional demand of feedstocks, Dy, is calculated as shown in Equation (9):

ngt = Z DIkagt + z DPRfkgt Vf,g, t (9)

keKI nk:feFy keKP nk:feFy,

where the DINfi,. and DPRfy4, refer to the demand of feedstocks in integrated and

pretreatment facilities, respectively.

3.3.2 Demand of intermediate products

The total regional demand for intermediate products; Dy, is calculated based on

the summation of the demand by upgrading plants in order to generate final products. This

is expressed as shown in Equation (10).

Duge = ) DUPyge Vhgt (10)
kekU

3.4 Capital investments

3.4.1 Piecewise linearisation for pretreatment plants
The same strategy for linearisation is used for pretreatment plants. The segments

are limited by CMing, and CMaxys. CAPPRgygs is the new installed capacity of

pretreatment plants in region g, using technology k during period t.
CMinyg * 5PRfyges < CAPPRypges < CMaxyg * SPRpyges V Kk € KP,f € F,g,t,s (11)

S6PRsigts is a binary variable that equals 1 if a plant is installed using technology k
for processing feedstock f in period t with a capacity defined by the segment S. Only one
segment can be activated, and only one pretreatment plant is allowed to be installed for
each type of feedstock in region g. These conditions are modelled through Equations (12)
and (13), respectively.

14
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D 6PRug <1 Yk €K' f € Fg,t (12)
N

6PRfkgts <1 Vf,g,t (13)
s keKP nk:feFy

The total current capacity, ToCAPPRf4;, is equal to the newly installed capacity,
CAPPRfy g5, plus the previous capacity, ToCAPPRgy 1. This condition is represented by
Equation (14):

ToCAPPR;yz = TOCAPPRyy g, 1 + Z CAPPRys Yk €KP,f €Fp gt (14)
S

The demand of a pretreatment plant, DPRyy4,, is limited by the current installed
capacity, ToCAPPRy 4, the capacity factor, Cf, and the availability factor, Avf, as shown in

in Equation (15).
DPRsyge < Cf * Avf x a * TOCAPPRsyye Vk €KP,f €Fy,g,t (15)

Finally, the total investment cost, CAPEX_PR;, is calculated as shown in Equation

(16):
CAPEX PR, = Z z (bPRyys * 8PRsyges + APRyys * CAPPRpges) V't (16)
kekP,gs fEFy

Where aPRgis and bPRg,s are parameters that represent variable and fixed

investment costs. This information is obtained from the linearisation of the corresponding

investment cost curve.

3.4.2 Piecewise linearisation for upgrading plants
The capital investment costs linearisation for upgrading plants is shown in Equation

(17). CAPUPyy g5 refers to the newly installed capacity during period t in region g, using

technology k available in time period t.

CMinyg * SUPpygrs < CAPUPhigrs < CMaxys * 6UPprges VK € KY,h,g,t s (17)

15



264

265
266
267
268

269

270

271

272

273

274

275
276

277
278

8UPpkges is a binary variable that equals 1 in case an upgrading plant with
technology k is available for processing intermediate products h in time t and with a
capacity limited by a segment s. Only one segment can be activated and only one upgrading

plant is allowed to be installed in region g, as shown in Equations (18) and (19),

respectively.
z SUPuges <1 Yk €KY, B, gt (18)
S
D) SUPugs <1 Vhgt (19)
s kekU

The total current capacity, ToCAPUPy 4, is equal to the newly installed capacity,
CAPUPyy 45, plus the previous capacity, ToCAPUPyy 1. This condition is represented by
Equation (20):

ToCAPUPyg; = TOCAPUPy g1 + Z CAPUPpgs Yk €KY h gt 20)
S

Similarly, the demand of intermediate products in an upgrading plant, DUPyg, is
limited by the current installed capacity, ToCAPUPyyg4, the capacity factor, Cf, and the

availability factor, Avf, as shown in in Equation (15).
DUPyge < Cf  Avf * a * TOCAPUPyyye Vk €KY, b, g,t (21)
Finally, the total investment cost, CAPEX_UP,, is calculated as shown in Equation

(22):

CAPEX_UP, = Z Z(bUPhks % 8UPnyges + QUPps * CAPUPpyges) V' 8 (22)
kekU,gs h

where aUPp;s and bUPy; are parameters related to the linearisation of the investment

costs curve.

16
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3.5 Production costs

The total production cost, PC,, is divided into fixed and variable costs. Fixed costs
are independent of the output level of a plant and often include insurance, rent, salaries,
etc. On the other hand, variable costs such as inventory, utilities, packaging, etc. depend
proportionally on the actual production of a plant. This is expressed mathematically in

Equation (23):

PC, = z z (FxOpINgy, * AvINgyg¢ + VrOPINs * PINfk g biosng.t)
kekl,g feFy

+ Z Z z (FxOpPR sy * AUPRyygr + VITODPRys ¥ PPRrygne) (23)

keKP,g fEFy heH),

+ Z Z(FxOpUPhkt * AVUPyy g + VTOPUPyys * PUPg biosnge) V&
kekU,g h

The parameters FxOpINsy., FxOpPRgy, and FxOpUPy,, refer to fixed costs for
integrated plants, pretreatment plants, and upgrading plants, respectively. The fixed costs
are activated accordingly by the availability variables AvINsy ., AVPRgyg4e, and AvUPpyyg,,
which correspond to binary variables. Finally, VrOpINsy,, VrOpPRgys, and VrOpU Py
designate the respective variable costs for integrated, pretreatment plants, and upgrading
plants, respectively. The availability variables are related to installation variables by means

of Equations (24) and (25) for integrated plants:
Av{kagt 2261kagts Vk € Kl,f € Fk,g,t (24)
S

AVINfge = AVINgy g VKEK,f € Fy gt (25)

Analogous equations are included for pretreatment plants (see Equations (26)-(27))

and upgrading plants (see Equations (28)-(29)):
AUPRfkgt = Z 6PRfkgtS Vke KP,f € Fk,g, t (26)
S
AVPRfy g = AVPRpyg -1 Yk €K', f €EFy gt (27)
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AvUPhkgt ZZSUPhkgtS VkEKU,hEHk,g,t (28)
S

AVUPyygr = AVUPpg—1 Vk €KY, h € Hy, g, t (29)

