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a b s t r a c t

This paper applies an innovative optimization methodology to the supply chain of biomethanol pro-
duction starting from forestry residues in Sweden. The model accounts for the collection of the biomass,
the transport to the biorefinery including intermediate storages and the biodiesel plant. Particular
attention is devoted to the characterization from economic and environmental point of view of the
transport by truck and trains, the impact of the drying process as well as the size of the biorefinery plant.
Results show that the forestry residues collection is limited by the size of the biodiesel plants. The
calculated cost of the fuel is around 525 V/t being the biorefinery the major cost. The equivalent CO2

emissions are around 10.4 gCO2/MJMeOH thanks to the low carbon intensity of the Swedish electricity. A
sensitivity analysis showed that the supply chain does not vary significantly assuming higher prices of
biomethanol.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).
1. Introduction

The EU Member States set the ambitious target to improve the
share of renewable energy within the final consumption of energy
in road and rail transportation sectors with at least 14% by 2030 [1].
Several restrictions were imposed by the EU commission upon the
biofuels produced from food, feed crops and with high indirect
land-use [1]. This was expressed in an increasing sub-target of
‘Advanced Biofuels’ production, namely the ones produced by re-
sidual biomasses listed in Part A of Annex IX in Ref. [2], which shall
contribute by at least 3.5% by 2030 to the use of renewable energy
in the transport sector target.

The residual biomass is a versatile key renewable energy source
(RES) from which advanced liquid biofuels can be generated.

In this framework, forestry is already playing a key role as re-
sidual biomass source in the transition towards a low-carbon,
sustainable, and circular biomass-based economy [3,4]. In addi-
tion, residues from forest logging shall be used while maintaining
forests’ capacity to provide ecosystem services [5,6].
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An increase in biomass utilization for biofuel production will
increase the complexity of the supply chain (SC) [7] and also the
carbon footprint of the biomass supply. The SC is “the network of
organizations that are involved, through upstream and downstream
linkages, in the different processes and activities that produce value in
the form of products and services in the hands of the ultimate con-
sumer” [8].

This paper focuses on the optimization of the SC of biofuel
production using forest residues. This was carried out within the
European project CONVERGE, which develops an innovative pro-
cess for methanol production from residual biomasses (bio-
methanol) [9].

The optimization of the SC can reduce the cost of the biofuels,
which are not yet competitive against conventional fuels [10],
without the necessity of technology development [11].

Numerous methodologies based on conventional mathematical
optimization techniques have been developed to optimize the
performance of bioenergy SC with different objectives and func-
tions (e.g., profitability, carbon footprint, etc.).

Some scientific contributions, related to the optimal allocation
of biomass, have been based on the geographic information system
(GIS).

M€oller and Nielsen [12] identified transportation as one of the
under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Nomenclature

Acronyms
ABSC Advanced Biofuel Supply Chain
AIC Annualized Investment Costs
AOC Annual Operating Costs
CGE Cold Gas Efficiency
EU European Union
LCB Lignocellulosic Biomass
LCOF Levelized Cost Of Fuel
LHV Lower Heating Value
LR Residues from forest logging or logging residues
MC Moisture Content
MILP Mixed Integer Linear Programming
O&M Operations and Maintenance
OF Objective Function
PNS Process Network Synthesis
PFF Primary forest fuel
R Revenues
RED Renewables Energy Directive
RES renewable energy sources
SC Supply chain
RME Rapeseed Methyl Ester
SCM Supply chain management
ST Small-diameter trees
TAC Total Annual Cost
TME Tallow Methyl Ester

Sets
B Set of all biomass feedstock varieties
B AR3B Set of biomass as received
B I3B Set of biomass primary residue
B II3B Set of biomass secondary residue
B P13B Set of biomass dried up to 25% MC
B P23B Set of biomass dried up to 18% MC
B P33B Set of biomass densified and dried up to 15% MC
D Set of candidate sites for intermediate depots and

pre-processing facilities
I Set of biomass origin sites
K Set of candidate sites for biomass conversion plants
M Set of destination points e upgrading and blending

facilities
N Set of all nodes in the ABSC superstructure
R Set of freight terminals
S Set of the four seasons
T Set of weekly time periods
T s3T Set of timesteps occurring during season s
Parameters [u.m.]
~gelb Ratio between the requested electricity by the plant

and biomass b LHV input
h
MWh
MJ

i
~C
driver
n Annual cost of driver decided according to the served

point n
h

V
n:driver

i
~C
truck
n Annual cost of truck decided according to the served

point n
h

V
n:driver

i
~C
fixed
n;n0 Fixed costs due to load and unload the truck used

between n and n’
h

V
expedition

i
~C
km
n;n0 Variable cost due to fuel consumption, maintenance,

oil. etc of truck used between n and n’
h
V
km

i

~C
train
r;r0 Cost counting both fixed part and variable one

already multiplied with the rail distance between r
and r’

h
V

expedition

i
~cb Biomass type b purchasing cost ½V�gCCF Capital charging factor ½%�gCGEb Conversion plant cold gas efficiency, variable with

biomass feedstock type b ½%�
~dn;n0 Distance from node n to node n’ ½km�
~epothers Emissions connected to other processes different

from the use of methanol during the processing steph
grCO2
MJFAME

i
~ex Emissions connected to process x

h
grCO2
MJFAME

i
fDt Discretization period ½days�
~Emeth Methanol employed to produce FAME biodieselh

MJ
MJFAME

i
~Econsr;r0 Specific energy consumption by train

h
kWh
t,km

i
gfuelconsload Diesel consumption to load the truck

h
kg

expedition

i
gfuelconsunload Diesel consumption to travel

h
kg
km

i
gfuelconstravel Diesel consumption to unload the truck
~Gb;i;t Yearly availability of biomass secondary residue “as

received” b at origin point i ½twet �gGHGel
Average carbon intensity of electricity from the gridhgrCO2;eq
MWh

i
~h
driver

Working hours of driver during the time period t ½h�
~h
truck

Working hours of truck during the time period t ½h�gINVf dryer Fixed investment cost of industrial dryer ½V�gINVvdryer Variable investment cost of industrial dryer
�

V
kgH2O=s

�
gLHVb Lower heating value of biomass feedstock type b

h
MJ
tdry

i
gLHVfuel

Methanol lower heating value
h
MJ
t

i
gMFb Mass factor

�
1

ð1�fMCbÞ

�
of biomass type b

h
twet
tdry

i
~M
water
b Conversion factor of biomass b on weight dry basis

into the equivalent water to be evaporated achieving
the required moisture of 10% at inlet of the gasifierh
tH2O
tdry

i
gMAX

fuel
m Maximum quantity required of biomethanol from

biodiesel plant m
h
tfuel
y

i
~pfuel Biomethanol selling price

h
V
tfuel

i
~rb Bulk density of biomass type b

h
t
m3

i
ftepb Techno-economical potential of biomass b ½%�
~tloada Time to load truck of type a ¼ arcsn;n0 ½h�
~tunloada Time to unload truck of type a ¼ arcsn;n0 ½h�
~twait Time to wait before the departure ½h�
~va Average velocity of truck type a ½m =s�
~V
tanker

Maximum tanker volume capacity ½m3�
~V
train

Maximum train wagon volume capacity ½m3�
~V
truck

Maximum truck volume capacity ½m3�
~vfuel Methanol density

h
m3

t

i
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~W
train

Maximum train wagon weight capacity ½twet �
~W

truck
1;2;3 Maximum truck weight capacity according to the arc

number ½twet �
Continuous Variables [u.m.]
AIC Investments costs annualized according to their

expected lifetime and to a discount rate ½V�
AOC Total annual operating costs accounting for storages

and conversion plants operating costs, biomass
purchasing costs, and transportation costs ½V�

Erailtot Consumed electricity by rail transport
h
kWh
y

i
eleck Consumed electricity from the grid by biorefinery kh

MWh
y

i
gsfb;k;t Useful convertible biomass type b converted at

conversion facility k in each timestep t ½tdry�
Gi;b;t Mass of primary residue type b harvested from site i

at time t ½tdry�
INVdryerbiok Investment cost of dryer at biorefinery k ½V�
OF Objective function ½V�
OPEXbiorefinery Operative costs regarding biorefinery working,

including the electricity
h
V
y

i
OPEXstorage Operative costs regarding management,

maintenance and eventual pre-processing of
biomass into storages

h
V
y

i

R Revenues from methanol sales ½V�
TCn;n0 Annual cost of transporting biomass or biofuel from

node n to node n’ ½V�
trt;b;n;n0 Transported biomass (in dry ton) or biofuel b from

point n to n’ during period t
h

tdry
week

i
troadt;n;n0 Total time required to be spent during the operation

of truck transport from point n to n’ during period th
h

week

i
Vh Total volume of harvested residues in one year

h
Mm3

y

i
ytotbiomass Total yearly quantity of biomass exploited by the

supply chain
h
ton
y

i
ytotfuel Total yearly quantity of biomethanol produced by the

supply chain
h
ton
y

i
Binary Variables [u.m.]
zbiok Selection of biorefinery site k ½ � �
Integer Variables [u.m.]
Nexp
t;n;n0 Number of expeditions necessary to transport the

mass trt;b;n;n’ ½ � �
Ndrivers
n Number of drivers assigned at point n, required to

transport biomass from that point to the others and
then to return to it ½ � �

Ntrucks
n Number of trucks assigned at point n, required to

transport biomass from that point to the others and
then to return to it ½ � �
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major contributors to the delivered costs of wood chips. They
presented a method based on continuous cost surface mapping
using raster-based geographical information systems (GISs) to
minimize the transportation costs of the wood.

Sultana and Kumar [13] used the GIS to determine optimal lo-
cations, sizes and number of bio-energy facilities (pellet plants) in
Alberta (Canada), while optimizing the transportation cost.

Another methodology is based on Process graph (P-graph)
which is a systematic approach to the design of networks with the
aid of graph-theoretic tools. Unlike the conventional mathematical
optimization techniques, this method offers the capability to
identify both optimal and near-optimal solutions.

Hassim et al. in Ref. [14] presented an approach to the planning
of bioenergy SCs, taking into account both total cost minimization
and risk reduction via P-graph. The SC risk is accounted for trans-
portation fatalities computed in an actuarial manner.

Vance et al. [15] proposed amulti-objective P-graph approach to
enable Pareto optimal solutions to be identified.

Wolfsmayr and Rauch [16] investigated Multimodal Primary
Forest Fuel (PFF) transport using the railroad. They assess barriers
and drivers for themodal shift from truck to train using the concept
of Quality Function Deployment, an approach that has not been
used in forest management before.

Furthermore, short transport distances, flexibility and low
average PFF volume per logging site, as well as the low demand for
small and medium-scale heating plants, make unimodal road
transport advantageous [17]. For longer transport distances,
multimodal transport is possible, where the initial haulage by truck
is followed by the main haulage on a train.

Mixed Integer Linear Programming (MILP), which is the one
adopted in this work, was adopted by Gunnarsson, R€onnqvist, and
Lundgren [18] to study the SC problem of heating plants in Sweden
focusing on the supply procurement decisions.

Shastri et al. [19] formulated a MILP optimization model (e.g.,
BioFeed) to analyze the cost reduction obtained by the imple-
mentation of distributed storage and pre-processing at satellite
storage locations to maximize the profit of the system (i.e., Mis-
canthus production and provision system). The same authors in
407
Ref. [20] applied a similar MILP-based optimization approach to
design a SC able to provide the Miscanthus feedstock for large-scale
ethanol production in Illinois. Finally, Leduc et al. [21] studied the
implementation of a biomass to methanol SC in the north of Swe-
den, starting from woody biomass by a linear programming opti-
mization approach.

This paper presents an optimization tool for the SC of biofuel
production that covers the gaps in the literature:

� the model performs the optimization over a typical year of
operation, with weekly temporal resolution;

� the supply chain model is not stationary but considers an
evolving time horizon in commitment and scheduling decisions,
according to biomass availability which can be different from
season to season;

� the model accounts for multi-feedstock biomass collection,
seasonal biomass availability, multi-modal and inter-modal
transportation. It includes the sizing of pre-processing facil-
ities to modify the physical parameters of the biomass, such as
specific volume and moisture content (MC), which affect
transportation, storage, and conversion activities.

The model improves a previous version [22] in the accuracy of
the description of transportations and of the physical parameters
variation in the preprocessing facilities as well as conversion fa-
cilities performance.

The model is tested for a case study in southern Sweden to
produce biodiesel using residual biomasses bioeconomic potential
broken down at regional level in compliance with RED-II directive
[1]: the complexity of this allows the optimization of a high number
of variables and simultaneously accounts for actual constraints in a
dynamic time scenario(limited production capacity of the already
existing biodiesel plants, transports, available sites for storages and
conversion facilities, time to wait for drying residues).

The paper is organized as follows: the approach to the problem
is described in Section 2, the SC structure and the considered
components are presented in Section 3. The detailed mathematical
formulation of the MILP model is in Section 4. All the case study
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assumptions, numerical results are shown in Section 5 and Section
6 respectively, while the main findings are drawn in Section 7.
2. Biofuel supply chain description

The conceptual architecture of the SC for biofuel production can
be simplified into three main parts [23]:

- Upstream: includes all the stages from the harvesting/collection
of biomass to the biorefineries;

- Midstream: accounts for the conversion process itself taking
place at the biorefineries;

- Downstream: covers the storage of the biofuel and its own dis-
tribution to the biodiesel plant.