4 Case study

The role of pretreatment technologies in the development of BioSNG supply chains is
addressed through a case study based on the UK. The planning horizon is 20 years divided
into four 5-year periods. The UK is divided in 35 regions based on level 2 of the
Nomenclature of Territorial Units for Statistics (NUTS2) [45] (see Appendix B in supporting
information). Four feedstocks are included as potential sources for BioSNG production:
woody biomass, straw, residual waste, and miscanthus. The aforementioned feedstocks
have been identified in different studies as the most likely materials to be used in the UK in
case of developing gasification-based projects [46,47]. Regarding the gasification process,
several technologies are available or in developing stage such as: Entrained Flow,
Circulating Fluidized Bed (CFB) reactor, and allothermal (indirect) gasification. Among
them, allothermal gasification presents comparatively higher efficiencies [48] for
gasification of wood. The efficiencies have been reported to be 54% for Entrained Flow,
58% for CFB, and up to 67% for allothermal gasification [49]. Accordingly, the allothermal-
based gasification process called “MILENA”, which is being developed by the Energy
research Centre of the Netherlands (ECN), will be adopted in this study as the main
technology for processing cellulosic feedstocks, i.e., woody biomass, straw, and miscanthus.
Regarding residual waste, plasma gasification, being more robust to treat highly
heterogeneous material, was selected. The efficiency of the process has been reported to be
52% [50]. If energy integration is considered, the global efficiency of allothermal
gasification can reach 91% [51] whereas for plasma gasification the efficiency can increase
to 62% [50]. Both technologies were also specified as possible technologies upgrading

facilities.

Moreover, four pretreatment technologies are included as part of the BioSNG supply
chain design: (1) torrefaction, (2) pelletisation, (3) rotating cone reactor pyrolysis (RCRP),
and (4) fluidised bed reactor pyrolysis (FBRP). These pretreatment technologies have been
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extensively investigated for the production of intermediate energy carriers [16] as a way of
reducing logistics costs associated with feedstocks transportation. Moreover, the products
obtained from these technologies are suitable for a gasification process [52]. ArcGIS 10.2
[53], a Geographic Information System (GIS), was used for preprocessing some of the input
data as well as for visualisation purposes. The case study build upon a previous work
published by the authors [44], nonetheless, a description is included in the following

sections for the sake of completeness.

4.1 Resources
The availability of woody biomass resources is estimated based on 4 different sources

[54]: (1) forestry residues and stemwood, (2) arboricultural arisings, and (3) sawmill
coproducts. Forestry residues have several relevant environmental functions such as
source of nutrients, prevention of erosion, habitat provider, etc. This imposes limitations
on the usage of forestry residues for renewable energy generation. Accordingly, the
European Environmental Agency (EEA) reported a potential availability of 3450 kTon/yr
for 2020 and 2532 kTon/yr for 2030 [55] after taking into account several environmental
factors. Arboricultural arisings are usually chipped and left onsite or used for composting.
In 2003, the total availability of arboricultural arisings was reported to be 481 kTon/yr
[56], including total arboricultural contractor arisings and utility work arisings. It is not
expected a considerable increase of arboricultural arisings in the future and their
availability is estimated to be 68% of the initial potential if competing markets are taken
into account [56]. The availability of arboricultural arisings for energy generation is 332
kTon/yr. The potential of woody biomass for energy generation was estimated to be 3902
kTon/yr by 2020. The cost of purchase was set to 65 £/Ton [57]. Regarding sawmill
coproducts, 66% of this resource is in the form of chips (peeled and unpeeled), 20% is
sawdust and 11% is bark. Only 10% is potentially available for energy generation due to
competing markets [56]. The total production of sawmill coproducts in the UK for 2020
was estimated to be 120 kTon/yr [58]. Agricultural residues can be used for energy
generation applications. Straw from wheat and barley is included as potential feedstock for
future projects in BioSNG production. In the UK, straw resources were estimated between 9

and 10 million tonnes per year in 2007. However, a significant fraction is diverted to
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different agricultural activities [59], which reduce the availability to 3000 KTon/yr [60].
Energy generation from waste streams, e.g. municipal solid waste (MSW), is an interesting
application that can have an important role in the waste management strategy of a country
while contributing in reducing dependency of fossil fuels. The UK has adopted policies that
aim towards a zero waste economy, which gives priority to increase the share of disposal
and recycling, whereas limits are imposed not only on the amount of waste for disposal, but
also on the percentage that can be treated in waste-to-energy applications [61]. The total
residual waste resources were estimated to be around 23,020 kTon/yr in 2020 and
decreases to 7544 kTon/yr by 2040 [62-70] The resources were calculated as an aggregate
of municipal solid waste (MSW), commercial and industrial sector waste streams. The gate
fees or residual waste were set to -£35/Ton, which is an average of what is reported in
literature [71,47]. This value was systematically increased to account for future
competition for this resource [47]. Finally, the estimation of miscanthus resources is based
on crop productivity [72] and marginal land for energy crops cultivation [73]. In addition,
restrictions on marginal land utilisation, based on sustainability and food security aspects,
were imposed regionally and nationwide to avoid land competition and over cultivation of
miscanthus [74]. The economic aspects related to cultivation of miscanthus were also
considered [75]. In order to estimate woody biomass, sawmill coproducts, residual waste
and miscanthus resources for each of the UK regions, several maps were used as proxy for
this calculation: forestry lands across UK [76], Land Cover Map of Great Britain (LCM2007)
[77], and map of active sawmills in the UK [46]. See Appendix C in supporting information.
A more detailed description of the availability of woody biomass, cereal straw and residual

waste is provided in Appendix D in supporting information.

4.2 Facilities
In this work, three types of facilities are considered for two possible paths for

production of BioSNG: (1) integrated facilities, (2) upgrading facilities, and (3)
pretreatment facilities. In general, integrated facilities consist of a phase of feedstock
conditioning, which could include chipping and moisture reduction, gasification,
methanation, and gas cleaning. In upgrading facilities the conditioning step is not necessary

since the feedstocks have already been preprocessed in pretreatment facilities into higher
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energy density intermediate products. The preprocessing of feedstocks could bring two
benefits: (1) installation of smaller upgrading facilities in comparison to integrated
facilities, and (2) savings associated with transportation costs. However, this comes at the
expense of installing pretreatment facilities. This trade-off will be further discussed in

section 5.

Regarding technologies, gasification is expected to play an important role in the future
of sustainable supply chains since it provides an alternative to produce biomass-based
platform chemicals. Based on the successful implementation of coal gasification, biomass
gasification started being developed in recent years and a number of designs have been
proposed [49]. In this work allothermal gasification-based design “MILENA”, developed by
the Energy research Centre of the Netherlands (ECN), was selected as the main technology
for integrated and upgrading facilities processing woody biomass, straw, and miscanthus.
Residual waste, however, is highly heterogeneous in its composition which makes this
feedstock unsuitable for allothermal gasification. In this case, plasma gasification was
selected as this technology is more adequate for handling this type of feedstock [50].
Regarding process efficiencies, it has been reported that gasification of wood chips can
achieve an efficiency of 91% if the process considers energy integration (including
methanation and gas cleaning steps) [51].Efficiencies for straw and miscanthus are not
reported; therefore they were corrected based on the corresponding low heating values
(LHV). The same efficiencies are used for upgrading technologies based on allothermal
gasification. Plasma gasification can reach an efficiency of up to 62% if energy integration is
considered [50]. In the case of plasma gasification for upgrading facilities, higher
efficiencies have been reported if the residual waste is processed as pellets (or refused

derived fuels (RDF)) [78].

Four technologies are investigated for feedstock pretreatment: (1) pelletisation, (2)
rotating cone reactor pyrolysis (RCRP), (3) fluidised bed reactor pyrolysis (FBRP), and (4)
torrefaction - pelletisation (TOP). It was considered that pelletisation can process woody
biomass, straw, residual waste, and miscanthus. Woody biomass, straw, and miscanthus
can be used for production of bio-oil through RCRP, bioslurry via FBRP, or torrefied

biomass via TOP. Since the production of BioSNG is the main objective, it was assumed that
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the operation of the pretreatment plants is optimised to maximise the output of
intermediate products. Accordingly, heat recovery for power cogeneration is only possible
for integrated and upgrading plants. Information regarding efficiencies of pretreatment
technologies is usually only available for woody biomass. Therefore, the efficiencies for the
other feedstocks were estimated by implementing a correction factor based on the
corresponding LHVs. This, however, is only an approximation to take into account that
different feedstocks have different conversion efficiencies. Accordingly, the efficiency of
pelletisation varies from 80% to 95% [79,80], being the efficiency of pelletisation of
residual waste the lowest. Despite the low efficiency, it is worth mentioning that
pelletisation of residual waste presents great benefits in terms of energy density increment
which contributes to efficient transportation (lower costs), and smaller upgrading facilities,
e.g. the production of 1 MWh of BioSNG requires 770 kg of residual waste or 330 kg of
pellets. Regarding pyrolysis, the efficiency of conversion for RCRP ranges between 69% and
74% whereas efficiencies for FBRP vary from 87% to 92% [14]. Finally, TOP has, on
average, the highest efficiency, between 94% and 96% [14].

Capital investment for a gasification plant based on the MILENA design is reported to
be £116 million for an input capacity of 100 MW for processing woody biomass [19]. A
factor of 0.67 is used to take into account economies of scale [47]. As an approximation, the
investment costs for straw and miscanthus were estimated through a correction factor
based on the corresponding LHVs. The same correction was implemented for upgrading
facilities. The capital investment for plasma gasification with an input capacity of 57 MW is
estimated in £95m [19]. A scale factor of 0.8 was used in this case. The capital investments
for pretreatment technologies are considerably low in comparison to integrated facilities.
They go from £17 million for RCRP up to £31 million for FBRP. The fixed operating costs
are on average 3 million per year, for integrated facilities, whereas for pretreatment
facilities they range from 1 million per year for TOP and 2 per year million for RCRP. The
variable costs were inferred from data available in literature [50,47]. For allothermal
gasification, the variable cost of processing woody biomass is £0.0037m/GWh, whereas for
plasma gasification the variable cost is £0.0236/GWh. For pretreatment technologies, the
variable costs vary from £0.0014/GWh for pelletisation up to £0.0046/GWh for RCRP.
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Table 1 summarises conversion efficiencies for different pretreatment technologies, Capex,
and Opex for facilities processing woody biomass with an input capacity of 100 MW. For
detailed dataset see Appendix E and for sources of data see Appendix F in supporting

information.

4.3 Transportation infrastructure
Two types of transportation are considered: local transportation and regional

transportation. Local transportation entails procurement of feedstocks and/or delivery of
BioSNG to consumers within the same region. Two modes are considered, trucks for
feedstocks and intermediate products, and trailers for BioSNG transportation as
compressed gas. On the other hand, regional transportation refers to transfers of feedstock
and/or BioSNG between regions. Besides trailers and trucks, rail is also included as an
additional transportation mode for feedstocks and intermediate products. Local and
regional transportation distances were calculated based on road network and rail network
maps [81] (see Appendix G in supporting information). Fixed and variable transportation

costs are summarised in Table 2.

4.4 Demand
The gas and power demand were set up according to projections of the GoneGreen

scenario reported in The Gas Ten Year Statement (GTYS) published by the UK National Grid
[82]. The heat recovered from energy integration in integrated and upgrading facilities can
be converted into power assuming a cogeneration efficiency of 40%. Projections for gas
and power prices were fixed based on UK Future Energy Scenarios published by the
National Grid [83]. The future gas and power demand as well as their corresponding

forecasted prices are shown in Figure 2.
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Figure 2. Forecasted gas demand for GoneGreen scenario [82,83] (reproduced from ref [44])

The BioSNG is transported to offtake points that connect the gas transmission system
to the gas distribution network. The BioSNG is then supply to final customers through local
distribution zones (LDZ). There are in total 13 LDZs that supply 65% of the total gas
demand in the UK. Finally, it was assumed that the electricity generated is sold locally. See
Appendix H in supporting information for a detailed description of the gas transmission

system.

5 Results and discussion

In this section we present computational results for the case study described
previously in section 4. The production of BioSNG and cogeneration of power generation
along with their corresponding incentives, feed-in tariff for BioSNG and ROCs for power
generation, are included for all the cases discussed in this section. First, the relevance of
pretreatment technologies in the design of BioSNG supply chains is addressed and their
benefits are identified by comparing with a scenario in which only integrated technologies
are considered. Second, the role of the government in developing these technologies is
investigated through feed-in tariffs. For this purpose, a parametric analysis was carried out
in which different levels of subsidisation are explored and their impact on feedstock

procurement, installation of facilities and production of BioSNG is discussed. In addition,
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the repercussion of uncertainty associated with 6 parameters: capital costs, feedstock cost,
technology efficiency, feed-in tariff, gas and power prices, is studied through global GSA.
GSA allows to simultaneously address uncertainty in the input data described by means of
a probability distribution function (PDF) and prioritised those parameters with major
impact on the global performance of the supply chain. Finally, an analysis is presented in
which we address scenarios that allow to detach the development of BioSNG from

government subsidies.