The upstream step corresponds to the SC of primary forest res-
idues that show complex logistics due to the involvement of
different contractors, the intrinsic characteristics of the feedstock,
and their dependence on other SCs (e.g. roundwood) [24]. Forest
primary residues procurement involves several, interconnected,
upstream operations: harvest (cutting), forwarding (extraction),
storage, comminution and transportation, all of which affect the
production costs of forest woodchips [25,26]. The storage, or in-
termediate depot, is where the residues can be gathered from
distinct points of extraction and stacked for the time required
allowing the correct operation of the biorefinery. This is a funda-
mental entity for the seasonal biomasses from agricultural crops
and it could be a viable option for the non-seasonal harvested year-
round ones (as forest wood) for their drying. An alternative consists
of exploiting an industrial dryer at the biorefinery, which is the
quickest drying process but implies higher operational costs. The
storage is not amandatory step as the biomass could be transported
directly to the biorefinery, adopting a just-in-time (pull) strategy
rather than a push strategy.

The pre-treatment improves biomass properties in terms of
preservation (reducing dry matter losses) achieving the re-
quirements for storage [23] (MC < 20e25%), and then for the
thermochemical process (MC equal to 10%). Pre-treatment options
are (i) comminution/chipping, (ii) pre-drying and (iii) densification.
Fig. 1. Structure of the model adopted in this work
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The explored pre-drying processes are: natural drying and
forced drying. The high operative costs and the energy consump-
tion that regard forced drying are not trivial limiting the selection
of this process.

In the midstream step, the secondary biomass is converted into
biomethanol through thermochemical processes in the bio-
refineries as developed within the CONVERGE project [9]. The
biomass is firstly gasified then the methane in the syngas is con-
verted into hydrogen and CO2 which is separated in a Sorption
Enhanced Reforming. The H2 is compressed in the Electrochemical
Hydrogen compressor and then converted into methanol in a
membrane reactor.

The downstream step accounts for the utilization of biomethanol
for biodiesel production in the conventional transesterification
process (about 0.2 l of methanol and 1 l of oil, produce 1 l of bio-
diesel) or in the chemical industry or as gasoline additive. In this
work, biomethanol is considered only for biodiesel production.
Eventual surplus respect to the biodiesel demand goes to interna-
tional trade through commercial interports (intended as final
destination for this analysis and included in one single group
referred as purchasers).
3. Model structure

TheSC structure implemented in theoptimizationmodel is shown
in Fig. 1 and considers the biomethanol production from forestry
residues in Sweden. The nodes of the network are grouped inI set of
biomass origin sites, J for storages,R the rail terminals,K biorefinery
sites and M biomethanol users (i.e. biodiesel production).

The model optimizes the SC from economic point of view and
selects short and long-term decisions as reported in Table 1:

Theobjective functionof themodel is theminimizationof theTotal
Annual Costs (TAC in Equation (1)) which includes three main con-
tributions: the Annualized Investment Costs (AICÞ, the Annual Oper-
ating Costs (AOC) and the Revenues (R). AIC is the investment
expenditures (i.e. the storagesandbiorefineries installation, the trucks
fleet purchase), AOC is the operational cost (i.e. biomass purchase and
transport, management and maintenance of storages and bio-
refineries) andR are the revenues from the sellingof the biomethanol.
for the production of biomethanol in Sweden.



Table 1
Model input and output in terms of short and long terms decisions.

Input Strategic output (Long term, design) Tactical output (Short term,
operation)

1. Coordinates of all network nodes (including all potential locations for collection, storage,
biorefineries and biodiesel plant) and relevant intra-node distances;

1. Site selection for collection, storages,
biorefinery and biodiesel plant;

1. Number of journeys by truck and
train;
2. Biorefinery operation: on-off
status and load capacity;
3. Amount of pre-treated biomass;
4. Biomasses characteristic
approaching the biorefinery;
5. Amount of biomass transformed
and biomethanol production;
6. Amount of electricity purchased;
7. Amount of biomasses/
biomethanol transported between
nodes;
8. Amount of biomethanol
purchased from the biodiesel
plants;
9. Time required for the truck
operations between nodes;
10. Biorefinery operation: on-off
status and load capacity.

2. Biomass characteristic as Moisture content (%), Density and bulk density ðt =m3Þ, chemical
characterization (%), Physical state and Lower Heating Value on a dry basis ðMJ =kgdryÞ;

2. Storage maximum area;

3. Biomass availability profile throughout the year for each origin site; 3. Pre-treatments types;
4. Biomass purchasing costs, constant along the year; 4. Biorefinery size;
5. Biofuel selling price, constant along the year 5. Dryer size;
6. Specific capital costs and operating costs for all types of conversion and storage facilities; 6. Transportation modes;
7. Characterization of all transportation means (transportation capacities, connections

distances, transportation fares).
7. Transport fleet size;
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TAC ¼AIC þ AOC e R (1)

The model optimizes the schedule and operation of the SC for
the selected period, as well as the entire superstructure. Examples
of decisions made are the selection between the different options
available of the number of storages and location, the number and
location of the biorefineries with the corresponding sizes, the
transportation capacity (the number of trucks/drivers) at each node
and all the pre-processing steps to be executed or storage point.

Once optimized the SC with corresponding costs, the levelized
cost of fuel (LCOF) can be calculated as:

LCOF ¼AIC þ AOC � R
mfuel

(2a)

where mfuel [t] is the amount of biomethanol produced in a year.
The LCOF allows the comparison between the cost of bio-

methanol with the one produced using fossil fuels or other non-
conventional routes. The AIC is calculated assuming a weighted
average cost of capital equal to 12% which corresponds to a plant
lifetime of 25 years and a net discount rate of 11%.
3.1. SC modeling assumptions

3.1.1. Residual biomass
The first block of the SC is includes the characterization of the

biomass in terms of physical characteristics, costs, and availability.
In this work, forest logging and collection of the biomass are
considered as a unique block. They are defined by:

- yearly producibility in t=y;
- purchasing price at the harvesting/extraction point;
- availability period of biomass for the collection.
Table 2
Matrix for the type of transportation. Letters refer to the model structure reported in Fig

From \ To Collection points (I) Storage (J)

Collection (I) e 60 CT
Storage (J) e e

Rail terminals (R) e e

Biorefinery (K) e e

Biodiesel (M) e e
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3.1.2. Storage facilities and biomass pre-treatments
Indoor storages are considered as the open-air type leads to re-

moisten the already dried biomass as well as significant volatile
losses; both are relevant issues for thermochemical processes [22].
The indoor storage minimizes the drying matter losses which
cannot be entirely avoided. This aspect is accounted in the model as
function of the MC.

Input of the storage are:

- the maximum height;
- bulk density;
- operative costs, connected to the biomass management (called
inventory carrying cost).

For solid biomasses with high MC (�50%), two pre-treatment
phases with different moisture content levels can be adopted: the
model can optimize the drying configuration by selecting one or
more storages accounting for energy and storage footprint. In the
case of drying, waste heat from the gasification process is adopted.
If additional heat is needed, this is obtained by syngas combustion.
Then, the biomass that satisfy the maximumvalue of MC requested
of 17e18% can be densified by pelletization reducing the volume
occupancy. This process is usually related to a comminution process
that occurs before the densification.
3.1.3. Biomass and biomethanol transport
Three different types of trucks have been identified:

- 60 ton chip truck (60 CT) transports the biomass from the
collection point to the storage or directly to the biorefinery [27];

- 75 ton chip truck (75 CP) transports the biomass from the
storages to the biorefineries or to the rail terminals, otherwise
from the rail terminal to the biorefineries [27];
. 1.