The optimisation problems were solved using GAMS 24.7.1. The MILP problem was
solved with CPLEX 12.6.3. All runs were performed on a Dell OptiPlex 9010 with Intel®
Core™ i7-3770 CPU @3.40 GHz and 16 GB RAM running Windows 7® Enterprise (64-bit
operating system). The optimality gap was set to less or equal to 1% for all cases. The

corresponding statistics are presented in Table 3.

5.1 Impact of pretreatment technologies
In this section we present the results for a case study in which two different paths are

considered for production of BioSNG and power cogeneration. The first path, which has
been addressed in a previous work by the authors [44], can be regarded as a centralised
route since it consists merely of integrated facilities in which raw feedstocks are directly
processed into BioSNG. The second path, which can be seen as a distributed route,
considers installation and operation of pretreatment plants for processing raw feedstocks
into intermediate products of higher energy density. The intermediate products are then
transported to upgrading plants where gasification and methanation processes take place
to produce BioSNG along with power cogeneration. Regarding government subsidisation, a
feed-in tariff was set to £70/MWh for injection of BioSNG into the national gas pipeline
transmission system. For power generation, ROCs were set to 1.8 per MWh at a price of

£45/ROC [84,85].

The economic performance of the case study is summarised in Figure 3. In general, the
total costs associated with the development of the BioSNG supply chain are mostly
dominated by operational costs (51.2%), with the rest equally distributed between capital
investments (24.2%) and taxes (24.6%) (see Figure 3a). The results show that tax
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512  an additional mechanism for the government to stimulate the development of BioSNG as a

513  sustainable primary energy source.
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514 Figure 3. Summary of the economic performance: (a) total cost breakdown. (b). Capex and Opex Breakdown.
515 (c) Cumulative net cash flow
516 The capital expenditures are largely defined by the development of infrastructure for

517  BioSNG production rather than for transportation. 46.3% of the investments are destined

518 to develop the first path, whereas the development of the second path, in which

519 pretreatment and gasification-methanation processes are decoupled, accounted for 34.5%

520 of the total investments. Energy crops, in this case miscanthus, required 16.9% of the total

521  capital cost whereas investment in infrastructure for local and regional transportation of

522 BioSNG by road is only 2.3%. Concerning operational expenditures, 66% corresponds to
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feedstock purchases and 22.6% was required for transportation of feedstocks and
intermediate products. This means that 33.8% of the total cost is due to feedstock
purchases, whereas 19.5% are associated with facilities investment. Moreover, the
transportation component is almost double of what is spent on the actual operation of the
production facilities. These figures highlight the considerable impact of feedstock
acquisition and transportation on the economy of these types of supply chains. Finally, the
cumulative discounted cash flow (Figure 3c) shows that the production of BioSNG is
profitable with a net present value of £25.5 billion after 20 years and a breakeven time of 5

years.

On average, 21.2% of the total gas demand was supplied by the production of BioSNG
and 4.3% of the power demand was supplied by cogeneration. Miscanthus plays a crucial
role in these figures since 65.1% of the total BioSNG production comes from this energy
crop. Residual waste comes in second place with enough resources to provide 17.5% of the
BioSNG production. Woody biomass and straw only contributes with 9.4% and 7.9%,
respectively. The design of the BioSNG supply chain for each feedstock is shown in Figure 4
and Figure 5.
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Figure 4. Design of the BioSNG supply chain for different feedstocks: (a) Woody biomass. (b) Straw.

The supply chains for producing BioSNG from woody biomass and straw were
designed following a centralised scheme in which only integrated technologies intervene.
The total installed capacity was 2.7 GW for woody biomass and 1.8 GW for straw. The
location of facilities in the south, central area and north of the UK aims to minimise the
transportation costs of the raw materials, considering that they are fairly distributed across
the regions. England produced 80% and 85% of woody biomass and straw, respectively.
The processing of woody biomass and straw takes place mostly in England where 79% of
woody biomass and 85% of straw is converted into BioSNG. The remaining 11% of woody
biomass and 15% of straw is processed in Scotland. Both resources are being utilised at
their maximum availability. The fact that no pretreatment technologies were chosen can be
explained by the low contribution of these resources in the production of BioSNG due to

low availability. Consequently, the volume of these resources is not enough to compensate

28



552
553
554
555

556
557

558

559
560
561
562
563

for investment in pretreatment facilities in order to reduce costs on transportation.
Regarding the transportation modes, 90% of the woody biomass is transported via rail and

only 10% by truck. In the case of straw, truck is the preferred mode with 65% of the straw

delivered by this mode, whereas the remaining 35% was delivered by rail.

Contrary to woody biomass and straw, the production of BioSNG from miscanthus and

waste involves torrefaction and pelletisation, respectively (Figure 5).
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Figure 5. Design of the BioSNG supply chain for different feedstocks: (a) Miscanthus. (b) Residual waste.

In the case of miscanthus, the cultivation of this energy crop is primarily developed

along the west part of the UK. These regions have in common favourable conditions for

energy crops cultivation that lead to high productivity in terms of tonnes per hectare.

England contributes with 54% of the total production of miscanthus, followed by Wales

(34%) and finally Scotland (12%). The total installed capacity for processing miscanthus in
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integrated plants is 12.7 GW. An alternative path was selected to produce BioSNG from
miscanthus in which torrefaction-pelletisation was chosen as pretreatment technology
with a final capacity of 4 GW, followed by further processing in upgrading plants, whose
final capacity is 3.8 GW. This path is mostly developed in the south region of the UK, where
the production of miscanthus is comparatively higher than in the other regions. Moreover,
67% of miscanthus was processed through integrated facilities, whereas the other 33%
was processed through pretreatment and upgrading facilities. Regarding the transportation
modes, 60% of raw miscanthus was delivered by rail, and the rest was delivered by truck.
Torrefied miscanthus, on the other hand, was transported exclusively by rail. Regarding
residual waste, its procurement is primarily focused in England which supplies 83% of the
total residual waste resources. Scotland and Wales contribute with 10% and 7%,
respectively. The supply chain design features a distributed scheme in which pretreatment
facilities were installed in each of the 35 regions to process 100% of the resources into
pellets (or RDF). Only 2% of the residual waste was transported to a different region
without previous pretreatment (not shown in the map for the sake of simplicity). The
residual waste pellets are processed in upgrading facilities distributed in five regions
across England. This arrangement allows to reduce considerably not only transportation-
related costs but also the size of facilities required for final conversion into BioSNG, which
is reflected on the capital investments. The total installed capacity was 7.5 GW for
pelletisation plants and 6 GW for upgrading plants. Despite the high generation of residual
waste in London, none of the upgrading plants are located in this city. Instead, the facilities
were installed in surrounding regions, acting as “hubs” for the residual waste pellets
produced in the east part, including London. The preferred mode for transportation of
residual waste pellets is rail, which delivered 95% of the total production. The marked
preference for pelletisation of residual waste as a first step stems mainly from a
considerable potential for volume reduction, and therefore increase in energy density,