Rail terminals (R) Biorefineries (K) Biodiesel plants (M)

e 60 CT e

75 CP 75 CP e

TR 75 CP 60 TT-
60 TT e 60 TT
e e e
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- 60 ton tanker truck (60 TT), transports bio-methanol from the
biorefineries to the biodiesel plants or rail terminals, otherwise
from the rail terminal to the biodiesel/ship terminal.

The appropriate type of trucks and trains (TR) connecting two
nodes of the SC are summarized in Table 2.

The cost of the truck, as well as the driver, are considered: the
drivers of tanker trucks have a higher salary than the drivers of the
chip trucks [28]. The lifetime of the trucks has been assumed equal
to 7 years and a salvage value is assigned for each category of truck
according to Ref. [27].

The estimation of the number of drivers and trucks is set ac-
cording to the time required (h) for the operations (loading,
unloading, driving, waiting), which is limited by the number of
weekly working hours of every single truck and driver. The truck
canwork every day of the year 16h=d, while a driver works 207d= y
for 8 h

d [27].
About the railway transport, it is considered that the service is

provided by a third-party company, where the cost function is
based on the filled wagon of a train (TR), which has a maximum
capacity of 60 m3.

The distances between the different possible nodes are deter-
mined as rail distances and road distances.
3.1.4. Biorefineries and biodiesel plants
The biorefinery converts the biomass into biomethanol. It is

modelled as a black box described by the total conversion efficiency
(TCE) which is the ratio of methanol energy content and the one of
the entering biomass:

TCE½%� ¼ ð _m$LHVÞmethanol
ð _m$LHVÞbiomass

(2b)

where _m is the mass flow rate and LHV the Low Heating Value.
The presence of the moisture penalizes the conversion effi-

ciency; therefore, the model can select the presence and size of the
dryer with corresponding heat duty.

Preliminary AspenPlus [29] simulations of the CONVERGE
technology were carried to assess the heat duty as function of the
MC. For MC below 35%, all the steam produced on site is used for
drying and covering the process demands penalizing the electricity
production with corresponding costs. The electric energy demand
is described by the electric ratio defined as:
Fig. 2. - Dryer investment cost as a function of the amount of water evaporated (left side) and
input, excluding the dryer investment (right side) [30].

410
gel½%� ¼
Pel;tot

ð _m$LHVÞbiom
(2c)

where Pel;tot is the balance between the demanded power by the
auxiliaries (negative sign) and the one produced by the steam cycle
(positive sign).

When the MC is above 35%, in addition to the electric penalty, a
part of the biomass is diverted frommethanol production and used
to supply the required steam, penalizing the TCE.

The cost of the industrial dryer is reported in Fig. 2 as function of
the evaporated moisture:

The overall investment cost of the biorefinery without dryer is
known for three different sizes (10, 100, 300 MWth) [30]. The cost
for intermediate sizes is determined using a piece-wise linear
interpolation (as shown in Fig. 2).

The biorefinery size has been limited between 10 and 300
MWth of biomass in input for the reliability of the costs estimate.
Moreover, the plant can operate between 60% and 100% of the
established plant size [22].

The costs of installation, indirect costs and contingency costs
(respectively 30%, 22% and 20% of the investment costs) are added to
the investment costs, generating the Total Overnight Cost (TOC) [30].

Finally, the biorefinery should operate for a minimum of four
consecutive weeks (Minimum Up-Time) and can be out of opera-
tion for at least two consecutive weeks (Minimum Down-Time),
necessary for the starting up [22].

In the biodiesel plant, the biomethanol replaces the commercial
methanol produced by fossil fuels keeping the same ratio with the
oil: 0.0818 MJ of methanol is required for 1 MJ of biodiesel.

A maximum capacity for biodiesel plant is set. In cases the
producible quantity of biomethanol is larger than the one exploit-
able by the local biodiesel plants, the excess is sold through inter-
national ship ports.
3.1.5. Emission calculation
A very relevant aspect is the assessment of the greenhouse gas

(GHG) emissions related to the biomethanol production process
including the SC.

The GHG are calculated according to the EU Directive 2018/2001,
Annex V, part C (RED II) [1], which gives the general formula for the
estimationof theCO2eq

for a commonbiofuel. This considers thewhole
produced emissions of anthropogenic type, starting from the collec-
tion phase to the distribution of the biomethanol towards the final
investment cost of biorefinery based on CONVERGE technology as function of the biomass
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consumers. The Global Warming Potential (GWP) is the parameter
adopted to compare the impact of the SC on the final product.

This topic is relevant because a consistent comparison between
the different production systems, end-uses and corresponding
lifecycle GHG emissions of advanced biofuels is missing.

Although numerous LCA studies have considered advanced
biofuels reductions in life cycle GHG emissions by estimating their
impact on climate change, they often differ in methodology
regarding goal & scope, functional unit and their findings are often
conflicting, with a wide variation in the estimates [31].
4. Mathematical optimization model and emission
calculation

4.1. Mathematical model

The model presented above is formulated as a deterministic
MILP (Mixed-Integer Linear Program), a widespread and effective
methodology extensively applied for biomass SC optimization [32].
The model is implemented in the Matlab toolbox YALMIP [33] and
solved using the commercial solver CPLEX v12.10.

The adopted approach is based on a multiperiod description of
the year with time period discretization of two weeks: this dis-
cretization is accurate enough to provide a fair description of the
mono-feedstock SC constituted by non-seasonal biomass, without
penalizing excessively the modelling of the operation strategy of
the conversion plant. Detailed mathematical insight regarding the
formulation of the original MILP model can be found in Ref. [22].

To account for the different means of transport (i.e. trucks,
tankers and trains), nodes have to be distinguished according to the
type of transport along the arc connecting them. Therefore, the
constraint on the number of journeys (Njexpt;n;n0 ) performed in period t
from node n to n’ is written as (2) if the arc is connected by truck, as
(3) if it is connected by train.

trt;b;n;n0 $gMFb � Njexpt;n;n0$ ~W
truck
a ctεT ; bεB ;n;n0εN \R (2d)

trt;b;r;r0 $MFb
.
rb � Njexpt;r;r0$

~V
train

ct ε T ; b ε B ; rε R (3)

The duration of a single journey does not consider only the
traveling time, which is distance-dependent, but it has also to ac-
count for the time spent in the operations of loading, unloading and
waiting, as shown in Equation (4), that always occur when the
product departs/arrives from/to a destination.

troadt;n;n0 ¼
�
~t
load
a þ~t

unload
a þ~t

wait þ �~dn;n0 $2
�.