which has positive effects on the transportation infrastructure and processing facilities.

In summary, in terms of energy units, England leads the production of feedstocks with
65% of the total production in 20 years, being miscanthus the main feedstock. Wales

contributes with 23% driven mostly by the production of miscanthus, and Scotland comes
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in third place with 12% of the total feedstock production, also with miscanthus as main
feedstock. Rail is a crucial transportation mode since it delivered 79% of the combined
production of raw feedstocks and intermediate products. The remaining 21% was
transported via trucks. Regarding processing infrastructure, 53% of the total installed
capacity, including integrated, pretreatment, and upgrading facilities, was built for
processing miscanthus. Similarly, the infrastructure for processing residual waste equals
35% of the total capacity, whereas forestry and straw required only 7% and 5%,
respectively. In terms of geographic distribution, the infrastructure for BioSNG production
is largely located in England (82% of the total installed capacity), followed by Wales (11%),
and Scotland (7%). Accordingly, England is the major BioSNG supplier with 79% of the
total production. Moreover, the transportation of BioSNG takes place only locally between

the facilities and the injection points located in the same region.

The benefits of including pretreatment technologies are identified by comparing with a
scenario in which only integrated technologies are considered. A summary for both cases is

presented in Table 4.

If only integrated technologies are considered, the NPV drops to £21.4 billion, which
corresponds to a reduction of 16% in profitability. This is mainly caused by an increment in
infrastructure investment (16.9%) and operational costs (11.6%). Specifically, investment
in integrated plants is 21% higher than the total investment in facilities for the scenario in
which pretreatment technologies are also an alternate option. This is mainly a result of
pelletisation of residual waste, which allows installation of less expensive facilities for
producing BioSNG. Namely, when pretreatment technologies are included, the optimisation
framework selects a total capacity of 7500 MW for pelletisation, and 6000 MW for
upgrading pretreated waste. The combined investment does not surpass the investment for
installing 7500 MW to process directly residual waste. The key is the extremely low energy
density of residual waste in comparison to waste pellets. Therefore, a higher capacity in
terms of tons/year is required in order to reach the same output in MW. Correspondingly,
the operational costs increased 11.6% due to a drastic increase in production costs of 81%,
which is a result of installing larger facilities. In addition, the transportation costs increased

14% when no pretreatment technologies are included. Notably, the income component
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from BioSNG and Power sales increased 1.7%. Similarly, incentives from feed-in tariff and
ROCs increased 1.4%. This is related to the fact that a supply chain based merely on
integrated technologies is more efficient in terms of utilisation of feedstocks which reflects
on a higher production of BioSNG in 1%. By contrast, when pretreatment technologies are
added to the supply chain, the global energy losses are higher and therefore the net
production of BioSNG decreases. In addition, the power sales increase by 2.9% due to
intensification of cogeneration which is related to installation of more integrated
technologies. This is also reflected in income through the subsidisation schemes. Woody
biomass and straw are used at their maximum availability; nonetheless their contribution
to the production of BioSNG is overshadowed by miscanthus which continues to be the
dominant feedstock. The results show that the integration of pretreatment technologies in

the design of BioSNG supply chains benefits the global economic performance.

5.2 The role of feed-in tariffs
In this section, we investigate the impact of different subsidisation schemes on the

general performance of the BioSNG supply chain. In this case, a parametric analysis was
implemented in which the feed-in tariff was systematically increased from £0/MWh up to
£100/MWh. In reality, based on the current policies established by the UK government, it is
unlikely that the subsidisation for gasification through feed-in tariffs will reach £100/MWh.
Nonetheless, these levels of subsidisation are included in the analysis for the sake of

completeness. The corresponding results are summarised in Figure 6.
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Figure 6. Impact of government policies on the development of BioSNG supply chains.

The production of BioSNG is economically feasible even when the feed-in tariff is set to
£0/MWh. However, the NPV is only £0.5 billion and the BioSNG penetration is 3.8%. The
production of BioSNG is based largely on residual waste and a small fraction of straw. The
utilisation of both feedstocks is 83% and 43% for residual waste and straw, respectively.
The white grid represents how much of the feedstock was sent to pretreatment facilities. In
this case, 100% of the residual waste was sent to pelletisation. It is worth to mention that
in absence of subsidisation, a BioSNG supply chain based exclusively on integrated plants is
not economically feasible. When the tariff is set to £10/MWh, the procurement of residual
waste and straw increases reaching a utilisation of 94% and 76%, respectively. The NPV
increased almost four times to £1.8 billion and the supply reached 4.8%. At £20/MWh,
residual waste is used at its maximum availability, and woody biomass is included as an
additional feedstock for production of BioSNG. At this level, only pelletisation is being used.
The NPV is £3.4 billion and the BioSNG penetration is 5.6%. Comparatively, when only
integrated technologies are considered, the minimum tariff required for a feasible
development is £20/MWHh, in which the NPV is £0.2 billion and only a supply of 2.6% is
reached. The cultivation of miscanthus starts only after the tariff is set to £30/MWHh, part of
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the production of miscanthus is pretreated with torrefaction (white grid). Residual waste
and straw are being used at their maximum availability, and woody biomass utilisation is
88%. The NPV increased 62% from the previous case reaching £5.5 billion. The BioSNG
supply is 9.5% of the total demand. A tariff of £40/MWh increases drastically the BioSNG
supply up to 19.6%. This is particularly driven by a boost in miscanthus cultivation. At this
point miscanthus becomes a dominant feedstock. The economy performance largely
benefits from this, reaching an NPV of £9.1 billion. Further increments in the level of
subsidisation are reflected on the NPV but do not have major impact on the cultivation of
miscanthus and therefore the percentage of demand met by BioSNG. Finally, at £100/MWh,
it was possible to reach 21.3% of penetration of BioSNG with a corresponding NPV of £42.6
billion. The production of BioSNG across the UK with variation of feed-in tariffs is

summarised in Figure 7.
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Figure 7. Geographic distribution of production of BioSNG with different levels of subsidisation.