~va

�
,Njexpt;n;n0 ctεT ;

nεN \R ;n0
εN \R (4)

Once time spent in each arc is known (troadt;n;n0 ) as the working

hours of each driver and truck (~h
driver

, ~h
truck

) are input parameters,
Equations (5) and (6) determine the number of drivers (Ndriver

n ) and

trucks (Ntruck
n ) required to transport the biomass or the biofuel at

each node of the SC.X
n0
εN

troadt;n;n0 �Ndriver
n $~h

driver
ct ε T ; n ε N (5)

X
n0
εN

troadt;n;n0 �Ntruck
n $~h

truck
ct ε T ; n ε N (6)

Finally, constraint (7) limits the maximum yearly quantity of
methanol that each biodiesel plant m2M that can be processed.
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X
tεT

X
rmεR ∪M

trt;b;rm;m � gMAX
fuel
m cb2 fuel; m2M (7)

At the biorefinery, an industrial dryer can be installed to evap-
orate some of the water in the incoming biomass, to comply with
the MC optimal range. The maximum quantity of water evaporated
by the drier (waterk), expressed in [kg=s] is defined according to
Equation (8).

X
bεB

X
idrεI ∪D ∪R

trt;b;ijr;k $ ~M
water
b $

1000fDT$24$3600�waterkct2T ;

k2K

(8)

Then, the investment cost of the dryer is computed as a linear
function of themaximumwater flow processed plus a constant term
(see Equation (9)), which goes to zero if the dryer is not selected.

INVdryerbiok ¼ gINVvdryer $waterk þ gINVf dryer $ zbiok c k2K (9)
4.2. Emission calculation

Starting from the optimization results, an estimation of the CO2
emissions from the designed SC is computed. Three main phases
can be identified: (i) the collection phase (if present), (ii) the
biomass processing and transformation into biomethanol and (iii)
the transport and distribution of biomass/biomethanol along the
SC. These quantities can be determined from the results of the
optimization as the volume of extracted biomass, the quantity of
purchased electricity, the transported quantities, the number of
journeys and the distance connecting each node.

ex

�grCO2;eq

MJ

�
¼

CO2eq;x

h
ton
y

i
ytotfuel

h
ton
y

i
$LHVfuel

h
MJ
kg

i$103 (10)

For each phase ðxÞ, the specific CO2eq
are defined according to

Equation (10). The emission for the phase of collection ðeecÞ, pro-
cessing (ep) and transport (etd) are estimated in (12), (13) and (14)
respectively to compute the total emission for the biomethanol
production (11).

efuel ¼ eec þ ep þ etd (11)
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�
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!
$ fuelconstot þ gGHGel
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(14)



Table 3
Assumptions on the characteristics of the collected biomass.

Price wood chips 55 V/ton
MC wood chips purchased 35 %
Max biomass collected 80% of total
Min. roadside storage 24 weeks
Weekly dry matter losses roadside
� summer/spring 0.05%
� autumn/winter 0.1%
Time to dry biomass from MC 35/25% 6 weeks
Time to dry biomass from MC 25/17.3% 4 weeks
height stored woodchips 5 m

Table 4
Biomass characteristics as a function of the MC.

MC Weekly dry matter losses LHV [MJ/kg] TCE Electric ratio

35% 0.125% 11.54 57.71% �6.85%
25% 0.05% 13.7 57.00% �6.41%
17.3% 0% 15.4 56.10% �6.04%
15% 0% 15.9 55.85% �5.94%

Table 5
Emissions during the extraction and logging phases in Sweden.

CO2

h ton
Mm3

�
CO
h ton
Mm3

�
NOx

h ton
Mm3

�
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The processing phase accounts only for the electricity con-
sumption (biorefinery). For the transport phase, the emissions
related to the fuel consumptions of the diesel trucks [34] take into
account also the load and unloading operations (15), while the
electricity consumed by the train transport is a function of the
transported quantities and distance and is estimated according to
Equation (16).

fuelconstot

�
kg
y

�
¼Nexp

t;n;n0$

gfuelconsload þgfuelconsunload þ

�gfuelconstravel $
~dn;n0

�
� �cn;n0εN ; tεT

(15)

Erailtot

�
kWh
y

�
¼
X
rεR

X
r0εR

X
tεT

X
bεB

trt;b;r;r0 $gMFb $ ~dr;r0$~Econsr;r0 (16)

Finally, the value of remaining emissions related to the biodiesel
production process (i.e. bio-oil) is mainly taken from literature. The
overall emissions for the biodiesel are calculated as in Equation
(17), where the emissions related to biomethanol ð~Emeth ,efuelÞ are
taken from previous equations.

ep
h
grCO2;eq

.
MJbiodiesel

i
¼ ~eothers þ

�
~Emeth , efuel

�
(17)
Extraction 2094.7 12.86 43.4
Utilization of logging machines 930.6 29.52 17.21
Total extraction and logging 3025.3 42.38 60.61
5. Swedish case study and assumptions

Themodel described above is applied to the Swedish case which
is relevant because of the large residual biomasses bioeconomic
potentials assessed in the CONVERGE project. This is also demon-
strated by the ambitious plans in Sweden to use residual woody
biomass in biorefining processes [35e37].

Scandinavia is one of the EU districts with the highest biomass
bioeconomic potentials allowing mono-feedstock supply chains
and relatively high capacity of the CONVERGE technology (beyond
200 MWth) [38].

The model virtually refers to the association Mellanskog -
Fig. 3. Location of the collecting points, storages, terminals, biorefineries and biodiesel
plants for the considered cases study.
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Skogsagama a Forest Owner's Association that owns 1,7 million
hectares of forest land in Svealand, a region of central-southern
Sweden, between Norrland and G€otaland.

Forest is composed of tree species distribution of 39% Scots pine
(Pinus sylvestris L.), 41% Norway spruce (Picea abies (L.) Karst), and
20% broadleaf, mainly birch (Betula spp.).

Forest residues from forest logging are harvested and extracted
year-round and stored in collecting point roadside. They consist of
the early phases that compose the residues from forest logging SC.

The SC nodes of the case study are 32 collection points, 8 stor-
ages, 12 rail terminals, 3 biorefineries, 8 biodiesel plants and a ship
port. The location of the nodes is reported in Fig. 3.

Considering the harvested forest residues technically available
on the ground, it is assumed to exploit only 80% of this. Swedish
Forest Agency recommends leaving at least 20%1 of residues on the
ground of a clear-felled area tomaintain the soil carbon balance and
soil fertility and its own regeneration [39].

Maximizing natural drying and minimizing re-moistening are
essential elements of MC management [40]. The dried-stacked
method allows a first drying step so to achieve a decrease in MC
to 35%e40% from 50 to 55% of the freshwood in the Swedish forests
[41e43].