Initially the production of BioSNG is scattered across England, as the tariff increases up
to £20/MWHh the production intensifies but continues to be centred in England. At a tariff of
£30/MWh, the production of BioSNG initiates in three regions of Scotland. At this point all
the resources of residual waste and straw, and most of the woody biomass are being
transported to these regions. Once the tariff reaches the critical point of £40/MWh, Wales
starts producing BioSNG. This production depends almost exclusively from cultivation of

miscanthus. Similarly, more facilities are installed in the south of England whose
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production of BioSNG is based mainly on miscanthus. Therefore, the drastic increase in
BioSNG supply discussed previously can be traced to Wales and three regions in the south
of England. As the subsidisation increases the production in Scotland alternates between 2
and 3 regions. Similarly, the production of BioSNG in the east and central part of England
presents variability in the location of facilities. By contrast, the regions whose BioSNG
production relies mostly on local resources of miscanthus are consistently selected as the

feed-in tariff increases.

5.3 Key parameters in BioSNG supply chains - A global sensitivity analysis
(GSA) approach

The results presented in previous sections showed favourable economic metrics for
the introduction of BioSNG in the energy mix of the UK. Nonetheless, the information that
serves as the basis for this type of analysis is usually subject to substantial uncertainty that
undoubtedly affects the economic performance of a supply chain. Therefore, it is essential
to quantify the consequences of uncertainty and identify those parameters that can
potentially have a major impact on the economics of a BioSNG supply chain. In this study
we investigate the effects of uncertainty in six parameters on the design of the BioSNG
supply chain via GSA [86-88]. The parameters selected for the analysis are: technology
efficiency, feedstock cost, capital cost of facilities, feed-in tariff, and gas and power spot
prices. The data regarding the uncertainty for gas and power prices was based on three
scenarios (low, medium, high) published by National Grid UK [89]. Additionally, a #10% of
variation was considered for technology efficiency, whereas capital costs and feedstock
costs were assumed to vary +30% from the base case. In the case of feed-in tariff, based on
the analysis discussed in section 5.2, the subsidisation level was allowed to range between
£0/MWh and £50/MWh. Initially, the implementation of the GSA requires setting
probability distribution functions for each uncertain parameter. In this work, we assumed
beta distribution function for gas and power prices. In the case of technology efficiency a
normal distribution was chosen so that approximately 95% of the data falls within +10% of
variability. Finally, a uniform distribution was chosen for Capex, feedstock costs, and feed-
in tariff. A Quasi Monte Carlo method based on Sobol sequences [90] was implemented
along with a Random Sampling-High dimensional model representation (RS-HDMR)

method [90-92] was used which allows to approximate the input-output behaviour of high

35



713
714
715
716
717
718
719
720
721
722

723
724

725
726
727
728
729
730
731
732

733
734

dimensional systems with minimum sampling effort. Therefore, despite the complexity of
the optimisation model, this methodology allows to estimate sensitivity indices based on
few samples. In this work, 128 scenarios were generated from sampling the uncertain
parameters in order to calculate first order effects and total effects. First order effects
determine the impact of changes in one parameter on the variance of the output variables
without considering interactions with other parameters. Total effects account for the
variance of the output variables due to the combined contribution of changes in the
uncertain parameter as well as its interaction with the other parameters. The GSA was
implemented with the software SobolGSA [93]. The corresponding results are summarised

in Figure 8.
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Figure 8. Global sensitivity analysis for the BioSNG supply chain: (a) Distribution of NPV. (b) First order and
total effects

The distribution of the NPV for 128 scenarios is presented in Figure 8a. The NPV
presents high variability, with some scenarios not economically feasible, and a few
scenarios with an NPV of around £19.6 billion. The median is £3.7 billion which is
considerably lower than the values reported in previous sections. Likewise, the BioSNG
supply ranges from 0% up to 25%, with median of 9%. It is important to clarify that the
distribution presented in Figure 8a is derived from the optimisation of each scenario
individually, and it is not a result of the implementation of a method for stochastic

optimisation.

Figure 8b presents a summary of the first order effects, represented by a colour scale,

and the total effects, represented by the size of the bubbles. The results indicate that
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government policies i.e. subsidisation level, is the component with the largest impact on the
economic performance of the BioSNG supply chain. 63.7% of the variance of the NPV is
related to individual effect of subsidisation policies. Feedstock costs come in second place
whose associated uncertainty accounted for 9.7% of the variance in NPV. Similarly, the
interaction of government policies and feedstock costs with other parameters accounted
for 71.8% and 15.9% of the variance of NPV, respectively. Moreover, the subsidisation
policies have a dominant impact on the utilisation of woody biomass and miscanthus. The
latter relates to the predominant influence of subsidisation on the production of BioSNG
and power whose corresponding first order effects are 24.1% and 27.8%, respectively. The
independent effects of capital costs of facilities, feedstock costs, electricity price, gas price
and technology efficiency are in general low for the rest of the output variables (6% on
average), with exception of technology efficiency on woody biomass utilisation with a
corresponding first order effects of 14.7%. Moreover, when the interactions of capital costs
and feedstock costs with all the parameters are considered, they have a comparable effect
to subsidisation policies on the miscanthus utilisation, which also reflects on the BioSNG
production and power cogeneration. Notably, the first order effects and total effects of
subsidisation policies on residual waste and straw utilisation are comparable to the rest of
the uncertain parameters. This indicates that, in comparison to the other feedstocks, the
development of BioSNG supply chains based on residual waste and straw is not strongly
dependant on subsidisation tariffs. This had been previously hinted by the results
presented in Figure 6. In fact, both feedstocks are consistently selected for production of

BioSNG in most of the 128 scenarios as shown in Figure 9.
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Figure 9. Heat maps for feedstocks and technology selection based on GSA