After a roadside chipping, the residues are ready to be pur-
chased and transported to the other points. In Sweden, the average
trucking distance for primary forest fuels is 63 km [44]. Efficient
long-distance transport is thus needed to increase the use of re-
sidual forest biomass [45]. Trucks are the dominant means of
transportation for distances below 100 km, while rail and ships
dominate for longer distances. The accessibility of the resource can
1 Other studies indicated more conservative numbers: Mellstr€om and Th€ornlind
1981, Hakkila [55] reported that in certain cases up to 50% of logging residues
cannot be gathered. Nurmi [56] showed that the 60%e80% of the logging residues
can be extracted after harvest.



Table 6
e Emissions related to biodiesel production process taken from Biograce-II tool [52].

All results in Non- allocated Allocation Allocated Total

gram CO2,eq/MJbiodiesel Results factor results

Cultivation eec 28.7
Cultivation of rapeseed 48.35 58.6% 28.3
Rapeseed drying 0.72 58.6% 0.4
Processing ep 21.6
Extraction of oil 6.50 58.6% 3.8
Refining of vegetable oil 1.06 95.7% 1.0
Esterification 17.51 95.7% 16.7
Transport etd 1.4
Transport of rapeseed 0.30 58.6% 0.17
Transport of rapeseed oil 0.00 95.7% 0.00
Transport of refined vegetable oil 0.00 95.7% 0.00
Transport of biodiesel to depot 0.47 100.0% 0.47
Transport to filling station 0.80 100.0% 0.80
Land use change el 0.0 58.6% 0.0 0.0
Bonus or esca 0.0 100.0% 0.0 0.0
eccr þ eccs 0.0 100.0% 0.0 0.0
Total 75.7 51.7
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also vary over the year because the access to the forest roadsmay be
limited during freeze-thaw melting periods or heavy rains.

The average price of woodchips considered for the analysis was
assumed equal to 55V=ton.2 The production cost of the woodchips
is not estimated, as the precise phases with the relative costs are
out of scope. The characteristics of the collected biomass are re-
ported in Table 3.

The storage sites have been chosen uniformly spread between
the collecting points and they represent realistic purchasable lands
with prices between 0.43 and 13.5 V=m2 according to the area and
its geographical location [46]. In this case, it could be experienced
the exploitation of the storage as a pre-treatment place. Once it is
achieved the MC of 17% (seeTable 3), the biomass could be densi-
fied. This could present great advantages upon the occupied vol-
ume, hence reducing the transport costs. The characteristics of the
biomass and corresponding conversion process as function of the
MC are reported in Table 4.

The ideal annual demand of biomethanol from the biodiesel
plants is 350 kt/y and is equal to their real annual production of
biodiesel reported in Ref. [47].

The biomethanol economic value is equal to 600 V/t: this price
is higher than the one made by fossil fuels. The local biodiesel
plants, which perform the esterification, are reported in Appendix
Table A with their corresponding annual production capacity.

Moreover, it has been chosen a very large capacity shipping port
sited in Malmoe of about 421,000 t/y of bio-methanol. This is
accounted as a demand point because the biofuel passes through it
to reach other oversea plants.

The relative costs of the transport system considered by default
for a common advanced biomass SC applied into Sweden are also
reported in Appendix.

The assumed emission factors for Sweden relative to collection
phase are reported in Table 5 [48], the carbon intensity of electricity

(gGHGelÞ as of 2018 is 13
grCO2
kWh [49]. The average carbon intensity of

the EU is equal to 282.
grCO2
kWh :
2 The reference is: UNECE/FAO price series [57]. The Price Database (last updated
July 2021) reports the price for Sweden and the average price for wood chips and
particle at 2020 (Q4), the most up-to-date value, is 183 SEK/MWh. Applying the
currency conversion value SEK/V and the caloric value for wood chips of mixed
wood with MC 35 % the estimated price for the wood chips for industry was 55,6
V/t, rounded to 55 V/t.
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The allocation of the greenhouse gas emissions for the wood-
chips was based on RED-II and being forestry residual biomass, no
methane emissions are accounted. About the different pollutants
emitted from the trucks, they are determined from heavy-duty
cycle vehicles, which reflects the trucks involved in this analysis
[50]. The values are CO 6.8 g/kgfuel, NOx 32.1 g/kgfuel, CH4 1.56 g/
kgfuel, CO2 from lubricant and fuels equal to 2.32 g/kgfuel and
3.17 kg/kgfuel.

About train transport, the emissions are calculated according to
the quantity of electricity consumed as function of the train size
[51].

All these assumptions are used to assess the carbon footprint of
the biomethanol produced in the biorefinery. Then, the bio-
methanol impact on the biodiesel production using conventional
transesterification process is calculated using vegetable oil made by
rapeseed (RSE), commonly used in Sweden (see Table 6). For the
esterification process, the quantity of methanol requested to pro-
duce 1 MJ of biodiesel is exactly 0.082 MJ (~Emeth) [52] and the heat
demand is covered by a Natural Gas boiler [52], whose emissions
are accounted for.

The considered emissions, excluding the part regarding the
methanol production process (which results from the optimization
of the SC, see ep Eq. (17)), are assumed according to the Biograce-II
tool [52]:

The purpose of the analysis is not to provide a detailed and
accurate analysis of the GHG emissions related to the biodiesel
production route, but to give a general idea of the produced
emissions in the different parts of the production process.
6. Results

This section summarizes the results of the SC optimization for
the Swedish case. Starting from the base Scenario (Scenario 0, S0)
with the assumptions reported in Section 5, five additional Sce-
narios (Sensitivity analysis) are evaluated to assess the impact of
the boundary conditions on the optimal solution compared to S0.

Specifically, the scenarios are defined by the following addi-
tional constraints compared to S0:

� Scenario 1 (S1) the biodiesel plants have infinite capacity which
is the ideal case;

� Scenario 2 (S2) higher biorefinery plant capacity without
considering the effect of the limited demand;



Fig. 4. Supply chain layout of Scenario 0.

Fig. 5. Costs share for production of biomethanol in scenario S.0.
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� Scenario 3 (S3) higher biomethanol price ð650 V =tonÞ;
� Scenario 4 (S4), lower the biomethanol price ð550 V =tonÞ;
� Scenario 5 (S5) increases the biodiesel plant capacity by 50%.

These scenarios were selected to identify the factors that drive
the sizing and the operation of the considered SC focusing on the
limitation of the demand, on the maximum biorefinery capacity
Table 7
GHG emission of bio-methanol compared with the fossil one for S.0. [51].

Fossil methanolh gCO2;eq

MJMeOH

� EU Biomethanolh gCO2;eq

MJMeOH

� SE Biomethanolh gCO2;eq

MJMeOH

�
Collection e 5.82 5.82
Conversion e 9.12 0.42
Transport/Truck e 4.07 4.07
Transport/Rail e 0.39 0.02
TOT 99.57 19.4 10.4
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and the biomethanol price.

6.1. Reference scenario (S0)

6.1.1. Biomass supply and biomethanol distribution
Scenario 0 depicts the Base case, with limitation on demand of

the biodiesel plants and the option to exploit an international
commercial port based in Malmoe. The overall SC layout is reported
in Fig. 4.