Figure 9 summarises the percentage of number of times (with respect to 128
scenarios) that raw materials, final products, and processing technologies are active in each
one of the regions of the UK. Regarding raw materials and final products, it is clear that
despite the variability of the uncertain parameters, the utilisation of residual waste across
the UK is considerably high (above 94%), which makes it the preferred feedstock for
production of BioSNG. The utilisation rate of straw is relatively high in England with certain
preference towards East Midlands (F1-F3), West Midlands (G1-G3), and East of England
(H1-H3) where straw was used in 90% of the scenarios. In Scotland (M2-M3, M5-M6),
straw was produced in around 40% of the scenarios. The utilisation rate of Woody biomass
is more homogenous across the UK, ranging between 54%, in Scotland and north of
England (C1, C2Z, and D1), and 70% in England (E3-]J3). The results for miscanthus show
that the cultivation of this energy crop is mostly concentrated on Wales (L1-L2), five
regions in England (D3, D4, J3, K3, and K4), and two regions in Scotland (M3 and M6).
However, the selection rate of miscanthus is 17% which is very low in comparison to the

other three feedstocks. Despite being crucial to achieve high BioSNG supply, the production
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of miscanthus is vulnerable to unfavourable government policies, which can hinder its
development across the UK. Four regions in England (D3, D6, HZ, and ]3) are selected in
94% of the scenarios to install facilities for BioSNG production and power cogeneration.
From the figure it seems that upgrading plants are the preferred choice in these regions,
which reaffirm the importance of a distributed route for BioSNG production. The selection
of integrated facilities is low in comparison to the upgrading facilities. This can be
explained by the fact that most of the installation of integrated facilities is linked to the
cultivation of miscanthus; since this feedstock is severely affected by the variability in the
subsidisation tariffs, this is reflected on the infrastructure development. Among the
pretreatment technologies, the selection of pelletisation for residual waste is prevalent
across the UK regardless of the variability in the uncertain parameters. Torrefaction of
miscanthus is also selected as pretreatment technology; however, this occurs only in 10%

of the scenarios. Similarly, torrefaction of woody biomass is active in 7% of the scenarios.

5.4 Detaching BioSNG supply chains from government subsidies
This section elaborates upon the results presented in Section 5.3 which highlights the

role of the feed-in tariff as a dominant factor in the development of BioSNG supply chains.
In this case, the objective is to explore what improvements or changes are necessary in
order to have a significant production of BioSNG without feed-in tariffs. For this purpose, 7
scenarios were set up based on the parameters investigated in Section 5.3. In the first
scenario, Capex was reduced by 30%, for the second scenario, feedstock costs were reduce
by 30%, efficiency was increased by 10% in the third scenario, gas price was increase by
40% and power price by 35% for the fourth and fifth scenarios, respectively. The sixth
scenario considers the effect of varying Capex, feedstock costs, and efficiency
simultaneously, whereas the seventh scenario contemplates the variation of all the
parameters. The variation percentages were selected based on the probability distribution
functions implemented for the analysis presented in Section 5.3 and can be considered as
the best case. In addition, we also explore scenarios in which the renewable obligation
certificates scheme (ROCs) does not apply to BioSNG production either. The corresponding

results are summarised in Figure 10.
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Figure 10. Variation of key parameters and their effect on BioSNG supply levels

The blue columns correspond to scenarios in which ROCs are included, whereas the
yellow columns correspond to scenarios in which ROCs are no considered. The base case
was included for comparison purposes. It can be seen that without feed-in tariff but
considering ROC, the results for the base case show a NPV of £0.5 billion with a BioSNG
supply of 3.8%. In this case, the production of BioSNG is based exclusively on straw and
waste. On the other hand, if subsidies are completely eliminated, i.e. “Without ROCs”, the
development of BioSNG is not attainable. In the case that capital expenses can be reduced
by 30% from what it is reported in literature, it is possible to have a BioSNG supply of 4.8
and 3.7% with NPVs of £1.4 billion and £0.6 billion for scenarios with and without ROCs,
respectively. Straw and waste are the only feedstocks harvested for this scenario. A
reduction in feedstock costs encourages higher production of BioSNG if ROCs are included
achieving a supply of 6%. This is due to the inclusion of woody biomass as part of the
feedstock mix. Nonetheless, the NPV is comparatively low to the case with reduced Capex.
If all sources of subsidisation are eliminated, a reduction in feedstock costs results in a
BioSNG supply of 2.1% with a low NPV of £0.06 billion. Increasing the efficiency of the

gasification process encourages the inclusion of woody biomass as an additional feedstock
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in comparison to the base case. By including ROCs, the BioSNG increases to 5.0% from the
base case. If ROCs are not included, the supply drops to 2.7%. On the side of the market, an
increase of 40% of the gas price from the average projections reported by the UK National
Grid [83] will allow a BioSNG supply of 4.8% and 4.1% for scenarios with ROCs and
without ROCs, respectively. The impact of increasing 35% the price of electricity from the
average forecast is reflected in a supply of 4.0%, however, if ROCs are not included, the NPV
is markedly affected, and the BioSNG supply drops to 1.7%. The independent variation of
Capex, feedstock costs, and efficiency does not yield a significant large-scale development
of BioSNG. However, the aggregate effect of these parameters results in a substantial
BioSNG supply of 7.7% and a NPV of £2.8 billion, when ROCs are included. Moreover,
without ROCs, it is possible to reach a supply of 6.8% with a corresponding NPV of £1.4
billion. Nonetheless, achieving improvements in these parameters of such a magnitude can
be unrealistic. Finally, a high BioSNG supply, comparable to scenarios with feed-in tariff,
can be obtained only if all the parameters change simultaneously. In this case, by including
ROCs, the supply reaches 17.9% with an NPV of £5.9 billion, whereas a supply of 7.8% and
an NPV of £7.8 billion is achieved without subsidies.

6 Concluding remarks

A new path for BioSNG production has been included in a mathematical framework for
strategic design of BioSNG supply chains presented previously by the authors. This path
consists of pretreatment technologies, for generation of intermediate products, and
upgrading facilities for final processing. The results show that when pretreatment
technologies are considered, the profitability increases by 16% in comparison to a scenario
in which the production of BioSNG is carried out only in integrated facilities. Regarding the
cost structure, feedstock purchases continue to be the major component cost, with
investments in facilities in second place. Moreover, the operating costs related to
transportation are almost double the operating costs of the facilities. In terms of
transportation modes, rail is preferred over trucks, delivering around 71% of the
feedstocks and intermediate products. Regarding feedstocks, miscanthus cultivation is the
main source of biomass since it contributes with 65.1% of the total BioSNG production.

Only torrefaction for miscanthus and pelletisation for residual waste were selected as
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pretreatment technologies, the results suggest that pyrolysis-based technologies are not

competitive

A parametric analysis revealed that although the inclusion of pretreatment
technologies improve considerably the economic performance, their impact is not enough
to detach the development from government subsidisation which influences tremendously
the possibility of a large scale deployment. At low subsidisation levels, the production of
BioSNG is mostly based on pelletisation of residual waste. This result indicates that the
early stages of a development of a BioSNG supply chain can be based on residual waste
since this feedstock can be used at maximum availability with relatively low levels of
subsidisation. Nonetheless, the supply of BioSNG is relatively low in comparison to the gas
demand. An increment in subsidisation levels is necessary to achieve higher supply of
BioSNG. Accordingly, a critical tariff of £40/MWh has been identified which triggers the
cultivation of miscanthus making possible to achieve a supply of ~20%. Lower tariffs can

severely discourage the development of BioSNG supply chains.

Moreover, a GSA was carried out in order to simultaneously address the impact of
uncertainty in 6 parameters: technology efficiency, gas price, power price, capital
investments, subsidisation levels, and feedstock costs. It was demonstrated that
miscanthus cultivation and woody biomass utilisation are strongly dependant on the
subsidisation levels which also reflects on the general economic performance. Residual
waste and straw, on the other hand, showed a balanced dependency with other factors
such as capital investments and feedstock costs. Despite the variability in the input data,
residual waste was consistently selected for production of BioSNG. Straw and woody
biomass come in second and third place, respectively. Miscanthus showed a low rate of
usage in comparison to the other three feedstocks, and therefore the installation of
integrated facilities is affected. Among pretreatment technologies, pyrolysis (FBRP and
RCRP) is not competitive with technologies such as pelletisation which is selected in most
of the scenarios to process residual waste. Torrefaction is installed in some scenarios to
process miscanthus and in some cases woody biomass. The results from the sensitivity
analysis confirm that the cultivation of miscanthus is fundamental for the development of

BioSNG supply chains but it is also highly susceptible to favourable subsidisation schemes.
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Finally, a scenario-based analysis was presented in order to shed light on necessary
technical or market-related changes that would allow to decouple the development of a
BioSNG supply chain in the UK from government subsidies. The results show that in order
to achieve significant supply rates of BioSNG without government subsidies, it is required
not only important reductions on capital expenses and feedstock costs as well as
improvement of technology efficiency, but also favourable market prices of gas and
electricity. The confluence of these factors seems improbable making the design of

appropriate subsidisation schemes critical for large-scale sustainable developments.
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Table 1. Capex, Opex and technical specifications of processing facilities.
Allothermal Plasma
Torrefaction Pelletisation RCRP FBRP gasification gasification
(MILENA)
Woody Woody Woody Woody Woody
Feedstock biomass biomass biomass biomass biomass Waste
Capacity [MW] 100 100 100 100 100 100
Capex [Em] 25.8 17.7 16.6 30.7 116 149
Fixed cost [Em/y] 1.0 0.9 2.0 1.3 3.0 2.8
Variable cost
[£m/GWh] 1.7E-03 1.4E-03 4.6E-03 2.1E-03 3.7E-03 2.4E-02
Efficiency [%]
(based on LHV) 93.8 95.0 73.6 92.4 63.8 52.0
Heat recovery o 0
efficiency [%] 0 0 0 0 22% 10%
References [14,19] [79,80] [8’1§']94’9 [14,43] [19,47] [50]
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Table 2. Fixed and variable costs for feedstock transportation [96].
Fixed costs [£/GWh]

Variable costs [£/km-GWh)]

Truck Rail Truck Rail
Woody biomass 821.9 1496.3 19.1 4.6
Waste 1451.7 4679.2 39.9 7.6
Miscanthus 1097.9 3538.9 30.0 5.8
Straw 1088.8 3509.4 29.8 5.7
Table 3. Model statistics
Without With
pretreatment pretreatment
technologies  technologies
Total number of variables 16,553 71,865
Continuous variables 13,613 53,105
Binary variables 2,940 18,760
Total number of constraints 12,245 68,533
Elc;rrlnierzlrt(; constraint matrix 56,589 265,231
CPU time [s] 183 15,247
Optimal NPV [E£m] 21,446 25,524

53



1207

Table 4. Comparison of scenarios with and without pretreatment technologies

With

Without

Feed-in tariff: 70 £/MWh pretreatment pretreatment Variation
technologies  technologies [%]
Net Present Value [Em] 25,524 21,446 -16.0
Capex [Em] 17,461 20,404 16.9
Integrated plants 8,079 17,044 111.0
Pretreatment plants 1,516 - -
Upgrading plants 4,506 - -
BioSNG transportation 408 408 -0.1
Energy crops 2,952 2,952 0.0
Opex [£m] 36,866 41,126 11.6
FeedCosts 24,328 24,214 -0.5
ProdCosts 4,190 7,590 81.1
Transportation [Em] 8,349 9,322 11.7
e Feedstocks and
intermediate products 6,976 7,953 140
® BioSNG 1,372 1,369 -0.2
Income [£m] 27,332 27,790 1.7
BioSNG sales 19,296 19,505 1.1
Power sales 8,036 8,284 3.1
Incentives [Em] 70,222 71,172 1.4
Feed-in tariff 61,550 62,229 1.1
ROC 8,672 8,944 3.1
Taxes [Em] 17,702 15,986 -9.7
Cash Flow [£m] 42,985 41,849 -2.6
Production
BioSNG [GWh/year] 104,052 105,070 1.0
Power [GWh/year] 12,862 13,234 29
Woody biomass
[kToniyear] 4,975 4,975 0.0
Miscanthus [kTon/year] 31,696 31,563 -0.4
Straw [kTon/year] 3,750 3,750 0.0
Waste [kTon/year] 15,191 15,216 0.2
BioSNG penetration [%)] 21.22 21.43 1.0
Integrated plants [MW]
Woody biomass 2,645 2,645 0.0
[kTon/year] ’ ’
Miscanthus 12,692 16,637 31.1
Straw 1,784 1,784 0.0
Waste - 7,535 -
Pretreatment plants [MW]
Pelletisation - Waste 7,500 - -
Torrefaction - Miscanthus 3,973 - -
Upgrading plants [MW] 9,791 - -
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