Trains and trucks are both selected by the optimization for
Scenario 0: train is advantageous for the long distances and used to
transport almost the whole biomethanol produced to southern
Sweden, where biodiesel plants and commercial ports are
concentrated. Between the three biorefinery facilities available, two
are selected, achieving almost the maximum size equal to 300
MWth of biomass input. The biomass utilization of the exploitable
amount is about 77%.

The upstream part of the SC is controlled by the demand of the
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biodiesel plants, which limits the total utilization of the biomass.
Storages, whose amount of biomass is almost constant along the
year, are used in proximity to the rail terminals for short terms
storage to make sure that each train is full without any purpose of
drying woodchips. Therefore, they can be open-air type, a more
economical solution, with limited impact on the biomethanol
production cost. Drying is performed directly at the conversion
facility exploiting wasted heat and a bit of syngas.

This base case is suitable for the applied road transport
modeling, as the covered distances are high and they are difficult to
be managed by a central transport system with one point of
reference.

Other quantities, which give an idea of the large dimensions of
this SC, are the number of drivers achieving 189 units, for trucks it is
lower about 63 units, while the total yearly number of journeys,
made by trains of 45 wagons each, are about 1104 (as reported in
table).

The LCOF is equal to 524:27 V=tMeOH is very close to the selling
price suggesting that the exploited biomass is the economically
profitable one (see Fig. 5).

The major contribution is covered by the capital costs of the
biorefineries, as it can be intuitive, but also the woodchips pur-
chasing has a great impact. Moreover, optimization of the transport
is relevant as it accounts for 19% of overall costs.

6.1.2. Emissions
In terms of environmental impact, the produced biomethanol

has a lower carbon intensity with respect to the fossil one (see
Table 7). This occurs assuming both the average European (EU) and
Swedish (SE) carbon intensities of electricity. Moreover, it is high-
lighted how a scenario with greener electricity (as Swedish one)
can reduce even more the GHG emissions of the produced
biodiesel:

The major emitting part in the EU scenario is played by the
electricity consumption from the biorefineries, however, when
Swedish electricity mix is considers, this become the lowest. The
emissions due to rail transport are very low consistently with the
assumptions made.

In the Swedish scenario, the most emitting phase is the collec-
tion step, but its estimation is purely indicative and dependent on
the technology available. However, it still involves fossil fuels due to
the impossibility to use electricity in remote places (forests) and,
therefore, its contribution should not be underestimated.

As a term of comparison, other works assess lower emissions for

biomethanol from forest residues
�
5:03

gCO2;eq
MJMeOH

�
[53] than the ones

calculated in this work. From the emissions of green methanol, the
new impact of biodiesel produced can be calculated, by estimating
the emissions due to the usage of methanol at the esterification

level, which amount to 0:85
gCO2;eq

MJbiodiesel
instead of 8.15

gCO2;eq
MJbiodiesel

.

The specific emissions of biodiesels are reduced thanks to the
replacement of grey methanol, but the emissions involved into the
Table 8
GHG emission of RME and TME biodiesel production routes with fossil methanol, EU biomet

Biodiesel with Fossil methanolh gCO2;eq

MJbiodiesel

� Biodiesel with EU Biomethanolh gCO2;eq

MJbiodiesel

�
RME 51.7 45.4
TME 21.3 15.6
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other categories are still too high in some biodiesel categories: for
Rapeseed Methyl Esterification (RME) biodiesel emissions due to
cultivation are the most relevant. On the other hand, when
considering biodiesel from animal or oils waste (TME), the GHG
decrease is relevant in relative terms (see Table 8).

6.2. Sensitivity analysis

6.2.1. Scenario 1
This case is representative of the impact of the demand

constraint in terms of problem complexity. The resulting optimal SC
layout for the case without the limitation on the annual capacities
of the biodiesel plants is reported in Fig. 6:

The biomethanol merges towards the closest point available and
the number of biorefineries is increased from 2 to 3 with different
sizes.

The biomass usage is increased to 98.8% of the exploitable
amount and a very small percentage of biomass is dried in advance
at storage sites (this didn't occur in S0).

The cost of biomethanol production is increased by 5V
t . Themost

significant increase regards the investments on the biorefineries
and consequently the relative OPEX. Moreover, as in Fig. 7, the truck
transport costs are higher, while the rail ones reduce, because the
northern biorefinery is not very well connected by railway.

6.2.2. Scenario 2
When larger biorefinery plants are adopted and no limitation on

biomethanol demand, the optimized SC adopts two biorefineries at
the maximum size to exploit the scale cost effect. The overall ca-
pacity of this scenario (700MW) is lower than S1 (768MW) leading
to a lower quantity of sold biomethanol as the installation of
another biorefinery would be too expensive with limited advan-
tages in the additional biodiesel production.

The SC layout changes considerably as reported in Fig. 8:
The resulting LCOF is reduced to 515V

t consequence of 13V
t

lower biorefinery CAPEX, 9V
t , reduction in truck transport and an

increase by 11V
t , in rail transport.

In this case, the higher transport cost does not correspond to an
increase of the GHG emissions, as mentioned by Ref. [54], because
the transport is moved from road to railway.

It is more convenient to centralize the biomass conversion in the
biorefineries and to exploit the economies of scale, but this brings
about very large plant sizes. Indeed, such biomethanol plants of
350 MWth do no exists (the largest programmed one is Vaermlands
in Sweden with a maximum available capacity of 111MWth).

6.2.3. Scenario 3e4
In these scenarios, the SC network and biomass utilization do not

change with respect to the S0 as consequence of the constraint on
biorefinery capacities. Similarly, the LCOF remains the same. The only
remarkable difference is on revenues, because when price of
hanol and SE biomethanol.

Reduction [%] Biodiesel with SE Biomethanolh gCO2;eq

MJbiodiesel

� reduction [%]

�12% 44.7 �13.5%
�26.8% 15.0 �30%



Fig. 6. Overall supply chain layout of Scenario 1.

Fig. 7. Costs share for production of bio-methanol in scenario S.1.
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biomethanol is higher, its marginal profit on sold one is 125 V
t ,

whereas, when it is lower, it achieves about 26 V
t . The discrepancy is

evident and the selling price is crucial for the profit of the supply
system.

Therefore, it can be stated that the price oscillations do not affect
significantly the Swedish SC layout.

6.2.4. Scenario 5
In this scenario, it was increased the yearly demand of each

biodiesel plant by 50%. As reported in Fig. 9, no particular changes
416
occur respect to the S0, as the real limited local demand is too small
for the producible quantity of biomethanol.

Therefore, even increasing it, it is not capable to face the large
availability of biomethanol; the only solution is to sell it to the
foreign market with the associated evaluation of the additional
emissions.
6.3. Discussion

By comparing the solutions identified in all the scenarios (see



Fig. 8. Overall supply chain layout of S.2.

Fig. 9. Overall supply chain layout of scenario S.5.
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Table 9), it is possible to draw some general conclusions on the
optimal SC configuration and the relative importance of specific
modeling features included in the formulation:

� It is not convenient to exploit all the biomass with maximum
conversion facilities size of 300 MWth; In particular, the
417
optimization tool limits the number of collecting points to 26
out of 32;

� Biomass pretreatment is not considered as the natural drying
process is the most preferred option;

� The selling price of biomethanol does not affect the SC but only
the marginal profits;



Table 9
Scenarios results of Swedish case (N.F. not foreseen).

Numerical results

S.0 S.1 S.2 S.3 S.4 S.5

Annual profit [MV/y] 41.367 49.033 53.82 68.181 14.169 41.805
Bio-methanol production [kt/y] 546.3 699.6 638.1 543.6 545 546.2
Plants size [MWth] 300

299
280
300
188

350
350

296.6
299.72

299.7
298.4

299.5
299.7

LCOF [V/t] 524.3 529.9 515.7 524.6 524.0 523.5
Marginal profit [V/t] 75.7 70.1 84.3 125 26 76.54
Biomass potential [kt/y] 2124 2124 2124 2124 2124 2124
Biomass use [%] 76.9% 98.4% 89.8% 76.5% 76.7% 76.9%
N. sites selected collection points 26/32 32/32 31/32 25/32 26/32 26/32
storages 2/8 4/8 3/8 3/8 3/8 2/8
terminals 9/12 7/12 7/12 9/12 9/12 9/12
biorefineries 2/3 3/3 2/3 2/3 2/3 2/3
demand 7/9 1/9 1/9 7/9 6/9 6/9
Area storage [m2] 7912 6882 11248 7841 7904 7797
Cost transports [MV] 54.1 67.4 62.2 53.9 53.8 53.7
Pre-treated biomass (% of total) 1.9% 1.7% 1.7% 2% 2% 1.9%
Saturated demand sites 6/9 N.F. N.F. 6/9 6/9 6/9
Transport features �E< 189 261 211 192 187 189

N. trucks 63 86 72 65 64 64
N. journeys by train in one year 1104 1107 1566 1086 1093 1128

Mathematical model implementation
N. constraints 50833 49498 49498 50833 50833 50833
N. variables Binary 116 116 116 116 116 116

Continuous 71449 70123 70123 71449 71449 71449
Gap [%] 3% 3% 3% 3% 5% 3%
Computational time [s] 31292 8596 26368 14288 86526 31292
System Polimi's computer 16 GB RAM Intel Core i7-2600 CPU 3.4 GHz
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� The LCOF is only slightly affected by the optimization boundary
conditions as its variation is below 5%.

7. Conclusions

This work focused on the optimization of the supply chain for
the production of biodiesel using forest residues as feedstock for
methanol production. The optimization tool based on MILP started
from a previous work was adapted and applied to the Swedish case.

The definition of the biofuel supply chain required the devel-
opment of specific features to account for the alternative transport
options: different types of trucks are considered as well as rail
transportation. Particular attentionwas devoted to the biorefineries
as they strongly affect the design of the supply chain. In addition,
the model was improved to fully characterize the feedstock (energy
and moisture content) and the impact of the storages on the
characteristics.

The final topic examined in this study regards the evaluation of
emissions produced during the biodiesel production process with
particular attention to the biomethanol step.

Results show that not all the available biomass is exploited
(around 80% of the exploitable one) because of size limits of the
biorefinery plants. Moreover, the optimized supply chain adopts
the largest size of the biorefinery plants to limit their impact on the
cost taking advantage of the scale effect costs. A sensitivity analysis
showed that changing the size of the biorefinery and biodiesel
plants will significantly modify the supply chain optimization
increasing the biodiesel production from around 550 kt/y to 700 kt/
y. On the contrary, changing the cost of the biodiesel does not
significantly affect the optimization result.

One of the main outcomes of this work is the complexity of the
supply chain for the production of the biofuels where all the steps
can significantly affect the conversion process cost and efficiency.
Every decision to promote of biofuel production and utilization, as
subsidies, shall include all the supply chain elements to make sure
that they are effective in the increasing share of biofuels utilization.
418
Future works will focus on further improvements of the optimi-
zation tool in particular focusing on (i) the improvement of the
assignation of trucks and drivers for the upstream part, which is the
only one that could have an important variation along the year, (ii)
inclusion of a residues supplying system for the biodiesel plants to
further decrease the emissions at the heating boiler level, (iii)
arrangement of a distribution system for the biodiesel produced
and (iv) inclusion of the open-air storages option and improved
economic data on the pre-treatment machines, (v) integrationwith
a dynamic model for calculating lifecycle GHG emissions of the
lignocellulosic biomass supply chains for advanced biofuels for
road transportation markets, based on the calculation rules of the
Revised Renewable Energy Directive (RED-II).
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Appendix
Table A.2
road transportation assumptions

Chip Truck 60 ton Chip Truck 75 ton Tanker Truck 60 ton

Annual truck fixed costs 47258,25 70881,342 60925,09 V/y*N.truck
Variable costs with km (fuel, maintenance) 5.4 6.088 5.4 V/km
Fixed cost of loading and unloading 34,92 41,5 90 V/n. journeys
Annual driver cost 41186,36 41186,362 43721 V/n.drivers
Payload 37 49 35 ton
t load 22,2 29,5 50 min
t unload 16,6 16,6 50 min
Average truck velocity 43 64 50 km/h

Table A.3
Rail transportation assumptions

Train

Wagon fixed cost 160 V/wagon
Wagon variable cost 0,89 V/km*wagon
Fixed cost of loading and unloading 16,24 V/journey*wagon

Table A.1
Local biodiesel plants reported with their yearly biodiesel production capacity

Plant Capacity [tons biodiesel/y] Type

Adesso Bioproducts As 150.000 RME (Rapeseed Methyl Esterification)
Perstorp Oxo AB 100.000 RME
S€odra Cell V€ar€o low Tall oil Methyl Esterification
Emmelev A/S 88.000 RME
Daka ecoMotion A/S 50.000 TME (Animal fats and cooking oil)
Ecobr€ansle i Karlshamn AB 44.000 RME
S€odra Cell M€onsterås low Tall oil Methyl Esterification
SunPine 88.000 Tall oil Methyl Esterification

Table A.4. Economic assumptions for the plant and drying process

Storage

CAPEX
Fixed storage 70000 V

Tensile struct 68 V/mq
Land Variable V/mq
Fixed forced drying 250000 V

Variable densification 10 V/tonmax/week
OPEX
C natural drying 1 V/ton
C forced drying 15 V/ton
C densification 20 V/ton
Inventory carrying cost

MC 35% 0.882 V/t
MC 25% 0.868 V/t
MC 17.3% 0.868 V/t
MC 15% 1.148 V/t

Biorefinery costs
Dryer investment
Fixed 1,06 MV

Variable 1103 MV/kgevap/s

installation costs 30%
indirect costs 22%
contingency 20%
Interest during construction, fraction of TOC 5%
O&M, fraction total investment costs 4,60%
price purchase/selling electricity 50 V/MWh
419
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